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ABSTRACT
Sustainable Development is a key to protect the environment for a secure future. Accelerated
carbonation curing (ACC) is one such measure for curing of concrete which involves sequestration of
carbon dioxide gas into the precast concrete, which can further lead to improvement in the properties
of concrete. The process can be made more environmental friendly, if the conventional constituents of
concrete are partially replaced by industrial by-products. This paper evaluates the effect of ACC on
cement mortars incorporating ground granulated blast furnace slag (GGBS) as partial replacement of
cement. The specimens were subjected to 6 hour carbonation curing followed by sealed packing till
testing age. The results were compared with the normal curing procedure, in which the specimens
were water cured till the testing age. Compressive strength, durability properties and microstructure of
the mix were studied. It was noted that on increasing the percentage of GGBS up to 40% by weight of
cement, mortar specimens exhibited greater 28 day compressive strength than the control mix, but a
lower compressive strength at the ages of 3 days and 7 days. With ACC, an increase of 10% was
observed in early age compressive strength. Also, water absorption and porosity decreased by 60%
and chloride ion penetration decreased by 47% for carbonation cured mortars. SEM images and XRD
analysis of the mix showed denser CSH gel matrix for carbonation cured mortars and formation of
CaCO3.
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1. Introduction
Use of waste supplementary cementitious materials (SCM) in concrete has gained popularity over
the past decades, in lieu of the goals for sustainable development and well being of planet.
Uncontrolled consumption of natural resources and rising environmental pollution are the major
reasons for worldwide problems like global warming and climate change. Cement is the second
largest consumed material in the world and also a major contributor of greenhouse gases to the
environment. Increasing demand for infrastructure has resulted in higher cement production and
consumption. Materials like fly ash, silica fume and ground granulated blast furnace slag (GGBS)
have been widely accepted all around the world as supplementary cementitious materials(SCM).
SCMs have been found to improve the mechanical and durability properties of concrete (Bágel 1998;
Siddique 2004; Al-otaibi 2008; Lukowski and Salih 2015). The enhancement of concrete performance
on addition of SCMs is owed to the pozzolanic action and fine particle size of these materials(Cheng
et al. 2005).
GGBS is a non-metallic product obtained from blast furnace production of pig iron and mainly
consisting of calcium silicates and calcium alumina silicates. Ca(OH)2 produced on hydration of
cement reacts with constituents of slag to form hydrated calcium aluminates(AFm)and C-S-H gel
with a low CaO/SiO2 (Ca/Si) ratio. The improved properties of GGBS concrete result from the dense
microstructure of the mix, having greater number of capillary pores packed with low density C-S-H
gel(Al-otaibi 2008; Lukowski and Salih 2015). Lately, GGBS has been extensively used as a
cementitious component in cement production and its consumption is expected to rise in the
foreseeable future.
Water curing and steam curing have been traditionally used for curing of precast concrete elements.
Both steam curing and water curing consume a large amount of water. Also, steam curing is known
to be an energy extensive process, as the procedure involves heating of water and creating pressure
to inject steam. Accelerated carbonation curing (ACC) has been developed as an alternate to
conventional steam and water curing for precast concrete components. Accelerated carbonation
curing is a process of sequestering CO2 inside concrete by using the ability of cementitious materials
to react with CO2. It has been observed that accelerated carbonation curing consumes 1/10th of the
energy used by steam curing(Shi et al. 2012). Equations 1-3 give the various reactions involved in
ACC process where unlike atmospheric carbonation, in ACC, CO2 gas reacts with hydrated and
unhydrated calcium compounds to form CSH gel and CaCO3.
C3S + 3CO2 + H2O  SiO2.H2O + 3CaCO3

(1)

C2S + 2CO2 + H2O  SiO2.H2O + 2CaCO3

(2)

Ca(OH)2 + CO2  CaCO3 + H2O

(3)

Accelerated carbonation curing not only acts as a CO2 sequestration mechanism, but also enhances
the early age performance of concrete considerably. The better early age performance can be
attributed to the production of additional CSH gel and CaCO3 during the carbonation reaction.
Rostami et al. in their study found out that ACC provided over 40% higher early strength than the
conventionally cured precast concrete(Rostami, Shao, and Boyd 2012). Also, a denser microstructure
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has been reported in various studies for accelerated carbonation cured concrete because of the
CaCO3 precipitation during ACC(Zhang and Shao 2016; Sharma and Goyal 2018).
The objective of current study is to compare the effects of accelerated carbonation curing with
traditional water curing on properties of mortar made by GGBS as partial replacement of cement.

2. Experimental program
2.1 Materials
Ordinary Portland Cement (OPC) complying with the specifications of BIS 8112: 1989 was used in this
study for the preparation of mortar specimens. The physical properties and chemical composition of
cement and GGBS by X-ray fluorescence is given in Table 1. River sand belonging to Zone II as per
BIS: 383-1970 with a fineness modulus of 2.45 and specific gravity of 2.59 was used as the fine
aggregates for preparation of the mortar mixes.
Table 1. Chemical and physical properties of OPC and GGBS

Chemical composition of cement and GGBS
Constituent
OPC(%)
CaO
63.49
SiO2
21.25
Al2O3
4.74
Fe2O3
4.30
SO3
2.92
MgO
1.02
Physical Properties of cement and GGBS
Specific Gravity
3.12
Blaine Fineness
3250 cm2/g

GGBS(%)
12.4
78.9
4.35
1.1
0.8
2.14
2.9
4490 cm2/g

2.2 Casting and Curing
Six different mixes of mortars were prepared by varying the percentage of GGBS in the mix. The
percentage of GGBS in mix was varied from 0 to 50% by the weight of cement and water to binder
ratio was kept as 0.45. The detailed composition of these mixes is given in Table 2. The subscript in
the mix designation shows the percentage of GGBS in the mix.
Table 2. Mix Proportion of Mortar Samples

Mix

GGBS
(Kg/m3)

Cement
(Kg/m3)

GGBS %
Replacement
of Cement

Sand
(Kg/m3)

Added Water
(Kg/m3)

W/C
Ratio

S0

0

550

0%

1650

247.5

0.45

S10

55

495

10%

247.5

0.45

S20
S30

110
165

440
385

20%
30%

1650
1650
1650

247.5
247.5

0.45
0.45

S40

220

330

40%

247.5

0.45

S50

275

275

50%

1650
1650

247.5

0.45
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After casting, the specimens were divided into two sets. One set of specimens was subjected to
accelerated carbonation curing and second set was given traditional water curing. Water curing was
performed at a temperature of 27±2˚C till the testing age. Accelerated carbonation curing was
performed using the setup as shown in Figure 1, consisting of inlet, outlet, vacuum pump, inlet
pressure gauge, outlet pressure gauge and safety valve. The CO2 gas was injected at a pressure of
10psi and the curing process was carried out for duration of 6 hours. After the completion of
carbonation curing process, specimens were taken out and water sprayed for 3 days and then sealed
in plastic bags till testing age.

Figure 1. Carbonation chamber used in the study

2.3 Compressive strength
Compressive strength of mortar specimens was tested at the age of 3, 7 and 28 days of casting as
per BIS 4031: Part 6 using Compression testing machine (CTM). The test was conducted on cubical
specimens of size 70.5mm at a loading rate of 0.4KN/sec and average result of triplicate specimens
was considered.

2.4 Water Absorption and Porosity
Water absorption and permeable porosity test was carried out on cubical mortar specimens of size
70.5mm at the age of 28 days of casting as per the guidelines of ASTM C642. Three specimens were
tested for each test and average of three was considered.

2.5 Rapid Chloride Permeability Test
Rapid Chloride Permeability Test (RCPT) was conducted as per ASTM C1202 on cylindrical mortar
specimens of diameter 100mm and height 50mm. The test was performed at the age of 28 days of
casting and average result of triplicate specimens was considered.

2.6 Microstructure analysis
Microstructural changes in mortar by accelerated carbonation curing and water curing were studied
using Scanning Electron Microscopy (SEM) and X-Ray diffraction (XRD) on powder specimens
obtained from the compressive strength tests. XRD was carried using X-ray diffractometer with a Cu
anode (40 kV and 30 mA) and scanning from 3° to 60°.
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3. Results and Discussions
3.1 Compressive strength
The results of compressive strength for varying percentage of GGBS and different curing regimes at
the age of 3, 7 and 28 days of casting are shown in Figures 2-4. It can be seen from Figures 2-4 that
irrespective of the curing regime, as the percentage of GGBS increases from 0%-50%, decrease in
strength was observed in case of 3-days and 7-days. But as the curing period extends to 28-days, the
strength gain in case of varying percentages of GGBS is comparable or higher than the control
mortar. The lower early strength and better performance at the later ages can be attributed to the
pozzolanic action of GGBS, which takes place at the later ages. Ca(OH)2 formed during hydration
reaction reacts with SiO2 available in GGBS in presence of water and forms CSH-gel. The pozzolanic
reaction is slow and depends on the calcium hydroxide availability and therefore the strength gain
takes longer time for the mortars containing GGBS. Similar trend was observed by Oner and
Akyuz(2007) for mortars incorporated with GGBS at different replacement levels(Oner and Akyuz
2007).
As the two curing regimes are compared from Figures 2-4, it can be observed that accelerated
carbonation cured concrete exhibits higher early compressive strength at the age of 3 days for all
mixes. The carbonation cured control specimen achieved approximately 10% higher strength than
the water cured specimen. The better early strength can be attributed to higher reaction rate of
carbonation reaction and formation of additional CSH gel matrix intermingled with CaCO3.
However, the rate of increase of compressive strength decreased with time. The increase in strength
of carbonation cured specimen is 6% at 7-day curing and the strength at the age of 28 days is similar
for both the curing regimes. Similar observations were made by Rostami et al. (2012), Morandeau et
al. (2015) (Rostami et al. 2012; Morandeau, Thiery, and Dangla 2015). The decrease in later age
compressive strength can be understood due to two reasons. Firstly, the carbonation rate of calcium
hydroxide is greater than that of C-S-H at the beginning, but slows down at later ages because of the
formation of stable calcium carbonate at the surface of calcium hydroxide. Secondly, the water spray
till 3 days might be insufficient to carry out complete hydration reaction, thus producing lesser CSH
gel and hence, lower compressive strength.
At the age of 3-days, the strength achieved in case of water cured mortar containing 0% GGBS is
comparable to CO2 cured mortar containing 10% GGBS and it was also observed that the strength
achieved in case of water cured mortar containing 30% GGBS was also comparable to carbonation

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
cured mortar containing 50% GGBS. This indicates the suitability of accelerated carbonation curing
when higher amount of GGBS is to be used.
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Figure 2. 3-Day Compressive Strength
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Figure 3. 7-Day Compressive Strength
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3.2 Water absorption and porosity
Water absorption and porosity tests of GGBS incorporated mortars were conducted at the age of 28
days of casting. The results of these tests are presented in Figures 5 and 6 respectively. It was
observed that the both water absorption and porosity decreased on addition of GGBS in the mix.
There was about 50% decrease in water absorption and 65 % decrease in porosity of mortars for
both the curing regimes when 50% of cement was replaced by GGBS. The decrease in these
permeation characteristics is an indication of refinement of pore structure on addition of GGBS. The
effect of addition of GGBs is more prominent on absorption characteristics than on compressive
strength. This shows the action of GGBS as more of physical filler effect than the chemical effect.
Similar observations for GGBS addition on permeation characteristics
The water absorption and porosity of carbonation cured mortars was lesser than the water cured
specimen. This can be attributed to reaction of Ca(OH)2 with CO2 gas which results in formation of
stable calcium carbonate. The calcium carbonate produced from this reaction creates a micro
aggregate effect and causes densification of the mix. Similar results for porosity and water
absorption of carbonation cured mixes has been observed by Rostami et al. (2012) and Sharma and
Goyal (2018)(Sharma and Goyal 2018; Rostami et al. 2012).
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Figure 5. Water Absorption at the age of 28 days
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3.3 Rapid Chloride Permeability Test
Rapid Chloride Permeability Test (RCPT) was conducted to study the effect of both the curing
regimes on chloride penetration values of GGBS incorporated mortars. The results of RCPT are
presented in Figure 7.

Charge Passed(Coulombs)

5000
4000
3000
Water cured

2000

Carbonation cured

1000
0
S0

S1

S2

S3

S4

S5

Mix designation
Figure 7. RCPT at the age of 28 days

The analysis of RCPT is done on the basis of Table 3 as per ASTM C1202. As observed from Figure 7,
the values of charge passing decreases drastically for both the curing regimes as the percentage of
GGBS is increased in the mix. Ca(OH)2 produced during the hydration reaction is liable to react with
chloride ions. The decrease in chloride penetration can be attributed to refinement of pore structure
and consumption of Ca(OH)2 by GGBS during pozzolanic reaction. The analysis of RCPT is done on the
basis of Table 3 as per ASTM C1202.
Table 3. Chloride Ion Penetrability Based on Charge Passed (ASTM 1202)

Charge passed (Coulomb)
>4000
2000-4000
1000-2000
100-1000
<100

Chloride Ion Penetrability
High
Moderate
Low
Very Low
Negligible

On comparing the two curing regimes, the chloride penetration of carbonation cured mortars was
lesser than the water cured mortars. The decrease in chloride penetration can be attributed to
production of CaCO3 and additional CSH gel during the carbonation curing process. The chemically
stable carbonated product does not get reacted with the chloride ions, and thus making the matrix
more resistant to chloride penetration.

3.4 Microstructure analysis
The microstructure analysis of mortars was performed using XRD and SEM and the results are
presented in Figures 8-10. As can be seen in Figures 8(a) and 8(b), on increasing the amount of
GGBS, the plate crystals i.e. Ca(OH)2 decrease and greater CSH gel is observed. XRD analysis also
shows diminished peaks of Ca(OH)2 in 40% GGBS mix and higher peaks of CSH. This shows the
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pozzolanic effect of GGBS which was also observed in compressive strength results where
compressive strength of 40% GGBS mix was higher than the control mix.

(a) 0% GGBS

(b) 40% GGBS
Figure 8. Effect of addition of GGBS on microstructure

Figure 9. Effect of accelerated carbonation curing on microstructure
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Figures 9 shows the SEM and XRD for carbonation cured control mortar at the age of 28 days. Peaks
of calcite were observed in the XRD analysis of mortar. Also, Ca(OH)2 reduction and additional CSH
gel in both SEM image and XRD curve shows conversion of Ca(OH)2 into stable products like CaCO3
and CSH gel. This matrix of CSH gel intermingled with CaCO3 is the reason for higher compressive
strength of accelerated carbonation cured mortars as observed in compressive strength test.

Figure 10. Effect of accelerated carbonation curing and GGBS addition on microstructure

Figures 10 shows the SEM and XRD for carbonation cured mortars with 40% GGBS. Peaks of Calcite
and additional CSH gel were clearly observed in XRD of mortar specimens. It was also observed that
Ca(OH)2 content decreases drastically in carbonation cured specimens with 40% GGBS due to dual
action of carbonation reaction and pozzolanic action of GGBS. A denser microstructure consisting of
higher CSH gel, CaCO3 and lesser Ca(OH)2 can be observed for this mix. The better microstructure
can be related with better compressive strength and lesser porosity of this carbonation cured mix
containing 40% GGBS.
4. Conclusions
1. Addition of GGBS to the mortars led to lower early strength but higher strength at later ages,
owing to the pozzolanic action of GGBS. The short term carbonation curing lead to higher early
strength development and comparable strength at the age of 28 days as compared to water curing
Carbonation curing was able to compensate the effect of GGBS on early strength development of
mortars.
2. GGBS incorporated mortars exhibited lower water absorption and porosity than the control mix,
implicating a refinement of pore structure. Also, water absorption and porosity of carbonation cured
mortars was lesser than water cured mortars, owing to formation of stable calcium carbonate
instead of calcium hydroxide which caused a densification of the mix.
3. GGBS addition to mortars and carbonation curing lead to an increase in chloride ion resistance of
mortars. The increased resistance can be attributed to utilisation of Ca(OH)2 in pozzolanic reaction
and carbonation reaction due to GGBS addition and carbonation curing respectively.
4. Microstructure analysis revealed reduction in content of Ca(OH)2 on addition of GGBS and CO2
curing as compared to reference mix. Densification of microstructure was observed from SEM
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images on addition of GGBS, owing to production of additional CSH gel. Additional peaks of CaCO3
were observed in XRD analysis of carbonation cured mortars.
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ABSTRACT
Natural limestones as raw material for OPC clinker manufacturing contribute to emissions of CO2
gases during the production of clinker. In addition, the mining of limestone can regionally be controlled
by restrictions due to environmental concerns. Slags from the steel industry can replace limestone to
minimize the use of the mineral deposits. Both materials have similar chemistry and are compatible as
raw materials.
Utilizing slags raises questions about how slag particles will react with other raw meal components as
the temperature in the kiln increases during clinker formation. This study establishes the chemical and
mineralogical aspects of replacing a portion of the limestone with slags. Of interest is how the materials
react during the formation of the liquid phase and the formation of phases containing MgO.
Three different slags were examined, a basic oxygen furnace slag BOF, a crystalline blast-furnace slag
and a granulated blast-furnace slag. In the study, the microstructural causes of reactivity, as well as
mineral formation in the transition zone between raw meal components, developing liquid phase and
slag particles were studied. Heated raw meals were studied using HT-QXRD, QXRD, SEM and
thermodynamic modeling to describe the reactions of particles at higher temperatures. The results
show that the formation of clinker minerals is strongly influenced by the type and amount of slag. Thus,
a careful selection must be done of both composition and quantity of metallurgical slags for natural
limestone replacement in order to maintain clinker quality.
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1.

INTRODUCTION

The calcite in natural limestone raw materials is a contributing factor to raw meal burnability and
makes up the largest single source of Portland cement clinker CO 2 emissions. Industry and academia
are developing strategies to minimise the CO 2 emissions and a range of options offer possible
solutions (Hasanbeigi, et al. 2012). One solution is the use of by-products rich in calcium, aluminium
and silicon from other industries as alternative raw materials limiting the use of natural limestones and
fuels. Replacing limestone with air cooled crystalline blast furnace and basic oxygen furnace slags
metallurgical slags is driven by sustainable ambitions to reduce climate change and promote a circular
economy (Gartner 2004, Damtoft, et al. 2008, Hower 2012).
Adding slag can improved the burnability of a raw meal (Puertas, et al. 1988 a, b, Bhatty & Gajda
2011, Iacobescu, et al. 2016). Burnability is a term for how a raw material mix behaves during heating
in the rotary kiln and the ability of the lime to react chemically with quartz on heating. Relative
comparison of samples with known materials, physical properties and chemical content can give
information on sintering behaviour and the amount of energy required to burn can be optimized. Work
has showed that when mixing slags with a raw meal the right LSF is a key to efficient alite formation.
(Chen & Juenger 2009).
The formation of alite takes place in the clinker melt from belite and lime reacting in equilibrium with
the clinker melt between 1250°C and 1450°C (Taylor 1997, Locher 2006). Blast furnace and BOF slag
high temperature properties for the softening and melting was investigated (Engström, et al. 2010,
Saheb 2012) and the slag melts occur in the same range as alite formation. It is well established that
MgO is part of the melt in this temperature range. The MgO in the melt has shown to promote lower
melt viscosity, clinker formation, burnability and the inclusion of Al 2O3 and Fe2O3 in the silicates
leading to improved clinker reactivity (Boikova 1986).
The total MgO content in clinker is regulated by EN 197-1 (SIS 2011) and periclase formation from
total MgO in the clinker melt during clinker cooling has previously been investigated. The main phases
alite and belite incorporate 1.1 % of MgO (Hu 1997). The amount of periclase is dependent on the
relationship with total MgO in the clinker melt at 1450°C (Boikova 1986). Clinkers with more than 3 %
bind 1.5 – 2 % total MgO in solid solutions with clinker phases and the remaining MgO forms
periclase. The alite phase can hold 2 % MgO and the belite phase has been reported to hold 1 % at
1450°C (Kurdowski 2014). With varying cooling rates, varying portions of periclase may form.
This study has been done to investigate burnability and periclase formation at temperatures over
1250°C when adding 15 % of different slags to a single production raw meal (RM) in order to evaluate
the starting point for optimizing. Samples of basic oxygen furnace slag (BOF), air cooled blast furnace
slag (BFS) and granulated blast furnace slag (GBFS) were used.
2.

MATERIAL AND METHODS

The raw materials have been characterized by standard procedures using X-ray fluorescence (XRF)
and X-ray powder diffraction. The X-ray powder diffraction patterns were collected with Panalytical
X´Pert Pro MPD system scanning from 5 to 70 °2, step size 0.017 °2 and a measurement time of 99
s/step. The chemical analyses from XRF were used to calculate the modules lime saturation factor
(LSF), alumina ratio (AM) and silica ratio (SR) (Taylor 1997).
Separate mixes of raw meal sample RM from production with 15 % of BOF, BFS and GBFS slags
were granulated to form 10 mm diameter nodules, placed in ceramic sample holders and heated in a
laboratory muffle furnace for 30 minutes at 1250°C, 1350°C and 1450°C. The reaction products after
cooling were quantified with Bruker D8 Endeavor in the range 8 - 70 °2 with steps 0.017°2 and
measurement time of 99 s/step. Panalytical High Score Plus 4.6 software was used for qualitative
analysis and Bruker TOPAS v6 software and COD database for quantifying phases using the Rietveld
method (QXRD).
Multi-component chemical equilibrium calculations were done using the FactSage 7.2 software (Bale,
Belisle et al. 2009, Bale, Bélisle et al. 2016). Equilibriums were calculated at 1250°C, 1350°C and
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1450°C to quantify the amount of potential oxide melt and viscosities. The databases used were
FactPS and FToxid including the SLAGA solution phase to describe the oxide melt. The reactant
compositions used were calculated from the raw material CaO, SiO 2, Al2O3, Fe2O3 and MgO
compositions in table 1. The Equilib module was used to calculate the amounts of SLAGA solution
phase potential liquid in 100 % RM, BOF, BFS and GBFS compositions and using the streams options
to compose mixes of 85 % RM and 15 % slags.
3.

RESULTS

3.1

Raw materials XRF and XRD Rietveld

The mineral content of the raw meal RM was 79 % calcite, 5.2 % dolomite, 5.9 % quartz and a total of
9.5 % of clays. The slag BOF consisted of 28 % -C2S, 16.4 % C2F, 12.4 % wustite and 10.5 %
periclase. The BFS slag consisted of 42.3 % gehlenite-åkermanite, 22.9 % åkermanite and 21.6 %
monticellite. The GBFS slag was mainly 99 % amorphous and had traces of other minerals (please
see Table 1).
Table 1. Results from material chemical analysis.
Sample

CaO
[%]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

MgO
[%]

CO2
[%]

Trace
[%]

LOI
[%]

LSF

SR

AM

RM

39.8

13.1

2.95

1.70

1.84

38.3

3.4

38.3

0.97

2.82

1.74

BOF

40.9

9.09

1.41

24.5

10.7

2.34

11.1

3.53

0.95

0.35

0.06

BFS

32.1

32.7

12.8

0.91

14.8

0.38

6.3

-0.35

0.30

2.39

14.07

GBFS

45.1

40.0

7.86

0.26

6.66

0.00

0.1

-0.96

0.37

4.93

30.23

3.2

Heated material mixes

The heated materials were analysed using XRF and the modules (LSF), alumina ratio (AM) and silica
ratio (SR) were calculated. The RM and BOF sample had LSF levels of about 0.98 and the BFS and
GBFS samples had lower LSF values around 0.77. The SR and AR values were consistent at the two
lower temperatures for each sample and a slight increase for each at 1450°C due to higher SiO 2
values. The mixes had total MgO amounts between 2.93 and 5.48 % (please see Table 2).
Table 2. Results from chemical analysis of the heated mixes.
Sample

Temp.
[°C]

CaO
[%]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

MgO
[%]

LSF

SR

AR

RM

1250

63.6

20.8

4.81

2.78

2.93

0.97

2.74

1.73

1350

65.3

21.1

4.89

2.81

3.03

0.98

2.75

1.74

1450

65.7

22.0

4.70

2.69

3.03

0.95

2.98

1.74

1250

62.0

19.4

4.32

7.26

4.74

0.97

1.67

0.60

1350

61.6

19.2

4.31

7.20

4.72

0.97

1.67

0.60

1450

56.2

22.9

3.82

5.50

4.30

0.78

2.45

0.70

1250

58.4

23.6

6.57

2.45

5.40

0.77

2.62

2.69

1350

59.0

24.1

6.61

2.45

5.48

0.77

2.66

2.70

1450

55.6

25.7

5.52

2.04

5.14

0.70

3.41

2.70

1250

61.0

25.6

5.59

2.54

3.63

0.76

3.14

2.21

1350

61.5

25.8

5.67

2.58

3.70

0.76

3.13

2.20

BOF
mix

BFS
mix

GBFS
mix
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1450

54.3

27.8

4.91

2.08

3.17

0.64

3.98

2.36

The samples were analysed and evaluated using QXRD. The values reported for the phases C 3S, C2S
and C3A were the sums of the polymorphs of each phase. A change in the chemical composition of
samples mixed with slags after heating at 1450°C occurred. This resulted in lower LSF values and can
be attributed to reactions with the developing slag liquid and sample holders. These values have been
left out from the evaluation.
The amount of C2S formed at 1250°C in all samples was high, 54 to 67 % and the C3S amounts at
1250°C for all samples was low, ca 2 -3 % which was expected. At 1350°C the amount of C 3S in the
BOF was 26.3 % while the other samples displayed lower amounts. The periclase content was similar
at both temperatures for all samples (please see Table 3).
Table 3. Results from XRD Rietveld analysis of the heated materials.
Sample

Temp.
[°C]

C3S
[%]

C2S
[%]

C3 A
[%]

C4AF
[%]

C2F
[%]

Lime
[%]

Periclase
[%]

RM

1250

2.30

54.4

5.13

5.52

2.48

18.3

2.42

1350

1.93

56.3

5.12

5.42

2.47

17.7

2.45

1450

54.5

21.2

6.11

5.16

1.1

2.85

1.85

1250

1.49

54.3

0

13.7

5.49

11.5

3.89

1350

26.3

38.8

1.76

14.3

2.37

3.44

3.69

1450

23.8

36.6

5.68

5.20

2.79

0.18

3.25

1250

2.88

61.6

3.59

5.89

2.60

4.13

4.92

1350

5.36

65.8

6.06

6.27

1.06

0.17

4.92

1450

5.01

61.4

5.79

2.28

1.65

0.16

3.98

1250

2.14

66.9

3.62

5.42

1.54

4.00

3.01

1350

7.36

68.2

3.85

6.35

1.15

0.39

3.07

1450

6.16

60.6

3.70

1.85

2.00

0.30

1.58

BOF
mix

BFS
mix

GBFS
mix

3.3

Burnability

The slopes of the free lime content as a function of heating temperature range between 1250°C and
1450°C represent the burnability of the raw meal and mixes (please see Figure 1). The RM sample
with slope -0.08, and BOF mix with slope -0.06 are similar slopes indicating that the CaO reacted to
the temperature and the BOF had less CaO available to react. The slopes for samples BFS and GBFS
are -0.02 indicating that a large proportion of the CaO reaction was almost complete.
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Figure 1. Burnability expressed as the linear relationship between CaO and temperature. The
slopes for the RM sample and BOF mix show that the CaO had reacted and the slopes for the
BFS and GBFS mixes suggest that the CaO reaction was more complete.
3.4

Total MgO and periclase

The amounts of periclase in the heated material is shown as a function of total MgO (please see
Figure 2). Assuming that cooling rates of the materials are the same it can be seen that the amount of
periclase after cooling was dependent on the amounts of total MgO. The linear relationships after
cooling suggest that the materials have a capacity for holding ca 0.6 - 1 % MgO in solution at 1250°C
and 1350°C.
6

Periclase [%]

5

4

3

2
2

3

4

5

6

Tot MgO [%]

Figure 2. The amount of total MgO present as periclase after cooling from 1250°C and 1350°C.
This relationship suggest a capacity for the microstructure to hold ca 0.6 – 1 % MgO in solution
in the temperature range below clinker formation.
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3.5

Multi-component chemical equilibrium calculations

The potential amounts of SLAGA solution phase liquid for the raw meal RM composition increased
from 17 g at 1250°C to 23 g at 1450°C. The 100 % BFS and GBFS compositions had 55 and 66 g of
liquid at 1250°C and at 1350°C and 1450°C there was over 93 g of liquid. For the BOF composition
the amount of liquid started with 7 g at 1250°C and at 1450°C there was 50 g of liquid (please see
Figure 3a).
The compositions 15 % slags BOF, BFS and GBFS with 85 % RM mixes have shown that BOF had 23
g, the highest amount at 1250°C and at 1450°C the BFS mix had the highest 28 g of liquid (please see
Figure 3b).
Figure 3b
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80

80

SLAGA [g]

SLAGA [g]

Figure 3a
120

RM
BOF slag
BFS slag
GBFS slag
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0
1200
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1300

1350

1400

Temperature [°C]

1450

1500
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BOF mix
BFS mix
GBFS mix

0
1200

1250

1300

1350

1400

1450

1500

Temperature [°C]

Figure 3. Calculation of SLAGA content at 1250°C, 1350°C and 1450°C for raw meal RM and
slags compositions. The BFS and GBFS had more than 93 g liquid at 1450°C while the BOF had
50 g and RM 23 g (please see Figure 3a). Results with 85 % RM and 15 % slags mixes gave
SLAGA amounts between 23 g and 28 g (please see Figure 3b).
The viscosity calculation for each of the mixes showed that the BOF mix composition has the lowest
value of 2.2 poise and had reduced to 0.8 poise at 1450°C. The RM composition started at 3 poise
and at 1450°C 1 poise. The BFS and GBFS compositions both had at 1250°C values close to 3.5
poise that were reduced to 1.2 poise at 1450°C (please see Figure 4).
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Figure 4. Viscosity calculations on the 85 % RM and 15 % slag mixes. The BOF mix
composition had the lowest viscosity at all three temperatures.
4.

DISCUSSION

In the literature the physical melting properties of slags are complex and depend on their chemical
contents. In our assessment comparing different slags intermixed with the same raw meal it has found
that the calculated potential amount of slag melt varied. The blending of 85 % RM and 15 % slags can
actually add 4 to 11 g more melt during clinkering and this property can be of importance for C 3S
formation.
In the BFS and GBFS slag mixes with lower LSF the CaO has reacted at 1350°C to form 5.36 – 7.36
% C3S compared to 1.93 % in the RM sample. The extra 11 g of slag melt can be attributed to this.
The BOF mix has formed 26.3 % C3S, the highest amount at 1350°C. The BOF slag is composed of C2S and together with the estimated 4 g more of slag melt in the BOF mix has shown effective C3S
formation. Other contributing factors are 0.97 LSF, higher total Fe 2O3 content and periclase in the BOF
slag. The calculated viscosity suggest that the lower calculated viscosity of the BOF mix can contribute
to effective C3S formation.
Periclase formation in the temperature range is of interest in this study. Assuming that all MgO enters
the liquid melt at 1350°C and during cooling will form periclase and solid solutions with the other
phases. The linear relationship between total MgO and periclase in the samples heated to 1350°C
show that 0.6 - 1 % MgO is retained which is not in agreement with previous studies reporting ca 2 %
retained at 1450°C. The amounts of solid solutions formed can be lower at 1350°C in combination with
the higher belite content at these lower temperatures suggest that the lower amount of total MgO
retained is in agreement with previously reported data for individual clinker phases.
5.

CONCLUSIONS

Replacing limestone with crystalline slags can be one efficient method to reduce CO2 by diluting the
carbonate content. In terms of burnability all slags demonstrated good burnability and the BOF mix is
more suitable according to our study. The burnability results show the lowest free lime values with the
blast furnace slag mixes BFS and GBFS that have shown amounts of C 2S similar to the BOF mix. The
amount of slag melt suggest that the method needs to be revised when slags are included.
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More work must be done to optimize the addition of local raw materials to reach correct LSF, total
MgO content and performing full scale kiln tests followed up with monitoring of cement quality and
environmental performance.
The reaction between the mixes and ceramic sample holder at 1450°C is an indication of how a raw
meal with slag particles can react in a full scale kiln. This must be addressed in terms of how the
components actually melt when the raw meal heated in the kiln.
The addition of BOF slag can improve burnability because alite formation is promoted at 1350 °C due
to the contribution of Fe2O3 to the mixture. The formation of more C3S and an improved performance
at 1350°C and can potentially contribute to lower energy demand in a full scale kiln.
The mixes resulted in lower LSF and our results demonstrates that the melting properties of slags
promote CaO to be available for reactions to take place that form alite.
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ABSTRACT
A cement quality predictive system that utilizes an artificial neural network was developed. This system
is called TQPS and analyses the relationships among manufacturing conditions (process data),
analytical characteristics and qualitative properties of cement. The neural network model is created by
repetitive learning of prepared data to yield optimal solutions and is continually updated every time new
data is added so that it always provides the most up-to-date correlation. When analytical
characteristics including XRD/Rietveld analysis results were applied to this system to predict
qualitative properties such as cement strength, the results generally coincided with the previous
studies and the accuracy was improved compared to that of a conventional prediction method. The
continuous operations and adding more data to this system will contribute to the stabilization of cement
quality at a higher level than ever. Also, process data and characteristics of clinker and cement are
predicted well through this system. This can help plant operators to control manufacturing process
which is currently difficult to control. This system will not only improve quality predictions of cement but
also contribute to the optimization of the cement production process and the decrease of the
environmental impact.
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1.

BACKGROUND

In general, the characteristic parameters that represent cement quality fall into two groups. The first
group includes parameters that define the state of the cement before hydration: for example, chemical
composition and fineness. The second group includes parameters that define the state of the cement
after hydration: for example, cement strength and setting time. The parameters in the former group are
often called characteristics; those in the second group parameters are called properties.
Since characteristics can be determined immediately after cement production, they may be utilized as
target parameters for manufacturing. In contrast, properties can only be measured after allowing the
cement to age, making them less suitable for use as manufacturing parameters. In the past, numerous
researchers and engineers have attempted to establish a correlation between characteristics and
properties. As progresses were made in developing methods for measuring characteristics
(“characterization” hereafter), the accuracy of these correlations have also improved (Ono Y 1995).
However, no firm conclusions have been reached to date regarding the correlation between
characteristics and properties.
This is due to two factors. One is that the technologies required for characterization may remain
inadequate. That is, it may be that we have yet to achieve an understanding of variations in
characteristics sufficient to explain variations in properties. We believe this particular issue will be
overcome as new characterization methods beyond those already in existence are developed.
The second factor is that a method capable of sufficiently analyzing the correlation has not yet been
developed. Correlating characteristics with properties means identifying a function for properties using
characteristics as variables. Past investigations have involved analyses by methods such as multiregression analysis (Ito T & Yamakoshi T 2005, Kano K & Inada N 2007). However, combing all
existing characterization methods for cement would generate a massive and prohibitive range of
characteristics for a single cement product. Clearly, formulating a function for cement properties using
so many variables is next to impossible by conventional methods such as multi-regression analysis.
To resolve this issue, we investigated an analytical method based on neural networks capable of
handling a large number variables and data, with the goal of establishing highly accurate correlations
between cement characteristics and properties.
From the perspective of quality control, after the relationship between characteristics and properties
has been established, the focus shifts to ways of reliably obtaining the characteristics in question.
Since characteristics are determined by manufacturing processes, it is essential to appropriately
analyze the relationship between manufacturing process data and characteristics. In other words, we
believed that this new matter could be solved by regarding the analysis between production process
data and characteristics to be analogous to the abovementioned analysis between characteristics and
properties using neural networks.
Our efforts to identify and validate such analytical methods led to the development of a system that
can be implemented at cement manufacturing plants. Our goal was to devise a system capable of the
following two tasks: (i) making daily automated quality predictions; (ii) issuing suitable warnings if
predictions identified anomalies. Based on these capabilities, we hoped to create a system that would
allow simple and highly reliable implementation at state-of-the-art cement plants, where automated
quality controls have become the norm.
This report provides an overview of our system and introduces examples of data analysis using the
system. Some previous reports mentioned the effectiveness to introduce such predictive systems to
cement plants as well (e.g. Hefter G & Kopetzky T 2011). One of the objectives of this report is to
describe the details of its prediction process. It also discusses the results of implementing the system
at an actual cement plant.
2.
2.1

SYSTEM OVERVIEW
Numerical analysis with neural networks

This study applied numerical analysis based on neural networks to analyze the massive volumes of
data. A neural network is a computational model inspired by the information transfer mechanisms of
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the cranial nervous system, an approach that has gained widespread popularity in recent years among
machine learning applications such as for artificial intelligence (Kumazawa I 1998).
A neural network is represented by elements called synapses and synaptic couplings (Figure 1). Each
synapse is assigned a function that calculates the output information corresponding to the input
information received. Synaptic couplings have functions for assessing the weights of the information
input (Figure 2). To apply a neural network to numerical analysis, the network is first optimized using a
combination of known explanatory variables and objective variables (“dataset” hereafter) and by
adjusting the synaptic weights. This optimization process enables the network to estimate an unknown
objective variable for arbitrary explanatory variables input to the network. In general, the process of
optimizing a network is called "training," and the process of estimating an unknown objective variable
is called “prediction.” Figure 3 schematically shows the makeup of data. In the figure, x 1, x2,…, xv
represent the types of explanatory variables—for example, fineness, chemical composition, mineral
composition—of the cement. D1, D2,…, Dw are labels for these datasets—for example, date and lot
number. In this figure, all data in a single column belong to the same type of data. For the sake of
simplicity, the objective variables for each analysis in this study is restricted to a single type.
Furthermore, to distinguish the explanatory variables for a dataset consisting of all explanatory
variables and the corresponding objective variables from those for a dataset having unknown objective
variables (the prediction target), the former is expressed as x and latter as x'. For the same reason,
the dataset labels for the latter are T1, T2,…, Tu.

Figure 1. An example of neural network

Figure 2. Function of a synapse

Target

Data set

Label

Explanatory variable
xi
xi,1

xv
xv,1

Objective variable
y
y1
y2

D1
D2

x1 x2
x1,1 x2,1
x1,2

Dj

x1,j

xi,j

xv,j

yj

Dw
T1
T2

x1,w
x'1,1 x'2,1
x'1,2

xi,w
x'i,1

xv,w
x'v,1

yw
Unknown
Unknown

Tj

x'1,j

x'i,j

x'v,j

Unknown

Tu

x'1,u

x'i,u

x'v,u

Unknown

Figure 3. Schematic makeup of data
Neural networks are typically trained by repeatedly executing prepared datasets. The error between
the network output and the known objective variable is evaluated, and the assigned weights are
repeatedly adjusted to minimize the error. As the number of epochs increases (a single epoch is
defined as passing of all datasets for training once through the neural network), the error between the
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network output and the known objective variable within the dataset progressively shrinks. However,
care must be taken to avoid increasing the number of epochs excessively for a limited number of
datasets; doing so will result in the construction of a network that applies only to the datasets used.
This condition is called overfitting. The resulting network would be poorly suited to predicting unknown
objective variables.
2.2

System flow

We considered the optimal system required to avoid overfitting and to obtain good predictions. Figure
4 presents an overview. The details of the flow are described in steps 2.2.1 to 2.2.6 below. (These
numbers correspond to those in Figure 4.) The present flow is independent of the specifics of a
particular neural network and may be considered a universal analytical process independent of the
analytical software.
(2.2.1) Discarding deviating data
(2.2.2) Selecting monitoring data
(2.2.3) Executing and completing the training

(2.2.5) Relaxing the training conditions

Yes
(2.2.4) Determining overfitting
No
(2.2.6) Output of predictive results and warning

Figure 4. An overview of system flow
2.2.1 Discarding deviating data
First, from the datasets used in the training, those containing data deviating from the parent population
(“outliers” hereafter) are discarded. This is done because it is known from experience that the
presence of such outliers distorts analysis results and result in poor prediction accuracy. Data is
discarded in cases in which the data in question fail to satisfy Equations (1) and (2). In the equations,
the terms xi,j and yj, respectively, represent the explanatory variables and objective variable for all
datasets.
xi_avg−ασxi < xi,j < xi_avg+ασxi

(1)

yavg−ασy < yj < yavg+ασy

(2)

Here,
xi,j: jth data in explanatory variable xi
xi_avg: average value of explanatory variable xi
yavg: average value of objective variable y
α: constant for criteria of discarding data (0 < α)
σxi: standard deviation of explanatory variable xi
σy: standard deviation for objective variable y
After the data are discarded, the calculations in Equations (1) and (2) are repeated using the
remaining dataset group to confirm whether all data satisfy the equations. Thus, whenever data is
discarded, the value of σ would be expected to decline from the initial value, making the criteria for
discarding more strict, creating the need for reconfirmation. In cases in which certain remaining data
still fail to satisfy Equations (1) and (2) even after data has been discarded, the datasets containing
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the data are also discarded. The process of discarding and confirmation is repeated in this way to
eliminate outliers until ultimately no data remains to be discarded.
2.2.2 Selecting monitoring data
Before executing the training process, datasets are randomly selected for monitoring from the
datasets remaining after discarding. The monitoring datasets are not used for training and have no
effect on the construction of the neural network. Rather, they are used to judge whether the
constructed network suffers from overfitting. Equation (3) is applied to determine the number of
datasets selected for monitoring.
M ＝ [βC]

(3)

Here,
M: number of monitoring datasets
β: rate of monitoring data (0 < β < 1)
C: number of datasets remaining after discarding outliers
2.2.3 Executing and completing the training
Next, the training process is executed using the datasets other than monitoring datasets (“training
datasets” hereafter). The training typically involves backpropagation [4]. For the neural network, a
hierarchical network having input layers, intermediate layers and an output layer is used. The number
of input layers is equal to the number of explanatory variables. The number of output layers is 1 (i.e.,
the number of objective variables is one). Equation (4) shows the number of intermediate layers.
Lmid ＝ 2(Linp+1)

(4)

Here,
Lmid: number of intermediate layers
Linp: number of input layers
In general, this method leads to the progressive construction of a neural network coinciding with the
training dataset as the number of epochs grows. Equation (5) gives the number of epochs.
N ＝ N1γR

(5)

Here,
N: number of epochs
N1: initial value of number of epochs
γ: relaxation constant of training condition (0 < γ <1; however, refer to step 2.2.5 regarding relaxation
of training conditions)
R: number of judgment on overfitting (however, refer to step 2.2.4 regarding making a determination of
overfitting)
2.2.4 Determining overfitting
A judgment is made as to whether the constructed network has reached a state called overfitting. This
is done with Equation (6). If the output from the neural network satisfies the condition described in
Equation (6), it is judged to have reached overfitting, and the constructed network cannot be expected
to produce accurate predictions. At this point, the process of network construction and step 2.2.5
described below are repeated, according to Figure 4. In contrast, if the constructed network does not
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satisfy the condition described in Equation (6), it has not reached the overfitting state, and the system
can be used to make reliable predictions following step 2.2.6, according to Figure 4.
Note that N1 in Equation (5) must be adjusted to a sufficiently high value so that the network will
always be judged as being in a state of overfitting on the first judgment. This eliminates the possibility
that the training has been completed under stricter conditions (i.e., construction of a network that can
produce predictions having higher accuracy). The σ defined here is commonly referred to as the root
mean square error (“RMSE” hereafter), a statistic generally used as an indicator of predictive
accuracy.
σlea ≤ σmon

(6)

Here,

where
ylea_obj,k: measured value of objective variable in kth training dataset
ylea_pre,k: predicted value of objective variable in kth training dataset (i.e., value output by neural
network)
ymon_obj,l: measured value of objective variable in lth monitoring dataset
ymon_pre,l: predicted value of objective variable in lth monitoring dataset (i.e., value output by neural
network)
2.2.5 Relaxing the training conditions
If the neural network constructed is judged to have reached a state of overfitting, the training
conditions must be relaxed to allow the network to converge. Equation (5) shows the conditions of
relaxation. Figure 4 shows that as steps 2.2.2 – 2.2.5 are repeated based on the overfitting judgment,
the number of times the training conditions are relaxed increases, resulting in reduced number of
epochs (N). Figure 5 schematically shows the general relationship between σlea, σmon, and N. If N is
sufficiently high, σlea is small, while σmon is large. However, as N decreases, the difference between
σlea and σmon grows smaller and the two approach each other in value. In the present study, overfitting
is defined as the state in which σlea and σmon satisfy Equation (6) at sufficiently high parameters of N.
The point at which the desired optical network has been constructed is defined as the point where
Equation (6) is not satisfied for the first time as N is progressively decreased. Since the degree of
relaxation of the training condition for a single run becomes smaller as γ in Equation (5) approaches 1,
this means it will be able to produce a more sensitive and accurate network. However, care must be
taken to avoid setting γ too close to 1. Doing so will increase both the number of times overfitting
judgments must be made and network reconstruction performed, resulting in excessive calculation
times. Similarly, higher values for N1 in Equation (5) will permit the construction of an optimal network
by avoiding a network having higher accuracy, but note that the adoption of excessively high values
for N1 will increase redundant calculation times.
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σ
σmon

σlea
N

Figure 5. General relationship between σ and N
2.2.6 Output of predictive results and warning
After the network constructed in step 2.2.4 has been determined not to be in a state of overfitting, it is
ready to make predictions regarding unknown data. In practice, the explanatory variables of the
prediction target are input to the network to obtain output values (predictions). A warning is issued if
the prediction generates anomalies. Warnings indicate one of the following three problems: (i) out of
training range; (ii) out of target range; and (iii) poor prediction accuracy. These are discussed in
greater detail below.
The warning for (i) out of range of training means, literally, that the prediction target falls outside the
range of the training data. This corresponds to the state of extrapolation in multi-regression analysis.
For predictions based on neural networks, experience tells us that the accuracy of predictions made
by extrapolation tend to be poor compared to results extrapolated from multi-regression analysis. For
this warning, the explanatory variables for the prediction target dataset are confirmed to be within the
range of training using Equation (7). A warning is issued if they fail to satisfy Equation (7), since the
accuracy of the predicted parameters are likely to be poor compared to normal cases.
The warning for (ii) out of range of target means that the results of the prediction fall beyond the
prespecified range of target values. For example, in cases in which cement strength is predicted
based on cement characteristics, a warning is issued if the predicted value falls outside the specified
upper and lower limits for the target value. This warning is used to modify manufacturing processes.
A warning for (iii) poor prediction accuracy means that the difference between the predicted value and
the measured value is too great compared to previous runs. This state cannot be detected
immediately after the prediction. It requires actual measurement of the material for which the
prediction was made. In other words, this warning is not an indicator for evaluating the prediction
every time it is made; rather, it is an important indicator for securing the reliability of the predictions in
the long run.
xi_min < x'i_tar < xi_max

(7)

Here,
x'i_tar: explanatory variable x'i of the prediction target
xi_min: minimum value of explanatory variable xi after discarding outliers
xi_max: maximum value of explanatory variable xi after discarding outliers
3.
3.1

SYSTEM APPLICATIONS AND DISCUSSION
Example of predictions of cement properties based on characteristics

As an example of an application of the present system, cement properties were predicted based on
characteristics—specifically, predictions of the strength of moderate heat Portland cement—based on
various analyzed values of cement.
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Moderate heat Portland cement is a type of low-heat Portland cement specified in Japan Industrial
Standards JIS R 5210, used primarily to produce mass concrete. Moderate heat Portland cement
features lower alite and aluminate phase contents and higher belite content than ordinary Portland
cement. Here, the system was specifically validated by analyzing only known datasets instead of
unknown datasets. Table 1 summarizes the dataset used. Table 2 presents the training conditions and
the result of the prediction. The data are taken from the results of analysis and testing performed on a
commercial moderate heat Portland cement product manufactured at a single cement plant. Each
dataset corresponds to a single production lot.
Table 1. Summary of the dataset (28-day strength prediction)
explanatory variables
number of
dataset

item
(unit)

44

minimum
maximum
average
standard deviaiton

32μm
residue
(wt%)
11.3
16.0
14.3
1.2

BSS
2
(cm /g)
3040
3340
3171
73.7

objective variable

free lime
(wt%)

alite
(wt%)

belite
(wt%)

aluminate
(wt%)

ferrite
(wt%)

28day compressive
strength (MPa)

0.2
0.6
0.4
0.1

40.9
52.6
46.8
3.0

25.6
39.3
33.4
3.8

1.2
2.8
2.0
0.5

13.0
16.6
14.5
1.1

54.5
63.4
59.7
2.2

Table 2. Training condition and result (28-day strength prediction)
α
β
Training
Conditions N1
γ
Result
RMSE(MPa)

3
0.3
10000
0.95
1.4

The RMSE value (= 1.4 MPa) in Table 2 suggests the prediction is fairly accurate. To compare the
present method to conventional methods, predictions were made using multi-regression analysis for
the same dataset. For multi-regression analysis, the objective variable is assumed to be a linear
function of the explanatory variables, and the combination of explanatory variables for which the
adjusted R-squared has maximum value is selected. This resulted in RMSE of 1.8 MPa. This exceeds
the RMSE obtained by our method, demonstrating that our method can provide predictive accuracy
equivalent to or better than multi-regression analysis.

25

27

29

31

33

35

37

39

0.6
0.55
0.5.
0.45
0.4
0.35
0.3
0.25
0.2
0.15

Free lime (wt％)

Figure 6 shows an example of predictions using the neural network generated by this training session.
In the figure, the two factors with the largest impact on the target factor were selected for the
prediction. The results confirmed that cement strength increased at 28 days of age with more belite
and less free lime, which is consistent with current understanding (Makino M et al. 1987, Uchikawa H
et al. 1991). In this case, note that the predictions assume that alite content decrease with increasing
belite content, taking into consideration the characteristics of the original data, and set the parameters
of all other explanatory variables to their respective average values.

61-62
60-61
59-60
58-59
57-58
56-57

Belite (wt％)

Figure 6. Predicted 28-day compressive strength (MPa)
Not only 28 day strength, but also 3 day and 7 day strength were predicted with the same training
condition. RMSE of them were 0.8 MPa and 1.1 MPa, respectively.
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3.2

Example of predictions of characteristics using process data

Next, as an example of a prediction of characteristics, a prediction was made on cement particle
size—namely, the residue on a 32-μm sieve of ordinary Portland cement—from data including the
manufacturing process data. As in section 3.1, the analysis was restricted to known datasets. The
explanatory variables included amount of water injected into the mill, electric power supplied to the
pregrinding mill, electric power supplied to the tube mill, the damper opening setting for separator air
flow regulation, separator rotation speed, and belite content in cement. The average values for one
day of operation are used as parameters for each variable to create the dataset. Figure 7 shows the
schematic process flow associated with the final grinding of cement. Table 3 summarizes the dataset.
Table 4 gives the training conditions and results of the prediction. Note that (i) through (v) in Figure 7
correspond to those in Table 3 and show the points at which each data was collected. The analysis
indicates predictions of high accuracy (RMSE = 0.50%) are possible, as in section 3.1.
Damper(iii)
sepa (iv)
-rator

feed

fan

(ii)

tube mill (i)

e
l
e
v
a
t
o
r

product (v)

: material flow
: air flow

pregrinding mill

Figure 7. Schematic process flow of the cement grinding
Table 3. Summary of the dataset (32-μm sieve residue prediction)
explanatory variables
number of
dataset

item
(unit)

62

minimum
maximum
average
standard deviaiton

(i)water
injection
(t/h)
0.0
3.5
1.5
1.0

(ii)pregrindin (i)tube mill (iii)damper (iv)separator
g mill power
power
opening
speed
(kW)
(kW)
(%)
(rpm)
145
516
60
695
166
574
90
860
157
542
85
775
4.5
21.3
8.6
37.2

objective variable
(v)belite
content
(wt%)
14.7
28.4
20.8
2.8

(v)32-μm sieve
Residue (%)
21.1
28.1
25.0
1.6

Table 4. Training condition and result (32-μm sieve residue prediction)
α
β
Training
Conditions N1
γ
Result
RMSE(%)

3
0.3
10000
0.95
0.50

Figure 8 shows an example of prediction using a trained neural network. As in Figure 6, two factors
with the greatest impact on the target factor were selected. (As in section 3.1, the remaining
explanatory variables were set to their respective average values.) It was found that sieve residue
decreases with increase in separator rotation speed, a trend consistent with the current
understanding. However, the prediction results also indicated that while the effects were less
pronounced than for the separator, greater belite contents also lower the residue on the sieve. Belite
in clinkers sometimes forms a cluster of crystals known as a belite nest, which is known to result in
poor cement grindability. Our results appear to be different from this understanding. More detailed
study of this aspect is required.
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25.4
22.8

20.2

belite content (%)

28

26.35-28.1
24.6-26.35
22.85-24.6
21.1-22.85

17.6

700

730

760

790

820

15
850

separator rotation speed (rpm)

Figure 8. Predicted 32-μm sieve residue (%)
3.3

Example of application to a cement manufacturing plant

Our system was applied to a cement manufacturing plant. For 11 months at a single cement plant,
continuous predictions on cement strength at 28 days of curing age were made based on the results
of characteristic analysis at the plant for ordinary Portland cement. The three-day average of the
parameters was used as data to create a single dataset, and predictions were made once every three
days. Training was carried out using the latest 400 datasets to allow predictions based on the results
of the latest characteristic analysis.
Figure 9 shows trends in the predicted parameters and measured parameters. Figure 10 shows the
correlation between these parameters. The horizontal axis in Figure 9 represents production dates.
When considered alongside Figure 10, the measured parameters appear generally consistent with
predicted parameters. The RMSE for the measured parameters and predicted parameters is 1.3 MPa,
or almost equivalent to that in section 3.1. It is concluded that the system allows predictions of useful
accuracy for cement quality at actual cement plants.
70

Measured
Predicted

28-day strength (MPa)

68
66
64
62
60
58
01-Jan-18

01-Feb-18 01-Mar-18

01-Apr-18

01-May-18

01-Jun-18

01-Jul-18

01-Aug-18
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01-Oct-18

01-Nov-18

Figure 9. Trends in the predicted and measured (28-day strength prediction at a cement plant)
70

Predicted (MPa)

68
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64
62

60
58
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56
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60 62 64 66
Measured (MPa)

68

70

Figure 10. Correlation between predicted and measured (28-day strength prediction at a
cement plant)
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4.

CONCLUSIONS

Our study led to the following conclusions:
1) A cement quality prediction system was developed based on an artificial neural network with a
reliable and generalizable set of steps.
2) This system allows predictions of the strength of moderate heat Portland cement at 28 days of age
based on its characteristics. The accuracy of the predictions was satisfactory—1.4 MPa (RMSE)—and
trends in the cases predicted were generally consistent with current understanding.
3) Like previous study (Hefter G & Kopetzky T 2011), this system successfully predicted the fineness
of cement based on manufacturing process data for ordinary Portland cement. While the accuracy of
the prediction was 0.50% (RMSE), or adequate, a portion of the trends in the cases predicted were
inconsistent with current understanding. Further studies of this aspect are required.
4) The system was applied at a commercial cement manufacturing plant, and cement quality
prediction test was conducted continuously for approximately 3 months. The accuracy of the prediction
was 1.3 MPa (RMSE), which is almost equivalent to that in 2). This indicates the present system is
adequate for use at actual plants.
As shown above, this system can be used to correlate processes, characteristics, and properties to
some extent and suitable for use at actual cement plants. In the future, we plan to conduct multiple
prediction tests involving actual cement manufacturing processes to optimize various characteristics
and process parameters associated with cement quality for each plant. We believe the present system
will ultimately contribute not just to the more reliable cement quality, but to cost reductions, improved
recycling rates, and reduced environmental loads within the cement industry.
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ABSTRACT
Transformative actions in CO2 emitting industries are needed to reach the Paris climate agreement.
The cement industry, which is responsible for 5-7% of the global CO2 emissions, has the possibility to
make a difference.
Cement production is related to two sources of CO2; 1/3 from combustion of fuels and 2/3 from
calcination of limestone in the cement raw meal. If all the fuels were to be substituted with non-fossil
electricity, the environmental gain would be significant. Cementa and Vattenfall are evaluating
possibilities on how electricity can be used to substitute fuels in the cement production by 2030.
By using electricity for heating, several positive effects are achieved in the production process. The
cleanness of the exhaust gas will be higher due to elimination of volatiles from fuels. The energy
consumption decreases due to lesser volume of gas to be heated. This is related to the exclusion of
nitrogen gas in the process.
A feasibility study comprising literature survey and small scale tests have been performed. Electrical
heating techniques showing potential are; microwave heating, plasma torches, flash calcination with
electrical heating, hydrogen combustion and a combination of the mentioned techniques.
The most relevant finding is that the combustion related CO2 emissions will be eliminated; the
capturing step will be enhanced since the CO2 gas from calcination is clean and accordingly the need
of storage or utilization of CO2 is decreased.
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ABSTRACT
1. INTRODUCTION
Transformative actions in carbon dioxide (CO2) emitting industries are needed to reach the Paris climate
agreement. The cement industry, which is responsible for 7% of the global CO2 emissions, has the
possibility to make a difference. Realising the sustainable transition of the 2 degree Celsius (°C)
Scenario (2DS) implies a significant reduction of the global direct CO 2 emissions from cement
manufacture by 24% compared to current levels by 2050 still with the expected increase in global
cement production (Pales 2018)
Cement production is related to two sources of CO2; approximately 1/3 derives from combustion of fuels
and 2/3 derives from calcination of limestone in the cement raw meal. If all the fuels were to be
substituted with non-fossil electricity, the environmental gain would be significant. Cementa AB (part of
Heidelberg Cement) and Vattenfall AB are joint evaluating possibilities on electrifying the cement
production process. Research is undertaken on the possibility to use electricity to substitute fuels in the
cement production.
CO2 from limestone is inevitable because the best source of calcium is limestone. Consequently it is
necessary to capture the CO2 and store it permanently or use the CO2 in an environmentally correct
way. CCS or CCU (Carbon capture storage or utilization) is crucial. The capturing techniques of today
are energy consuming or have low technological readiness. The capturing step would thus benefit from
a high concentration of CO2 from start.
Electrification reduces the overall CO2 emissions from a cement plant with 30% and at the same time
facilitate the capturing of CO2.
Electrifying a cement plant will increase the electricity consumption dramatically since the electricity
consumption today is low compared to the thermal energy used, approx. 8% (Pales, 2018). This puts
requirements on the CO2 footprint of the electricity mix. Sweden has a high share of fossil free electricity
giving good prerequisite for electrification.
Cement production of today uses fuels to reach desired temperatures. Fuels of various quality and origin
are used, from coal and petcoke to refuse derived fuels, tyres, etc. The fuels are fed directly into the
process and are intermixed with the material resulting in 1% of cement raw meal in the clinker deriving
from the fuel ash. Heat is formed from the exothermic reaction when fuels are combusted. Combustion
needs oxygen supplied as air. Thus the nitrogen also needs to be heated demanding energy of no use.
Heating with electricity can be done without oxygen.
Using electricity based on renewable power together with CCS/U and including carbonation of concrete
would make cement and concrete industry climate friendly.
2.
2.1

METHODS AND MATERIALS
Fundamentals of cement clinker production

Some aspects of importance when evaluating new technological concepts for cement clinker production
with the aim of using electricity instead of fuel and simultaneously achieving a flue gas with maximum
concentration of CO2 are; energy consumption, capacity, raw meal composition and properties,
influence on partial pressure of CO2 on calcination temperature, demand on gas tightness.
2.2

Methods

A feasibility study comprising literature survey, including patents and running projects as well as small
scale tests has been performed. Electrical heating systems as well as electrified test on laboratory scale
to industries that has been electrified have been screened.
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3.

RESULTS

Some promising concepts of using electricity for producing cement clinker have been found. Some
electrical heating techniques showing potential are; microwave heating, plasma torches, electrical gas
heaters and hydrogen combustion. New equipment technologies with direct separation calcination have
been found of interest.
3.1

Possible heating sources

3.1.1 Microwaves
Microwave energy is possible to use for heating due to the unique way it interacts with materials. The
property of the material, its dielectric constants, which depends on the electronic structure, decides if
energy absorption is successful. The electronic structure of a material is phase specific. A cement raw
meal during heating undergoes numerous phase changes including different polymorphs of each phase
see for example (Hewlett 2003).
Using microwaves for drying materials and curing of concrete is usually rapid and almost without energy
losses. The energy is distributed evenly throughout the material with small losses to surroundings and
materials. The benefits of using microwaves for pyro-processing of cement clinker should consequently
be good.
Early trials with using microwaves for producing cement clinker were made more than 35 years ago.
The quality of the microwave produced cement clinker were similar to the laboratory made ditto
(Quéméneur et al. 1983). Even so no realization of industrial scale system for pyro-processing of cement
clinker production is available today.
Production of ordinary Portland cement with microwaves was done reducing the clinkering temperature
with 100°C. The improvement was proposed to be the iron content in the material. The cement clinker
phases formed were as expected (Fang, Roy and Roy 1996).
Test on laboratory scale were committed in a microwave furnace operating at 2.45 GHz with 900 W at
1150°C. Due to the too low maximum temperature of the microwave furnace, an electric furnace was
used to reach higher temperatures needed for the cement clinker minerals to form. With this two-step
approach a cement clinker of proven quality was produced, It was also found that the maximum
temperature could be reduced by at least 100°C (Kaewwichit et al. 2017).
Another test in small scale used electrical heating to reach 1000-1100°C of the material and then put
the sample in a microwave furnace (700 W, 2.45 GHz with power density of 30 kW/m3). Cement clinker
of expected quality was formed. It was noted that use of Fe2O3 in the material mix increased the
microwave absorption efficiency (Long, Yan and Dong 2002).
Little or no work has been undertaken on how the changing composition of the cement raw meal during
heating changes the microwave absorption efficiency, i.e. its dielectric properties (Buttress, Jones and
Kingman 2015).
Besides dielectric material properties of due importance for efficient heating with microwaves are
material bulk density, microwave effect, wavelength, frequency, the geometry and the cavity of the
process equipment. Microwave heating described in literature have used microwaves of 2,45 GHz, with
a few exception. Due to country legislation a certain frequency is allowed, the ISM band (The industrial,
scientific and medical radio bands) in Sweden, controlled by PTS (Post och Telestyrelsen) is 2,45 GHz.
Due to lack of data on dielectric properties, test were undertaken to establish dielectric properties of a
typical cement raw meal during heating. The cement raw meal was put in a container of ceramic material
and heated to approximately 1300°C. The heating was done in an oven with electrical elements and the
material properties were recorded during heating. Measurements were evaluated for 2,45 GHz. Since
the use of 915 MHz seems to be permitted and is used in several applications, the dielectric properties
at lower frequencies will be measured. Preliminary results from evaluating penetration depth and MW
absorption at 2,45 GHz show that three stages appears:
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Up to some 100 °C: Very low MW absorption, penetration depth > 1 m.
Approximately 200 – 600 °C: Low to moderate MW absorption, penetration depth ~80 cm.
Above 800 °C: Relatively high MW absorption, penetration depth ~20 cm.

A combination of radiant heating together with microwave energy for production of lime has been shown
through lab-scale tests together with dielectric measurements to have advantages. Three limestone of
exceeding impurity grade were tested. The impurity in lime production is similar to components other
than calcium carbonates like silica, alumina and iron oxides, which for cement production is essential.
The size of the tested limestone was larger than cement raw meal. With increased impurity rate and
above 800°C the microwave absorption was found to be good. The enhanced reaction rate is seems to
give reduced energy consumption with more than 15% (Fall et al. 2011).
Cement production is done in large scale applications, 200 tonnes/hour feed of raw material is common.
The magnitude of the material flow is a challenge, hence high power density is needed. (Buttress et al.
2017) have designed a scalable pilot for processing ore of 150 tonnes/hour throughput in continuous
mode. Related to use of microwaves, safety issues are of outermost importance. The radiation power
limit of maximum 5 W/cm² wherever an operator can be present must not be exceeded.
3.1.2 Plasma
Plasma is a fundamental state of matter that occurs when a gas is heated sufficient to form an ionized
gas. Plasma is a mixture of electrons, ions and neutral particles and can be regarded as the fourth
aggregation state. In industrial applications, mainly two different types of plasma are used; "thermal
plasma" and "non-equilibrium plasma".
A plasma torch is a tool that effectively heats a gas to high temperatures with an electric arc. Only
electrical energy is required to generate heat for the formation of plasma.
Thermal plasma is typically manufactured in a plasma generator. In a AC/DC current plasma generator,
electrons accelerate between two electrodes, anode / cathode, to the extent that an electric arc occurs,
which in turn heat up the carrier gas so that plasma is formed. Mostly DC is used since the plasma touch
tends to be more stable and easier to control than with AC. The plasma generator can be split into two
segments; non-transferred and transferred.
In a non-transferred generator the anode and cathode are placed inside the generator and are water
cooled. This generates a high temperature (max 12000 K) and high speed (max 600 m/s) plasma and
the segment typically operates in the range of 1kW to ~7 MW and efficiency ranging between 85-90%.
Examples of application where plasma technology are used is in the destruction of ozone depleting
substances, complete degradation of organics in process gases, recycling of dusts collected in dust
filters, and recycling of fly ash generated by waste incineration.
With the ability to reach such high temperatures, plasma energy should be possible to replace
conventional burners in the cement production process. From process point of view the use of CO 2 as
a plasma gas has many advantages, such as being chemically compatible with the cement process,
eliminating formation of NOx without addition of hydrocarbons and facilitating the cleaning of flue gases
for carbon capture. A feasibility study to use a plasma torch manufactured by ScanArc has been
evaluated to find out if this technology can be commercialized for the cement industry. Plasma torches
built by ScanArc are actively used commercially by different clients in the metallurgical business. The
commercial plasma torches operate from 3 to 7 MW on air or CO/H2 mixtures.
ScanArc develops DC current non-transferred plasma generators mainly with tubular copper electrodes
generating an arc which effectively heat the plasma gas to temperatures ranging between 3000-5000
°C. The construction has no moving parts or segments which make it easy to maintain. Approximate 3
bars pressure drop in the generator and the velocity is very high, near sound velocity.
There are no larger commercial plasma generators as we know of today on the market. There has been
tests conducted with significant larger generators but results showing among others abnormal wearing
of the electrodes. However, it is fully possible having multiple plasma generators operating in parallel to
fulfil the power needed of the application. The efficiency varies with enthalpy in the gas, i.e. the more
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power the more cooling is needed and the efficiency declines. If the generator is operated at too low
temperatures, the gas loses its plasma properties. Typical efficiency is between 85-90%.
The relatively small gap (~1 mm) between the electrodes makes it more sensitive for dusty
environments. This typically means that continues operating time is about 200-300 hours before
maintenance needs. The overall lifespan of an electrode is about 700 operating hours. ScanArc offers
redundant systems, which means that in a continuous process a switch of plasma generators is done in
minutes when e.g. maintenance is needed.
Traditionally the carrier gas in plasma has been air. With air comes nitrogen which in turn means that
thermal NOx is generated and needs to be taken care of in the industrial process. But the potentials are
quite wide in which plasma gas to use. Test has been conducted on using CO2 as plasma gas. The
results are very positive indicating uplift in several parameters in comparison with air as a plasma gas
carrier. Power output is increased by megawatts, keeping the current constant at 2kA. Wearing of the
electrodes is potentially lower and thermal efficiency of CO2 is higher than for air.
From a process point of view the use of CO 2 as a plasma gas has many advantages, such as being
chemically compatible with the cement process and thus limiting the NOx formation. Some thermal NOx
may be formed du to leakage air into the plasma generator.
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The temperature of the plasma is dependent on the dissociation of the components in the carrier gas.
Chemical equilibrium calculations of CO2 as carrier gas were calculated, see Figure 1. Calculations were
made with FactSage 7.2 (Bale et al. 2016).
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Figure 1. Temperature dependence of CO2 on components and enthalpy.

As seen in Figure 1 the enthalpy of the gas phase depend on temperature and the dissociation of the
gaseous components. Reasonable temperatures of plasma gas are sought for so that the process
equipment withstands the temperature and at the same time efficient plasma is produced.
Producing cement clinker with plasma was done on a laboratory scale already in 1973 (Glasser 1975).
The produced cement clinker had quality of ordinary cement. Production needed high energy
consumption, approximately 10 times higher than conventional, though the laboratory equipment had
possibilities for optimization. The tests made by Glasser have been repeated but in larger scale and
cement clinker minerals were comparable to those achieved with combustion heating.
A flow diagram were constructed of a conceptual retrofitted conventional cement production process
setup with plasma generator as heating source, see Figure 4. Mass and energy balances were
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calculated for plasma heating with CO2-atmosphere in both calciner and rotary kiln. The clinker cooler
is presumed to be partitioned, with CO2 used as the cooling media for the hot end while air-cooling is
retained for the rest of the cooler. CO2 for clinker cooling is recycled from a position after the preheater
towers. CO2 for plasma gas is taken after cooling and filtering. It potentially allows the capture of all CO 2
released compared to if using air as carrier gas in the kiln when some calcination takes place in the kiln.
Total effect installed is calculated to be for the rotary kiln 20.1 MW el resp. 140.3 MW el for the calcination
based on a production of 1 Mtonne clinker per year. The results are based on the assumptions on kiln
inlet and discharge end gas temperatures of rotary kiln of 1200 resp. 2000°C. The estimated specific
energy consumption is 4.6 MJ/kg clinker. There is a potential for energy efficiency improvement, both
through the integration of heat recovery equipment and through component development. If possible to
increasing the temperature of the gas going into the plasma generators, the specific energy consumption
would decrease to 4.4 MJ/kg clinker.

Figure 2. Process flow diagram for a pre-heater, pre-calciner kiln system heated by plasma
generators. Heat carrier gas is CO2 for both calciner and kiln.
3.1.3 Electrical gas heaters
The possibility to use electrical gas heater to reach sufficient temperature for calcination were examined.
The gas heaters are based on a patent. The patent describes heating of a fluid compressed gas Nycast
(Olsson 2018). Maximum temperature of heated gas is mainly dependant on quality of material used in
the heater. Results on mass and energy balance are being addressed for the moment.
3.1.4 Hydrogen
Use of hydrogen instead of fossil fuels is advantageous in many ways. The most obvious is the
combustion products being H2O instead of CO2. The use assumes the production of hydrogen being
sustainable and that the storage of hydrogen is solved (Bose 2007). Related to cement production the
heating transfer characteristics needs to be evaluated. The impact of formed H 2O on the production
needs also to be evaluated. If the amount H2O formed is considerable it will lower the calcination
temperature due to lower partial pressure of CO2 this means that energy consumption is reduced.
Hydrogen as a fuel in cement kiln burners was assessed by ECRA. They concluded that heat transfer
via radiation from a H2-flame is lower than conventional, new combustion technology is needed to make
the combustion with H2 efficient and that handling and feeding could be an issue (Hoening 2008).
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3.2

Possible concepts for calcination

The high temperature process part of cement clinker production is distinguished by two parts possible
to separate.
3.2.1 Direct separation reactor
During heating of limestone (mainly CaCO3), solid CaO and gaseous CO2 is formed. The reaction takes
place at approximately 900°C depending on partial pressure of CO2 in surrounding atmosphere. A direct
separation reactor uses gravitational forces to separate solid phases from gas phase whilst heating and
promoting the chemical reaction as mentioned above.
Within the Leilac project (Low Emissions Intensity Lime & Cement) a reactor for CO2 separation from
limestone or cement raw meal is under construction. The construction will be finalized in April 2019. The
pilot plant will handle 8 tonnes/hour of limestone feed or 10 tonnes/hour of cement raw meal. A principal
layout of the reactor in the Leilac project consists mainly of a high vertical steel tube, see Figure 3
(www.project-leilac.eu 2017).

Figure 3. Principal layout of a direct separation reactor used in the Leilac project.
The technical ideas derive and are thus proven from production of magnesium oxide out of magnesium
carbonate done by Calix Ltd in Australia. The purpose of the plant is to produce magnesium oxide with
nano-active properties. Heating is done with natural gas on the outer wall of the furnace shell. The plant
shows that it is technical possible to separate CO 2 from calcination of magnesium carbonate.
Applying this technology to cement production with the aim of using electricity would be possible with
using electrical heat elements for heating the cement raw material instead of combustion of natural gas.
The final heating above calcination temperature would need an additional step though. The calcination
temperature for magnesium carbonate is approximately 400°C lower than for calcium carbonate, see
Figure 4. This will be a challenge to handle as well as the high feed rate of raw meal for cement clinker
compared to magnesium oxide production. With high steel tubes and large number of tubes the capacity
can be increased.
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Figure 4. Dependence on the partial pressure of CO2 on calcination temperature for carbonates
(Bale, 2016).
A mass and energy balance was calculated for a theoretical process layout. The main heating sources
were an electrical direct separation reactor for the calcination part and a rotary kiln heated with plasma
gas for the clinkering process. The preliminary results from the calculations based on above described
flow sheet gave an energy consumption of 3,3 GJe/ton clinker. An energy consumption to compare with
BAT for cement production of 3,0 -3,3 GJth/ton clinker. The calculations will be further detailed and precis
and test results from the pilot plant of Leilac will be evaluated when the construction is finalized and
production starts. Pilot plant results will be available in April 2019 according to time schedule.
3.2.2

Electrolysis in salt melt

Use of electrolysis of a carbonate melt to perform calcination of limestone (STEP CEMENT) has been
suggested (Licht et al. 2012) and (Ren et al. 2015). It was found that the carbon precipitated on the
cathode was nanostructured (Wu et al. 2016) and (Johnson et al. 2017) and effort have been done to
design an industrial scale process for production of nanotubes.
Some process ideas have been presented with the use of electrolysis to produce lime from limestone
and simultaneously convert the carbon in carbonate to elemental carbon. It is suggested to use solar
based electricity in the system. A system analysis was performed of a complete combined cycle gas
plant with integrated molten carbonate electrolysis with nanostructured carbon and electricity as ultimate
products and no CO2-emission (Lau, Dey and Licht 2016).
The overall reaction of converting calcium carbonate to oxide and elemental carbon is according to
Equation 1.
CaCO3 → CaO + C(s) + O2-g

H = 600 kJ/mol

(1)

The energy demand for thermal decomposition of CaCO3 to CaO and CO2 is 200 kJ/mol, i.e. two times
the energy for calcining must be added to produce elemental carbon.
It is suggested that the electrolysis in made on a carbonate melts with a fairly low melting point. Such
mixtures are carbonates of lithium, potassium and sodium which have first melting points between 400
and 700oC, i.e. considerably lower than 900oC needed for thermal decomposition.
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Figure 5. Schematic process of molten carbonate electrolysis
The overall reaction consists of several steps as shown in Figure 5. It is not clear which steps are
kinetically limited.
1.
2.
3.
4.

An alkali melt is prepared with low melting point
Solid CaCO3 is dissolved into the melt
By means of electrolysis, solid CaO is formed and precipitated
The reactions involve (a) equilibrating of carbonate ion and CO 2 (b) splitting of CO2 to
elemental carbon and oxygen (c) precipitation of CaO from melt.
5. The overall reaction needs both electricity (E) and thermal energy to heat melt (Q)
This concept is novel and still far from a realistic process. So far, only laboratory experiments have been
made to demonstrate the possible reactions. Chemically this concept is attractive because it makes the
calcination reaction possible at lower temperatures which as such are beneficial. On the other hand, the
electricity demand is very high and it is thus necessary to find additional values, such as high-price
nanostructured materials. However, from a process development point of view, multi-purpose processes
are challenging to realize, i.e. to combine efficient CO 2-mitigation, high and continuous lime production,
and production of a novel nano-based product. Integrated into the cement clinker process, the main
unsolved problem is how to separate the CaO formed from the carbonate melt. Particle size and density
difference between CaO particles and melt are parameter that must be determined before due
separation equipment can be designed. In addition, to find a suitable carbonate melt with optimized
physical properties, preferably without lithium, still demands a considerable amount of research.
3.3.

Non-combustion heating

3.3.1 Influence on flue gases
The heat consumed in a conventional cement clinker production originates from combustion of fuels.
Combustion needs oxygen and air is used as combustion gas. With the oxygen comes nitrogen as it
constitutes 79% of air. Electrical heating systems based on heating without combustion will give an offgas composition from the production mainly constituting CO2. This will give technical and economic
advantages for carbon capture. Theoretical calculations of gas composition and volume for noncombustion and combustion with coal are shown in Figure 6. Depending on chemical composition of the
raw meal as well as the fuel used, the exhaust gas composition is formed. Calculations were made with
FactSage 7.2 (Bale et al. 2016).
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Figure 6. Concentration of gas phase composition from heating a typical cement raw meal with
and without combustion with coal.
As shown in Figure 4, the concentrations of the off-gas from non-combustion compared to combustion
off-gas are different. The concentration of CO2 from 25,3 to 99,5 mole-%.
The volume of gas was calculated for corresponding cases to increase more than 350% with FactSage
7.2 (Bale et al. 2016).
3.3.2 Influence on raw mix design
The changes in chemistry of raw mix design needs to be addressed if non-combustion heating is used.
By replacing fuel through electrification, no fuel ash is included in the raw mix. Due to amount of and
chemistry of the fuel ash, the raw meal feed needs to be adjusted to achieve wanted clinker composition.
If it is assumed that 1% fuel ash incorporated in the cement clinker derives from the fuel ash and the
chemical composition of the fuel ash is 50% SiO 2, 25% CaO, 20% Al2O3 and 5% Fe2O3, then the LSF
and SM will decrease and AM increase if fuel is excluded and raw mix composition is left uncorrected.
4.

DISCUSSIONS AND CONCLUSIONS

By using electricity for heating, several positive effects are achieved in the production process. The
cleanness of the exhaust gas will be higher due to elimination of volatiles from fuels. The amounts of
CO2 emissions are reduced. The energy consumption decreases due to lesser volume of gas to be
heated, mainly related to the exclusion of nitrogen gas in the process.
Taking into account above mentioned fundamentals when evaluating literature, patents, other electrified
industries, etc. some concepts are concluded to be promising and needing more evaluation. The
promising concepts of using electricity heating for cement raw meal to desired temperature are several
and they are on varying technology level of readiness.
The most relevant finding is that the combustion related CO 2 emissions will be eliminated; the capturing
step will be enhanced since the CO2 gas from calcination is clean and accordingly the need of storage
or utilization of CO2 is decreased.
The concept with use of a direct separation reactor will be of great interest to follow.
Some major challenges are to reach enough high temperatures, be able to handle the large throughputs
and to ensure a gas tight process.
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ABSTRACT
A new amorphous calcium silicate binder with overall C/S ratio of 1.1, was produced by a process
consisting in fully melting and rapid cooling of a mixture of typical raw materials (limestone, sand, flyash and electric furnace slag). Alkali-activated pastes were produced from these materials by mixing
them with a solution of 3% of Na2SiO3 in a water/binder ratio of 0.375.
The Na2SiO3 activated paste was analyzed by X-ray diffraction (XRD) and high resolutiontransmission electron microscopy (HR-TEM). The observations show that the hydration process of this
novel type of cements results in the formation of tobermorite nanocrystals with dimensions (10-20 nm)
embedded in the amorphous calcium silicate hydrate (C-S-H). The selected area electron diffraction
(SAED) patterns obtained in the HR-TEM observations enabled a full characterization of the
tobermorite crystalline structure (type, unit cell, space group, lattice angles and parameters). Molecular
dynamics (MD) simulations of the identified 9 Å tobermorite structure were performed at different
temperatures, showing its viability, thus supporting the experimental results. The study of the
connectivities strongly indicates that, in the presence of water, this amorphous C/S=1.1 precursor with
a wide range of Qn distribution, rearranges in order to form the more stable Q2 type structure of 9 Å
tobermorite.
As far as the authors know, this is the first time that the spontaneous formation of nanocrystalline
tobermorite upon the hydration of CS binders is reported.
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1.

INTRODUCTION

Concrete is the most widely used material in the world, being cement its major chemically–active
component (Scrivener, John & Gartner 2016). The success of cement as a structural engineering
material lies in the fact that cement is a cost-effective, easy to use, strong and durable material.
Therefore, two hundred years after the work of Louis Vicat (1818), the production of cement has been
continuously increasing, overcoming nowadays 4 billion tons per year (Gartner, Maruyama & Chen
2017). Nevertheless, with the growing use of cement, the concern with the environmental impact of its
production also grows: nowadays the cement industry is responsible for about 5% to 7% of the total
anthropogenic CO2 emissions, since for every ton of cement produced almost one ton of CO2 is emitted
to the atmosphere (Hasanbeigi, Price & Lin 2012). Consequently, the reduction of the environmental
impact of cement production has become an increasing matter of concern, fostered even more by the
signature of the Paris Agreement, in 2016 (Ghezloun, Saidane & Merabet 2017).
The need for reduction of carbon dioxide emissions in cement industry has led to a remarkable process
optimization, as well as to the development of several eco-friendly solutions, as energy recovery from
waste valorisation or the incorporation of by-products generated by other industries. Some other
approaches are focused in the reduction of CO2 directly by changing the chemistry of the clinker in such
a way that lower amounts of carbonated raw-materials (namely limestone) are needed for its production.
Examples are the development of belite-rich clinkers or sulfoaluminate clinkers (Chatterjee 1996,
Gartner & Li 2006). The change of the cement mix, by decreasing the amount of alite-based clinker used
and replacing it by new or improved supplementary cementitious materials (SCM’s) (Imbabi, Carrigan &
McKenna. 2012) or by metakaolin-rich clays and limestone (e.g. Sánchez et al. 2016), are also
promising approaches currently being explored. Other approaches include the development of a new
type of cement based on calcium-hydrosilicates or even the development of non-hydraulic systems such
as the geopolymer-based binders (e.g Duxson & Provis 2008) or the CO2-curing Solidia® cement
(Riman et al. 2012, and Riman et al. 2013).
All of these solutions present shortcomings that are not yet fully assimilated by the cement industry. The
solutions focusing on the substitution of Portland clinker by other SCM’s have as major drawbacks the
fact that these materials (calcinated clays, fly ashes, slag, recycled concrete, etc) are not extensively
available in a suitable quality for the production needs of cement industry. At the other hand, the
solutions including the development of new alternative binders present several drawbacks namely: i)
the need of specific raw-materials that due to their lack of abundance are much more expensive than
traditional limestone; ii) their technical practicality due to the very specific and necessary conditions of
hydration, which require controlled environment and in some cases only possible to be applied in prefabrication; iii) the need of a significant technological change of the cement production paradigm with
large, even unaffordable, financial impacts for cement companies, and iv) the time needed for the
acceptance of these binders as construction materials, both by regulatory organisms and end users. In
this way, the search for alternative solutions to common OPC, has not arrived to an end yet.
In their paper published in 2014 (Abdolhosseini et al. 2014), Abdolhosseini and colleagues formulate
the theoretical hypothesis that the C-S-H obtained by hydration of a clinker with a lower amount of
carbonated raw-materials (C/S ratio of 1 to 1.1), should present a well-defined tobermorite-like
crystalline layered structure, with minor structural defects (Abdolhosseini et al. 2014). This organized
layered structure of tobermorite would be progressively lost as the C/S ratio increases, until it becomes
amorphous for a C/S ratio larger than 1.5 (Abdolhosseini et al. 2014). The molecular dynamics (MD)
simulations of Pellenq and colleagues also showed that this low C/S tobermorite-like structure should
correspond to the utmost of mechanical properties of C-S-H, namely of its hardness and stiffness.
Unfortunately, the C-S-H that forms upon hydration of ordinary Portland cement (whose C/S ratio is
typically above 3) presents a C/S ratio of approximately 1.7, and thus its mechanical properties are
expected to be lower than those of the layered C-S-H with C/S<1.5. Moreover, upon hydration of the
conventional alite-based cement, the precipitation of a significant amount of portlandite-type calcium
hydroxide (Ca(OH)2) occurs, which represents a misuse of the excess of calcium present in the OPC.
In the last decades, since the first evidence of similarity between the structures of C-S-H and tobermorite
(Komarneni 1983), many computational models and experimental approaches on the evaluation of CS-H properties have been attempted (Papatzani, Paine & Calabria-Holley 2015). However, the majority
of the experimental studies conducted on the analysis of low C/S C-S-H and its related naturally
occurring mineral, tobermorite, used materials obtained by synthesis technique, such as: the reaction
of C2S in a solution containing a SiO2 source (Cong & Kirkpatrick 1996, Kunther, Ferreiro & Skibsted et

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
al. 2017), the reaction of quartz or acid silica with pure CaO or C2S at temperatures between 353 K and
503 K (Cong & Kirkpatrick 1996), the reaction of silica-gel with Ca(OH)2 (Kunther, Ferreiro & Skibsted
et al. 2017) or even by decalcification of the hydration product obtained from C3S hydration (Chen et al.
2004).
Up to now, the reason why it is impossible to obtain C-S-H with a C/S around 1 directly by hydration of
its corresponding calcium silicate mineral - wollastonite (CaSiO3) - is because wollastonite is not
hydraulically active. Thus, the confirmation of the structural and mechanical properties of the low C/S
C-S-H obtained directly by hydration of a single calcium silicate phase, has been an issue difficult to
overcome. Therefore, the MD results, describing a low calcium C-S-H with a tobermorite-like crystalline
structure formed upon hydration, has not been possible to prove yet.
Recently Santos et al. (2016, Cement and Concrete Research), proposed a method for the production
of a new type of hydraulically active calcium-silicate (CS) binder, which contains 33% less CaO in the
raw mix than the typical ordinary Portland cement formulations. This binder is hydraulically active in the
CaO/SiO2 range of (1.1-1.25). Upon hydration, XRD analysis shows that a semi-crystalline form of C-SH appears, whereas no portlandite could be detected (Santos et al. 2016, Cement and Concrete
Research). In the present paper, we focus on studying the microstructure of these binders by highresolution transmission electron microscopy (HR-TEM). The observations show that the semi-crystalline
C-S-H formed upon hydration presents embedded nanodomains that were identified as highly ordered
tobermorite crystallites with diameters around 10-20 nm. Surprisingly, the HR-TEM observations and
the corresponding selected area electron diffraction (SAED) patterns show that the tobermorite allotropic
form that appears upon hydration of this C/S=1.1 binder is the 9Å tobermorite. The structure of this
phase is fully characterized by SAED analysis and the viability of this phase is analyzed by molecular
dynamics simulations. As far as the authors know, this is the first time that a detailed characterization
of tobermorite nanocrystals obtained directly upon hydration of a hydraulic binder is presented.
2.
2.1

EXPERIMENTAL DETAILS
Materials Synthesis

Materials were produced by fully melting at 1773 K a mixture of typical raw materials (limestone, sand,
fly-ash and electric furnace slag) with an overall C/S molar ratio of 1.1, exact percentages can be found
in Santos et al. 2016, Cement and Concrete Research. After complete melting, rapid cooling of the
mixture was performed, by extracting the crucible from the oven and leaving it at room temperature.
Once the material solidified in a glassy state, the clinker was ground in a ring mill for 180s with propanol
and dried at 323 K in a stove for about 1h. This powder was then used to produce a paste as a mixture
with the addition of an alkaline activator (Na2SiO3) in such a way that the water/binder weight ratio was
kept constant at a value of 0.375. The amount of activator added was defined in order to obtain a total
Na2O content of 3% in weight and a Si/Na molar ratio of 1.2 in the activator. The paste produced was
poured in prismatic molds with dimensions of 20x20x40 mm 3 and cured in a 95% humidity controlled
environment at 293 K. A more detailed description of the synthesis protocol can be found in Santos et
al. 2016.
2.2

Microstructural Characterization

The microstructure of the pastes was characterized by X-Ray Diffraction (XRD) with Rietveld analysis
and by HR-TEM. The XRD analysis was performed in X’Pert Pro (PANalytical) diffractometer using
monochromatic CuKα1 radiation (λ=1.54059 Å) and working in reflection geometry (θ/2θ). The optics
configuration was a fixed divergence slit (1/2°), a fixed incident antiscatter slit (1°), a fixed diffracted antiscatter slit (1/2°) and X'Celerator RTMS (Real Time Multiple Strip) detector, working in scanning mode
with maximum active length. Data for each sample were collected from 5° to 60° (2θ). The samples
were rotated during data collection at 16 rpm in order to enhance particle statistics. The X-ray tube
worked at 45 kV and 40 mA. The amorphous content of the samples, both anhydrous and hydrated,
was determined by adding 20% in weight of corundum (99,9% α-Al2O3 from Alfa Aesar) as an internal
standard. Phase determination and quantification were performed through Rietveld analysis using the
Panalytical software Highscore Plus, following the same procedure previously adopted by the authors
(Santos et al. 2016).
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All the samples observed by HR-TEM have hydration ages superior to 90 days. The samples were first
pulverized, by using an agate mortar, then the particles were dispersed in pure ethanol and ultrasonically
agitated at low power for ten minutes, finally a drop of the suspension was transferred to lacey carbon
TEM grids. HR-TEM images of the samples were taken on a JEM-2100 JEOL TEM with an accelerating
voltage of 200 kV using a double-tilt holder. Selected area electron diffraction (SAED) patterns were
acquired for crystallographic diffraction studies. HR-TEM images were also used to obtain
crystallographic information by analyzing the Fast Fourier Transform (FFT) of the images, using the
digital micrograph software.
2.3

Computational Simulations

VESTA software was used to model the crystalline structure, while the CaRIne Crystallography 3.1
software was used to simulate the diffraction patterns and stereographic projections. The diffraction
patterns of the structure obtained with VESTA enabled the identification of the zone axis and interplanar
spacings.
Molecular Dynamics (MD) simulations of C/S 1.1 were run employing appropriate Lennard-Jones
interatomic parameters for Si, O and Ca atoms. These parameters were taken from Freitas et al. 2015
and fit the Coulomb plus Lennard-Jones potential functional (1):
𝑈𝑖𝑗 (𝑟𝑖𝑗 ) =

𝑞𝑖 𝑞 𝑗
4𝜋𝜀0 𝑟𝑖𝑗

𝜎𝑖𝑗

+ 4𝜀𝑖𝑗 ((

𝑟𝑖𝑗

12

)

𝜎𝑖𝑗

−(

𝑟𝑖𝑗

6

) )

(1)

where qi and qj are the partial charges of atoms of type i and j respectively, ε0 is the permittivity of a
vacuum, rij is the interatomic distance, and εij and σij are the Lennard-Jones pair interaction parameters.
More details on such procedure, including the Coulomb and Lennard Jones parameters, can be found
in a previous publication (Freitas et al. 2015). Additional three-body potential functions were also used
to model the presence of hydroxyl groups in the crystalline tobermorite structures. Such parameters,
taken from Hassanali & Singer 2007. The different functional forms are also given in the same reference
(Equations. 1-4 of Hassanali & Singer 2007).
All molecular dynamics (MD) simulations were carried out with DL_POLY 2.20 under anisotropic
isothermal-isobaric ensemble conditions. The initial configuration of the MD simulation of the amorphous
C/S 1.1 was generated as described in detail by Freitas et al. 2015, by quenching a 5 nm-size cubic box
to 300 K from 4000 K/2500 K. In the case of the tobermorite 9 Å crystal, the initial simulation box was
generated from information obtained from HR-TEM observations, by replicating the crystalline unit cell
in different directions in order to obtain a triclinic simulation box with sides of at least 5.0 nm. Such box
was then equilibrated at 300 K, 500 K, and 800 K, to study the stability of the crystalline structure. All
following simulation runs are characterized by periodic boundary conditions in all directions, cut-off
distances of 3.45 nm and a time-step of 1 fs. All glass and crystal MD simulations were pre-equilibrated
under NVT conditions; the subsequent trajectories were run under NPT and NσT conditions,
respectively, and sampled every 100 fs.
3.
3.1

RESULTS AND DISCUSSION
Microstructural Characterization

The resume of the evolution of the phases during hydration, measured by XRD-Rietveld analysis, is
presented in Table 1. Anhydrous samples and alkali pastes at the ages of 7 days and 90 days were
analysed through XRD analysis.
The initial anhydrous binder structure is formed by an amorphous matrix with approximately 13% of
crystalline pseudowollastonite, which resulted from the quenching process used to produce the binder
as described in the experimental part. After hydration, the total amount of amorphous phase decreases
with time, as well as the proportion of pseudo-wollastonite, and 9Å crystalline tobermorite peaks appear
in the activated paste after the 7th day of hydration. For the hydrated sample, the amount of tobermorite
increases to 23.5% after 7 days of hydration and to 28.3% at 90 days. The presence of the alkali activator
accelerates the formation of C-S-H and of tobermorite due to the increase of the pH and of the presence
of free oxygens (Taylor 1997).
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Table 1 Quantitative results obtained by XRD-Rietveld analysis for the weight percentages of
the phases present in the hydraulic binder produced and in the paste (note: the amorphous
phase is accounted as the sum of both the contributions from the amorphous component of
the hydration products and anhydrous amorphous).
Weight %
Amorphous
(anhydrous
and hydrated)

Pseudowollastonite

Tobermorite

Anhydrous

--

86.9

13.1

---

Activated paste
(Na2SiO3)

7 days

70.4

6.2

23.5

90 days

64.9

6.7

28.3

In order to estimate the dimensions of the tobermorite crystals formed upon hydration, we applied the
Scherrer’s equation (2):
𝑡=

Kλ
B Ɵ𝐵

(2)

where t is the size of the crystalline domains, K is a dimensionless shape factor (assumed to be the
generally accepted default value of 0.9), λ is the X-ray wavelength, B is the line broadening at half the
maximum intensity, after subtracting the instrumental line broadening, and θ is the Bragg angle (in
degrees). When applied to the tobermorite peaks, the Scherrer equation gives as result a dimension of
7 to 20 nm, which indicates that, after hydration, the tobermorite is formed in the form nanocrystallites.
The nanostructural nature of C-S-H with C/S ratios from 1.1 to 1.8 was already discussed by
Abdolhosseini QMJ et al. (2014), based on molecular dynamic (MD) simulations. They concluded that
with the increase of the C/S ratio there is an increase in the disorder of the calcium-silicate-hydrate
structure, and the lamellae-like structure typical of the tobermorite and present until approximately
C/S=1.5, tends to disappear, which is in agreement with the present experimental observations. Four
types of tobermorites have been deeply studied so far: 9 Å, 11 Å, 14 Å and clinotobermorite (Merlino S,
Bonaccorsi E & Armbruster T 2001, Bonaccorsi, Bonaccorsi, Merlino & Kampf 2005, Merlino,
Bonaccorsi & Armbruster 2000, Hamid 1981, Merlino, Bonaccorsi & Armbruster 1999). From these types
of tobermorite, the 11Å type has been extensively used as model phase for the amorphous C-S-H
(Pellenq et al. 2009, Grangeon et al. 2013, Allen, Thomas & Jenning 2007). However, as far as the
authors know, its direct formation (of this or of other type of tobermorite) upon hydration has never been
reported. The C-S-H models, such as the one proposed by Bullard et al. 2011, and recently revisited by
Gartner 1997, are based on the existence of a <5 nm diameter building blocks, which match the
tobermorite 11Å structure and would explain the C-S-H bulk properties found in hydrated cement pastes.
Therefore, it is somehow surprising the fact that, in the present work, the best fitting of the tobermorite
peak at 2 θ =30º, obtained by adjusting the scale factor, lattice parameters as well as the Caglioti function
W parameter, is obtained for 9Å tobermorite. Neither tobermorite 11Å nor tobermorite 14Å present
adequate profiles for fitting the acquired XRD data. Nevertheless, HR-TEM analysis was carried out for
a full characterization of the 9Å tobermorite nanocrystals detected by XRD.
Figure 1 shows bright field HR-TEM images of the alkaline activated paste. It can be observed the
presence of the tobermorite nanocrystallites (see as example the nanocrystal highlighted in the red
area), randomly oriented, dispersed in the amorphous matrix, resulting in well-defined diffraction rings
observed in SAED (inset on the upper right corner). It can further be observed that the tobermorite
nanocrystals, present dimensions between 10 and 20 nm (in agreement with the Scherrer’s equation’s
results).
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Figure 1. The morphology of the hydrated alkali-activated C/S 1.1 sample were observed by HRTEM. The insets show the electron diffraction. One nanocrystals is highlighted through the
areas circled in red.
Figure 2 on the right shows the bright field image of the alkali-activated sample, whereas on the top left
shows the corresponding experimental SAED pattern, and on the bottom the simulated diffraction
pattern, which can be superimposed on the experimental SAED pattern. The simulated diffraction
pattern was obtained through Vesta, which produced the best match for a tobermorite crystallite along
the [123] zone axis. The matching stereographic projection was observed after successive adjustments
of the 9Å triclinic tobermorite described by Merlino et al. 1999 as space group P-1; cell parameters
a=6.93 Å, b=6.91 Å c=9.52 Å, and lattice angles α=100.63 o , β=96.13 o and γ=114.76 o

Figure 2. On the right the area interested in the SAED observation. The morphology
experimental SAED pattern along the [123] zone axis (on the left top). The diffraction spots
were indexed by computer simulation of the 9Å tobermorite structure, using the CaRIne
software (on the left, bottom).
The highly ordered structure of tobermorite observed in the present work by HR-TEM is in agreement
with the predictions made by Abdolhosseini et al. 2014, strongly indicating that, as the C/S ratio
decreases, the calcium silicate layers tend to be more ordered and less defective, i.e, with the formation
of crystalline tobermoritic regions in the C-S-H. These authors predicted that for C/S< than 1.5, the CS-H formed should present a tobermoritic layered structure, which has been previously observed by
TEM in a C-S-H prepared by reaction of a lime solution with amorphous silica with a C/S ratio of 0.9
(Gmira et al. 2004). In the simulations made by Abdolhosseini et al. 2014, the layered structure of low
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calcium C-S-H corresponds to 11Å tobermorite, with water molecules in the interlayer positions, as
described by Hamid 1981 and Merlino et al. 2001. However, in the present work, is demonstrated the
formation upon hydration of nano-crystals of tobermorite in the 9Å allotropic form, with no bonded water
molecules in its structure, in the C-S-H (C/S=1.1).
3.2

Computational Simulations

The crystalline structure of the 9Å tobermorite identified by HR-TEM SAED was computationally
reconstructed through VESTA software and is represented in Figure 3. The solid skeleton of the 9Å
tobermorite, which characterizes the whole family of tobermorites, consists of three parts: silica chains,
intralayer calcium and interlayer calcium, as it can be observed along the (½ ½ 0) and (001) projections
of Figure 3.A and Figure 3.B. In Figure 3.A it is evident how the layers are held together by the ionic
forces between the cationic calcium and the anionic oxygens. In Figure 3.B, single Si-O chains oriented
along the [110] direction can be seen. The same structure of silicate chains was described in the
Wollastonite model studied through MD simulation in previous work (Freitas et al. 2015). These Q2
chains are connected to each other through the interlayer calcium ions and form a layer in the (001)
plane. Along the [001] direction these layers of Q 2 single chains are connected through the intralayer
calcium ions, forming a double-layered structure whose basal distance is shorter than that of two Q 2
layers in wollastonite. In tobermorite 9Å, eight of the ten water molecules present in the unit cell of
tobermorite 11Å are lost, the two remaining are present as hydroxyl groups SiOH at the positions (0.34
0.14 0.39) and (0.66 0.86 0.61).

Figure 3. MD simulation of the crystal structure of the triclinic tobermorite 9 Å experimentally
observed in the present work, as seen down [½ ½ 0] (A) and along [001] (B), represented by
VESTA software. The unit cell of tobermorite 9Å is enclosed by black line. The red and blue
sticks represent respectively Si and O, which form the silicate chains, the light blue sticks
represent the hydrogens of the hydroxyl groups SiOH. The green and the purple spheres
represent respectively the interlayer and intralayer calcium.
Simulations equilibrating the tobermorite 9Å box at 300 K, 500K and at 800K were run. The tobermorite’s
coefficient of thermal expansion obtained is 3.5×10-5 K-1, close to the coefficient of thermal expansion
previously calculated for C1.7SH1.9 through microthermoporomechanics back analysis (4.2 × 10−5 K−1)
(Ghabezloo 2011) and MD (4.5 × 10−5 K−1) (Abdolhosseini Ulm FJ & Pellenq RJM 2015). The smaller
value obtained for the tobermorite 9Å may be attributed to the fact that the C 1.7SH1.9 has a higher C/S
ratio and consequently a higher content of the chemically bound water, which leads to a greater thermal
expansion (Krishnan et al. 2016). The MD theoretical results and the experimental ones, concerning the
volume of the unit cell of tobermorite, are in agreement. The deviation of the volumes, which is smaller
than 2%, may indicate some heating of the sample under the electron beam (e.g Viguier & Mortensen
2001), or can be caused by theoretical and experimental limitations.
The oxygen and silicon connectivities of the tobermorite structure were analyzed through MD simulation
analysis and are presented in Table 2. It was observed that the tobermorite structure is essentially
formed by Q2 bonded Si, being only 8.6% of Si atoms present as terminal groups in the Si chains. In
what concerns oxygen, 62.5% is single bonded oxygen, 35.9% corresponds to bridging oxygen and
1.6% is the oxygen present in the hydroxyl groups. For comparison purposes we present in the same
table the Qn distribution of the amorphous C/S 1.1 and of the crystalline wollastonite (C/S=1) obtained
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by MD simulations (Freitas et a. 2015) and the silicon Qn of the amorphous C/S 1.1 measured by
deconvolution of the 29Si MAS NMR spectra (Santos et al. 2016). The comparison of the connectivity of
these phases shows that there are almost no differences in the type of bonded oxygens between 9Å
tobermorite, amorphous C/S 1.1 and crystalline wollastonite (being the main difference the absence of
free oxygens in the case of the crystalline wollastonite), the same cannot be said in what concerns the
Si connectivity. In fact in the tobermorite 9Å, Si atoms are mainly arranged in long parallel dreirerketten
type chains of {[SiO3]2-}n units, in a similar structure such as the hydraulically not-reactive wollastonite
polymorph which is formed by 100% of stable Q2 silicate structure, as described in a previous work
(Freitas et al. 2015).
Table 2. Analysis of the silicate and oxygens connectivities of the tobermorite 9Å, the
amorphous C/S 1.1 structure and of the crystalline wollastonite (Freitas et al. 2015) through MD
simulations, and Si connectivities obtained by deconvolution of the 29Si MAS NMR spectra
(Santos et al 2016).

OI

Oxygen
isolated

OS

OB

Oxygen

Oxygen
bridging

singlebonded

Q0

Q1

Q2

Q3

Q4

T9

1.6%

62.5%

35.9%

0%

8.6%

91.3%

0.1%

0%

W Cryst

0%

67%

33%

0%

0%

100%

0%

0%

C/S 1.1 amorph

1%

64%

35%

6%

27%

40%

22%

4%

C/S 1.1 amorph

--

--

--

17.2%

28.3%

43.6%

10.9%

--

In the case of the glassy C/S 1.1, the amorphization process causes a large distribution of Qn, which is
in agreement with the NMR experimental results (Santos et al. 2016).
The clinker studied in the present work is the product of randomization resulting from the fact that some
of the single bonded O atoms either become detached from Si and become isolated O atoms or form a
bond to a second Si atom and become bridging oxygen atoms. These shifts of the O atoms, nevertheless
corresponding to only 1% in the amorphization of the C/S 1.1, result in a considerable change of the
connectivity of the Si in the amorphous phase. The amorphization of the material under study induces
the ramification of Q2 chains, resulting in the formation of Q4, Q3, as well as it brakes resulting in Q1 and
Q0 Si bonds. From the amorphous C/S 1.1 MD simulations it was observed the Qn distribution as being
homogeneous, suggesting how the Q0 represent favourable sites for the water molecules to enter the
structure, and consequently allow the hydration of the clinker. The present results strongly indicate that,
in the presence of water, this amorphous C/S=1.1 precursor with a wide range of Q n distribution,
rearranges in order to form the more stable Q 2 type structure similar to that of the equilibrium phase
(wollastonite). This rearrangement results in the formation of C-S-H and 9Å tobermorite, as shown by
the XRD-Rietveld analysis results (see Table 1) with a wollastonite-type structure, i.e, a double layer
formed of Q2 long silicate chains that are gathered together by the iono-covalent attraction of calcium
ions.
At this point it is worth to mention the existing models for the C-S-H that results from the hydration of
ordinary Portland cement (OPC), i.e., from the reaction of C 3S (alite) and C2S (belite) with water.
Although these models cannot be directly transferred to the present case, in which a C 1.1S amorphous
phase is hydrated, they certainly must be compared to the results obtained here. Although the
mechanisms of formation, and the nano-to-micro structure of C-S-H has extensively been studied and
modeled (Richardson 2008, Jennings 2000, Taylor 1986), C-S-H remains a phase poorly understood.
The main cause for that is the fact of C-S-H formed in the common OPC is a fully amorphous phase,
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thus difficult to characterize by diffraction techniques, in which the O and H atoms, that play a key role,
are difficult to quantify due to their light weight. Currently, the most widely accepted model for the
structure of C-S-H is the one proposed by Jennings 2000. However, this model presents some
inconsistencies with experimental data namely in what concerns the kinetics of growth of C-S-H during
hydration, which should be the rate-limiting step in the hydration of C3S (Gartner 1997). Recently
Gartner, Maruyama & Chen 2017 presented a new model for the formation and structure of high C/S
(1.7) C-S-H. This last model sets on two main hypotheses, namely: (1) C-S-H grows with basal sheets
of tobermorite-like structures; (2) the basal tobermorite sheets of this C-S-H are essentially anhydrous.
Nevertheless up to now, the C-S-H structure and reaction mechanisms have continually escaped
detailed and direct experimental analysis for two main reasons: i) difficulty in separating it from other
phases and ii) its broad diffraction signal caused by its amorphous nature, that is why, although the
neutron scattering, electron microscopy, and computer simulation studies have suggested the existence
of such nano building block, some doubts still exist (Skinner et al. 2010). The present results, despite
the fact that the hydration occurs in much lower C/S ratio structure than that of C 3S, seem to be in
accordance both with the predictions of the MD simulations of Abdolhosseini et al. (2014) and with the
empirical models for the formation high C/S C-S-H (Gartner, Maruyama & Chen 2017), giving a
contribution for the clarification of the setting mechanisms of hydraulic binders.
4.

CONCLUSIONS

In the present work, a detailed analysis of the hydration product on a new calcium-silicate amorphous
hydraulic binder with a C/S ratio of 1.1 is made. The low C/S percentage can be translated into an
amount of CaO in the raw mix 33% lower than the typical ordinary Portland cement formulations, and
consequently strongly reduces the CO2 emissions linked to the binder production. After hydration, both
Rietveld XRD and HR-TEM results show the presence of amorphous C-S-H and nanocrystalline
tobermorite. The HR-TEM observations show that the nanocrystals are of tobermorite 9Å with
dimensions (10-20 nm), this type of structure suggest promising mechanical properties. Molecular
dynamic simulations allowed a full characterization and validation of the crystalline structure of the
crystalline phase. As far as the authors know, this is the first time that the spontaneous formation of
tobermorite in early-age C-S-H cement pastes is reported.
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ABSTRACT
Production of Portland clinker can be negatively affected by undesirable compounds. One of them is
barium oxide. Thermal treatment of most of the barium compounds yields barium oxide, the only
exception is BaSO4. This work is focused on the influence of barium oxide with and without sulphates
on properties of Portland clinker. Barium sulphate and barium carbonate were added to raw meal in
different amounts. The influence of barium oxide together with sulphates was studied on samples with
BaSO4 and BaO with SO3 in separate compounds – BaCO3 and CaSO4·2H2O. Barium oxide in raw
meal leads to change in phase composition of clinker, amount of alite decreases at the expense of
belite and free lime. Using BaSO4, trend of phase composition has the same tendency with slower
development. Moreover, using sulphates, dimensions of alite increase to great values. Comparing
microstructure and thermal analysis of clinkers with BaSO4 and with BaO and sulphates in separate
compounds, the influence is almost the same. Although BaSO4 does not decompose during the
burning process, the clinker is influenced by both, BaO and SO3.
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1.

INDRODUCTION

Barium present in raw materials for clinker production has been found to have a great effect on
formation of phase composition (Böhm & Lipus 2015, Juel & Jons 2001, Katyal et al. 1999). Most of
barium compounds decomposes during the burning process, barium oxide is formed and influences
the phase composition. The exception is BaSO4 (Katyal et al. 1999) that does not decompose during
the burning and influences the system as a whole compound.
Previous research has shown that barium oxide prevents formation of alite or leads to decomposition
of alite to belite and free CaO (Böhm & Lipus 2015, Juel & Jons 2001, Katyal et al. 1999). Katyal et al.
(1999) prepared pure alite with BaO and found that when the amount of barium is up to 1.8 % BaO
then Ba2+ ions probably fully replace Ca2+ ions and free CaO increases (in molar ratio to BaO). Higher
addition of BaO produces strong increase of free CaO (more than molar ratio) and belite at the
expense of alite.
Substitution of calcium ions by barium is limited due to different dimensions of ions (calcium 1.06 Å
and barium 1.43 Å) (Katyal et al. 1999). Crystal lattices of clinker phases are different, solid solution of
each clinker phase can incorporate different amount of foreign ions. Juel & Jons (2001) found highest
content of barium in clinker melt, following by belite, alite contains only very small amount of BaO. The
increase of barium in each clinker phase is linear.
BaO in suitable amount improves burnability of raw meal, mineralizing effect on the formation of
clinkers has been proved by many authors (Chen et al. 2009, Katyal et al. 1999, Mu et al. 2018).
Using XRD (X-ray diffraction), other polymorphic modification of belite can be identified. Barium oxide
stabilises a polymorphic modification of belite, ’ modification can be stabilised even by a small
addition of BaO, higher amount of BaO stabilises -C2S. (Hewlett 2004, Locher 2006, Udagava et al.
1980)
As well as barium oxide, presence of SO3 induces reduction of alite and increase of belite and free
lime (Horkoss et al. 2011, Li et al. 2012). Addition of sulphates influences also clinker melt and change
alite modifications (Li et al. 2012, Staněk & Sulovský 2017). Presence of SO3 causes lower viscosity
and surface tension of clinker melt (Maki & Goto 1982, Staněk & Sulovský 2017). Calcium oxide is
dissolved and immediately transported away due to the low viscosity. Alite crystals are formed when
the oversaturation of calcium oxide occurs, however, because of the low viscosity, the oversaturation
takes longer. As oversaturation appears, the growth of alite crystals is very fast and crystals reach
great dimensions. (Staněk & Sulovský 2017)
In the present work, the influence of BaO using BaCO3 and the influence of BaSO4 on properties of
Portland clinker are studied. BaSO4 probably influences the clinker as the whole compound.
Differences in using BaSO4 and SO3 with BaO in separate compounds (BaCO3 and CaSO4∙2H2O) are
studied as well.
2.

EXPERIMENTAL

Raw meal for reference clinker B0 without BaO was prepared from limestone from Čertovy schody and
pure SiO2, Al(OH)3 and Fe2O3, SLP = 94.6, MA = 1.9, MS = 2.3. By different addition of BaSO4 and
BaCO3 to raw meal, two series of samples with a content of barium oxide were prepared. The amount
of addition was calculated as a percentage of BaO in burnt clinker. BaSO4 does not probably
decompose during burning and the clinker is influenced by the whole compound. Other raw meals with
BaO and SO3 were prepared to study if the influence is the same using BaSO 4 as the whole
compound and using BaO and SO3 separately. Third series was prepared to a lesser extent using
BaO and SO3 in separate compounds – BaCO3 and CaSO4∙2H2O were added in the same molar ratio.
In this series, SLP was reduced according to the addition of CaO in CaSO4∙2H2O. It is assumed that
BaCO3 decomposes during burning, no CO2 should be present. Designation of samples with amount
of BaO is shown in Table 1. All the samples were burned at 1450 °C for 2 hours with heating rate
10 K/min followed by fast cooling.
Structure of burned clinkers and ratio of clinker phases were studied by petrographic polarizing
microscopy (using Eclipse LV100ND by Nikon). A part of burned samples was crushed to 0.045-1 mm
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and mixed with epoxy resin. A polished section was prepared and etched by vapour of acetic acid.
These samples were used to analyse phase composition of clinkers by microscopic point counting
method. The principle of this method lies in recognition of two thousand points on clinker polished
section. The volume percentage of each phase is obtained and recalculated to weight percentage
using the following densities for the individual phases (in g∙cm -3): C3S – 3.15, C2S – 3.28, C3A – 3.03,
C4AF – 3.77. (ASTM C 1356 2007, Chromý 1974, Robledo‐Gutiérrez et al. 2013)
X-ray diffraction (D8 Advance by Bruker) with Rietveld analysis (TOPAS V3 by Bruker) was used to
determine the ratio of polymorphic modifications of belite.
Table 1. Prepared samples
Addition to reference raw meal

Designation of samples

BaO (%) in clinker

-

B0

0.0

BaCO3

0.5C, 1C, 2C, 3C, 4C, 5C

0.5, 1, 2, 3, 4, resp. 5

BaSO4

0.5S, 1S, 2S, 3S, 4S, 5S

0.5, 1, 2, 3, 4, resp. 5

BaCO3 and CaSO4∙2H2O (1:1)*)
1CS, 3CS, 5CS
1, 3, resp. 5
amount of limestone was reduced due to addition of CaSO4∙2H2O to the same value of SLP as the
other raw meals
*)

Thermal properties of raw meals, BaCO3, BaSO4 and CaSO4∙2H2O were evaluated by
thermogravimetry and differential thermal analysis (TG-DTA). Temperature of compound
decomposition was evaluated as well as gravimetric change of each decomposition process. The
measurement was performed in dynamic atmosphere by Perseus STA 449 (Netzsch) in temperature
range 35-1450 °C with temperature rise 10 °C/min.
3.
3.1

RESULTS AND DISCUSSION
Composition of clinkers with BaCO3 and BaSO4

The ratio of clinker phases was evaluated by the microscopic point counting method, see Figure 1 and
2. Ratio of polymorphic modifications of belite was analysed by XRD Rietveld analysis. Ba2+ ions
probably substitute Ca2+ ions in molar ratio at lower percentage of BaO as described Katyal et al.
(1999). Increasing amount of BaO causes decrease of alite-belite ratio in both cases – barium
carbonate and sulphate as well. A rapid decrease of alite and increase of belite and free lime occurs
between 2-3 % by addition of carbonate and between 3-4 % by addition of sulphate. BaO apparently
inhibits alite formation or causes alite decomposition to belite and free lime. In clinker 4C and 5C,
there is no alite at all.

Figure 1. Phase composition of clinkers with
BaCO3

Figure 2. Phase composition of clinkers with
BaSO4
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Polymorphic modifications of belite were possible to distinguish only by XRD. Presence of BaO
stabilizes higher temperature modification of belite, ´-C2S is preferably formed. Using BaSO4, ´-C2S
is formed only by 5 % addition of BaO. BaCO3 stabilizes ´-C2S at lower BaO addition – from 3 % of
BaO. Formation of ´-C2S is probably not proportional to BaO addition as can be seen from sample
5C. Ratio of polymorphic modifications of belite is shown in Table 2.
Table 2. Ratio of polymorphic modifications of belite

3.2

Sample

´ C2S /  C2S

3C

27.9 / 34.7

4C

29.2 / 44.5

5C

5.0 / 67.5

5S
17.7 / 46.5
Phase composition of clinkers with substituted BaSO4 by BaO and SO3 in separate
compounds

BaSO4 was substituted by BaO (in BaCO3) and SO3 (in CaSO42H2O) in raw meal and differences in
some properties of raw meal and burnt clinkers were studied. Phase composition of clinkers compared
to clinkers using BaSO4 is shown in Figure 3. Comparing the samples, the phase composition is nearly
the same using different source of BaO and SO3, only the content of alite slightly increases.

Figure 3. Phase composition of clinkers with BaSO4 (S) in raw meal and substituted BaSO4 by
BaO and SO3 in separate compounds (CS)
3.3

Structure of clinkers

Structure of burnt clinkers was studied by petrographic polarizing microscopy (see Figures 4-7). The
clinker without barium contains alite and belite almost uniformly distributed. Great differences can be
seen in figures, barium in clinkers inhibits alite formation at the expense of belite and free lime. Clinker
5C contains no alite at all. By presence of sulphates, dimensions of alite crystals increase. Alite in
samples 3S and 3CS slightly grows. Multiple increase of alite dimensions is induced by addition of 5 %
BaO in form of BaSO4 as well as in form of BaCO3 together with CaSO4∙2H2O (samples 5S and 5CS).
According to literature (Maki & Goto 1982, Staněk & Sulovský 2017), growth of alite crystals is caused
by presence of sulphates. During the burning process, SO 3 leads to lower viscosity and surface
tension of clinker melt, calcium oxide is dissolved and immediately expanded. Alite crystals are formed
at the moment of calcium oxide oversaturation, however, because of low viscosity, the oversaturation
takes longer. As oversaturation appears, the growth of alite crystals is very fast and crystals reach
great dimensions.
Structure of samples from series S and CS appears to be the same, the growth of alite crystals occurs
in both cases, phase composition is nearly the same.
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Figure 4. Microstructure of clinker S0: blue
idiomorphic crystals – alite, brown rounded
grains – belite, light areas between grains –
melt, dark diffused areas – open pores, large
grey area – epoxide

Figure 5. Microstructure of clinker 5C: brown
rounded grains – belite, small rounded blue
and violet grains – free lime, light areas
between grains – melt, dark diffused areas –
open pores, grey area – epoxide

Figure 6. Microstructure of clinker 5S: blue
idiomorphic crystals – alite, brown rounded
grains – belite, small rounded pink and violet
grains – free lime, light areas between grains –
melt, dark diffused areas – open pores, large
grey area – epoxide

Figure 7. Microstructure of clinker 5CS: blue
idiomorphic crystals – alite, brown rounded
grains – belite, small rounded pink and orange
grains – free lime, light areas between grains –
melt, dark diffused areas – open pores, large
grey area – epoxide

3.4

Thermal analysis

Thermal analysis was performed to study possible differences in using BaSO 4 in form of one
compound and BaO and SO3 separately. Thermograms of some compounds used for raw meal
preparation (BaCO3, BaSO4 and CaSO4∙2H2O) are shown in Figures 8-10.
During burning of BaCO3, polymorphic transformation of -BaCO3 (witherite) to the hexagonal -form
occurs at 817 °C and at 981 °C from the hexagonal to the cubic -form (Mackenzie 1970, Pasierb et
al. 2001). Literature is not uniform at which temperature BaCO3 decomposes, according to Mackenzie
(1970) at around 1450 °C, experiments of L’vov & Ugolkov (2004) show 976 °C. Pasierb et al. (2001)
found the decomposition range of pure BaCO3 between 877 and 1240 °C. However, even a small
addition of different compound can change the decomposition temperature as found Pasierb et al.
(2001) by studying the system BaCO3-Li2CO3, specific ratio of these carbonates can melt at 609 °C.
Pure BaCO3 theoretically contains 22.3 % CO2. According to TG (Figure 8), the weight loss up to
1450 °C is 20.5 %, most of BaCO3 decomposed to BaO and CO2. Therefore, the formation of new
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phases is influenced mainly by BaO. However, burning of raw meal is a very complex process,
decomposition of materials can be influenced by many factors.
Unlike BaCO3, BaSO4 does not decompose, the weight loss is only about 0.15 %. During the burning
process, thermal transformation of crystal modification  to  occurs at 1166 °C which corresponds to
Balitonova et al. (2017). Decomposition and melting temperatures are above the limit of the
measurement. Melting point of BaSO4 should occur at 1580 °C (Haynes & Lide 2008) and
decomposition at 1600 °C (NIOSH 2018a).
CaSO4∙2H2O decomposes as expected, hemihydrate is formed as first following by anhydrite, the loss
of weight corresponds to the amount of H2O in pure CaSO4∙2H2O. A small exothermic peak at 372 °C
shows rearrangement in anhydrous CaSO4 from the hemihydrate to anhydrite structure. Endothermic
reaction of phase modification  to  has the minimum at 1217 °C (Mackanzie 1970). Above 250 °C
up to around 1350 °C, there is no loss of weight. At higher temperature, a steeper decrease begins
probably also in the case of BaSO4 that indicates decomposition above measured temperature range.
The decomposition of anhydrite should take place at 1560 °C (NIOSH 2018b).

Figure 8. Thermogram of BaCO3 used for
preparation of the samples

Figure 9. Thermogram of BaSO4 used for
preparation of the samples

Figure 10. Thermogram of CaSO4∙2H2O used for preparation of the samples
Thermograms of raw meal without BaO (B0) and with 5 % BaO (5C, 5S and 5CS) are shown in
Figures 11-14.
At lower temperatures, hydrated and chemically bonded water evaporates, hydrated water from
CaSO4∙2H2O gradually leaves (at around 127 and 165 °C), Al(OH)3 decomposes at around 310 °C
and forms -corundum and hydroxyl ions. A small endotherm of -SiO2 to -form transformation
occurs at around 573 °C. The great endotherm at around 920 °C belongs to decomposition of calcite.
In the sample B0, exotherm of belite formation occurs at 1292 °C following by endothermic reaction of
liquid formation which starts at 1317 °C and has the minimum at 1354 °C. Due to mineralization effect
of salts addition, the exotherm of belite is not visible in other samples. The sample 5S contains
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transformation of crystal modification  to γ-BaSO4 at 1200 °C, endotherm with minimum at 1282 °C
belongs to formation of liquid. Thermal treatment of the sample 5CS shows at 1213 °C transformation
of phase modification  to  anhydrite. Endothermic reaction of liquid formation has the minimum at
1317 °C.

4.

Figure 11. Thermogram of the sample B0

Figure 12. Thermogram of the sample 5C

Figure 13. Thermogram of the sample 5S

Figure 14. Thermogram of the sample 5CS

CONCLUSION

The influence of BaO and BaSO4 on properties of Portland clinker was studied. BaSO4 was compared
with clinkers using BaO and SO3 in separate compounds – BaCO3 and CaSO4∙2H2O. With increasing
amount of barium oxide in raw meal, crystallization of alite is inhibited at the expense of belite and free
lime. The decrease of alite is faster using BaCO3 which decomposes during burning. Decomposition of
BaSO4 takes place at higher temperature than burning process, clinker phases are modified by the
whole compound, the decrease in alite content is not as fast with increasing barium content as using
BaCO3. Barium in clinker stabilizes ´-C2S – higher temperature modification of belite, the effect is
bigger also in the case of BaCO3.
Using BaO and SO3 separately, the phase composition of clinkers is nearly the same, there is only a
slight increase of alite amount. SO3 from gypsum probably influences the alite crystallization sooner
due to its decomposition at a little lower temperature than BaSO4. Sulphates in clinkers in both cases
decrease viscosity of the liquid during burning and lead to increase of dimensions of alite crystals.
Thermograms of raw meals with BaO and SO3 are similar, endotherms of compounds added to raw
meals are shown. Although neither BaSO4 nor CaSO4∙2H2O do not decompose during the burning
process, formation of clinker phases is influenced by both factors (BaO and SO 3) almost without
differences in used compounds.
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ABSTRACT
Cement and Concrete are considered two of the most important and used materials in the world, being
cement an energy intensive process which in turn is accounted for 4-5% of all anthropogenic CO2
emissions in the world. Historically, primary fuels used as sources of energy for cement kilns used in
cement industry are natural gas, coal, fuel oil or petroleum coke.
Since many years the cement manufacturing industry has committed to reduce its carbon dioxide
emissions and nowadays the utilization of processed and derived Municipal Solid Wastes (MSW),
transformed into Refuse Derived Fuels (RDF) to substitute traditional fossil fuels is of common practice
in the cement manufacturing industry. Such RDF is processed to ensure a homogeneous calorific
value, depending on the various constituents.
However one of the main drawbacks in use of RDF in the cement industry is the relatively high content
of chlorine, mainly related to their content in plastics (PVC), synthetic textiles and paints.
Chlorine is a volatile compound which usually re-circulates at a 99% evaporation rate inside the
cement kiln generating a large list of undesirable process conditions.
The present work describes the efforts from CEMEX Research Group to foster the use of Alternative
fuels/RDF in clinker production by capturing this excess chlorine into the clinker up to the maximum
allowed by local and international standards. By following this unique process we will be able to
increase the usage of these fuels usually discarded and to meet CO2 reduction targets and
sustainability objectives.
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Clinker production with high chlorine Alternative Fuels
1.

INTRODUCTION

Cement and Concrete are considered two of the most important and used materials in the world, being
cement an energy intensive process which in turn is accounted for 4-5% of all anthropogenic CO2
emissions in the world. Historically, primary fuels used as sources of energy for cement kilns used in
cement industry are natural gas, coal, fuel oil or petroleum coke.
The utilization of processed and derived Municipal Solid Wastes (MSW) into Solid Waste Recovery
Fuels (SRF) and/or Refuse Derived Fuels (RDF) to substitute fossil fuels like gas, coke or pet coke is of
common practice in the cement manufacturing industry (Roda J, (2006). The Alternative Movement.
World Cement.) to meet CO2 reduction targets and sustainability objectives by reducing the use of fossil
fuels. Such RDF are processed to ensure a homogeneous calorific value around 12.6 kJ/g to 33.5 kJ/g,
depending on the various constituents (RDF consists thus largely of combustible components of
municipal waste such as plastics and biodegradable waste, including wood, paper, fabric and textiles,
paints as an example). Nowadays the substitution of Alternative Fuels has increased from less than 3%
in early 1990 to up to 12% in 2010 (The Cement Sustainability Initiative, (2012). 10 years of progress moving on to the next decade. www.csiprogress2012.org.)
However, one of the main drawbacks in use of RDF in the cement industry is the relatively high content
of chlorine, mainly related to their content in plastics (PVC), synthetic textiles and paints. RDF chlorine
content varies typically from 0.1% weight % to over 3% in weight percent. Conventionally, it is admitted
that RDF with chlorine contents below 0.15 weight percent will be regarded as “low chlorine”, RDF with
chlorine contents between 0.15 and 0.5 weight percent will be characterized as “medium chlorine”,
whereas RDF with chlorine content above 1.5 weight percent will be referred as “high content chlorine”.
(Gendebien A, Leavens A, Godley A, Lewin K, Whiting KJ & Davis R, (2003). Refuse Derived Fuel,
Current Practice and Perspectives, Report No.: CO 5087-4)
Chlorine is a high volatile compound which usually re-circulates at a 99% evaporation rate inside the
cement kiln generating a large list of undesirable process conditions.It is also known that the HCl content
of the fumes and gases exiting the clinker production line through the main flue stack is very low (typically
less than 2mg/m3) and that the chlorine content of the produced clinker is located below 0.01 weight
percent. (VDZ, (2012). Environmental Data of the German Cement Industry 2011. Verein Deutscher
Zementwerke e.V.)
Therefore, the evaporated chlorine inside the cement production lines accumulates and then
precipitates on colder surfaces (at temperatures typically located between 800 °C and 1100 °C) causing
material build-ups, clogging, blockages and kiln rings formation that require cement clinker kilns
shutdowns from several hours to several days, severely impacting productivity and the economic viability
of the production line operating under these conditions.
To overcome the problems related to the use of RDF with chlorine content as partial or total substitution
of fossil fuels, various solutions are applied conventionally in the cement or clinker industry.


First, reducing the overall chlorine input through the combustion system (below 0.15 weight
percent) will decrease build-ups, clogging or blockages due to high chlorine volatilization. This
can be achieved by operating with a very low substitution of fossil fuels with chlorine containing
RDF or using RDF fuels that contain chlorine below 0.15 weight percent.



Second, a very known and common practice in the cement clinker industry is to use the socalled by-pass systems (Lafarge, (2003). Lafarge and the Environment. www.lafarge.com),
normally located between the kiln inlet and the preheating system of the cement clinker
production line. These systems extract part of the hot flue gases from the rotary kiln using an
external cooling/precipitation device to capture excess chlorine that would certainly trigger fast
build ups and clogging issues in the process (Drivsholm M, Cedergaard NO, Oern Einarsson A,
(2009). Method and apparatus for removing volatile components, such as chloride, alkali and
sulphur, from a cement manufacturing plant. FL Smidth. International application published
under the patent cooperation treaty (PCT) WO2009095120, Maury H-D & Kraft B, (2000).
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Method for reducing the amount of chloride compounds produced in a kiln for firing cement
clinker. United States patent US6068826.


The use and implementation of bypass systems to reduce the chlorine content of the flue gases
and thus enabling the use of medium or high chlorine RDF while operating the kiln without major
shutdowns is considered today as the only technical solution available., Baird D, Horrocks S,
Kirton J & Woodbridge R, (2008). The use of substitute fuels in the UK cement and lime
industries. Science report: SCO30168. Environment Agency UK.

It is important to mention that by using by-pass systems technology will generate several important
disadvantages.
1. The installation of a by-pass system represents an important additional equipment cost ($2-5
MUSD) as well as additional energy consumption (Lafarge, (2003). Lafarge and the
Environment. www.lafarge.com) to cool down the flue gases extracted from the cement clinker
kiln.
2. A by-pass system will strongly affect the efficiency of the cement clinker production line since a
large amount of calcined raw meal will be as well extracted with the volatile chlorine, thus
reducing the amount of clinker produced (Albino V, Dangelico RM & Natalicchio A, (2011).
Alternative energy sources in cement manufacturing, A Systematic Review of the Body of
Knowledge. Network for Business Sustainability). Typically, 3-10 weight % of the calcined raw
meal is lost as by pass dust, the mentioned raw meal, containing from 3% to 25% chlorine.
3. The produced by-pass dust containing chlorine will be in the need of a re-processing or disposal,
triggering additional costs and/or fees for the operation (ranging between 20 to 60 Euros.)
The present work describes the efforts to foster the use of Alternative fuels/RDF in cement clinker
production by capturing the excess chlorine into the clinker up to the maximum allowed by local and/or
international standards. By following this unique process, it will be possible to increase the usage of
these fuels usually discarded and to meet CO2 reduction targets and our sustainability objectives.

2.

EXPERIMENTAL

The present work aims to find a new and radical solution which goes in the opposite direction of what is
typically done to enable use of RDF containing medium to high chlorine contents.
The proposed scenarios are based on a process that will aim to reduce the evaporating rate of chlorine
from the fuels (RDF) in the kiln (usually over 99%) to fix it into the clinker to reduce the chlorine cycle in
the cement kiln and maintaining a cleaner atmosphere inside the cement kiln, thus avoiding clogging or
blockages.
International standards (European Standard EN-197-1, ACI 222 & ACI 318) limit in most of the cases
the total amount of chlorine in the final cement product to 0.10 weight percent of chlorine. Under normal
operating conditions, that is, without the addition of sulfur materials, the content of the chlorine that is
fixed in the clinker at any temperatures from 1300 °C to 1500°C, when using RDF with low, medium or
high chlorine contents, is typically lower than 0.01 weight percent.
The required additive introduced in the kiln in order to fix chlorine into the clinker system is typically a
sulfate (SO3), in any form known list of sulfated materials such as natural gypsum, synthetic gypsum, fly
ash with sulfur content, plasterboard, anhydrite, synthetic anhydrite, plaster of Paris or any similar
material containing sulfur that is added to the raw meal.
It is important to mention that the materials used have a minimum sulfur quantity of 30% calculated as
SO3 (equivalent) and as long as the maximum recommended sulfur content as SO 3 in the final cement
is 3% or 4%, according to the European Standard EN-197-1 & ASTM-C-150, yet it is known that higher
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levels are as well accepted by some standards. The 30% minimum sulfur content ensures the level of
sulfur needed to carry out the trials.
It is widely known the initial affinity of Chlorine with some alkali elements such as sodium and potassium
which are normally present in the clay components of the raw mix.
The additional affinity of sulfur for chloride can be explained by a sulfonation process of sodium chloride
(NaCl) and potassium chloride (KCl) inside the kiln system, therefore both sulfur and chloride will be
fixed into the clinker matrix using an excess of SO 3 availability, Fielder WL, Stearns CA & Kohl FJ,
(1983). Reactions of NaCl with Gaseous SO3, SO2, and O2. NASA.

2Na2O + 4Cl 
NaCl(s)+SO3(g) 
2K2O+4Cl 
KCl(s) +SO3(g)

2.1



4NaCl + O2

(1)

NaCl•SO3(s)

(2)

4KCl + O2

(3)

KCl•SO3(s)

(4)

Laboratory Tests

Experimental results were performed at laboratory scale showed that the level of chlorine fixation in the
clinker is not dependent on the temperature between 1300°C and 1450°C and mainly depends on the
simultaneous sulfur fixation in the clinker, Figure 1 shows how chlorine evaporation rate is maintained
at both temperatures until the sulfur fixation is performed.
The addition of sulfur is done by enriching the raw meal with sulfur, using natural gypsum. Alternatively,
plaster of Paris, synthetic gypsum, natural anhydrites or hemihydrates, or any other mineral or waste
mineral containing at least 30% of SO3 respecting clinker and cement norms in all aspects (composition,
limitations in heavy metals, etc.).


Laboratory tests were performed on synthesized Portland clinkers prepared from CaO, SiO 2,
Al2O3, Fe2O3 commercially available chemical powders.



Raw samples weight: Press pellet samples of 30 g



LSF, AM and other modulus of the synthesized clinkers are typical values of Lime Saturation
Factor (LSF) of 95-96, Silica Ratio (SR) of 2.4-2.5 and Alumina Ratio of 1.3-1.4.



Chlorine additions: all samples contained 0,1%



Sulfur additions using natural gypsum and expressed in weight percent of the corresponding
clinker.



Furnace used: Airflow chamber furnace to simulate sintering conditions.



Treatment duration at temperature (1300 or 1450°C): 2 hours



Measurements: Sulfur (expressed as SO3) and chlorine were measured using X-Ray
fluorescence.

The results obtained are shown in Figure 1.
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Figure 1. Chlorine Evaporation at different temperatures and different SO 3 concentrations.
It can be observed that additions of SO3 equivalent should be done through the raw meal to achieve the
level of sulfur fixed into the clinker, since the sulfur from the fuels is not enough to reach the minimum
levels to fix chlorine in clinker (table 1).
Table 1. Maximum sulfur content of clinkers using 100% petroleum coke fuels having a calorific
capacity of 31.4 kJ/g for various levels of energy requirements to produce clinkers.

kJ/g clinker

% weight of Sulfur in clinker

% weight of SO3 in clinker

3.14

0.55

1.375

3.34

0.59

1.475

3.76

0.66

1.65

4.18

0.73

1.82

6.27

1.1

2.75

It can be observed as well that the chlorine evaporation significantly decreases when 1.5% in weight of
sulfur additive is added. This reduction is even more significant when amounts between 2% in weight
and 3% in weight are added. The reduction in the chlorine evaporation means that the difference in
chlorine remains fixed in the clinker.
2.2

Field Tests

Clinker production lines capacity vary from typically 1000 tons of clinker/day to 10’000 tons of clinker
per day. The consumption of fuels in the kiln and potentially in the pre-calciner for those production lines
equipped with pre-calciners, is located for Ordinary Portland Clinker between 2.92 kJ/g of clinker to 4.18
kJ/g of clinker, depending of the pre-heater efficiency and the recuperation of heat from the clinker
cooler. The energy requirements for white clinker in dedicated clinker production lines to manufacture

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
white cement, for instance, is located between 5.02 kJ/g of clinker and 6.48 kJ/g of clinker due to
technical/chemical limitations and higher operating temperatures.
Table 2. below show the calorific value ranges of the various fuels used in the cement industry:
Table 2. Calorific value ranges (in kJ/g) of the various fuels used in the cement industry and
magnitude of sulfur/chlorine.
Fuel

Calorific capacity (kJ/g) range

Comments

Natural gas

46.0 – 50.2

No significant chlorine or sulfur

Brown coal

12.5 – 29.2

Depending on moisture content, No
significant chlorine or sulfur

Pet-coke

29.2 – 35.5

Containing from 4-8 weight percent
of sulfur

RDF

1.7 – 25.1

Depending
on
containing chlorine

Animal meal

12.5 -16.7

No significant chlorine or sulfur

Biomass

12.5 -16.7

No significant chlorine or sulfur

Fuel oil

37.6 – 46.0

No significant chlorine or sulfur

Tires

25.1 – 41.8

No significant chlorine or sulfur

composition,

Typical calorific value used in the cement industry is 18.8 kJ/g for RDF (containing chlorine), 31.4 kJ/g
for pet-coke (containing average 4.5- 8% sulfur) and 25.1 kJ/g for brown coal.
The fuel feed in a clinker production line is mainly done through the main burner of the kiln and if
available to the pre-calciner. Clinker production lines can use single fuel type, but in reality, production
lines using non-fossil fuels are normally using a mix of different fuels, mixing fossil and non-fossil fuels
through the use of multi-channel burners.
The maximum input of chlorine (through RDF), per hour per ton of clinker produced, that will allow not
to trigger a production disturbance (meaning that cleaning during production without impact on
production capacity or costs is still possible) in a clinker production line without sulfur additions from the
fuel or from the raw meal is known to be around 0.01 weight percent.
Passing this limit, sulfur addition will require to lower the evaporation rate of the chlorine in the kiln and
fixing the sulfur in combination with chloride into the clinker.
In any case, the expected maximum chlorine that can be fixed into the clinker using the methodology
cannot exceed 0.1 weight percent of the produced clinker (e.g. 1 kg/ton of clinker) to comply with the
country regulatory standards.
Field tests were performed in various clinker production lines and have shown that the chlorine fixation
in the clinker (representing a reduction of the chlorine evaporation rate in the kiln) only increases from
the conventional value of 0.01 weight percent of chlorine in the clinker when the level of sulfur fixed in
the clinker exceeds 1.5 weight percent, preferably 2 weight percent.
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Figure 2. Behavior of SO3 and Chloride in
Hot meal – field trial.
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Figure 3. Chloride fixation in clinker – field
trial.

RESULTS

This fixation of part of the chlorine into the clinker will be enabled by using a sulfur material additive into
the process to raise the quantity of fixed chlorine into the clinker from 0.01 weight percent to values
ranking from 0.05 to 0.09 weight percent.
This fixation mechanism enables to deplete the chlorine concentration in the atmosphere of the kiln, and
to operate the clinker production line in normal productivity conditions, thus avoiding stoppages and
down times.
The trials aim at providing a technical solution to use high chlorine RDF in clinker production processes,
enabling highest possible fuel substitution (up to 85%), without the need of a chlorine by-pass and
related disadvantages.
The resulting technology applies to existing and new clinker production lines, characterized by fuel
consumption per kg of produced clinker ranging from 2.92 kJ/g of clinker to 6.27 kJ/g of produced clinker
(grey and white clinker production, respectively).
4.

CONCLUSIONS

The results from both laboratory and field trials suggests that the evaporating rate of chlorine can be
reduced to up to 75% by using a sulfur-based additive material together with the sulfur from the fuel and
that the chlorine can be further fixed in the clinker
Alternative fuels with higher chlorine contents could now be used in locations where they are available
(0.1% and 3% in weight) with lower impact in the production process.
The materials that could be used for the purpose are fuels with 4.5-8% sulfur content and sulfur additives
such as natural gypsum, synthetic gypsum, fly ash with sulfur content, plasterboard, anhydrite, synthetic
anhydrite, plaster of Paris or a combination thereof.
The resulting clinker with higher chorine fixation has SO 3 content between 1.5% and 5% in weight.
5.
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ABSTRACT
Lithium consumption in the production of batteries and accumulators for energy storage is increasing.
It can be foreseen that the amount of waste with higher content of this metal will grow. Since cement
production is one of the main users of secondary and waste raw materials on a mass scale, it is
desirable to monitor the impact of this element on the properties of clinker and cement. In laboratory
conditions, the effect of minor oxide – Li2O on formation of Portland cement clinker was observed. The
research deepens the current knowledge about the effect of this oxide on phase composition and
structure of clinker. Last but not least, the influence on the technological parameters of cements
prepared from Li doped clinkers was also observed. X-ray diffraction, DTA, optical and electron
microscopy were employed as research methods. Among other things, it has been found that Li2O
causes the decomposition of the alite, the major clinker phase, to a microcrystalline mixture of belite
and free lime, depending on its content and clinker cooling rate. Moreover, cements with sufficient
technological parameters were prepared from clinkers burned at 1350 °C with Li2O up to 1 wt.%.
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1.

INTRODUCTION

Lithium has the greatest use in battery production, in the ceramic and glass industry, and in
the production of lubricants. At present, its utilization is growing especially in the area of electricity
storage. It can be assumed that the amount of waste with a higher content of this metal could increase.
Since the cement industry is one of the major consumers of various types of waste and secondary raw
materials, it is desirable to study the influence of lithium on the production and properties of Portland
clinker. Because the research on this topic has been conducted to a limited extent, it deserves to be
studied further and more deeply.
Lithium might behave somewhat differently from sodium or potassium in that it would tend to form a
relatively nonvolatile oxide at elevated kiln temperature (Bhatty 1995).
Li2CO3 addition decreases the decomposition temperature of CaCO3 and the process takes place in two
steps. When the addition of dopant is 1 %, CaO formed at low temperature reacts with SiO 2 to form the
β-C2S even at 750 °C. The reaction is completed at 1,350 °C, with formation of β-C2S and small amounts
of γ-C2S. Addition of 5% dopant decreases the final reaction temperature to 1,290 °C, the reaction
products are β-C2S and small amounts of C3S (Saraswat et al. 1986).
Small amounts of lithium oxide were reported to improve the reactivity of the raw mix, by lowering the
temperature of the initial melt formation. However, if the concentration of Li 2O in the raw mix exceeds
1%, the combination of free lime is impaired and the conversion of C2S to C3S is inhibited (Bhatty 1995,
Mathur et al.1992).
During the study on the effect of various cation forming oxides on the reactivity of the system CaO-SiO2Al2O3-Fe2O3 has been shown to have a markedly positive effect of Li 2O and CuO at 1,200 °C, which
was determined by the free lime content after burning under the same defined conditions (Kolovos et al.
2002).
Kolovos et al (2005) examined addition of 2.5% Li2O into clinker raw meal. After sintering at 1,450 °C,
the samples were examined using SEM. Distinct differences compared to reference clinker were
observed, concerning specifically the size and shape of belite grains. The alite crystals were coarse
(size of 80-200 μm), prismatic and deposited in an idiomorphic underlay of belite. Belite distribution
around alite grains was in a shape of fish bone composed of mix of elongated and roundish grains. Li
oxides easily form eutectic mixtures with SiO2. According to the authors, Li effect on crystallization and
development of silicates in clinker causes very unique belite configuration.
Lithium in the form of various salts can reduce alkali-silica reaction (ASR) in concrete. For example,
LiNO3 can suppress ASR by forming dense products protecting reactive minerals from further reaction
(Bhatty 1995, Leemann et al. 2015).
Lithium salts also act as a strong accelerator for the hydration process of both Portland cement (Taylor
1990, Wang et al. 2018) and calcium sulfoaluminate cements (Coumes et al. 2017).
2.

MATERIALS AND METHODS

To monitor the effect of Li2O on the formation and phase composition of the clinker, raw meal was
prepared from chemically pure components. Li2CO3 was used as the Li2O source. A total of 7 raw meals
with different Li2O content (0, 0.5, 1, 2, 3, 4 and 5 wt. %) were prepared. The quantity was based on the
zero loss by ignition before burning. The addition of Li2O replaced an adequate part of CaO. The
reference raw meal composition was 78.07% CaCO3, 15.85% SiO2, 3.71% Al2O3 and 2.36% Fe2O3.
The thermal properties of raw meal were monitored by means of DTA using Perseus STA 449 from
Netzsch in the temperature range 30-1,450 °C with a temperature ramp of 10 °C/min.
Raw meals were burned in forms of tablets on the Pt plate with temperature increase 10 °C/min up to
1,450 °C with 4 hours hold. Cooling was done in 3 different ways. Fast cooling – immediate pulling out
of furnace and cooling by water. Normal cooling – extraction of clinkers from the furnace and cooling in
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the air under laboratory conditions. Slow cooling – clinker remains in furnace till 1,400 °C and then it is
pulled out and cooled down in laboratory conditions.
Phase analyses of clinkers were done by X-ray diffraction method on the Bruker D8 Advance apparatus
with Cu anode (λKα = 1.54184 Å) and variable divergence slits at Θ-Θ Bragg-Brentano reflective
geometry. Quantitative phase analyses were done by Rietveld method using Topas software.
Clinker microstructure was observed on the surface of polished section etched by acetic acid (Chromý
1974) in reflective light of polarization microscope Nikon Eclipse LV100. The size of alite crystals was
measured on 50 crystals. In this case, this was an apparent size because the maximum dimension of a
randomly oriented section of the crystal was measured. Some samples were also observed by SEM by
back scattered electrons (BSE) on apparatus JEOL JSM-7600F.
Another experiments were done using industrial raw meal which is not chemically pure. The raw meal
was doped with 0.5 and 1 wt. % of Li2O in form of Li2CO3. Basic chemical parameters of the raw meal
are LSF = 96, SR = 2.53 and AR = 0.74 (LSF – Lime saturation factor, SR – Silica ratio, AR – Aluminairon ratio). Residuum on 0.09 mm sieve is 12 wt. %.
Reference industrial raw meal was burned up to 1450 °C. Meals with Li2CO3 addition were burned up
to 1350 °C. Clinker was cooled at laboratory condition. Quantitative phase composition of these clinkers
was evaluated by microscopic point counting method (Chromý 1978) on polished section etched by
acetic acid. The following specific weights of clinker phases were used for vol. % to wt. % recalculation:
C3S – 3.15; C2S – 3.28; C3A – 3.03; C4AF – 3.77; free CaO – 3.35 g.cm-3.
Clinkers with addition of gypsum as a setting regulator were ground in laboratory ball mill to the same
specific surface (400 m 2/kg). Specific surface was determined by Lea and Nurse permeability method
according to British standard BS 12:1958. Measurement of cements particle size distribution was carried
out using a laser diffraction method in laser granulometer CILAS 920L. Size range of granulometer is
0.3 – 400 μm, dispersing medium was isopropylalcohol. Before measurement every sample was sorted
using ultrasound (60 s). Standard mortar bars were prepared according to EN 196. Strength
development (EN 196-1) and heat of hydration (EN 196-8) were determined after 2, 7, 28 days.
3.
3.1

RESULTS AND DISCUSSION
Thermal processes in raw meal

Processes occurring during heating of raw meals containing Li2CO3 were monitored by the DTA. The
decomposition of Li2CO3 is apparent at the lowest addition and its endotherm has a minimum at 643 °C.
At the highest addition of 5 wt. %, the raw meal has a decarbonation endotherm at a minimum of 662 °C.
Decomposition of CaCO3 is interesting. In the case of the reference raw meal without addition of Li2CO3,
the minimum endotherm of its decomposition is 875 °C. With increased Li2O content, the endotherm of
CaCO3 decarbonation occurs in accordance with literature (Saraswat et al. 1986, Kolovos et al. 2002).
At the highest Li2O content (5 wt. %) double endotherm of decarbonation of CaCO3 show its minima at
820 and 860 °C.
The formation of the clinker melt shifts considerably to lower temperatures with increasing Li 2O content
(see Figure 1.). During burning of clinkers from raw materials, it was also evident that the viscosity of
the clinker melt is noticeably reduced with increasing Li2O content.
During burning in the furnace, clinker tablets containing 1 and 2 wt. % Li2O are significantly more sintered
than tablets without Li2O or with 0.5 wt. % Li2O. Clinker tablets with a higher Li2O content started to lose
their original shape due to sintering and their color changed from dark gray to brownish pink.
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Figure 1. The role of the melt temperature on the initial Li2O content (Tl – endotherm
temperature of the melt formation, Tmin – temperature of minimum of melt formation
endotherm)
3.2

The influence of Li2O on the clinker phase composition

X-ray diffraction analysis of experimental clinkers revealed significant changes in their phase
composition with increasing Li2O content at the start of burning. By monitoring clinker microstructure by
optical microscopy, it was found that changes in phase composition are related not only to the Li 2O
content but also to the clinker cooling rate. At normal or slow cooling rates, alite crystals decompose
into a microcrystalline mixture of belite and free lime. The change in the content of the major clinker
phases in relation to the Li2O content at the start of the burning and the cooling method is shown in
Figure 2. and Figure 3. With the decrease in the alite content, there is not only an increase in the belite
but also in the free lime content (see Figure 4.).

Figure 2. The dependence of alite content on the initial Li2O content for different cooling rates
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Figure 3. The dependence of belite content on the initial Li2O content for different cooling rates

Figure 4. The dependence of free lime content on the initial Li2O content for different cooling
rates
In the case of slow cooling, the alite content drops significantly with the addition of 1 wt. % Li 2O and the
alite decomposition can already be observed at 0.5 wt. % Li2O. From 3 wt. % Li2O, alite is no longer
contained in the clinker, only its pseudomorphoses filled with decomposition product. Rapid cooling in
water has a negative effect on alite formation from 4 wt. % Li 2O.
Due to the significant decrease of the clinker melt viscosity, the nucleation of alite crystals decreases
and its growth rate is increased. Similarly, in the case of SO 3 for the production of alite (Maki & Goto
1982, Staněk & Sulovský 2017), fewer but larger alite crystals are formed – in this case up to approx.
350 μm. The average and maximum alite crystal size determined by microscopy is shown in Table 1.
From the addition of 2 wt. % Li2O, there is virtually no significant difference in alite crystal sizes. Also,
alite crystal habit is continuously changing from euhedral to subhedral and anhedral with increasing Li2O
content. Significant reduction in melt viscosity, substitution of Ca and Si by Li (Woermann et al. 1979)
and the ability of Li2O to form eutectic mixtures with SiO2 (Kolovos et al. 2005) also causes the change
in the morphology of belite grains, which become finer forming dendritic structures.
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Table 1. Size of alite crystals depending on Li2O content at start of burning
(determined microscopically)
Content of Li2O [wt. %]

0

0.5

1

2

5

Average size [µm]

28

64

99

191

199

Maximum size [µm]

64

141

168

363

352

Within this research a negative phenomenon, not previously described in the literature, was observed,
which is the decomposition of alite crystals into a microcrystalline mixture of belite and free lime, the
extent of which is related to the amount of Li2O used and the clinker cooling rate. Therefore, it cannot
be said that an increased content of Li2O would only inhibit the conversion of C2S to C3S, as some
authors (Bhatty 1995, Mathur et al.1992) suggests, but it also causes the alite formed to decompose
depending on the clinker cooling rate. In the literature, described inhibition of the reaction of C2S with
free CaO to form C3S is probably related to the fact that lithium substitutes Ca and also Si in C 2S and
thereby reduces its ability to react with free CaO.
Nevertheless from the results obtained, it can be concluded that lithium in small amounts can act as a
strong mineralizer, which reduces the temperature of clinker formation. However, it is necessary to
optimize its quantity and cooling rate. Its negative effect is manifested only at higher contents and slow
cooling.
The microstructures of selected clinker samples are shown in Figure 5. – Figure 8.

Figure 5. Clinker microstructure at normal cooling rate without addition of Li2O (left) and 0.5 wt.
% Li2O (right) – alite forms blue crystals, belite brown nests and interstitial mass form bright
areas between crystals and grains (reflected light, polished cross sections etched with fumes
of acetic acid)

Figure 6. Clinker microstructure at normal cooling rate with 1 wt. % (left) and 2 wt. % Li2O
(right), the darker margins of degradation products in alite crystals are already visible, belite
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produces dendritic formations in clinker melt, yellow grains are inclusions of free lime in alite
(reflected light, polished cross sections etched with fumes of acetic acid)

Figure 7. Clinker microstructure at the same Li2O content 2 wt. % for fast cooling clinker (left)
and slow cooling (right). With slow cooling, the darker zones of products of decomposition in
the alite are visible, the melt contains large number of crystallized dendritic belite crystals
(reflected light, polished cross sections etched with fumes of acetic acid)

Figure 8. A part of alite with decomposition zone taken by BSE

3.3

The influence of Li2O on the properties of cement

Microscopical determination of quantitative phase composition of clinkers for cement preparations can
be seen in Table 2. The basic parameters of these cements are given in Table 3. Results of particle size
distribution of cements are summarized in Table 4.
Phase composition of these clinkers confirms results from chapter 3.2 – increase of Li2O results in
decrease of alite content which decomposes to microcrystalline belite and free lime. This phenomenon
is also evident in scanning electron microscopy (see Figure 7. (right) and Figure 8.).
The results in Table 3 shows that higher degree of sintering and greater content of belite in clinkers
containing Li2O cause worse grinding ability by up to 18% – expressed as grinding time on the same
specific surface. The water demand to achieve normal consistency are similar for all cements. It can be
said that cements from clinkers doped with Li require slightly less water. The Initial setting time of
cements meet the requirements of EN 197-1. However, compared to the reference cement, the start of
setting and the total setting time of these cements are shortened. Lithium incorporated into the clinker
phases is likely to act similarly to lithium salts, which, as reported in literature [7,8], accelerate the
hydration process of Portland cement.
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The most important properties of cements are their compressive strengths, which are mentioned in
Figure 9. Short-term strengths after two days are approximately the same for all cements. In later stages
of hydration, the strengths of the Li2O-containing cements are lower by about 28% after 7 days and by
about 20% after 28 days compared to cements without Li2O. However, it should be noted that Li2Ocontaining clinkers were burned at a lower temperature by 100 °C than the clinker for reference cement.
From this perspective, the cements can be classified as low-energy with very high strength and they
fulfil requirements for the 42.5R strength class according to EN 197-1. In addition, the cements have a
favourably reduced hydration heat as can be seen in Figure 10.
Table 2. Quantitative phase composition of clinkers in wt. % determined by microscopy
Clinker
designation

C3S

C2S

C3 A

C4AF

C

C3S
decomposed

C-0Li/P

69.2

14.1

2.8

13.9

0.0

0.0

C-0.5Li/P

51.5

20.6

6.0

13.7

0.7

6.9

C-0.5Li/P*

51.8

25.9

6.1

13.8

2.5

*

C-1Li/P

52.6

23.8

5.2

7.3

0.9

9.4

C-1Li/P*

53.0

31.1

5.3

7.4

3.3

*

* Composition with recalculation of decomposed C3S to C2S and C.
Table 3. Basic parameters of prepared cements

Cement
designation

Specific
surface
[m2/kg]

Grinding
time [mins]

Normal
consistency
[%]

Initial setting
time
[hours : mins]

Final setting
time
[hours : mins]

CEM-0Li/P

400

195

28.0

3 : 40

4 : 40

CEM-0.5Li/P

399

220

27.7

3 : 20

4 : 00

CEM-1Li/P

400

230

27.7

2 : 30

3 : 10

Table 4. Main results of cements particle size distribution measurements
Particle size in μm for:

CEM-0Li/P

CEM-0.5Li/P

CEM-1Li/P

d(10)

0.96

1,07

1,10

d(50)

8.48

8,58

8,61

d(90)

29.26

30,73

30,92

Average diameter

12.07

12,81

12,90

d(x) = x % of measured particles have diameter value under mentioned size in μm
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Figure 9. Development of compressive strength according to EN 196-1

P
Figure 10. Heat of hydration determined by dissolution method according to EN 196-8
4.

CONCLUSIONS

Under laboratory conditions, it has been found that lithium in raw meal intended for the burning of
Portland clinker causes a significant reduction in the temperature of the clinker melt formation and
a decrease in its viscosity. It can therefore act as a burning intensifier and can shift clinker production
to lower temperatures than the usual 1,450 °C.
Reducing the viscosity causes a reduction in the nucleation and an increase in the growth rate of alite
crystals. With the increasing Li2O content, less alite crystals of larger dimensions are formed. They can
be up to 350 μm in size. Euhedral crystals with well-formed faces become subhedral to anhedral.
A negative phenomenon, apart from already known inhibition of reaction of belite with free lime on the
alite, is that lithium causes a partial to complete decomposition of the alite depending on Li2O content in
the clinker and cooling rate. The decomposition product consists of a microcrystalline mixture of belite
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and free CaO, and generally proceeds from the edges of the crystals to their center and, in extreme
cases, produces pseudomorphosis of this product after alite.
It has been found that clinkers with 1 wt. % addition of Li2O can be burned at temperature lower by
100 °C with similar properties as conventional clinker. Cements prepared from these clinkers have
parameters of CEM I 42.5 R when grinded to the standard fineness.
Adding a small amount of lithium to the raw meal for the burning of clinker can have a significantly
positive effect on the burning temperature reduction and thus contribute to the reduction of CO 2
emissions. Due to the small amount of related literature data, this phenomenon, which appears to be
very promising in terms of cement production, requires further research.
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ABSTRACT
The cement industry is a key-sector for the reduction of CO2 emissions. According to IEA and ZEP
studies, cement industry should contribute to the largest CO2 emission reduction through CCS in
Europe, in order to meet the target of 2°C of global temperature increase. In addition to oxyfuel
combustion and post-combustion solvent-based capture technologies, which have
attracted most of the research efforts up to now, Calcium looping (CaL) is recognized as the most
promising
emerging technology for CO2 capture in cement plants. The process comprises two basic steps: (1)
“carbonation” of CaO to form CaCO3 in a reactor operating around 650°C; (2) oxyfuel calcination in a
reactor operating at 920-950°C, which makes the CaO available again and generates a gas stream of
nearly-pure CO2.
The paper illustrate the advancement of the CLEANKER project, aimed at demonstrating the CaL
concept in a configuration highly integrated with the cement production process, making use of
entrained flow reactors and compare it's impact (CO2 saving and cost increase) with innovative
clinkers under investigation (CSA and Belitic clinker).
The core activity of the project is the design, construction and operation of a CaL demonstration
system comprising the entrained-flow carbonator (the CO2 absorber) and the entrained-flow oxyfuel
calciner (the sorbent regenerator). This demonstration system will capture the CO2 from a portion of
the flue gas of a cement plant) operated by Buzzi Unicem, using as CO2 sorbent the same raw meal
used for clinker production.
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1.

INTRODUCTION

Cement production is responsible for about 8% of global anthropogenic CO2 emissions [Oliver JGJ
2016] and for about 27% of global anthropogenic CO2 emissions from industrial sources worldwide
[IEA 2011]. The cement industry is thus a key-sector for the reduction of CO2 emissions. Around 60%
of direct CO2 emissions from the clinker burning process are due to the calcination of limestone (i.e.
dissociation of CaCO3 into CaO and CO2). The balance is associated with the emissions from the
combustion of heavy fuels, mostly needed to drive the endothermic calcination reaction. In addition,
indirect emissions are also associated with the consumption of the electric power required by the
process (e.g. grinding).
According to IEA and ZEP studies [IEA 2011, ZEP 2013], the cement industry is key to the
achievement of the 2°C global temperature increase target (IEA 2DS scenario), since it should
contribute to the largest CO2 emission reduction through CCS in Europe.
The European cement industry is already involved in the development of innovative solutions for the
production of hydraulic binders characterized by high performance and lower CO2 emissions. The use
of alternative fuels and the increased use of composite cements constitute the state of the art for the
technology utilized in cement production besides the limitations imposed by authorities and
standardization bodies which have developed rapidly over the last few years. Nevertheless, further
efforts in innovation are necessary both with regard to the search for alternative clinkering materials
and for the implementation of productive processes.
The main strategic directions regarding R&D and sustainability for the Cement industry consist of :
-

-

Giving increased attention to the aspects of sustainability within cement plants with an action
plan orientated to achieving lower CO2 emissions, fewer accidents within the plant, and
increased social acceptance of the cement plant
Working at a material level lowering the clinker factor in cement by using alternative raw
materials and utilizing alternative fuels
Collaborating with the standardization committee in order to open the way for the
standardization of new cements
Developing novel cementitious binders
Improving the knowledge related to durability issues regarding concrete
Developing strategies for Carbon Capture and Storage (CCS)

The goal of this paper is to compare the impact in terms of CO2 saving and cost increase of the
innovative clinkers (CSA and Belitic clinker) under development, with an innovative process developed
for CO2 capture, based on the Calcium looping process and which is expected to be demonstrated at
TRL 7 by the CLEANKER project.. The CLEANKER (CLEAN clinKER production by calcium looping
process) project (www.cleanker.eu) received EC support from October 2017 to September 2021
under the Horizon 2020 project called “Enabling decarbonisation of the fossil fuel-based power sector
and energy intensive industry through CCS” (LCE 29 – 2017) to advance the integrated Calcium
looping process for CO2 capture in cement plants.

2.

NOMENCLATURE

CaL

Calcium Looping

CC

Carbon Capture

CCS

Carbon Capture and Storage

CCUS Carbon Capture, Utilization and Storage
CSA

Calcium Sulphoaluminate cement

LHV

Lower Heating Value
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TRL

3.

Technology Readiness Level

CARBON CAPTURE AND STORAGE

Carbon Capture and Storage is a crucial technology for reducing CO2 emissions to a level consistent
with the targets set by the Paris Agreement. In the IEA’s ‘2 Degrees Scenario’ (2DS), CCS accounts
for 14% of the emissions reduction, while in the ‘Beyond 2 Degrees Scenario’ this value rises to 32% [
I. Energy 2017]. The models which remove CCS from the portfolio of available options experience a
significant rise in the overall mitigation costs [IPCC 2018]. CCS is expected to be extensively applied
to industries characterized by high process emissions, which is the case of the cement industry [[ I.
Energy 2017][IPCC 2018]. For this sector, several capture technologies have been proposed. Aminebased chemical absorption was tested with a mobile capture unit in Brevik (Norway) between 2013
and 2016 [Bierge L. 2014], and it has been the technology adopted in the Baimashan cement factory
in Wuhu (China), capturing 50,000 t CO2 per year [IPCC 2018]. Oxyfuel combustion has been tested
at a pilot-scale in the Dania (Denmark) plant [Gimenez M. 2014 ], and specific tests for oxy-fuel
burners, calciners and clinker coolers have been carried out in the framework of the CEMCAP project [
F. Carrasco-Maldonado 2016]. Calcium looping has been tested in the ‘tail-end’ configuration at 200
kWth scale on flue gases of cement kiln effluents [Arias 2016, Hornberger H. 2017]. The
demonstration of the integrated configuration of calcium looping is the target of the CLEANKER
project, while the demonstration of the direct separation capture technology is the aim of the LEILAC
project [Leilac 2019].
The addition of CCS to an existing cement plant is expected to increase the cost of clinker by 3060 €/tcl, which reflects on a cost of CO2 avoided in the range 40-80 €/tCO2 [CEMCAP 2016].

4.

CLEANKER PROJECT

4.1

CLEANKER technology – Calcium Looping and its challenges

In addition to oxyfuel combustion and post-combustion solvent-based capture technologies, which
have attracted most of the research efforts up to now, Calcium Looping (or carbonate looping) is
recognized as another very promising emerging technology for CO2 capture in cement plants
[Abanades C. 2015]. Calcium looping is a regenerative process, which takes advantage of the capacity
of calcium oxide-based sorbents to capture CO2 at high temperatures. The process is divided in two
basic steps:
(1) the capture of CO2 by “carbonation” of CaO to form CaCO3 in a reactor operating at around
650°C; and
(2) oxyfuel calcination in a reactor operating above 900-920°C, which makes the CaO available
again and releases a gas stream of nearly pure CO2.
CaL appears particularly promising for application in cement plants because:
 CaO sorbent originates from the same raw material used for clinker production. Therefore,
no additional chemical substances are required with respect to the materials already used in
the cement plant;
 The rotary kiln and the clinker cooler, two key units of the clinker production process, can be
operated as in conventional plants and the retro-fitting of existing kilns may therefore be
simpler;
 The adoption of entrained flow gas-solid reactors, commonly used in cement plants, is
particularly suitable for this Calcium Looping configuration, because in such reactors the
same finely ground raw material prepared for clinker production (CaO) can also be used for
CO2 absorption without additional milling requirements.
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Two fundamental options have been proposed in literature regarding the integration of the CaL in
cement kilns [Spinelli M. 2017, Atsonios K. 2015, Ozcan DC. 2013]. The first and most straightforward
is the tail-end CaL process configuration, where the CaL reactors are placed downstream of the
clinker burning line as a relatively independent unit and the carbonator treats the flue gas exiting the
cement kiln preheater or the raw meal [De Lena E 2017]. The second option is the highly integrated
CaL process configuration (Fig. 1), where the carbonator of the CaL process is integrated in the
preheating tower of the clinker burning line [Spinelli M. 2018]. The carbonator treats the flue gas from
the rotary kiln after relevant cooling and the calciner of the CaL process coincides with the cement
kiln precalciner, which is operated in oxyfuel combustion mode.
Compared to the tail-end CaL configuration, which is based on the conventional fluidized bed CaL
reactors, and has been demonstrated up to TRL6 [Arias B. 2017, Hornberger M. 2017] in the Cemcap
project framework [CEMCAP 2016], the integrated CaL process with entrained flow reactors is less
advanced. Fundamental knowledge needs to be developed on the performance of raw meal as a
CO2 sorbent, which appears to be highly influenced by the level of aggregation between Ca and Si
compounds in the raw meal and by the calcination conditions [Alonso M. 2017, Pathi SK. 2013]. The
fluid -dynamics of the carbonator under high solid to gas ratio also needs to be better understood to
validate the reactor models currently developed with basic gas-solid contact relations [Spinelli M.
2018].
The fundamental knowledge generated by CLEANKER, together with the experience that will be
gained in designing and operating the pilot plant will ultimately allow the definition of more reliable
reactor models and to performing techno-economic analyses of full-scale CaL cement plants.

Fig. 1: Highly integrated CaL configuration in a cement plant

4.2

Objectives and approach of CLEANKER project

The core activity of the project is the design, construction and operation of a CaL demonstration
system including the entrained-flow carbonator (the CO2 absorber) and the entrained-flow oxyfuel
calciner (the sorbent regenerator). This demonstration system will be connected to the Buzzi Unicem
kiln of the Vernasca cement plant (Italy) and will capture the CO2 from a slip stream of the flue gases
from the kiln, using the same raw meal that is used for clinker production as a CO2 sorbent.
Other activities will include: (i) the screening of different raw meals to assess their properties as
CO2 sorbents, (ii) reactors and process modelling, (iii) scale-up study, (iv) economic analysis, (v) life
cycle assessment, (vi) CO2 transport, storage and utilization study, (vii) demonstration of the complete
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value chain, including mineral carbonation of waste ash with the CO2 captured in the pilot system,
(viii) exploitation study for the demonstration of the technology in an operational environment at pre
commercial scale (TRL>7) and for its first commercial exploitation based on CO2 transport and
storage opportunities.
CLEANKER will develop the integrated CaL process configuration, by building a demonstration
plant that will be connected to the 1.3 Mt/year cement plant in Vernasca. The demonstrator aims at
demonstrating the complete CaL loop composed of the entrained flow carbonator and the entrained
flow oxyfuel calciner (Fig. 2). Several test campaigns are foreseen in different operating conditions
and using different types of raw meals, which will be brought to the plant from other quarries.

Fig. 2: Integration of CLEANKER demonstrator with the existing cement plant (Vernasca, Italy)
3.3

Implementation schedule

The implementation plan spans four years from October 2017 to September 2021. The first year will
be devoted to the detailed design of the CaL demonstration system and extensive characterization of
raw meals. The second year will be focused on the erection of the demonstrator. The last two years
will see experimental campaigns, results analysis, evaluation of technology scale-up, economic
analysis and LCA of the integrated system.
The project is running according to expectations. The main results of the first year have been the
following:
- Modelling: heat and mass balances of the system have been evaluated for several relevant
operating conditions, in order to support the design of the actual demonstrator.
- Engineering of the demonstrator: the detailed design of the reactor has been carried out with
a final version of the drawing that will be used for the purchase of the equipment, obtaining
the necessary authorisation, and the construction of the demonstrator.
- Raw meal characterization: experimental tests using Vernasca raw meal were carried out to
estimate the kinetic rates of calcination and carbonation under conditions as close as possible
to those expected in the demonstrator.
- Assessment of regional and national regulations: regulations related to CCUS technology and
their national implementations are compared for five countries (Italy, Estonia, Latvia, Lithuania
and Russia) involved in the planned CCUS scenarios of the project.
The first industrial tests are expected to run in January 2020 following the erection phase.
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3.4

Partnership of CLEANKER project

The CLEANKER consortium is an international partnership that integrates the research of 13
organizations:
Representatives from academia: Politecnico di Milano (Italy), Tallinn University of Technology
(Estonia), Lappeenranta University of Technology (Finland); University of Stuttgart (Germany) and
Tsinghua University (China);
Research centres: LEAP (Italy), CSIC (Spain) and VDZ (Germany);
SME: Quantis (Switzerland);
Technology provider: IKN (Germany);
End users: Buzzi Unicem and Italcementi – Heidelberg Group (Italy);
Environmental organization: Amici della Terra (Italy).
Thus providing all the necessary expertise and access to the industrial facilities to achieve the
ambitious aim of the project.
The project is coordinated by LEAP, a non-profit research company in participation with the
Politecnico di Milano which pursues effective Academia-Industry interaction in the field of Energy and
the Environment.

5.

STRATEGY OF CLEANKER PROJECT WITH RESPECT TO OTHER PATHWAYS FOR CO2
REDUCTION

The cement industry is deeply engaged in the development of technology for CO2 capture
however a significant amount of of work is also being carried out with the aim of reducing CO2 at
the material level. It is generally accepted that in spite of increasing constraints regarding
environmental regulations (NOx reduction, heavy metals) and issues regarding CO2 emissions and
environmental protection in terms of natural material deployment Portland cement remains and will
remain over the coming decades one of the most commonly produced materials in the world. Several
reasons support this hypothesis. First of all modern cement plants built according the BAT guidelines
are based on a very efficient production process, able to minimize energy costs thanks to modern
process technologies, automation and the use of alternative fuels without affecting the quality of the
materials produced (clinker and cements). Secondly, Portland cement is a real “globalized industrial
material” produced locally; in fact, although it is produced using different “primary” raw materials
(limestone, clay, silica, coal) Portland cement can be considered as being very similar around the
world in terms of performance, properties and composition, giving a high level of confidence to the
users, also resulting from more than an hundred years of technical experience.
Moreover, cement with high limestone and low clinker content has already been extensively
studied and verified in concrete. High limestone cement (examples CEM II B-LL, up to 35% weight of
limestone) have been admitted by the EN 197-1 and authorized within Europe, moreover their use in
structural concrete is limited in some countries due to concerns regarding higher carbonation depth
and poor freeze thaw resistance when de-icing salt is present, Calcined clays are also often proposed
as valid SCMs; the use of calcined clays is already authorized by EN 197-1 as a pozzolanic material
up to 35%; the only requirement is on the content of reactive SiO2 must be higher than 25%. A
significant number of studies support their use [Scrivener K., 207], describing good performance in
terms of strength and durability, however the economic and environmental convenience of this kind of
material is strongly related to the local availability and to the presence of calcination facilities.
CSA cements have been known for a decade but only in the last year have they received significant
attention from the cement industry. They are often proposed as an environmentally friendly alternative
to OPC thanks to the lower CO2 emissions associated with the production process and to the smaller
amount of limestone required in the raw meal preparation [Aranda M. 2013]. LCA analysis performed
during the production of CSA cement on an industrial scale shows that the CO2 associated with the
production process is much lower compared to OPC [Canonico F. 2016, Hanein T., 2018)].
Cement based on high Belite clinker (C2S) has been extensively studied in the past [Stark K.
1987] and its production feasibility was also tested in an industrial clinker kiln [Popescu CD. 2003].
High Belite clinker is produced using the same raw materials available for Portland clinker production
but with a lower lime saturation factor (LSF) compared to that used in OPC production.The burning

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
temperature of the high Belite clinker is also lower (1250 - 1350°C vs 1500°C for OPC) and the
mineralogical composition highlights the low amount of C3S (0 – 30%) and the high amount of C2S
(40 – 70%). It is well known that the hydraulic form of C 2S can be obtained only by very fast cooling or
by chemical doping.
The interest in high Belite cement is not only related to its potential to save energy and CO2
during the process of clinker production but also to other factors that could play a role in the economy
of a cement plant. In fact, the production of a high Belite clinker could be an interesting solution for
cement plants lacking good quality limestone and consequently accepting raw meal with lower LSF,
moreover the upcoming stricter regulations related to NOx emissions could also force some cement
plants to lower the burning temperature of the clinker thus significantly reducing the NOx emissions
and producing a clinker with higher C2S content. Future trends may also lead to an increase in the
costs of SCMs such as fly ash or slag, making the use of an own made low heat clinker interesting to
be used alone or in blends with OPC for casting massive concrete.
The demonstration of a technological solution for CCS or the development of innovative binders
with reduced CO2 at material level are completely different approaches in terms of technology
complexity and output.
a) CCS is currently being investigated as a future technology solution that could be applied to
any industrial clinker production process for the removal and transportation of CO2. The
social acceptance and the infrastructure limit (CO2-pipelines) are barriers that will need
significant support from governments to be overcome.
b) New clinkers (with intrinsically lower CO2 emissions) are currently produced to satisfy the
new demand from market such as high early strength cement (CSA) or low heat cement
(belite clinker). They are nowadays produced on the basis of market requirements that are not
dependent on their environmental friendliness
c) Composite cements (acc. to EN 197-1) meets cement standards and allows savings of the
clinker factor thus reducing the amount of clinker that is produced and, consequently, the CO2
emitted. This is a technologically simple solution but the main barriers to a wider
implementation are market acceptance and the durability requirement of a clinker factor lower
than 50%
Table 1 reports some comparative data between a traditional production of Portland clinker, the
hypothetical production of Portland clinker with a plant equipped with CCS technology based on Ca-L,
an industrial production of CSA clinker and an industrial production of Belitic clinker. The data
referring to Ca-L was obtained during the simulations performed during the CEMCAP project, the
data of the CSA and Belitic clinker was based on real data extracted from short industrial tests.
The CO2 emission values reported in the table account for both direct and indirect emission. The
specific consumption is given in terms of primary energy, a quantity which allows to consistently take
into account both thermal and electric consumptions.
The main results of this simulation can be summarized as follows:
a) The CO2 capture plant allows to dramatically decrease the CO2 emissions (-89% compared
to OPC), while still producing OPC. However, the capture process is energy intensive, so it
causes an increase in the primary energy consumed by the whole plant - mainly given by an
increase in the fuel need – as highlighted by the SPECCA index (Specific Primary Energy
Consumption for CO2 Avoided). This increase also leads to an increase in the CO2 produced,
hence 997.1 kgCO2 have to be stored per t clinker.
b) The production of an alternative clinker such as belitic or CSA clinker has an immediate effect
on CO2 emissions, with a reduction of approximately 20-25% with respect to the Portland
clinker production process. The considered alternative clinkers also feature a lower primary
energy consumption compared to OPC, as highlighted by the negative values of the SPECCA
index.
c) The production of CSA clinker have an higher impact on costs than CCS with Ca-L (in terms
of delta production cost compared to OPC), and it features a significantly lower CO2 emission
reduction: this leads to a significantly higher Cost for CO2 Avoided (CCA), the main indicator
to compare CO2 reduction strategies from an economic viewpoint. Belitic clinker can be
produced with a similar cost compared to Portland clinker but with lower CO2 emissions ,
which lead to a very attractive CCA value of 0 € per ton of CO2 avoided. Hence, an immediate
saving of CO2 is noted but it can be valorised only if the performance of Belitic clinker is in
the same order of magnitude as the Portland cement.
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Delta
production
cost compared
to OPC
€/t clinker

Specific CO2
emission
(direct + indirect
emission)
Kg CO2 /t clinker

Specific primary
energy consumption
(direct + indirect
emission)
MJ lhv /t clinker

SPECCA**

CCA***

MJ lhv/kg CO2

€/t CO2

OPC Clinker

-

899,7

4,926

-

-

OPC Clinker
(CC)

47

102,7

7,458

3,178

59

CSA Clinker

80

734,5

4,361

-3,421

485

Belitic Clinker

0

734,5

4,361

-3,421

0

(*) Fixed cost (direct costs of production – raw materials, fuels, energy)
(*) Specific primary energy consumption for CO2 avoided
(**) Cost for CO2 avoided
Table 1 Alternative clinker based cement

Table nr.2 shows the comparisons of a limestone Portland cement, produced with 80% Clinker
and 20% limestone (CEM II A LL), a slag cement produced with 30% slag and 70% clinker (CEM III/B)
and three corresponding composite cements produced by blending 80% CSA cement Next Base
SR03 1 with 20% limestone (CSA II LL), 80% Belitic clinker cement with 20% limestone (BEL II LL),
and 40% CSA cement Next Base SR03, 40% Belitic clinker with 20% limestone (CSA BEL II LL)
respectively.
Looking at cement levels the situation is completely different. Portland cement is a unique
material able to give the mortar very high strength and durability. Moreover, the blending of Portland
cement with other supplementary cementitious material (SCMs) is also possible without interfering
with the long term performance. Composite cements have also been admitted to the standard and
are widely used.
Composite cement containing less than 30% of Portland clinker is able to reach the minimum
strength requirement set by the standards and reduces the amount of CO2 emitted or captured. A
CEM III/B cement emits less than 300 kg CO2 per ton of cement and with the hypothesis that the
CO2 emitted can be captured the extra cost for the capturing process remains in a cost range that
could probably be afforded by the mortar and concrete industry.
The use of CSA cement have a highly significant impact on cost therefore it can only be taken into
consideration for application where high early strengths are required.
Belitic cement is an innovative product still under investigation especially regarding its behaviour in
combination with SCMs. Moreover the lower CO2 emitted during its production process will probably
make CO2 capture with the Ca-L technology economically less favourable.
Anyway, it is important to notice that, even if some alternative cements may achieve non
negligible CO2 emission savings at very low cost, their adoption may be not sufficient to reach the
Paris Agreement goals. In fact, CCS is the only technology which is able to abate the CO2 emission
below 100 kgCO2/t cement.

1

The CSA cement consists of a blend of 80% CSA clinker and 20% of Anhydrite.
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CEM I
(100% K)

CEM II A LL
(Ca-L)

Strengths
Class
2 days
(MPa)

Strengths
Class
28 days
(MPa)

CO2
emitted
(kg CO2/t
cement)

CO2
captured
(kg CO2/t
cement)
(**)

Delta production
cost compared to
reference (€/t
cement) (*)

CCA (***)
(€/t CO2)

30

52.5

900

0

-

-

20

42.5

100

900

37

46

10

42.5

270

0

0

0

10

42.5

30

276

14

16

10

42.5

587

0

0

0

30

42.5

470

0

64

149

20

42.5

527

0

32

86

(80% K, 20% LL)

CEM III/B
(30% K, 70% S)

CEM III/B
(Ca-L) (*)
(30% K, 70% S)

BEL II LL
(80% K-bel, 20%
LL)

CSA II LL
(80% CSA, 20%
LL)

CSA BEL II
LL (Ca-L) (*)
(40% CSA, 40%
K-bel, 20% LL)

(*) The delta production cost of CSA cement is assumed 80 €/t compared to CEM I;
(**) The efficiency of CO2 capture is 94%;
(***) Cost for CO2 avoided

Table 2 Comparison between CCS alternative solutions
At last, Figure 3 shows the effect of a ‘carbon tax’ on the delta cement production cost
compared to the reference case (i.e. CEM I, without CCS and without any tax on CO 2). It has to be
noticed that, for our purpose, a carbon tax is a generic cost associated to the emission of a ton of CO 2,
hence it could also be seen as the value of the Emission Allowances on the EU Emission Trading
Scheme. The Figure 3 consider a simplified scenario, where CAPEX, CO2 transport and storage cost
are not considered; moreover the possible costs variation associated to the availability of SCMs (slag),
the possible optimisation of the production cost of CSA cement, the durability aspects, are also not
taken into account.
The main results of this analysis are:
a) The economic impact of Carbon Capture can be envisaged as positive when carbon tax
reach 60 €/t
b) The economic impact of Belitic cement production compared to a CEM II A LL cement can
be envisaged as positive when carbon tax reach 80 €/t
c) The economic impact of binder based on CSA cement, compared to a CEM I cement can
be envisaged as positive when carbon tax reach > 90 €/t
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Fig. 3 The effect of a carbon tax on the delta cement production cost compared to the reference
case

6.1

Conclusion

The European cement industry is very involved in the development of innovative technologies
for carbon capture and storage as well as for the production of hydraulic binders characterized by high
performance and lower CO2 emissions.
In spite of the new clinkers that have appeared on the market recently, and are characterized
by innovative properties and lower CO2 emissions compared to Portland clinker, Portland cement will
remain over the next few years the major binder used in the world thanks to its well- known properties
in terms of performance and durability.
Considering an average cost of 47 eur/t for Carbon Capture using the Ca-L process the final
cost of CO2 capture will be affordable for a composite cement containing a small amount of Portland
clinker; the direct use of CSA cement has a higher impact on the cost in the end.
CSA clinker allows to save more than 15% of CO2 during the production process, but it leads to a
significant increase on both clinker cost (more expensive raw material) and cement cost (lower
possibility to reduce the clinker factor).
The production of Belitic clinker is more environmentally friendly than Portland Clinker and a
binder based on Belitic Clinker is under investigation as a possible alternative to Portland Cement.
Hhowever the slower kinetics of hydration compared to Portland cement seems to limit the possibilities
to use Belitic Clinker in combination with SCMs.
Moreover, the hypothetical cost for CO2 capture from the production processes of a belitic or
CSA clinker needs to be investigated since the lower CO2 emissions of these clinkers compared to
OPC could affect the efficiency of the capture process; Consequently, for these types of clinker
different capture technologies and different capture levels may be more competitive, allowing for an
optimization of operational and capital costs.
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CCS with Ca-L seems to be a promising solution especially when the cement industry will
have reached a low clinker ratio at the cement level, however in order to be implemented at an
industrial level several barriers will have to be overcome:
a) the social acceptance of CO2 storage
b) the possibility to retro-fit the capture technology on an existing cement plant
c) the evaluation and optimisation of the capital costs of the capture unit for existing and new cement
plants
d)the implementation of composite and alternative clinker based cement
with regards to
standardisation, durability, and application in concrete

The CLEANKER project is an example of a very successful working group where industry,
academia and institutions work together to develop new knowledge, building the infrastructure of a
cement plant, creating awareness within the society to enable the acceptance of a new technology
and assessing the impact of this technology compared to other pathways dealing with the material.
Besides the building of a demonstration plant based on Ca-L technology at the Buzzi Unicem
plant in Vernasca (Italy – PC) CLEANKER will also approach the impact of CCS on the cement
industry thus comparing other technologies for CCS and other pathways for CO2 reduction.
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ABSTRACT
Oil-Based Mud (OBM) cutting is a waste that generated by the oil drilling companies during the crude
oil drilling. Furthermore, OBM cutting is classified as a hazardous waste because it contains industrial
lubricant oil, heavy metals and some organic compounds. In Oman, the options for the treatment of
OBM cutting waste are very limited, and they are often simply stored in special storage specification
which is enforced by the environmental authority in Oman. The mineralogical composition of OBM
cutting, plus the presence of organic residues from the crude oil make it a possible material to be used
as additives in cement clinker production. The chemical compounds such as calcium, silica and
alumina contents are of the basic raw material composition in cement manufacturing. Also some trace
elements could be of useful in enhancing the reaction of clinkerization.
In this research, OBM cutting has been used as a raw materials in the preparation of the cement
clinker. It is calcined at 650 oC and burned gradually up to a temperature of 1450 oC in a laboratory
furnace to produce Portland cement clinker. Clinker samples were then prepared by using different
levels of OBM cutting waste (from zero to 55% weight by weight). XRD has been used to examine the
mineralogy, while SEM-EDX has been used to determine the trace elements from the OBM present in
clinker phases. Furthermore, the raw meal was characterized using differential thermal analysis to
study the effect of present of OBM minerals in clinker chemistry.
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1. INTRODUCTION
During 1950 – 2006, global cement production increased ten-fold, whereas, over just the 5 years from
2001 to 2006 there was an increase in production of 35% (European Commission, 2001). Thus, by
2006 global production was 2.54 billion tonne and exceeded 4 billion tons by 2017. Key producers are:
India, European Union, United States, and China producing 6.2%, 10.5%, 3.9%, and 47.4% of global
supply respectively (Portland Cement Association, 2013). It is expected that cement demand will
further increase by at least 4% in the year 2019 (Fitch Solutions MBI, 2018).
Gulf Cooperation Council (GCC) countries consist of 6 countries, namely: Kingdom of Saudi Arabia,
State of Kuwait, Kingdom of Bahrain, State of Qatar, United Arab Emirates and The Sultanate of
Oman. The cement sector in the GCC region is small compared to other Asian markets, but has grown
sharply in recent years as a result of increasing construction activities in the region. The value of the
construction projects planned or underway in the GCC are valued at about 2.41 Trillion USD. The
Kingdom of Saudi Arabia makes the greatest contribution with over one Trillion USD. United Arab
Emirates comes in the second with over about 727 billion USD. Qatar, Kuwait and Bahrain are the rest
of the GCC countries with 276, 202 and 55 billion USD respectively (Deloitte, 2014 & Cement, 2013).
The Sultanate of Oman has a population about 4 million people (National Centre for Statistics and
Information, 2019) and published a civil construction plan in 2013 worth about 116 billion USD
(Deloitte, 2014). In a recent report, (Deloitte, 2014) growth in construction was predicted with a growth
in GDP. This will result in increased demand for cement production. However, cement production is
associated with carbon dioxide emissions and consumption of natural resources such as limestone.
Regarding greenhouse gas emissions, about 7% of global CO2 emissions arise from cement
manufacture (Abdul-Wahab et al., 2016). Also, because of industrial growth and high resource
consumption within the growing economy, there is a requirement for efficient waste management
solutions, including recycling of industrial wastes. There is much research in which industrial wastes
have been utilized as a raw material or as a source of fuels in cement production (Al Dhamri et al
2011, 2019).
Apart from the unutilized municipal waste in Oman, there are also numerous industrial wastes which
are produced in significant quantities, and yet not recycled nor treated in an environmental friendly
manner. An example of such waste is Oil-Based Mud (OBM) cuttings. Oil-based mud is a fluid which is
prepared by the petroleum oil drilling companies where it is used as a carrier of the rock cuttings from
the underground during the process of drilling (Figure 1). The main function of the fluid mud is lifting
those cuttings to the surface during the drilling process for disposal, which permits the drilling
operation to go construct the oil-well (Agwu et al., 2015, Fakoya, Ahmed, 2018 & Strachan, 2010).
When the cuttings are collected at the surface (Figure 1), this mix of drilling fluid and ground cuttings
undertakes a separation process for segregating the cuttings and to permit recycle of the fluid once
more in the drilling operation. This separation phase is repeated several times up to the stage that the
fluid is loss the physical and chemical properties. At this point the disposed fluid is known as oil-Based
Mud Cuttings (Strachan, 2010).
OBM cuttings thus contain residual oil, heavy metals, organic matter, and soils. The operation of
drilling just a single oil well can produce thousands of cubic meters of OBM cuttings (Ghazi et al.,
2011). OBM is classified as hazardous material in Oman and special storage specifications are
enforced by the environmental authority (Al-Dhamri & Black, 2014). Production of OBM cuttings is
increasing year by year as a result of increased oil drilling operations. As of 2017, there was about
105,000 tonnes of OBM cutting stored in hazardous storage yards across Oman (Figures 2 and 3). It
has been estimated that there will be an increase in production to 205,000 tonnes p.a. by 2020 (Oman
Environmental Services Holding Co., 2018).
OBM cutting has quite a few chemical and physical properties which could make it useful as a raw
material in cement manufacture. The presence of calcium, silica and alumina are all essential for
cement production. In addition, the oil content provides a calorific value which can contribute to
combustion during the clinkerization process. Also, the trace elements content can play a major role
during the reaction of the major oxides.
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The major function of OBM during the oil-drilling process
Prevent the inflow of
fluids from the
wellbore
Maintain the stability
of wellbore
Non-damaging to the
producing formation

Cool and clean
the bit

Form a thin, lowpermeable filter cake

Carrier of cuttings
from the hole &
permit their
separation at the
surface

Reduce friction
between the drill pipe
and wellbore or
casing

Figure 1 Process of generating of OBM cutting in an oil well drilling rig, the inset table shows
the major function of OBM during the oil-drilling process (Al Dhamri, et al. 2019).
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Figure 3 The storage of OBM Cutting. Left: OBM cutting after storing in a storage pond for one
year. Right: fresh OBM Cutting
2. THE AIM OF THE STUDY
This study aims to investigate the impact of using OBM cutting as a raw material in cement clinker
production. In particular the study is focusing on the composition of the clinker produced upon the
addition to OBM cutting to the raw meal and on SEM-EDX analysis of the clinker produced.
3. MATERIALS AND METHODS
3.1. RAW MATERIALS
The raw materials used throughout this study were those used by the Oman Cement Group during
their normal operations. The materials were limestone (a source of calcium carbonate), quartzophilite
(a source of silicon), kaolin (a source of aluminium), iron ore (a source of iron) and OBM cutting: The
chemical composition of the materials, as determined by XRF is shown in Table 1.
3.2. RAW MIX DESIGN AND RAW MEAL PREPARATION
To prepare the various clinker samples, raw material mix calculations were prepared using an Excel
spreadsheet (Table 1 and Table 2), with the aim of replicating as close as possible a real Portland
cement clinker. Using the Bogue’s calculation, the amount of C 3S, C2S, C3A and C4AF in the raw meal
after the heating process were calculated (Hewlett, 2004 and Stutzman et al., 2014). Raw meal
samples were prepared with increasing OBM contents, from zero percent (as reference and control
sample) up to 55%. A final sample was used comprising 100% OBM, with no raw materials added. In
addition, one sample of raw meal was taken directly from a cement production line, which contained
zero OBM cutting. The samples are named here as RMind, RMRef and RM0.5% – RM100%
respectively.
3.3. CLINKER SAMPLES (CK)
The raw meal was pelletized by adding water and pressing to ball shape and drying at 120oC. The
dried raw meal was fired using a platinum dish in a static air high-temperature furnace Carbolite,
model RHF (Al-Dhamri and Melghit, 2010). The heating rate was set at 10 oC/min and sintering
temperature at 1450 oC heating for 45 minutes. Immediately after, the samples were cooled to below
100 oC using forced air blowers.
3.4. XRF & XRD ANALYSIS
The clinker obtained was analysed by XRF and XRD using Axios Fast by PANalytical spectrometer to
determine the composition of the main oxides elements and using a CubiX3 PANalytical diffractometer
for determination of main clinker phases. The XRF was performed with fixed detector channels
working at Argon and Methane gases. The radiation tube is Rhodium (SST-mAX) having power of 50
kV and 40 mA at vacuum pressure of less than 10 Pascals.
For powder X-ray diffraction (XRD), the samples were analyzed at room temperature with Cu K
radiation operating at 45kV and 40 mA by step wise scanning method (2 range from 10o to 65o) at
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scanning rate of 0.021o per second and a step time of 14 seconds with full run lasting for 50 minutes.
The crystalline phases were identified and refined using the HighScore© program from PANalytical.
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3.5. LOSS ON IGNITION TEST (LOI)
LOI was determined according to the standard method of LOI determination (European Standard EN
196-2, 2005) by igniting a known mass of the sample at 950 ◦C in a crucible in an electrical muffle
furnace.
3.6. FREE LIME TEST
The percentage of unreacted CaO (free lime) was obtained by refluxing a known quantity of clinker in
a solution of ammonium acetate under gentle heating. The mixture is filtered and titrated with 0.04 M
EDTA to the endpoint.
3.7. SEM-EDX
The prepared clinker samples were analysed by SEM-EDX. The SEM for RMs and clinker samples
was to identify the clinker phases formation temperature by scanning the samples that had been
burned at different temperatures from 1180 oC up to 1500 oC.
Polished section specimens were prepared by impregnating samples in epoxy resin (mixing ratio 25:3)
which was hardened at 40o C for 48 hours. The specimens were ground on a rotating wheel with 10
Newton load and 90 RPM using silicon carbide paper (SiC) 600, 1200 and 2500 µm. Next, the
specimens were polished using diamond paste to 0.25 µm roughness. As a final point before
investigation by SEM, the specimens were exposed to carbon coating to prevent charging of the
sample.
The polished sections of the samples were studied in backscattered scanning electron (BSE) mode
using Carl Zeiss EVO MA15 SEM. The back scattered images of the area of interest were obtained at
a beam voltage of 15 kV with a working distance of 8 mm, while 20 kV was used for the elemental
maps.

4. RESULTS AND DISCUSSION
4.1. MINERAL COMPOSITION
The XRD patterns were measured to obtain the changes in phase composition between the ordinary
Portland clinker and the clinker which has different ratio of OBM cutting. The main phases in all
investigated clinkers are reported in Figure 4. Those phases are alite (C3S), belite (C2S), tricalcium
aluminate (C3A) and ferrite (C4AF). The percentage content of the main phases: alite and belite as
derived by XRD analysis with Rietveld refinement is shown as a function of OBM cutting ratio in raw
meal in Figure 5.

Figure 4 XRD patterns of the prepared clinker

Figure 5 Clinker phases % by Rietveld method
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The XRD scans showing clear similarity in characteristic peak profiles with no changing crystal
structure, and in all clinker samples, the major clinker phases were formed as expected. However,
their concentrations changed with OBM cutting content
The comparison between the clinkers with and without OBM cutting indicates that as OBM cutting
content increased the levels of main clinker phases were affected. The Industrial clinker had the
highest alite content and is here taken as a reference to compare against the reference sample
prepared without OBM cutting addition. The alite content fell with increasing OBM cutting content,
while the belite content increased. These differences could be explained while exploring the other
parameters such as influence of trace elements content, raw materials characterization and OBM
cutting properties.
4.2. EFFECT OF BARIUM ON CLINKERIZATION
It has been observed that the belite and alite formation temperatures are 1284 and 1331oC
respectively. There are many factors that affect belite and alite formation, some of which are related to
the trace element content. It was observed that OBM cutting has higher barium content than the other
raw materials, i.e. 0.85 %wt BaO compared to levels below detection limits in the other raw materials.
Therefore, BaO content in the clinker increased with increasing OBM cutting content in the raw meal.
This was proven by SEM and ICP analysis (Table 3). Looking at the SEM-EDX analysis, barium
partitioned differently across the various clinker phases. The highest BaO concentration was in the
melting phase (liquid phase). A lot of research has been done about the effect of BaO in both clinker
and cement (Kolovos et al., 2001). Within the Ck-100% sample, the BaO is mostly concentrated in the
liquid phase as can be observed in the SEM-EDX mapping which shows high spread of BaO in the
liquid phase (Al Dhamri et al. 2019).

4.3. FREE LIME
The amount of unreacted CaO (% of free lime) in the clinker is an indicator of formation of the main
clinker phases. A reduced free lime content is an indication of an improvement in the burnability. In
contrast, growth in the free lime percentage in the produced clinker indicates a decrease in the
burnability, meaning the clinker is hard to burn. Consequently, the reaction towards formation of the
main clinker phases is incomplete which means that either there is an insufficient quantity of alite
formation or there is a possibility of some alite phases decomposing in a reverse reaction to form free
lime and belite phase. There are many factors that can cause this reversible reaction to happen. One
of these factors is the content of trace elements in raw materials. The addition of OBM cutting reduces
burnability, leading to growth in the free lime content. Similarly, as shown earlier, the OBM cutting
contains barium. A number of research articles have demonstrated that BaO has a negative influence
on the formation of alite and as a result, the free lime increases. The analyzed content of free lime in
clinker is shown in Figure 5.
Kolovos et al., 2005 and Kolovos et al., 2001 have studied the effect of BaO content in the raw meal
on the reactivity of the CaO-SiO2-Al2O3-Fe2O3 system by adding 1% of BaO chemical grade to the raw
meal. The sample was sintered at 1200oC and 1450oC. It was noticed that the free lime content
increased compared with the reference sample. In addition, the SEM studies showed concentration of
BaO in the melting phase in the clinker.
Many other studies (Zezulová et al., 2017, Guo et al., 2012, Katyal et al., 1999, Kolovos et al., 2001 &
Bhatty, 1995) as shown in Table 4, have reported the impact of the presence of barium in the raw
meal on the free lime content in the produced clinker. Most of those studies confirm that the free lime
content rises as the barium content increases in the raw meal. It was also reported that barium is
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mainly concentrated in the melting phase rather than other clinker phases. (Zezulová et al., 2017)
have shown high content of BaO present in the clinker melt using SEM-EDX with BSE imaging,
measuring clinkers without BaO and with 1, 3 and 5% wt/wt BaO. The study has also reported higher
concentration of BaO in belite than alite in a ratio of about 0.15. This variance is possibly caused by
the crystal lattices of alite and belite. Ultimately, alite crystal can incorporate less foreign ions than
belite phase (Zezulová et al., 2017).

Figure 6 The free lime content for each clinker sample

4.4. SEM-EDX BACKSCATTER ELECTRON IMAGE ANALYSIS
The morphology of clinker phases and distributions of elemental oxides were studied by SEM BSE
imaging and EDX analysis. The chemical reaction in the clinkerization process, at temperatures below
1180 oC, proceeded through a solid-solid reaction with the absence of a liquid phase (Figure 7). The
solid-solid reactions progressed between two compounds (CaO & SiO2) at this temperature, and the
product was formed at the original phase boundary between the solids as seen in Figure 8 (Cohn J.,
1948). In the raw meal, the CaO/SiO2 ratio is approximately 3:1 where there is an excess of CaO. At
high temperatures, between 900 oC and 1200 oC, the belite phase forms as a result of the solid-solid
reaction between CaO and SiO2 (Figure 9). This happens through diffusion of the CaO on the SiO 2
surface, as could be seen in the SEM-EDX in the reference clinker sample Ck Ref. (Figure 7). The EDX
analysis showed a cluster of SiO2 surrounded by the CaO layer which has been confirmed by the EDX
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layout. This reaction has led to formation of the first clinker phase known as belite (C 2S) formed at the
temperature between 900 oC and 1250 oC (Li et al., 2014 & Ma et al., 2013) where the temperature of
formation depends on a number of factors, such as minor compounds (Kakali et al., 2003, Kolovos et
al., 2001, Li et al., 2014, D. Stephan et al., 1999 & Zhang et al., 2015), particle sizes (Christensen,
1979) and retention time.

Figure 7 Microstructure of clinker samples analysis of CkRef. burned at different temperatures.
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Figure 8 Microstructure of clinker samples prepared with the addition of 12% OBM cutting.
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Figure 9 Microstructure and analysis of clinker samples prepared by adding 55% OBM cutting.
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Figure 9 (continued) Microstructure and analysis of clinker samples prepared by adding 55% OBM
cutting.
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Figure 10 Microstructure of clinker samples analysis that prepared by burning 100% OBM cutting
using SEM-EDX.
The raw meal with 12% OBM cutting shows early formation of alite phase at 1350 oC (Figure 8). The
free lime grains are present in cluster forms; however, no belite phases could be observed in the SEM
images at this temperature. The presence of alite and free lime without belite phase indicates that, at
higher temperatures, the alite amount remains of the same concentration because no belite is
available to react with the free lime.
Figure 10 shows the SEM images with EDX mapping for the raw meal containing 100% OBM cutting
heated at three different temperatures (e.g. 1300 oC, 1350 oC and 1450 oC). At all temperatures, belite
is the dominant phase which shows rounded to regular edges and can be distinguished by EDX. The
EDX analysis of the OBM cutting heated to 1300 oC showed formation of the clinker phases, mainly
belite. However, after heating the OBM cutting to 1350oC, the image showed disappearance of free
lime. Raising the temperature further to 1450 oC, the SEM images show the same behavior: there are
no new phases, belite remains present and no free lime is formed. The absence of free lime means
that at temperatures above 1450oC, alite formation is not expected. Since there is no free lime
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available can react with belite and form alite at higher temperature. Finally, it could also be seen from
the EDX mapping that the MgO is mainly concentrated in the liquid phases when all three different
temperatures are applied. The BaO also shows the same concentration region in the liquid phases at
all temperatures. The EDS analyses shown in Figure 10 show that the MgO and BaO is concentrated
in the melt region. The melt regions have compositions for C3A and C4AF.

5. CONCLUSIONS
The clinker prepared with the incorporation of OBM waste have the same chemical properties when
compared with the clinker without OBM. These results prove that the OBM could be used in the
industrial production of Portland cement clinker. This could be a solution for disposing of OBM cutting
waste and solve an environmental problem. This will also reduce the cost of cement production.
Besides the results obtained in this study, further investigations are needed into the hydration behavior
of the clinker. Clinker that known as Belite cement (belite cement is cement that based on clinker
containing ye’elimite, belite and ferrite as major phases Ma et al., 2013 and Londono-Zuluaga et al.,
2017) could be prepared by burning OBM cutting at 1200 oC without any addition (100% OBM cutting).
The SEM-EDX show formation of belite with very low free lime % and no Alite formation observed.
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ABSTRACT
Calcium aluminoferrite, Ca2(AlxFe1−x)2O5 or C4AF, is the fourth component in weight of OPC. In
general, C4AF does not play an important role in the development of cement paste physical
properties. Its dissolution is relatively fast, but the reaction products, mainly AFm phases after reaction
with sulfate ions, do not contribute substantially to cement paste strength development. Therefore,
little attention has been paid to this phase.
However, C4AF and its natural counterpart brownmillerite, hide a far from trivial crystalline and
electronic structure. It is a ferromagnetic phase, and the limit case of maximum oxygen vacancies in
perovskites, which exhibit ferroelectricity, superconductivity and colossal magnetoresistance. Even the
elasticity is complex: in the literature we find a consistent error of nearly 100% between the Young
modulus computed by empirical force fields and the experimental value [1–3]. Such disagreement is
beyond the acceptable by the methodology, and must arise from electronic structure effects that
empirical force fields cannot capture. In this work we present a deep study of C4AF electronic structure
by quantum mechanical methods to find the origin of the disagreement.
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1.

INTRODUCTION

Calcium aluminoferrite, Ca2(AlxFe1−x)2O5 or C4AF, is the fourth component in weight of OPC. In
general, the hydration of C4AF does not play a crucial role in the development of cement paste final
properties. Therefore, little attention has been paid to this phase. However, C4AF and its natural
counterpart brownmillerite, hide a far from trivial crystalline and electronic structure. It is a
ferromagnetic phase, and the limit case of maximum oxygen vacancies in perovskites, which exhibit
ferroelectricity, superconductivity and colossal magnetoresistance (Peña, 2015). In this work we use
Density Functional Theory (DFT) calculations to investigate the structure elastic properties and
electronic structure of C4AF.
First, we paid attention to the considerable disagreement on the elastic properties of C4AF between
experiments and simulations. Velez et al. calculate a Young modulus of 125 GPa using
nanoindentation (Velez, Maximilien, Damidot, Fantozzi, and Sorrentino, 2001). No other experimental
measurement has been done up to the authors’ knowledge. In contrast, atomistic simulation studies
report a consistent error of nearly 100% between the Young modulus computed by empirical force
fields and the experimental one (Manzano Moro, 2009; Tavakoli and Tarighat, 2016). Such
disagreement is beyond the acceptable by the methodology, and must arise from electronic structure
effects that empirical force fields cannot capture. To address the issue we use DFT simulations to
determine the elastic tensor coefficients of C4AF.
In addition, we will investigate the electronic structure of C4AF. There are no studies of C4AF
dissolution at the atomic scale, probably because its lower importance, as the reaction products,
mainly AFm phases after reaction with sulphate ions, do not contribute substantially to cement paste
strength development. In this work we will compute the spatial location of the top valence band and
(TVB) the lowest conduction band (LCB). The TVB and LCB have been previously used to suggest the
most reactive sites of other clinker phases (Durgun, Manzano, Kumar, and Grossman, 2014;
Manzano, Dolado, and Ayuela, 2009b).
2.

COMPUTATIONAL METHODS

The simulations were done using the density functional theory (DFT) method as implemented in the
SIESTA code (Soler et al., 2002). We used the general gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) parametrization for the exchange-correlation functional and double
polarized basis set (DZP) to describe the valence electrons. Pseudopotentials in the Troullier-Martins
flavour were included to to mimic the effect of the core electrons. The Al, Ca, and O basis sets and
pseudopotentials were previously validated for Lime and Corundum (Manzano et al., 2009b) and the
FeO for Magnetite (Guo and Barnard, 2011). For all the calculations a k-point grid of 8x3x8 was used.
The energy minimization was done using the conjugate gradient method. All the calculations were
spin-polarized.
3.

RESULTS

First, the spin ordering was checked and the crystalline structure was relaxed. The most stable spin
order corresponds to a G-Type antiferromagnetic arrangement, in good agreement with experiments
(Takeda et al., 1968). The obtained lattice constants are a = 5.43 Å , b = 14.53 Å , c = 5.70 Å , and 𝛼 =
𝛽 = 𝛾 = 90.0º. These values are in excellent agreement with the ones determined by X-ray powder
diffraction (a = 5.34 Å , b = 14.49 Å , c = 5.55 Å and 𝛼 = 𝛽 = 𝛾 = 90.0º). All the cell parameters are
overestimated, yet less than 3%, what this is common in the DFT-GGA approximation (Yao, Ouyang,
and Ching, 2007).
The full elastic tensor was computed from stress-strain relationships, applying both compression and
expansion strains from -3% to +3%. The bulk and shear moduli in the Voight-Hill-Reuss approximation
were computed from the elastic tensor coefficients, and from them the Young modulus, assuming an
isotropic media (Manzano, Dolado, and Ayuela, 2009a). The results are shown in Table 1.
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Table 1. Elastic properties of C4AF. K, G, E, and 𝜇 are the bulk, shear, Young’s moduli and
Poisson’s ratio respectively. The experimental values are from (Velez et al., 2001), and the
computational values using the core-shell force field from (Manzano Moro, 2009) and using the
UFF, Dreiding and ClayFF force fields from (Tavakoli and Tarighat, 2016). All the values are
given in GPa
Exp

This Work

Core-Shell

UFF

Dreiding

ClayFF

K

12±1

175.6

210.46

223.99

163.25

G

66.0 ± 0.6

93.5

86.85

111.97

79.59

169±2

238.2

229.04

287.93

205.39

0.278±0.002

0.27

0.31

0.28

0.29

E
𝜇

125±25

The Young modulus computed by DFT is 35% larger than the experimental one, which can be
attributed to the necessary approximations in the calculation, for example the use of a single crystal in
contrast with the experimental samples, and the fact that temperature is not considered sin the
calculations. Nevertheless, it confirms that empirical force fields cannot reproduce reliable values of
C4AF’s elastic properties. It is not surprising for the force fields used by Tavakoli et al. (Tavakoli and
Tarighat, 2016), since the UFF, Dreiding and ClayFF do not have Fe parameterized for the +3
oxidation state, so they are an incorrect choice to study C4AF. The huge error in the core-shell
potential is more surprising, as it reproduces correctly other cement phases (Manzano et al., 2009a,
2011).
The 3D spatial representation of the Young modulus reveals a marked anisotropy due to the
crystalline structure, see Figure 1. The a and c crystallographic directions present continues covalent
bond patterns, Fe-O-Al-Fe and Fe-O-Fe respectively, while the b direction probably due to the
vacancies in the Al-O-Al chains are discontinues. That translates into a slightly but noticeable lower
Young modulus in the b direction (201, 175 and 194 GPa for the a, b, c directions respectively) with a
minimum in the (110) crystallographic direction.

Figure 1. 3D spatial representation of C4AF elastic modulus (left) and structure (right). The
black octahedra represents Fe, blue tetrahedra Al, and green spheres Ca.
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Now we turn to analyze the position of the Top Valence Band (TVB) and Lower Conduction Band
(LCB) in the crystal, presented in Figure 2. The energy bands in solids are the periodic equivalents of
the molecular orbitals in molecules, i.e. the energy levels in which electrons are located. The TVB is
the last occupied energy band, with the highest energy, and therefore will be the one losing an
electron in an electrophilic reaction. In contrast, the LCB is the first empty energy band, the lowest
energy one, and will be the band accepting and electron in a nucleophilic reaction. By plotting the
three dimensional location of the TVB and LCB we can analyze the regions where these chemical
reactions will be more likely to occur. Under attack by water molecules, as in cement hydration, the
chemical reactions can be both nucleophilic or electrophilic depending on the mechanism. The TVB
regions would be the preferential points for the attack of water hydrogen atoms. As expected for a
perovskite-like compounds, those regions are located in the oxygen atoms (Grabowska, 2016), yet the
reaction would be more favourable with the oxygen atoms in the Fe octahedral plane and not in those
linked to Al in the tetrahedral one. A possible route to enhance C4AF reactivity could consist on a
preferential Al substitution on the lattice. On the other hand, water oxygen atoms would react
preferentially with the conduction band regions, located on the Fe atoms. It is interesting to note that
usually Al is the reactive cation within aluminosilicate frameworks, as in the silicate chains of the C-S-

Figure 2. Spatial representation of the TVB (purple,
left) and LCB (yellow, right) density of states. The Ca,
Al, Fe and O atoms are shown as green, blue, grey and
red spheres respectively
H gel (Manzano et al., 2009b), yet that is not the case for this clinker phase.

4.

CONCLUSIONS

In this work we have investigated the elastic properties and electronic structure of C4AF, the fourth
component in weight of OPC, using density functional theory simulations.
The relaxed crystalline structure of C4AF is in excellent agreement with the experimental data, and we
determined that the G-type ferrimagnetic spin ordering is the most favorable. We computed then the
elastic properties by a stress-strain method. The Young modulus is higher than the experimental one,
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yet much better than previous empirical calculations that fail in the description of C4AF. The Young
modulus presents a moderate anisotropy due to the vacancies in the structure.
Finally, we represented the TVB and LCB to investigate the most reactive sites of C4AF. According to
the results, the nucleophilic attack would take place mainly on the Fe atoms, while the electrophilic
attack on the oxygen atoms bonded to Al. Overall, FeO octahedra are therefore more reactive than
AlO tetrahedra. This suggests a route to enhance C4AF by introducing selective point defects (atomic
substitutions) on the Al site.
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ABSTRACT
Various alternative cements to Ordinary Portland cement (OPC) have been proposed over the last
decade to reduce the CO2 emissions from OPC production. One promising alternative is based on
alite-calcium sulfoaluminate (A/CSA) cements. This kind of cement was, until recently, not easy to
synthesize due to the incompatible formation temperature of alite and decomposition temperature of
calcium sulfoaluminate clinker phases. The introduction of mineralizers and fluxes, such as calcium
fluoride and calcium sulfates to form fluorellestadite, partly resolved this issue, however improvement
in this field is needed. Recent results identified novel mineralizers/fluxes for the production of A/CSA
clinkers, i.e., fluorellestadite and ferrite. Both minerals interact by decreasing their respective melting
temperatures when mixed together. The influence of fluorellestadite and ferrite were tested within
A/CSA clinker systems, theoretically 50-50 wt.% for both alite and ye’elimite contents. Four scenarios
including: a base case with no mineralizers/flux; the addition of fluorellestadite; the addition of ferrite;
and, the addition of both fluorellestadite and ferrite were tested. In all of them, the contents of
ye’elimite was constant at 40-43 wt.%, while the contents of alite were 0, 13, 4, and 25 wt.%,
respectively. In comparison to fluorellestadite alone, the use of these new mineralizers/fluxes results in
the formation of almost twice as much alite (13% vs. 25%). Additional experiments to understand the
fundamental mechanisms of these mineralizers and fluxes are efficient are ongoing.
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1.

INTRODUCTION

One of the greatest challenges facing the world today is the reduction of carbon dioxide emissions,
especially the CO2 emissions released from the production of Ordinary Portland cement (OPC). Various
alternative cements to OPC have been proposed over the last decade to reduce the CO 2 emissions
from OPC production, which include calcium aluminate cements (CAC), calcium sulfoaluminate-belite
(CSA or CSAB) cements, alkali-activated binders, supersulfated cements, etc. However, all of these
possible solutions encounter issues, from loss in strength over time due to carbonation for CAC, to
expensive raw materials in CSAB, to even caustic and costly activators for alkali-activated binders, and
finally special curing methods for supersulfated cements. (Juenger, Winnefeld et al. 2011)
One promising alternative binder is alite-calcium sulfoaluminate (A/CSA) cements. This combines the
characteristics of both type OPC and CSA cements. A/CSA was, until recently, not easy to synthesize
due to the incompatible formation temperature of alite (1450-1500°C) and decomposition temperature
of calcium sulfoaluminate clinker phase, C4A3Ś (1300-1350°C). (Ali, Gopal et al. 1994, Taylor 1997,
Snellings, Schepper et al. 2012) The introduction of mineralizers and fluxes, such as calcium fluoride
and calcium sulfates to form fluorellestadite (Moir and Glasser 1992, Qing, Jianmin et al. 1992, Masood,
Mehrotra et al. 1993, Odler and Zhang 1996, Zhang and Odler 1996, Raina and Janakiraman 1998,
Engelsen 2007, Blanco-Varela, Palomo et al. 2010), barium and strontium (Xin, Jun et al. 2000, Lu, Li
et al. 2012, Chang, Shang et al. 2015), or other elements such as titanium (Liu, Li et al. 2013), partly
resolved this issue, however improvements in this field is needed.
Previous work performed by Odler and Zhang (Odler and Zhang 1996, Zhang and Odler 1996)
investigated high compressive strength cements from high SO3 containing Portland clinkers by adding
calcium fluoride. In one experiment, it seemed that the introduction of iron oxide had decreased the firing
temperature from 1300 °C to 1250-1230 °C necessary to obtain a reasonable free lime content in the
final clinker:
1- Mix of 70 wt.% C3S and 30 wt.% C4A3Ś fired at 1300 °C with a free lime of 0.51 wt.%;
2- Mix of 70 wt.% C3S + 20 wt.% C4AF and 10 wt.% C4A3Ś fired at 1250 °C with a free lime of 0.24
wt.%;
3- Mix of 70 wt.% C3S + 10 wt.% C4AF and 20 wt.% C4A3Ś fired at 1230 °C with a free lime of 0.53
wt.%.
This work was further investigated and extended in our laboratory and this paper summarizes these
results.
Our work examined the composition of the binary system fluorellestadite--ferrite and its impact on
melting temperature. The effect of fluorellestadite and ferrite singularly, and in mixture, on the
composition of A/CSA clinker was then determined. It was found that the presence of both compounds
decrease the firing temperature for the formation of A/CSA clinkers, and also improved the conversion
of belite to alite.
2.

EXPERIMENTAL

2.1

Raw Materials and Compositions Tested

Reagent grade chemicals were used for the production of mixtures of fluorellestadite with ferrite, and
A/CSA clinkers:







Calcium hydroxide, Ca(OH)2, 98+% pure, from Acros Organics;
Silicon dioxide, SiO2, 99.6 metal basis, with a particle size of approximately 325 mesh, from
Aldrich Chemistry;
Aluminium hydroxide, Al(OH)3, extra pure powder, from Acros Organics;
Iron (III) oxide, Fe2O3, 99% pure, with a particle size below 5 microns, from Sigma-Aldrich;
Calcium sulfate hemihydrate, CaSO4.0.5H2O, 97+% pure, from Acros Organics;
And calcium fluoride, CaF2, 99.5+% pure, with a particle size of approximately 325 mesh, from
Sigma-Aldrich.
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In order to study the influence that fluorellestadite and ferrite have on melting temperature, the following
mixtures were produced, as seen in Table 1.
Table 1: Mixtures of chemicals used to produce fluorellestadite and ferrite in weight
percentages
Ratios of fluorellestadite : ferrite

Ca(OH)2

SiO2

Al(OH)3

Fe2O3

CaSO4.0.5H2O

CaF2

0:1

48.42

-

25.49

26.09

-

-

1:2

43.91

7.63

13.21

13.52

18.43

3.30

1:1

42.33

10.30

8.91

9.12

24.88

4.46

2:1

41.04

12.48

5.40

5.53

30.15

5.40

1:0

39.05

15.84

-

-

38.25

6.86

The influence of fluorellestadite and ferrite in the formation of A/CSA clinkers was also studied. The
chemical compositions of Table 2 were used to produce the theoretical clinker compositions of Table 3
using the equations developed by Dr. Zhou (Robl, Duvallet et al. 2015), These equations are analogous
to the Bogue calculations for OPC but are specific to A/CSA and contain an additional equation to
account for the extra phase and a factor that predicts the amount of liquid that is produced by the
formulation. Four mixtures were produced: A/CSA #1, 2, 3, and 4, with C3S and C4A3Ś as the major
clinker phases, with theoretically approximately 45-50 wt.% for each phase, as seen in Table 3. The four
compositions have the following characteristics:





A/CSA #1 - no mineralizer or flux is present within the mixture;
A/CSA #2 - only calcium fluoride is added to produce around 10 wt.% of liquid phase
(fluorellestadite);
A/CSA #3 - only contains 5 wt.% of ferrite, C4AF;
And A/CSA #4 - contains both 10 wt.% fluorellestadite and 5 wt.% ferrite.

Table 2: Mixtures of chemicals used to produce A/CSA #1 to A/CSA #4 in weight percentages.
Mixtures
A/CSA

Comments

#1

Reagent Chemicals
Ca(OH)2

SiO2

Al(OH)3

Fe2O3

CaSO4.0.5H2O

CaF2

No fluorellestadite or
ferrite

51.54

9.86

29.6

-

9.0

-

#2

Only fluorellestadite

51.235

9.815

29.4

-

8.95

0.6

#3

Only ferrite

50.89

9.21

29.6

1.3

9.0

-

#4

Both fluorellestadite or
ferrite

50.57

9.13

29.5

1.3

8.895

0.605

A/CSA #1 to A/CSA #4 were produced by mixing the raw materials with the quantities as described in
Table 2 with an additional 10 wt.% of deionized water in a mortar and pestle until an homogenized
powder is obtained. A part of the powder was kept for DSC/TGA analyses. A few 28x7 mm pellets were
formed using a load of 25000 lbs, and dried overnight in an oven at 60°C. (Figure 1) The pellets were
then fired in a box furnace, and followed the firing program: 1- heat from room temperature to 800 °C at
7.5 °C/min; 2- dwell at 800°C for 30 min; 3- heat from 800°C to 1250°C at 5.0 °C/min; 4- dwell at
1150/1200/1250°C for 60 min; and 5- quench rapidly in air. (Figure 1) The clinker pellets were then
crushed in a shatter box until a fine powder was obtained. The samples were kept in a desiccator until
further analyses were performed.
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Table 3: Theoretical clinker compositions in wt.% for A/CSA #1 to A/CSA #4 by following the
equations of established by Dr. Zhou (Robl, Duvallet et al. 2015).
Mixtures

Theoretical Clinker Compositions (in wt.%)
C3S

C2 S

C4A3Ś

C4AF

CŚ

CaF2

A/CSA #1

48.5

-

49.9

-

-

-

A/CSA #2

48.0

0.1

49.5

-

-

0.78

A/CSA #3

45.0

0.1

47.7

5.0

0.5

-

A/CSA #4

44.7

-

47.4

5.0

0.4

0.78

Figure 1. A/CSA #1 to A/CSA #4 clinkers (from bottom to top in left image, and from left to
right in right image) before (left image) and after (right image) the firing process
2.2

Experiments

2.2.1

Differential Thermal Analysis / Simultaneous Differential Scanning Calorimetry and
Thermogravimetry Analyses (DTA/SDT)
The influence of both fluorellestadite with ferrite, and these two compounds within A/CSA clinkers, has
been studied by identifying the melting temperatures of the mixtures heated up to 1400 °C with the use
of DTA and SDT. These two methods both provide information on phase transformations, but DTA
provides information on the temperature difference between a sample and a reference, while SDT
(DSC/TGA) provides information on both the sample mass and the heat flow.
2.2.1.1 Influence of fluorellestadite and ferrite composition on melting temperature
The influence of the composition of the fluorellestadite--ferrite binary system on melting temperature
was studied with Differential Thermal Analysis (DTA). The experiments were performed in a Netzsh STA
449, under air atmosphere at a rate of 100mL/min, from room temperature to 1400 °C, at a heating rate
of 10 °C/min.
2.2.1.2 Influence of fluorellestadite and ferrite on A/CSA temperature and belite conversion.
The influence of fluorellestadite and ferrite composition on A/CSA clinkers was studied through
Simultaneous Different Scanning Calorimetry and Thermogravimetry Analysis (SDT). The experiments
were performed in a TA Instruments SDT Q600, under air atmosphere at a rate of 100mL/min, from 50
°C to 1400 °C, at a heating rate of 10 °C/min.
2.2.2 Rietveld analyses
Rietveld analyses of X-ray diffraction diffractograms were performed for the quantification of crystalline
phases in the clinker produced. A Philips X’Pert diffractometer (model PW3040-PRO) operating at 45
kV and 40 mA and utilizing Cu Kα radiation was used for all the Rietveld analyses. The step size was
0.017 ° at 0.013 °/s, over 8-90 ° 2-Theta. The software used for interpreting the results was HighScore
Plus from PANalytical. The list of the clinker phases used for all Rietveld analyses is presented in Table
4 with their respective reference.
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Table 4. List of the clinker phases used for the Rietveld analyses with their cement notations
and references

3.
3.1

Clinker phases

Cement Notation

References

Alite

C3S

(de Noirfontaine, Dunstetter et al. 2006)

Anhydrite

CŚ

(Kirfel and Will 1980)

Belite (Beta)

C2S

(Mumme, Hill et al. 1995)

Belite (Low-Alpha)

C2S

(Mumme and Cranswick 1996)

Calcium Aluminate

CA

(Horkner and Mullerbuschbaum 1976)

Calcium Fluoroaluminate

C11A7CaF2

(Costa and Ballirano 2000)

Ferrite

C4AF

(Colville and Geller 1971)

Fluorellestadite

3C2S.3CŚ.CaF2

(Pajares, De la Torre et al. 2012)

Free lime

C

(PANalytical 2005)

Magnesium Oxide

M

(PANalytical 2005)

Mayenite

C12A7

(Boysen, Lerch et al. 2007)

Tricalcium Aluminate

C3A

(Mondal and Jeffery 1975)

Ye’elimite

C4A3Ś

(Calos, Kennard et al. 1995)
(Cuesta, De la Torre et al. 2013)

RESULTS AND DISCUSSION
Influence of the composition of the fluorellestadite--ferrite binary system on melting
temperature

The influence of fluorellestadite and ferrite composition on melting temperature was deterring by DTA
analyses. This method has been successfully used in previous works to identify the melting temperature
of clinkers. (Blanco-Varela, Palomo et al. 1984, Blanco-Varela, Vázquez et al. 1986, Xu and Lou 1993,
Martín-Sedeño, Cuberos et al. 2010, Snellings, Schepper et al. 2012) Mixtures with different ratios of
fluorellestadite and ferrite were produced as mentioned earlier, and the influence of both compounds on
each other can be seen in Figure 2. The different ratios affect the melting temperature of both
compounds. Indeed, 100 wt.% of fluorellestadite or 100 wt.% of ferrite have for respective melting
temperatures 1245 °C and 1382 °C. Mixtures of both fluorellestadite and ferrite at weight ratios 2:1, 1:1,
and 1:2 revealed that they interacted by decreasing their respective melting temperatures. For example,
at the ratio 1:2, fluorellestadite melts at 1193 °C, and at the ratio 2:1, ferrite melted at 1269 °C.
18

1382 C
16

14

0:1
1306 C

DTA (mW/mg)

12

1:2

1193 C
10

1292 C

1:1

1269 C

2:1

1204 C
8

6

1208 C

4

1245 C
1:0

2

1368 C
0
0

Endo up

200

400

600

800

1000

1200

1400

Temperature ( C)

Figure 2. DTA data on the influence of the ratio of fluorellestadite:ferrite.
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3.2

Influence of fluorellestadite and ferrite within A/CSA clinkers

3.2.1 SDT analyses
The influence of fluorellestadite and ferrite within A/CSA clinkers is studied through SDT analyses. SDT
analysis has been successfully used in previous works. (Hu 2016, Tobón, Díaz-Burbano et al. 2016)
SDT analyses were performed to determine the melting temperatures of the mixtures presented
previously in Table 2, and the results are shown in Figure 3. Below 600 °C, all four samples present the
same SDT results. Indeed, three main peaks are present: at around 100 °C referring to the release of
water; at around 300 °C referring to the decomposition of aluminium hydroxide; and at around 450 °C
referring to the decomposition of calcium hydroxide. The weight losses for all three peaks are confirmed
by the TGA results. The SDT curves of the four A/CSA clinkers differ above 600 °C. It can be noted that
the baselines for all four samples above 600 °C have shifted due to possibly the changes in the sample
masses following the three mass losses below 600 °C. Compositions A/CSA #1 (no fluorellestadite or
ferrite added) and A/CSA #3 (only ferrite added) showed melting temperatures at 1259 °C and 1249 °C,
respectively. The addition of 5 wt.% of ferrite within A/CSA #3 clinker did not considerably decreased
the melting temperature of A/CSA clinkers. On the other hand, A/CSA #2 (only fluorellestadite added)
and A/CSA #4 (fluorellestadite and ferrite added) exhibited lower melting temperatures, at 1194 °C and
1187 °C, respectively. Compared to the composition A/CSA #1, the melting temperature decrease by
65 °C when fluorellestadite was added, and by 72 °C when both fluorellestadite and ferrite were added.
Based on these SDT results, the influence of both fluorellestadite and ferrite within the formation of
A/CSA clinkers slightly improved the reduction of the melting temperature.
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#4
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145

135
1

1259 C

125

115
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-2
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-4
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0
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65
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Figure 3. DSC/TGA (SDT) data of the influence of fluorellestadite and ferrite within A/CSA clinkers
with images of the four samples following the end of the SDT experiment.
3.2.2 Through Rietveld analyses
The influence of adding fluorellestadite and ferrite to the A/CSA clinkers was determined by Rietveld
analyses in order to complement the study in Part. 3.2.1 using the SDT method. This method has been
successfully used in previous work in order to quantify the crystalline phases present in clinkers and to
study the influence of the addition of specific mineralizers and/or fluxes within clinkers. (Blanco-Varela,
Palomo et al. 1984, Xu and Lou 1993, Dominguez, Torres-Castillo et al. 2010, Snellings, Schepper et
al. 2012) In addition, Rietveld parameters were added to the results to provide confidence in the data.
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The same compositions as presented in Table 2 and studied through SDT analyses (Part. 3.2.1.) were
fired at different temperatures of 1150 °C, 1200 °C, and 1250 °C for 60 minutes. The results are
presented in Figure 4 where only the major clinker phases are shown for visualization, and in Table 5
where the Rietveld results are summarized.
The composition A/CSA #1 without fluorellestadite or ferrite addition, did not form any measurable alite,
at all three firing temperatures. Formation of belite was constant for all three firing temperatures, at
around 40 wt.%. The formation of ye’elimite increased with the firing temperature, especially between
1150 °C and 1200 °C, from 36.5 to 47.1 wt.%. Instead of forming essentially ye’elimite at 1150 C, other
clinker phases were present, such as mayenite (5.2 wt.%), calcium aluminate (2.2 wt.%) and anhydrite
(2.9 wt.%). At 1200 °C, mayenite, calcium aluminate, and anhydrite were no longer present, while more
ye’elimite has been formed. The free lime content decreased with the increasing firing temperature, from
11.5, to 7.9, and 10.3 wt.%, at 1150, 1200, and 1250 °C.
The composition A/CSA #2 (only fluorellestadite added) contained a significant amount of alite when
fired at 1250 °C, at 21.4 wt.%, and 4.6 wt.% of free lime. At lower firing temperatures, mostly belite and
ye’elimite were present, with free lime, C11A7CaF2, and fluorellestadite. As studied previously in other
works (Blanco-Varela, Vázquez et al. 1986, Blanco-Varela, Palomo et al. 2010), the addition of calcium
fluoride does provide benefit in reducing the firing temperature by forming a liquid phase, fluorellestadite,
at a low temperature. Fluorellestadite does contribute to the formation of alite at a low firing temperature
of 1250 °C.
The composition A/CSA #3 (only ferrite added) contained a small amount of alite (3.1 wt.%), only at
1250 C. As expected, belite and ye’elimite are the major clinker phases present and ferrite is present
at around 4.0-4.5 wt.% at all three firing temperatures. In addition, the free lime content does not seem
to decrease significantly, even at high firing temperature of 1250 °C, with a content of 8.4 wt.%. In OPC,
the clinker ferrite is known to form a liquid phase promoting the formation of alite via a flux mechanism.
Recent work by Lu et al. (Lu 2017) discusses the influence of ferrite on the formation and coexistence
of ye’elimite and alite. They demonstrated that the addition of 20 wt.% of ferrite within an A/CSA clinker
(theoretically 15 wt.% C3S, 42 wt.% C2S, 23 wt.% C4A3Ś, and 20 wt.% C4AF) facilitated the coexistence
of both phase at 1350 °C. A/CSA #3 clinker confirms their results, that the addition of a small amount of
ferrite, here 5 wt.%, does contribute to the formation of alite in small quantity.
The final composition, A/CSA #4 (fluorellestadite and ferrite added), contained a significant amount of
alite and ye’elimite, of 26.9 wt.% and 50.5 wt.% respectively, and a low amount of free lime, (2.8 wt.%),
when fired at 1250 °C. At low firing temperatures of 1150 °C and 1200 °C, almost no alite was present,
and only belite, ye’elimite and free lime. Even though this composition, when fired at 1250 °C, still
contains free lime at a level above our target of 2.0%, it proves that the addition of both fluorellestadite
and ferrite in combination improves the clinkering process by decreasing the firing temperature needed
to form A/CSA clinkers and forming a significant amount of alite and ye’elimite. Further experiments are
needed to completely understand the actual mechanism occurring between fluorellestadite and ferrite,
but this clinker composition with high amounts of both alite and ye’elimite, is to our knowledge unique.
As mentioned earlier, other works have demonstrated the production of A/CSA clinkers, but not with this
quantity of alite. As a few examples, Londono-Zuluaga et al. (Londono-Zuluaga, Tobón et al. 2017)
produced a A/CSA clinker with 60 wt.% belite, 14 wt.% ye’elimite, and 10 wt.% alite, by adding 0.9 wt.%
CaF2 to the raw mixture, and sintering at 1300 °C for 15 minutes. In another work by Ma et al. (Ma,
Snellings et al. 2013), they demonstrated a two stage process for the production of a A/CSA clinker
based on a OPC clinker, containing in the final clinker less than 4 wt.% ye’elimite, when fired at 1250
°C.
While first interpreting the SDT data, it did not seem that the addition of both fluorellestadite and ferrite
together within A/CSA clinker effectively improved the reduction in the firing temperature, when
compared with only the addition of fluorellestadite as only a 7 °C difference in temperature was observed
between A/CSA #2 and A/CSA #4. However, when interpreting the Rietveld data, the results
unequivocally demonstrated that presence of both phases successfully enhanced the formation of alite,
reduced the firing temperature, and free lime content.
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Figure 4. X-ray diffractograms of A/CSA #1 to A/CSA #4 fired at 1150 °C, 1200 °C, and 1250°C.
Table 5. Clinker compositions determined by Rietveld for A/CSA #1 to A/CSA #4 fired at 1150,
1200, and 1250 °C for 60 minutes. Rietveld parameters to ensure accuracy of the results are
added: Rexp = Expected R Factor; Rp = Residual of Least-Squares Refinement; Rwp =
Weighted Profile R-Factor; and GoF = Goodness of Fit.
Clinker phases

A/CSA #1

A/CSA #2

A/CSA #3

A/CSA #4

Firing
Temperature
(°C)

1150

1200

1250

1150

1200

1250

1150

1200

1250

1150

1200

1250

C3S

1.1

1.3

-

-

1.3

21.4

-

-

3.1

-

3.6

26.9

C2S

40.5

39.1

39.7

38.9

38.7

21.7

35.0

37.0

36.4

35.5

33.4

14.4

C4A3Ś

36.5

47.1

47.7

43

41.8

50.4

44.8

48.2

47.7

42.3

44.3

50.5

C4AF

-

2.7

1.5

-

0.6

-

3.9

4.7

4.2

4

4.4

3.2

CŚ

2.9

-

-

-

-

0.1

-

-

-

-

-

0.1

C

11.5

7.9

10.3

10.6

9

4.6

11.1

9

8.4

10

6.2

2.8

M

0.2

0.4

0.7

0.4

0.3

0.1

0.4

0.4

0.3

0.4

0.6

0.2

C12A7

5.2

-

-

-

-

-

-

-

-

-

-

-

CA

2.2

-

-

-

-

-

-

-

-

-

-

-

C3A

-

-

-

-

-

-

-

-

-

-

-

-

C11A7CaF2

-

1.5

-

3.8

7.2

1.5

1.3

0.7

-

5.3

6.8

1.9

3C2S.3CŚ.CaF2

-

-

-

3.3

1.1

-

-

-

-

2.6

0.8

-

Rexp

3.29

3.34

3.27

3.29

3.30

3.27

3.14

3.11

3.12

3.12

3.14

3.13

Rp

5.54

5.62

5.60

4.88

5.11

5.41

4.94

5.05

4.82

4.55

4.55

4.79

Rwp

8.06

8.19

8.25

7.07

7.38

7.96

7.15

7.48

7.13

6.54

6.58

6.94

GoF

6.00

6.02

6.35

4.63

5.01

5.94

5.20

5.76

5.24

4.39

4.39

4.92
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4.

CONCLUSIONS

Throughout this paper, we have demonstrated that fluorellestadite and ferrite act as mineralizers/fluxes
within the formation of A/CSA clinkers. They interact to reduce the melting temperatures of the binary
system. When mixed in A/CSA clinkers, both a reduction in the firing temperature for the formation of
A/CSA clinker and an enhancement in the conversion of belite to alite occur. Additional experiments are
necessary to fully understand the exact mechanisms occurring within A/CSA clinkers and these novel
mineralizers.
5.
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ABSTRACT
Tricalcium-silicate (C3S) or Alite is the most important mineral in Portland cement. Since pure
tricalcium-silicate is only stable above temperatures of 1250 °C, its decomposition has to be prevented
technically by fast cooling after the sintering process. At room temperature, the decomposition velocity
is very slow so that metastable tricalcium-silicate is obtained.
Although the mechanisms of clinker phase formation during burning process of Portland cement in a
rotary kiln were solved and improved over the years, in view of possible economic and ecological
benefits current projects aim to produce clinker phases from metallurgical slags. Recent studies
discovered that the mineral phase which remained after a reducing treatment and separation of formed
metallic iron from molten Linz-Donawitz (LD-) slags contained about 60 wt.% Alite despite it was
cooled slowly. Because the results could be verified using slags from different origins and varying
cooling velocities a chemical stabilisation of the Alite can be assumed. First tests in mortars indicate
that workability, hardening and solid state properties are comparable with an ordinary Portland cement.
An application of the observed phenomenon in cement production requires enhanced knowledge
about formation and stabilisation conditions of Alite during crystallisation from melts in contrast to the
sintering reactions in conventional Portland cement production. Therefore, this study focuses on the
stabilisation mechanisms of Alite in consolidating melts. Samples from different melting experiments
are analysed to determine stabilising factors.
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1.
1.1

INTRODUCTION
Production of Portland cement clinker

Portland cement clinker is mainly produced in rotary kilns at approx. 1450 °C. At this temperature 20 to
30 wt.% of the raw material, predominantly the aluminium and iron oxides, is molten and Alite is formed
by solid state reaction of dicalcium silicate (Ca2SiO4; Abbr.: C2S) and CaO (Christensen & Simonsen
1970).
The stability of Alite depends on the rate of the successive cooling and the clinker composition (Hoenig
& Sylla 1998). Pure tricalcium silicate (Ca3SiO5; Abbr.: C3S) is thermodynamically stable between 1250–
2150 °C and decomposes to C2S and CaO below 1250 °C (Figure 1). The decomposition rate is highest
between 1150–1225 °C (Wolter 1982) and drops to almost zero at lower temperatures (Hinz 1970).
Portland cement clinker is cooled rapidly by a clinker cooler to pass through the critical temperature
zone fast and obtain metastable C3S. Once fixed in the metastable state, C3S can exist for a long time
due to the very low transformation velocity at room temperature.

Figure 1. Equilibrium phase diagram for the system CaO-SiO2 (modified after Hinz (1970) and
Macphee & Lachowski (2003)). The decomposition of C3S to C2S and CaO below 1250 °C is
highlighted in red.
Alternatively to conventional production via sintering, Portland cement clinker can also be generated via
thermochemical treatment of slags. Steel slags from the Linz-Donawitz process (LD-slags) are
promising in this regard since their main chemical composition (CaO, SiO2, Al2O3, MgO) resembles that
of Portland cement clinker. The main difference is the significantly higher amount of iron oxide of approx.
20–30 wt.% that ends up in the slag due to partial oxidation during steel refinement. The iron is mainly
mineral-bound as Brownmillerite (Ca2(Fe,Al)2O5, Abbr.: C2(A,F)) and a reclamation with mechanical
methods is therefore not possible. Consequently, a reduction of iron oxide to metallic iron is necessary
to separate the iron in the molten slag (1) and to obtain a reduced slag with low iron content.
Fe2O3 + 3 C → 2 Fe + 3 CO

(1)
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The crystallisation of a cement clinker from steel slags was reported by different research groups over
the years (Kubodera et al. 1979, Piret & Dralants 1984, Wulfert et al. 2013) and could be reproduced
with different LD-slags in this project. The strength of cement clinker from reduced steal slags was found
to be comparable to the strength of Ordinary Portland Cement (Wulfert et al. 2013, Wulfert et al. 2014).
1.2

Incorporation of foreign ions in Alite

The structure of Alite can incorporate numerous elements as substitute for Ca2+, Si4+, O2+ or by addition
on regular lattice vacancies (Wolter 1982). It commonly occurs as a solid solution saturated with Al and
Fe which are highly available during clinker burning (Woermann et al. 1969, Wolter 1982). Aside from
those, the most common foreign elements found in Alite are Na, Mg, Zn, and Cr (Bazzoni et al. 2014).
The incorporation of foreign ions effects the decomposition rate of Alite (Wolter 1982) and can lead to
the stabilisation of the monoclinic high temperature polymorphs at room temperature (De La Torre et al.
2002, Ludwig & Zhang 2015, Woermann et al. 1967). The effects of different foreign ions on the stability
of Alite vary greatly and differ further in cases of single or combined incorporation (Ludwig & Zhang
2015).
2.
2.1

MATERIAL AND METHODS
Material

The LD-slag used for the thermochemical experiments was produced by steel work in Germany. The
slag was crushed to a maximum grain size of approx. 2 cm and dried at 500 °C before it was loaded in
the electric arc furnace.
In successive melt experiments, the pure, reduced LD-slag was successively diluted by addition of a
synthetic slag mixture composed of the main components of the completely reduced, iron-free LD-slag.
The synthetic slag had a composition of 68 wt.% CaO, 24 wt.% SiO2, 3 wt.% Al2O3, and 5 wt.% MgO.
2.2

Thermochemical treatment and cooling of LD-Slags

The reduction of molten LD-slags was conducted in a small technical scale electric arc furnace with a
power of 480 kW at the Federal Institute for Materials Research and Testing (Figure 2). The energy was
applied to the melt by three graphite electrodes with a diameter of 60 mm. One electrode was hollow to
permit the injection of Argon in the melt. The furnace vessel was lined with graphite and was equipped
with a closed steel casting channel. The whole furnace system could be tilted up to 35° for casting.
Furnace vessel and cap were water cooled. A detailed description of the furnace construction can be
found in Adamczyk et al. (2009) and Lungwitz & Kuhlow (2015).
For the experiments with LD-slag an overall energy input of 2-3 kWh per kg slag worked well. The slag
was loaded manually in batches of approx. 15-25 kg together with the calculated amount of petrol coke.
The reductive treatment was performed as i) a block melt and ii) in quasi-continuous operation. The iron
phase sedimented at the bottom of the furnace and was obtained manually after cooling.
During quasi-continuous operation, molten slag was cast in a graphite mould, followed by a recharge of
the furnace. The parts of the graphite mould containing the fresh cast slag were removed after approx.
2-5 min when a fixed outer skin had formed. To investigate the influence of the cooling conditions, three
partial melts were cast and cooled differently. Cast body A was cooled on air. The cooling time to 50 °C
for this cast body was estimated to be about 4 h. Cast body B was put in an annealing bed and covered
with thermally isolating clay. This way the cooling was slowed down to a period of about 48 h. For cast
body C, the graphite mould was preheated to 850 °C and placed in a clay filled annealing box which
had also been preheated. After casting, mould and annealing box were cooled slowly in the preheated
muffle furnace for 168 h. The cooling time for melt remaining in the electric arc furnace was estimated
to about 48 h (Sample D).
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Figure 2. Sketch and picture of the electric arc furnace. 1) furnace crucible, 2) graphite
electrodes, 3) exhaust pipe, 4) cooling jacket, 5) furnace cap, 6) charging hole, 7) casting spout,
8) current supply.
2.3

Characterisation of the slags

For chemical and mineralogical analysis, the slags were ground in a tungsten carbide disk mill. Chemical
composition was determined on pressed powder tablets by X-ray fluorescence analysis (XRF) with a
MagiX PRO from Panalytical. Each measurement was repeated three times.
The phase composition was determined by X-ray diffraction analyses (XRD) with a Bruker D8 Advance
diffractometer at 40 kV and 40 mA. It was equipped with a Cu-tube, a LynxEye XE-T detector, and a
fixed slit (0,3°). The measurements were performed over an angular range of 5–85 °2θ with a step size
of 0,02 °2θ and a velocity of 2 s/step. The front-loading method was used for sample preparation. A
qualitative evaluation of the data was done with the program Match! (Crystal Impact). With the Rietveld
program PROFEX 3.8.0 (Doebelin & Kleeberg 2015) a semi-quantitative Rietveld refinement was
performed. For a reliable quantification, the quality of the data was not sufficient.
Polished sections were made from selected samples for investigation in the scanning electron
microscope (SEM). For this purpose, pieces from the cast mineral fraction as well as from the mineral
fraction solidified in the electric arc furnace were sampled. The pieces were embedded in epoxy resin,
ground and polished. The polished sections were coated with an approx. 10 nm thick layer of carbon
and analysed in a Philips XL ESEM with a wolfram cathode at an acceleration voltage of 15 kV. Electron
dispersive x-ray spectroscopy (EDX) was performed using a EDAX Genesis detector.
3.
3.1

RESULTS
Reduction of iron oxide in the electric arc furnace

An almost complete reduction of the mineral bound iron was achieved in the electric arc furnace with
petrol coke as reducing agent. The reduction went along with a release of approx. 700 l CO per kg slag.
In combination with an increase of the viscosity of the melt due to the decrease of Fe-Oxid, this gas
release led to a strong foaming of the molten slag. The foaming reduced the efficiency of the reduction,
because parts of the foam, containing high amounts of Fe2O3 and small metal particles, separated from
the melt and solidified on the upper part of the refractory lining. The re-oxidation of the metal particles
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in the foam was almost completely supressed by reducing the O 2 partial pressure via injection of Argon
through the hollow electrode.
The viscosity of the melt had a negative influence on the distribution of unconsumed reducing agent and
the separation of the formed metallic iron particles. Moreover, the melt was poorly manageable and
badly castable. Since the use of a flux like fluorite was ruled out regarding the later use of the mineral
fraction, the melt temperature had to be increased to about 1800 °C to keep the melt sufficiently fluid.
This temperature rise is problematic because a reduction of SiO 2 to SiO can occur. At 1800 °C, the
chemical equilibrium of the reaction is still on the side of SiO 2, nevertheless a noticeable formation of
SiO must be expected. Another disadvantage of the high treatment temperature is the considerably
shortened life time of conventional ceramic refractory lining which is increasingly attacked by the molten
mineral phase. Graphite lining in contrast, has been proven to be durable even at high temperatures
and practically inert to the mineral fraction. However, the graphite lining itself can take part in the
reduction by releasing carbon and complicates control of the slag foaming.
3.2

Chemical and mineralogical composition of the reduced slags

As intended, the reduction lowered the iron content of the LD-slag significantly from about 25 wt.% to
about 2 wt.% (Table 1). This went along with a relative increase of the Ca- and Si-content and moved
the chemical composition of the slag close to the chemical composition of Portland Cement Clinker.
Differences persisted in a lower Al-, S-, and K-content and a higher Mn-, Ti-, P-, V-, and Cr-content of
the reduced slags.
Table 1. Main chemical composition (> 0.3 wt.%) of original LD-slag and reduced LD-slag
determined by XRF compared to the average composition of Portland Cement Clinker (Lawrence
2003). The error indicates the triple standard deviation of the repeat measurements (Original
LDS: 3 repetitions, reduced LDS: 10 repetitions).

CaO [wt.%]
SiO2 [wt.%]
Fe2O3 [wt.%]
Al2O3 [wt.%]
MgO [wt.%]
Mn2O3 [wt.%]
SO3 [wt.%]
TiO2 [wt.%]
P2O5 [wt.%]
K2O [wt.%]
V2O5 [wt.%]
Cr2O3 [wt.%]

Original LD-Slag

Reduced LD-Slag

48.1 ± 0.3
11.4 ± 0.4
25.5 ± 0.1
1.65 ± 0.06
2.8 ± 0.1
5.19 ± 0.07
0.31 ± 0.01
0.49 ± 0.01
1.16 ± 0.03
< 0.3
0.32 ± 0.03
0.30 ± 0.01

62 ± 4
15 ± 3
2.1 ± 0.6
2.2 ± 0.5
1.8 ± 0.4
4±1
0.4 ± 0.1
0.58 ± 0,05
1.0 ± 0,2
< 0.3
0.34 ± 0.03
0.3 ± 0.1

Portland Cement Clinker
(Lawrence 2003)
64.2
21.0
2.9
5.0
1.7
0.05
2.6
0.2
0.1
0.7
-

Due to the change of the chemical composition, the mineralogical composition of the LD-slag changed
considerably after reduction (Figure 3). The Alite content increased to over 60 wt.%, whereas the content
of Belite decreased. The iron oxides Wuestite and Magnetite disappeared during the reduction together
with the Fe-Al-Oxid Brownmillerite. The release of Al from Brownmillerite resulted in the formation of
Aluminate in the reduced slag. The two main phases of Portland Cement clinker, Alite and Belite, were
present in the reduced slag in the same range as in Ordinary Portland Cement. The Aluminate content
was slightly higher than in Ordinary Portland Cement, whereas the fourth main phase of Portland
Cement Clinker, Brownmillerite, was completely absent.
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Figure 3. Crystalline phase composition of original LD-slag (squares) and reduced LD-slag
(circles) determined by XRD compared to the range of the phase composition of Ordinary
Portland Cement (VDZ 2002). The x-ray amorphous content was not determined. The error bar
does not show the maximum error, but only the error of the Rietveld calculation.
A structural examination of the reduced LD-slags by SEM showed large, elongated Alite crystals
surrounded by Belite and Aluminate as interstitial phases (Figure 4). Isolated metal particles occurred
scattered throughout the sample. EDX analysis revealed that the Alite crystals contained Mg and Al as
foreign elements.

Figure 4. Back-scattered electron (BSE) image of the typical structure of a reduced LD-slag. The
elongated Alite crystals (Ca3SiO5) and rounded Belite grains (Ca2SiO4) surrounded by Mayenite
(Ca12Al14O33) and Oldhamite (CaS) are visible.
3.3

Effect of different cooling conditions

The phase composition of the externally cooled samples was almost identical (Table 2). They contained
approx. 67 wt.% Alite, ~ 18 wt.% Belite, ~ 14 wt.% Aluminate, mainly in form of Mayenite, and < 1 wt.%
Oldhamite. Sample D, which cooled down in the electric arc furnace, contained a lower amount of Belite
(~ 10 wt.%) and a higher amount of C3A (Ca3Al2O6) (~ 6 wt.%) compared to the externally cooled
samples.
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Table 2. Crystalline phase composition of differently cooled samples determined by XRD. The
estimated cooling times are: 4 h (Sample A), 48 h (Sample B), 168 h (Sample C), 48 h (Sample D).
The error is not the maximum error, but only the error of the Rietveld calculation. The x-ray
amorphous content was not determined.

Cooling condition
Alite [wt.%]
Belite [wt.%]
C3A [wt.%]
Mayenite [wt.%]
Oldhamite [wt.%]

Sample A
Air
69 ± 2
17 ± 2
1.7 ± 0.7
12 ± 1
0.4 ± 0.2

Sample B
Annealing Bed
68 ± 2
17 ± 2
1.2 ± 0.8
13 ± 1
0.8 ± 0.3

Sample C
Muffel furnace
67 ± 2
19 ± 2
2.1 ± 0.8
11 ± 1
0.5 ± 0.3

Sample D
Electric arc furnace
67 ± 3
10 ± 3
6±2
14 ± 1
1.6 ±0.5

The cooling rate had a discernible effect on the crystal size (Figure 5). The Alite crystals of the slowly
cooled sample C were twice the size of the Alite crystals in the fast-cooled sample A. The elongated
form of Alite is typical for its crystallisation from a melt (Gille et al. 1965).

Figure 5. Alite crystal size depended on the cooling velocity. Sample A with an average crystal
size of about 1000x100 µm was cooled fast on air (~ 4 h), Sample B with an average crystal size
of about 2000x300 µm was slowly cooled in the muffle furnace (~ 168 h).
3.4

Effect of dilution of the slag

Whereas the pure reduced LD-slags didn’t decompose during cooling, a synthetic slag mixture with the
same main components as the reduced, iron-free LD-slag (68 wt.% CaO, 24 wt.% SiO2, 3 wt.% Al2O3
and 5 wt%. MgO) completely disintegrated during cooling. An investigation of reduced LD-Slag diluted
with different amounts of synthetic slag showed that decomposition first occurred at a synthetic slag
content > 60 wt%. In the decomposed mixtures γ-C2S had formed and the Alite content had decreased
to approx. 40 wt.% (Figure 6). The disintegration could mainly be attributed to the transformation of
metastable β-C2S to the γ-Modification stable at room temperature that is connected with a volume
increase (Hinz 1970) and was also described by Yang et al. (2009). The disintegration was also visible
in SEM micrographs (Figure 7).
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Figure 6. Crystalline phase composition of the original LD-slag, reduced LD-slag and diluted
reduced LD-slags. The error bar does not show the maximum error, but only the error of the
Rietveld calculation. The x-ray amorphous content was not determined.

Figure 7. BSE image of the phase transformation of Belite resulting in disintegration of the
sample. Alite does not show any signs of decomposition.
4.

SUMMARY AND CONCLUSIONS

A material similar to Portland Cement Clinker was produced by the reduction of LD-slags in the electric
arc furnace with petrol coke as reducing agent. The main amount of iron was reduced to metallic iron
and separated from the mineral melt. During treatment, difficulties arose due to a high melt viscosity and
foaming, which went along with re-oxidation of iron particles. Those problems were met by increasing
the treatment temperature to 1800 °C and inducing Argon via a hollow electrode to reduce the oxygen
partial pressure, respectively.
The reduction caused a disappearance of the Fe-(Al-)oxid minerals Brownmillerite, Wuestite, and
Magnetite and promoted the formation of Alite and Aluminate. The reduced slags contained the main
phases of Ordinary Portland Cement, Alite and Belite, in similar proportions as Portland Cement Clinker.
The content of C4AF and C3A were outside the common range. The cooling rate had no influence on
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the quantity of the formed phases, but the size of the Alite crystals diminished with increasing cooling
rate.
Significant changes in phase composition were observed after dilution of the reduced LD-slag with a
synthetic slag mixture. Once the proportion of reduced LD-slag dropped below 40 wt.% the slag
disintegrated during cooling to a powder. The main reason for the decomposition is assumed to be the
transition of β-C2S to γ-C2S which goes along with a volume expansion. It is possible that both
metastable phases, Alite and β-C2S, were stabilised by foreign ions in the original slag samples. If the
concentration of these foreign ions dropped below a certain limit due to the input of synthetic slag, the
decline of those stabilising minor elements could be responsible for the decrease of the Alite content
and the transformation of β-C2S to γ-C2S.
Reduced LD-slags have a high potential for an application in the cement industry. But since the
thermochemical treatment demands a lot of energy, it is only economically reasonable if the LD-slags
can either be processed while still hot or if residues are used from which a valuable side product can be
obtained. In practise the thermochemical treatment is an enormous logistic challenge for the steel plants.
If the legal framework conditions for the use of LD-slag are tightened, the described procedure could
nevertheless be an interesting option.
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ABSTRACT
Around 5% of annual anthropogenic global carbon dioxide emissions are attributable to cement
production. Carbon dioxide utilization technologies offer the prospect of recycling waste CO2 from
cement kilns into concrete building products. An integrated demonstration was performed whereupon
a novel cryogenic carbon capture technology was used to capture CO2 from a cement kiln. The carbon
dioxide was liquefied and transported to a concrete plant. The CO2 was injected into ready mix
concrete during its mixing and batching whereupon it reacted to form nano CaCO3 that beneficially
impacted the concrete hydration. The approach serves to close the loop of CO2 released from
limestone during calcination and CO2 mineralization in concrete production.
Rather than incurring the expense and complexity of capturing all of the emissions from a cement
plant, a small-scale retrofit slipstream capture technology can output carbon dioxide in proportion to
the requirements of a portfolio of CO2 utilization approaches in concrete production. The integrated
cement and CO2 cement plant-concrete producer link offers environmental, supply chain and cost
synergies. Cement producers are able to put their waste CO2 to a beneficial downstream use thereby
upcycling a portion of their primary waste product and making more sustainable concrete.
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1.

INTRODUCTION

Concrete is the world’s most important building material. Its production has steadily increased over the
last 25 years, particularly in response to rising demand from emerging economies. The total mass of
cement produced in 2015 was 4.6 billion tonnes or a 34-fold increase over the amount 65 years
previously (Scrivener et al. 2016). The cement is used for an annual global production of about 2.1 –
2.3 m3 of concrete per capita.
The ever-increasing demand for concrete, combined with the impetus to reduce greenhouse gas
emissions, has driven the search for ways to reduce the specific carbon footprint of concrete. If
concrete can be made with a lower carbon footprint per unit of production, then there is the potential to
increase output without increasing the overall environmental impact.
A global perspective on managing carbon emissions in the cement industry was initially published in
2009 through the joint contributions of the World Business Council for Sustainable Development
(WBCSD), the International Energy Agency (IEA) and the Cement Sustainability Initiative (CSI) (IEA &
WBCSD 2009) before it was updated in 2018 (IEA & WBCSD 2018). The roadmap outlined the
potential contribution of several levers to reduce the carbon dioxide emissions intensity of cement and
concrete (i.e. improving energy efficiency in cement kilns, switching to alternative kiln fuels, reducing
the clinker to cement ratio, and carbon capture and storage).
The pathways to improvements in production efficiency, alternative kiln fuels and clinker substitution
with supplementary cementitious materials are tangible yet subject to practical constraints on their
potential impact. The bulk of the targeted carbon emissions reductions will be associated with
activities in the yet-to-be-developed CCS sector (or, as it was recast in the 2018 update, the emerging
and innovative technologies sector). Of the total carbon reduction through to 2050, the roadmap
suggests that emerging technologies will be responsible for 48% of the required cumulative 7.7 Gt
reduction in CO2 while the contribution share of CCUS stands at about 66% of the annual reduction
targeted in 2050 (Figure 1).

Figure 1. Target carbon mitigation levers and annual emissions reductions in the cement
industry in 2050 according to the 2 degrees Celsius scenario (adapted from IEA 2018)
The identified importance of cement industry CCUS has prompted research into the viability of carbon
capture from cement kilns (Vatopoulos & Tzimas 2012, Li et al. 2013, Bjerge & Brevik 2014, Nelson et
al. 2014, Hills et al. 2016a b, 2017). While cement kiln CO2 capture can build upon carbon capture
work being developed for deployment at other point sources (e.g. coal fired power plants) there are
unique challenges with cement kiln integration that suggest that achieving a technology readiness
level of 7 (plant demonstration) will be a challenge and that it will be at least 10 to 15 years before the
first viable technologies are widely available.
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Within the context of the emerging technologies segment exists the approach of carbon dioxide
utilization (CDU) for concrete production. A number of such avenues exist and are at various stages of
development and commercialization (Ashraf 2016, Monkman & MacDonald 2016, 2017, Jang et al.
2016, Zhang et al. 2017). Within these approaches an input of carbon dioxide is mineralized and
permanently bound. While the merchant market of carbon dioxide currently sources the gas as an
industrial by-product (e.g. ethanol refining, hydrogen production, ammonia production) there exists a
potential to acquire CO2 from cement kilns. If a linkage between cement plant emissions and CO 2
utilization in concrete production can be established, then there is the potential to “close the loop”
whereby CO2 emitted during production of the cement could subsequently be captured and
sequestered into a building product.
2.

2.1

INTEGRATED CO2 CAPTURE AND UTILIZATION IN THE CEMENT AND CONCRETE
INDUSTRY
Cement Plant CO2 Capture and Utilization

Cement plant CO2 capture is in the early stages of development and implementation, but it will be
years before the concept is ready for wide deployment. The existing merchant CO2 supply chain does
not collect CO2 from sources that have any specific relationship with concrete production.
There are 98 cement plants in the United States (U.S. Geological Survey 2018) supporting about
5,500 concrete plants (NRMCA 2016) thereby meaning that each cement plant serves about 56
concrete plants. The linkages are local; the estimated road distance between a concrete producer and
its cement source in the United States is 117 km (73 miles) (Athena Sustainable Materials Institute
2016). The alignment of CO2 sourced from cement plants and CO 2 used in concrete production
presents both supply chain synergies and an innovative method to contribute to meeting the IEA
Roadmap goals.
The present project demonstrated the capture of carbon dioxide from cement plant flue gas for
downstream utilization as a beneficial additive in concrete production.
2.2

Cement plant characteristics

The Argos Roberta cement plant is located near Calera, Alabama. Activity started on the site in 1912
with the development of a lime kiln. Cement production started in 1943. Two long dry kilns were in
place by the mid 1960s and a modernization project started in 2000. A 4,500 tpd clinker production
line was inaugurated in 2002. The plant currently has the capacity to produce 1.425 Mt clinker and
1.540 Mt cement per year.
Limestone comes from an adjacent quarry and is sorted by cross belt analyzers for either lime or
cement production. The clinker line consists of a vertical raw mill feeding a five-stage preheater with
precalciner and kiln. Clinker is cooled in a grate cooler. Cement is ground in one of two finish ball mills
equipped with high efficiency separators.
The primary fuel is locally produced coal. A single coal mill supplies ground fuel to both the kiln and
calciner. About 22-24% of the fuel mix is shredded alternative fuels that are fed directly to the
precalciner. The plant has 48,000 tons of cement storage and includes a packing plant with palletizer.
Cement is distributed by truck and rail.
A cradle-to-gate life cycle analysis determined that the cement produced at the cement plant has a
specific carbon impact of 836 kg CO2e per tonne of cement produced (Table 1). As of 2012, the
cement had similar global warming impacts to the European average (as cited in the ecoinvent
database V 2.2), and significantly lower impacts than the US average (as per the US Life Cycle
Inventory Database). The energy demand to produce the cement is higher than for the typical
European cement but lower than for the typical US cement.
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Table 1. Summary and relative contributions of carbon and energy demand impacts from one
tonne of cement production
Aspect

Global
Warming
Potential (t
CO2e)

Global
Warming
Potential
(proportion)

Energy Demand
(MJ)

Energy Demand
(proportion)

Quarry/Raw Material

0.027

3%

0.364

8%

Calcination

0.473

57%

0

0%

Kiln Operation

0.287

34%

3.67

78%

Cement Grinding

0.049

6%

0.660

14%

Total

0.836

100%

4.69

100%

The plant further employs control devices and control strategies to reduce criteria pollutants. The use
of alternative materials (fly ash, lime kiln dust, and other waste streams in the raw mix, synthetic
gypsum in the finish mills) fosters natural resource conservation while achieving the same clinker
chemistry as attained with otherwise mined natural materials.
2.3

CO2 capture technology

The project employed a Cryogenic Carbon Capture (CCC) process wherein the input exhaust gas is
cooled until the CO2 contained therein freezes (Jensen et al. 2015). The separation and liquefaction of
CO2 can be accomplished in a highly energy efficient manner by cooling gases to the point where CO 2
and other pollutants condense, then energy is recovered as the separated gas streams warm back to
near their original temperature. The cryogenic approach has the potential to save additional energy
over other capture technologies by producing a pressurized liquid CO2 stream directly rather than
producing a CO2 gas that must subsequently be compressed and liquefied.
Heat exchange between the incoming and outgoing gases provides nearly all the sensible heat
(cooling energy) required for this process. The compressors in the process provide the additional
energy for the CO2 phase change and the separation of the CO2. Energy for pressure drops,
compressor inefficiencies, heat exchanger inefficiencies and other minor losses further impact the
energy requirements.
The use of the cryogenic carbon capture process in this project marked the second occasion it was
applied to cement plant CO2 capture following an earlier trial at a western US cement plant in 2014.
2.4

Concrete plant characteristics

The captured CO2 was used in the production of concrete at a ready mixed concrete facility in Atlanta
GA. The operation has a throughput of 140 cubic meters of concrete per hour and typically ships
about 110,000 cubic meters per year servicing the downtown Atlanta area. The facility has been
operating since 2007 and maintains certifications from the National Ready Mixed Concrete
Association (NRMCA) and Georgia DOT. It is one of 460 plants in the United States recognized under
the NRMCA Green-Star Program that identifies members who have achieved environmental
excellence.
2.5

CO2 utilization technology

The CO2-utilization technology upcycles waste carbon dioxide sourced from final emitters into
concrete products to achieve material performance, environmental and economic advantages. The
addition of an optimum amount of CO2 into ready mixed concrete as it is batched and mixed results in
its mineralization as a nanoscale calcium carbonate (Monkman et al. 2018). The CO2 utilization can
improve the compressive strength of the concrete thereby enabling a producer to optimize the
materials used in the mix (Monkman & MacDonald 2017). As part of this mix optimization, producers
have the opportunity to reduce cement content yet maintain the original specified strength. The
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technology is being used at more than 100 ready mixed concrete producers across Canada, the
United States, and Asia.
3.
3.1

DEMONSTRATION AND RESULTS
Cement Production

The cement plant production was monitored in terms of clinker output and the emissions
characteristics (Table 2). The location of the gas extraction at the discharge of the main baghouse fan
meant that it was in a location where the capture had no impact on the kiln operations.
Table 2. Average plant emissions data during the CO2 capture trial

3.2

Factor

Unit

Value

Flow

acfm

518,984

Flow

acmh

14,696

Clinker output rate

tonne/hr

168

CO2

%

11.5

CO2 emission rate

tonne/hr

131.8

H2O

%

10.4

NOx

ppm

89.5

NOx Mass Rate

tonne/hr

0.106

O2 Wet

%

12.2

SO2

ppm

1.6

SO2 Mass Rate

tonne/hr

0.003

CO2 capture

The cryogenic capture technology, comprising equipment contained within two shipping containers,
was installed at the cement plant. A slipstream of flue gas was collected and diverted to the capture
system. The flue gas was cooled by an internal cooling system. Over a representative 8-hour period
(Figure 2) the CO2 concentration in the incoming gas stream ranged from 11.3 to 15.1% (average
13.2%) while the concentration in the outgoing gas stream was 0.3% to 1.0% (average 0.4%). The
system captured an average of 97.2% of the CO2 contained within the flue gas stream. During the
monitoring period the flow rate ranged between 35.1 and 45.3 SCFM (average 38.5). The technology
captured a total of 440 kg of liquid CO2 in three dewars at a purity exceeding 99%.
The dewars were transported by truck from Calera, AL to the concrete plant in Atlanta, GA. The
transport distance was 172 miles (276 km). By contrast, the sourcing of merchant CO 2 for the concrete
plant would involve the capture of by-product CO2 from a fertilizer plant in Augusta, GA and a twostage transport totaling 228 miles (367 km). The transport distance from the cement plant is 25% lower
than from the fertilizer plant thereby reducing the process emissions related to CO 2 transport and
demonstrating a synergy for a combined cement and CO2 supply.
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Figure 2. CO2 concentration in the incoming and outgoing gas streams of the CO 2 capture unit
over 8 hours over one capture shift
3.3

CO2 utilization

The captured carbon dioxide was connected to the CO2 utilization technology at the concrete plant.
The carbon dioxide was injected into batches of concrete during their batching and mixing at a rate of
0.1% by weight of cement. The liquid carbon dioxide coverts to a mixture of solid and gaseous CO 2
once it is injected and added to the concrete. The concrete mix design had a baseline binder loading
of 323 kg cement and 78 kg fly ash per m3 (554 lbs and 132 lbs/yd3). Three conditions were tested:
control, reference mix with CO2, and modified mix with CO2: The modified concrete mix was produced
with a 3% reduction in the cement loading. The cement reduction amounted to 10 kg/m3 (16 lbs/yd3).
Quality control data was acquired for six batches representing two examples of each of three
conditions. The average air content of the control and the reference mix with CO 2 was the same
(2.4%) while it was reduced slightly when the mix design was modified and CO2 was added (2.1%)
(Figure 3).

Figure 3. Fresh air content of concrete produced with CO2 addition (standard and reduced
cement mix) as compared to reference
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The average slump of the control batch (203 mm) was not significantly different than that for the
reference mix with CO2 (206 mm) nor the modified mix with CO 2 (200 mm) (Figure 4). It is concluded
that the addition of carbon dioxide did not affect the concrete workability.

Figure 4. Slump of concrete produced with CO2 addition (standard and reduced cement mix) as
compared to reference
The compressive strength of the concrete was measured at 1, 7, 14 and 28 days. Three specimens
were measured for each of the six test batches. The average compressive strength of two batches
(total six specimens) at each condition is presented in Figure 5. The addition of the carbon dioxide
imparted a small strength increase (4 to 6%) at 7 to 28 days in the unmodified mix with CO2. When the
CO2 addition was paired with a cement reduction the strength was comparable to the reference.

Figure 5. Compressive strength development of concrete produced with CO 2 addition
(standard and reduced cement mix) as compared to reference
The relative performance of the mixes can be further compared by calculating the cement, binder and
carbon intensity indices (Table 3) (Damineli et al. 2010). The cement intensity index improved from an
average of 6.78 kg cement/MPa for the control to 6.40 kg cement/MPa (6% lower) for the unmodified
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mix with CO2 and to 6.45 MPa/kg (5% lower) for the modified mix with CO2. Similar relative
improvements were observed for the binder and carbon metrics.
Table 3. Analysis of cement, binder and carbon efficiency for the three conditions
Factor

Unit

Control

CO2

CO2+CR

Cement index

kg cement·m-3·MPa-1

6.78

6.40

6.45

Binder index

kg binder·m-3·MPa-1

8.43

7.96

8.06

Carbon index

kg CO2·m-3·MPa-1

5.79

5.47

5.51

The batches of concrete were delivered to a mixed-use development under construction in downtown
Atlanta. An estimated 90% of the CO2 was mineralized into the concrete (Monkman 2018). The
segment of the production under direct observation saw 30 loads utilize 67 kg of CO 2 to make 217 m3
(285 yd3) of concrete. Across the total production, the avoided cement would amount to 2.07 tonnes
(2.28 tons). The total mass of captured carbon dioxide would have been used across 198 loads for
1,437 m3 (1,880 yd3) concrete produced and 13.6 tonnes of cement avoided. The net carbon benefit
(including the mineralized CO2, the avoided cement and the approximate process emissions) would
total 11.7 tonnes. The net CO2 benefit is 27 times greater than the amount of CO 2 utilized thereby
indicating that the utilization of one tonne of carbon dioxide would have realized 27 tonnes of carbon
benefit.
4.

NEXT STEPS

The overall cumulative amount of carbon dioxide captured during the project was small but the amount
was not the primary focus of the project. The cement industry focus on CO 2 capture has thus far been
towards full-scale capture which will require years of further development, high capital costs,
potentially complex integration with the cement plant operations and downstream solutions for an end
destination for the CO2. The project demonstrates a retrofit system that could be applied today, with
low capital costs and paired with an existing utilization strategy. The retrofit capture can be operated
and scaled up to match the downstream utilization needs.
The scaling-up of the cryogenic capture approach is suggested to realize both economic and
efficiency gains (Jensen et al. 2015, Safdarnejad et al. 2016). Commercial scale implementation of the
cryogenic capture approach is projected to reach 100 tonnes per day output at half the cost and
energy of alternatives while being further advantaged in retrofit scenarios. The implementation could
produce high-purity liquid CO2 for <$100/tonne requiring only a 230 m 2 (2500 ft2) footprint, along with
electrical and water hookups to the plant (Baxter, pers comm.).
The effort towards full scale CO2 capture for the cement industry must acknowledge that capture is
only one of three essential components for successful carbon capture and storage (CCS).
Infrastructure is needed both to transport large ongoing volumes of CO2 and to provide effective
storage. On the latter account, it is likely that only geological storage will meet the scale of carbon
emissions captured from a cement plant. The barriers facing implementation of geological CCS to date
are varied and widespread whether they are manifested as local opposition (NIMBYism) (Krause et al.
2014), economic impediments and legal resistance (Pihkola et al. 2017), perceived risks of
compromising competitiveness facing a lack of international coordination (Onarheim et al. 2015), or
lack of confidence in geologic CO2 storage security (Flude et al. 2018).
Utilization-scale capture can avoid many of the barriers facing geological CCS. The scales on a per
site basis (tonnes of CO2) cannot be compared (geological projects exist or are in planning on the
scale of thousands or millions of tonnes per year) but CDU can have an economic driver, even without
a system of carbon credits. The next target for utilization-scale capture will be to demonstrate longer
term operation at a cement plant and ongoing delivery to a concrete industry utilization solution. An
industrial operation study will identify barriers to expanded implementation and scale up. The gas
distribution aspect will be considered by creating an ongoing supply chain integration of carbon
dioxide for utilization.
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Further CO2 utilization approaches for cement and concrete production could serve to increase the
total CO2 demand and impact. CO2 utilization in the construction industry (in the production of both
concrete and aggregates) has been identified as having the potential for using 5.7 Gt CO2 per year by
2030 while creating as much as $550 billion in revenue, which each rank as the greatest impacts of
the segments studied (CO2 Sciences and the Global CO2 Initiative 2016).
5.

CONCLUSIONS

The project is an important milestone in demonstrating the viability of a complete supply chain solution
for the cement industry to consume its CO2 emissions and improve the commercial and sustainability
competitiveness of its products. The consortium felt this project was vitally important since it
demonstrates a complete low-cost solution that profits each member of the value chain from cement to
construction. Having a complete and scalable CO 2 solution is essential for the industry to meet its
WBCSD CSI low-carbon technology roadmap targets while raising profits, lowering carbon and
reducing risks. Rather than relying on yet-to-be-developed fully integrated full-scale capture and
sequestration of CO2 from cement plants the project demonstrates that a utilization-scaled capture
solution is capitally efficient and immediately scalable. The time value of carbon is important emissions are cumulative and there is a limited amount of time to achieve the required reductions,
therefore carbon reductions now are more valuable than carbon reductions in the future. Meaningful
progress can be made today by implementing small scale cement kiln carbon capture for supply to
downstream CO2 utilization applications in the built environment.
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ABSTRACT
The kiln main burner plays a major role in enhancing the clinker reactivity and its quality. The
increasing need to utilize the alternative fuels for raw material conservation and environmental
protection calls for additional burner up gradations. Clinker quality and reactivity can be improved by
optimization of main kiln burner.
The paper is a case study on burner modification done in one of the cement plant, to take up 100%
petcoke firing in it. The modifications were done in line-2 kiln, having 6th stage ILC single string with
2nd generation cooler and kiln length of 60 meters & 4.0 meter diameter. The conventional burner was
a three channel polysius low momentum burner with a flame momentum of around 3.0 N/MW. The
axial tip of this conventional burner was indigenously modified in order to increase axial velocity and
subsequently flame momentum increased from 3.0 to 6.5 N/MW.
With the modified burner the kiln is operating consistently with 100% high sulphur petcoke along with
2.0-3.0% liquid alternative fuel as TSR at low residence time (< 2.0 sec) in calciner and reduced
sulphur volatility. A study on the mineralogy and micro structure of clinker prepared from modified
burner by optical microscopy and X-ray Diffractometry shows the development of improved clinker
phases, better alite grain size and distribution which improves the clinker reactivity and ultimately
cement strength along with cement mill performance.
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1.

INTRODUCTION

The improvement of clinker quality and reactivity is a thrust area for cement researchers and
scientist world over. There is burning need to decrease the clinker factor along with
enhancement of alternate fuel and raw material usage for natural resource conservation and
environmental protection. Thus the issues of sustainability and energy efficiency enhance the
requirement of improved clinker quality and reactivity. The proper burning of raw materials
in the kiln plays a vital role in improving the clinker phase. The purpose of the rotary kiln
burner is to produce flame to provide the thermal energy to the raw materials in order to
facilitate the liquid phase formation and clinkerization reaction. The flame properties governs
the clinker quality. Improper heat transfer to the raw materials may result in high amount of
free lime in clinker, resulting in low alite content and ultimately low strength of resultant
cement. On the other hand a very high temperature flame will result in excessive crystal
growth reducing clinker grindability [1]
In the present paper, investigations are done on the improvement in clinker quality by
modification in main kiln burner of the Kiln of the present case study. The plant in the
present case study has three kiln lines, with an annual installed clinker capacity of 4.0
Million tonnes. All three kiln lines are of 6 stage preheater with Inline Calciner. Realizing the
importance of sustainability, economic and energy efficiency and being competitive in the
market, the plant took up various initiatives to have more fuel flexibility, so that the most
economical fuel can be used. As a part of this, plant took up the initiative of utilizing petcoke
in all three kilns. Out of the three kilns, two kilns are installed with high flame momentum
burner. However, the third kiln, Gaj-2, is equipped with 3 channel conventional burner
having low flame momentum of around 3.0-3.5 N/MW thus limiting the utilization of 100%
petcoke in main firing. This low flame momentum was also causing poor flame turbulence
and which was ultimately leading to longer dull flame, high CO formation, reducing
combustion and poor reaction kinetics of clinker.
This paper highlights the improved reactivity of the clinker by modifications brought about in
this conventional burner axial tip to increase axial velocity and subsequently flame
momentum from 3.0 to 6.5 N/MW which results in utilizing 100% petcoke in main firing. [27]
2. DETAILS OF BURNER MODIFICATION

A number of designs were worked out to finalize the modification in the kiln main burner of
Gaj -2 tip area, its pattern and distribution. The Fig 1 depicts the inhouse modifications which
includes area and pattern changes in order to increase the axial velocity which results in
increased flame momentum of the burner. The conventional burner tip was modified by
reducing its axial area and changed its pattern. Fig1 depicts that in old tip axial air is going
from circular gap but in modified tip the axial air is going through small circular holes with
jet velocity. This high velocity helps to improve the mixing of secondary air and fuel and
improves combustion efficiency. It was observed that with the modified tip, the axial velocity
was increased to 260 m/sec from earlier one of 160 m/sec. This improves the mixing of
secondary air and coal for better combustion efficiency. The drawing in Fig 2 represents the
comparison between old burner tip and in house modifications done in the burner tip of the
main burner of Gaj 2 kiln.
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Old Tip

New Modified Tip

Fig 1. In house modifications in the burner tip of kiln, Gaj-2

Fig 2. Drawing representing the old and modified burner tip area
2
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The modification in the burner tip led to increased flame momentum which inturn resulted in
reduced minor components, proper recirculation and volatility which helped in smooth and
consistent kiln operation with 100% petcoke having 7-8 % sulphur content and 3-4% TSR.
Here petcoke is used as main fuel and liquid waste is being used as alternate fuel and the
liquid fuel is giving TSR of 3-4%. In other works 3-4% heat is via liquid fuel and remaining
95-97% heat is through petcoke. Table 1 indicates the various characteristics of burner
performance before and after burner tip modification.
Table 1: Burner performance characteristics before and after burner tip modification

It was observed that the kiln was in consistent operation even with the use of high sulphur
fuel. The modifications in the burner also led to reduced sulphur volatility even after
continuous operation as depicted in Table 2.
Table 2: Reduced sulphur volatility in the kiln with modified burner tip
Particulars
Max.
Min

Sulphur Volatility
Before
After
0.68
0.35
0.42
0.14

3.0 MATERIALS AND METHOD
The above mentioned modified burner tip was installed in the kiln burner and the fuel was
switched from south African coal to petcoke. In the present study, 15 numbers of raw mix
were studied for their burning behavior using the modified burner in Gaj -2 kiln. Table 3
represents the chemical composition of the raw mix used in the study. Table 4, 5 & 6 depict
the various fuel parameters in coal, petcoke and AFR respectively.
3
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Table 3. Chemical composition and moduli values of raw mix samples

Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Avg.

LSF*

SM*

99.63
98.14
96.41
97.53
98.19
97.69
96.42
96.43
99.04
97.77
97.24
95.70
94.66
94.09
97.15
97.07

2.42
2.32
2.17
2.22
2.26
2.31
2.23
2.27
2.28
2.29
2.23
2.33
2.33
2.35
2.30
2.29

AM*
1.35
1.34
1.32
1.37
1.38
1.40
1.42
1.51
1.43
1.42
1.46
1.46
1.46
1.44
1.38
1.41

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

13.69
13.77
13.82
13.78
13.74
13.84
13.87
13.85
13.65
13.78
13.81
14.07
14.18
14.23
13.83
13.86

3.25
3.40
3.62
3.58
3.52
3.49
3.65
3.67
3.52
3.53
3.67
3.58
3.61
3.58
3.49
3.54

2.41
2.53
2.75
2.62
2.55
2.49
2.57
2.43
2.46
2.48
2.51
2.45
2.48
2.48
2.53
2.52

43.57
43.39
43.15
43.41
43.48
43.46
43.21
43.32
43.55
43.37
43.40
43.27
43.14
42.98
43.22
43.33

0.74
0.78
0.80
0.74
0.75
0.76
0.77
0.69
0.72
0.72
0.77
0.68
0.70
0.73
0.71
0.74

0.02
0.01
0.02
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.04

*LSF – Lime saturation factor, SM- silica modulus, AM-alumina modulus
Table 4 Fuel characteristics of petcoke samples
Sample %
TM*
1
6.91
2
6.91
3
7.45
4
7.45
5
7.45
6
7.45
7
7.45
8
7.45
9
7.45
10
7.45
11
7.45
12
7.45
13
7.45
14
7.45
15
7.45
Avg.
7.38

%
FM*
6.24
6.45
7.01
7.01
6.85
6.91
6.91
6.86
6.81
6.84
6.83
6.97
7.03
6.85
7.03
6.84

%
IM*
0.67
0.46
0.44
0.44
0.60
0.54
0.54
0.59
0.64
0.61
0.62
0.48
0.42
0.60
0.42
0.54

%
VM*
11.61
12.13
12.12
11.14
11.80
12.14
12.22
12.00
11.62
11.59
12.06
12.08
11.92
12.23
12.53
11.95

%
ASH
1.64
1.76
2.48
1.00
1.12
1.30
1.66
1.87
0.85
1.02
1.01
1.10
1.40
2.03
2.93
1.54

GCV*
(kcal/kg)
8330
8256
8324
8355
8302
8294
8312
8337
8315
8374
8343
8351
8328
8252
8260
8316

NCV*(kcal/kg) % C* %
N*
8131
79.40 0.99
8057
81.20 1.21
8131
78.20 1.22
8162
68.50 1.12
8109
63.10 0.96
8101
80.23 0.98
8119
79.56 1.22
8144
64.23 1.23
8122
79.92 1.02
8181
81.20 0.99
8150
68.50 1.22
8158
81.43 1.21
8135
79.32 0.96
8059
81.20 0.98
8067
78.20 1.23
8122
76.28 1.10

%
S*
8.62
8.93
8.80
9.37
8.37
9.12
8.62
8.86
8.92
8.90
9.37
8.12
8.37
9.12
8.62
8.81

*TM-Total moisture, FM-Free moisture, IM-Inherent moisture, GCV-gross calorific value,
NCV-net calorific value, C –carbon, N-nitrogen, S-sulphur
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Table 5: Fuel characteristics of Imported Coal samples
Sample
No.

%
TM*

%
FM*

%
IM*

%
VM*

%
ASH

GCV*(kc
al/kg)

NCV*
(kcal/kg)

% C*

%
N*

% S*

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Avg.

7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10
7.10

4.62
4.55
4.58
4.62
4.52
4.36
4.45
4.53
4.48
4.39
4.27
4.46
4.41
4.21
4.52
4.46

2.48
2.55
2.52
2.48
2.58
2.74
2.65
2.57
2.62
2.71
2.83
2.64
2.54
2.65
2.72
2.62

24.63
24.65
24.67
24.62
23.98
23.11
24.12
23.98
24.02
23.65
23.31
23.74
24.11
23.21
23.76
23.97

14.88
15.05
14.92
15.02
14.74
15.11
14.90
15.10
14.98
15.25
14.93
15.42
14.76
14.87
14.23
14.94

6214
6207
6222
6210
6223
6207
6215
6210
6219
6200
6208
6197
6198
6212
6198
6209

6016
6009
6024
6012
6025
6009
6017
6012
6021
6002
6010
5999
6000
6015
6000
6011

57.90
56.53
56.31
54.08
55.99
56.53
55.14
54.98
55.16
55.89
56.34
54.98
55.26
56.17
55.98
55.82

1.50
1.24
1.46
1.42
1.12
1.23
1.21
1.45
1.23
1.42
1.26
1.33
1.29
1.35
1.45
1.33

0.93
0.82
1.03
0.69
0.86
0.87
0.98
0.85
0.87
0.89
0.93
0.97
0.98
1.00
0.87
0.90

*TM-Total moisture, FM-Free moisture, IM-Inherent moisture, GCV-gross calorific value,
NCV-net calorific value, C –carbon, N-nitrogen, S-sulphur
Table 6: Fuel characteristics of AFR samples

Sample %
Moisture
1
19.78
2
27.81
3
41.83
4
43.50
5
8.00
6
4.94
7
8.02
8
7.67
9
28.88
10
36.86
11
29.12
12
10.57
13
5.52
14
17.57
15
14.38
Avg.
20.30

% S*

%Cl*

5.22
5.52
0.46
1.21
5.99
6.20
6.42
6.02
4.26
4.84
6.21
8.92
7.88
6.70
7.87
5.58

1.79
0.93
2.47
2.11
2.27
1.65
0.64
0.39
0.44
1.31
0.90
0.57
0.47
0.66
0.25
1.12

GCV*(kcal/kg) NCV*
(kcal/kg)
2754
2448
1935
1640
2695
2267
1826
1449
4336
3987
4433
4094
3687
3383
3495
3206
2601
2253
2709
2308
2461
2122
3061
2786
3754
3460
3232
2905
3530
3201
3101
2767

*S-sulphur, Cl-chloride GCV-gross calorific value, NCV-net calorific value,
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The chemical composition of raw mix and fuel characteristics reveal that much variation did
not exist in the above raw materials and fuel. The above raw materials were used for clinker
formation in kiln Gaj 2 with the modified burner tip having improved flame momentum.
4.0 DIFFERENCE IN QUANTITATIVE ESTIMATION OF THE CLINKER BEFORE
AND AFTER BURNER MODIFICATION
Experiments were performed to study the effect of modified burner in the quality and
reactivity of clinker. The above raw mixes were used to prepare clinker in the kiln having
modified burner tip with better flame momentum and the same was compared with the
clinker prepared with the use of conventional burner. The raw mixes used in both the case
was similar.
It was observed that after improving burning condition inside the kiln through modified
burner, there is difference observed in microstructure of the clinker without making any
changes to raw mix. Table 7 depicts the moduli values of clinker prepared before and after
burner tip modifications. The bogue potential phase estimation of clinkers prepared by both
ways is given in Table 8.

Table 7 Moduli values of clinker prepared before and after burner modifications
Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Avg.

Before Modification
LS
AM
1.31
90.70
1.27
90.99
1.25
90.62
1.25
91.33
1.28
89.84
1.30
90.24
1.26
91.95
1.26
91.81
1.23
91.86
1.22
91.75
1.27
92.14
1.34
92.31
1.28
92.18
1.3
91.35
1.22
91.35
1.27
91.36

SM
2.18
2.2
2.2
2.2
2.2
2.26
2.25
2.25
2.21
2.21
2.27
2.32
2.28
2.2
2.22
2.23

After Modification
LS
AM
90.64
1.32
90.26
1.31
90.66
1.33
90.1
1.29
90.78
1.33
91.09
1.32
90.53
1.33
91.16
1.31
91.21
1.28
91.17
1.28
90.53
1.32
90.73
1.31
91.85
1.35
91.15
1.31
90.73
1.30
90.84
1.31

SM
2.32
2.29
2.33
2.33
2.33
2.31
2.3
2.31
2.3
2.27
2.26
2.23
2.3
2.24
2.28
2.29

A comparison between the potential phases of clinker from pre and post burner modification
clearly reveal that clinker prepared with modified burner showed enhanced compressive
strength (Table 9) which may be due to better morphology of the clinker prepared after the
burner modifications. The performance evaluation of the cement prepared from the clinkers is
showed in Table 9. The compressive strength values of prepared OPC 53 grade cement form
pre and post modified clinkers was tested as per the BIS method of testing 4031 and was
found confirming to the BIS specifications for OPC 269:2015. The fineness was maintained
same before and after the modification.
Table 8. Bogue potential clinker phases developed in pre and post modified burner
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Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Avg.

Before Modification
C3S
C2S
42.7
30.45
43.48
29.89
42.71
30.67
44.32
29.12
40.01
33.02
41.95
31.59
46.31
27.59
46.11
27.85
45.96
27.65
45.93
27.79
46.31
27.58
47.61
26.72
47.68
26.61
45.52
28.27
45.97
27.98
44.84
28.85

C3A
7.71
7.31
7.21
7.11
7.49
7.45
7.09
7.06
6.94
6.86
7.1
7.47
7.12
7.58
6.84
7.22

C4AF
13.16
13.32
13.44
13.38
13.32
12.86
13.04
13.04
13.41
13.5
12.83
12.25
12.8
13.1
13.44
13.13

After Modification
C3S
C2S
44.53
30.01
44.11
30.42
45.25
29.53
45.15
29.9
46.13
28.72
45.78
28.76
43.8
30.46
44.57
29.56
44.86
29.34
45.39
28.85
43.45
30.63
44.12
29.87
45.69
28.46
44.54
29.41
44.66
29.69
44.80
29.57

C3A
7.47
7.5
7.48
7.2
7.48
7.47
7.59
7.32
7.19
7.26
7.6
7.61
7.69
7.53
7.43
7.45

C4AF
12.49
12.77
12.43
12.74
12.37
12.49
12.52
12.52
12.77
12.92
12.83
12.95
12.34
12.92
12.8
12.66

Table 9 Compressive Strength of Cement prepared from clinker pre and post
modifications
Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Avg.

Before Modification
1 Day
3 Day
26.03
40.03
25.57
40.3
23.57
42.03
23.43
39.30
24.97
41.63
24.53
41.07
26.17
41.33
26.2
40.8
26.8
40.37
25.73
41.43
26.33
41.67
25.73
41.17
25.53
41.1
27.5
42.53
25.7
40.8
25.59
41.04

7 Day
52.83
52.13
51.13
52.00
52.40
53.67
52.30
53.83
54.20
54.27
56.00
53.90
54.93
54.20
51.8
53.31

28 Day
72.4
70.7
68.8
71
70.23
70.43
70.93
77.3
71.77
76.4
72.33
70.8
71.57
71.87
69.83
71.76

After Modification
1 Day
3 Day
27.63
44.03
28.23
42.73
27.43
46.17
27.23
41.6
28.7
42.93
28.5
42.7
28
44.43
28.6
45.5
29.1
42.8
28.1
42.6
27.8
45.67
28.83
42.17
27.8
47.23
29.13
49.1
28.43
42.5
28.23
44.14

7 Day
56.13
55.6
53.9
57.57
58
54
54.2
54.53
54.6
54.67
55.07
54.97
55.7
56.67
52.73
55.22

28 Day
77.4
72.17
77.43
75.67
77.93
70.83
69.9
77.3
73.57
72.7
73.8
71.9
80.2
76.77
76.33
74.93

The results of compressive strength clearly indicates keeping the same raw mix, the values of
compressive strength increased by ~ 2MPa in cement prepared with clinker from modified
burner tip. This is only possible if the microstructure of clinker has been changed due to
change in kiln burning condition. This is also supported by X-ray diffraction and optical
microscopy studies.
After improving burning condition in kiln, there is visible difference in clinker microstructure
and its phase formation while analyzing clinker through XRD and Microscopy. Fig 3 A and
7
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B represents the XRD of the clinker samples prepared before and after clinker modifications
respectively.

A

B

Fig 3. XRD of clinker samples prepared (A) before modification (B) after modification
The clinkers were also studied by optical microscope. The micrographs indicated that
majority of alite grains are hexagonal to pseudo-hexagonal in shape with perfect grain
margins. Most of belite grains are rounded in shape with smooth grain margins. The alite
content was 50% in clinker obtained before burner modification and majority of alite grains
are in the size range of 46 µm. Belite grains are mostly developed as clusters of various
shapes and sizes. Grain size of belite is around 15 µm. However, in the clinker obtained after
burner modifications the alite content was 55% with an average size of 41 µm and belite with
an average size of 17 µm.
The improvement in the phase morphology of alite in microstructure as well as quantity
before and after burner modification is the reason for the enhanced compressive strength
values. The fineness of the sample prepared before and after grinding is maintained constant.
8
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Fig 4 A and B represents the optical micrograph of the clinker samples prepared before and
after clinker modifications respectively.
A

Picture No.-1: Amount of alite is bit low- 50 wt. %, also alite is coarse with
average size of 46 µm and belite is moderate with average size of 15 µm
B

Picture No.-2: Moderate Amount of alite- 55 wt. %, also alite is coarse with
average size of 41 µm and belite is moderate with average size of 17 µm.
Fig 4. Distribution of alite and belite in clinker samples prepared (A) before
modification (B) after modification

CONCLUSION:
9
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1. Investigations were done on the improvement in clinker quality and reactivity by
modification in main kiln burner of Gaj-2 Kiln..
2. The modifications were done in the conventional burner axial tip to increase axial velocity
and subsequently flame momentum from 3.0 to 6.5 N/MW which results in utilizing 100%
petcoke.
3. The modification in the burner tip led to increased flame momentum which inturn resulted
in reduced minor components, proper recirculation and volatility which helped in smooth and
consistent kiln operation with 100% petcoke having 7-8 % sulphur content and 3-4% TSR.
4. A comparison between the potential phases of clinker from pre and post burner
modification clearly reveal that clinker prepared with modified burner contain 2-4% more
C3S content in it.
5. The results of compressive strength clearly indicates keeping the same raw mix, the values
of compressive strength increased by ~ 2MPa in cement prepared with clinker from modified
burner tip.
6. Thus the kiln burning conditions are playing a major role in the mineralogy and
microstructure of the clinker.
7. XRD of the clinker prepared after burner modifications depict higher percentage of alite
content than the clinker prepared before burner modification.
8. Optical micrograph indicated that alite content was 50% in clinker obtained before burner
modification and majority of alite grains are in the size range of 46 µm. However, in the
clinker obtained after burner modifications the alite content was 55% with an average size of
41 µm.
9. The difference in the average size of the alite in clinker obtained before and after burner
modification is the reason for the enhanced compressive strength values.
10. The development of smaller size alite grains in the clinker with modified burner enhances
the reactivity of the clinker.
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ABSTRACT
The use of mineralizers in the clinker production facilitate the clinkerization process, decrease the
liquid phase temperature and mineral eutectic melt as consequently save of energy. Calcium fluoride is
used as mineralizer in the manufacturing of Portland cement clinker, but also, by-products with
fluorides could be valorized as mineralizers. The aim of this work is to study the spent potlining (SPLalucoque) from the aluminum manufacture in Argentine on the Portland cement clinker phases and
cement hydration. Alucoque contains carbon, cyanides and fluorides minerals from the electrolytic
tanks. The chemical composition of alucoque was measured by X-ray fluorescente. Reference flour
from the industrial raw mixture and four modified flours prepared adding 0.25, 0.50, 1.0 and 1.50 %
w/w of the alucoque, were burned on propilot klin to produce Portland clinker. The effects of alucoque
addition on the clinker mineralogy and on the cement hydration (clinker with 5% gypsum w/w) were
evaluated. The clinker phases were determined by XRD. The combined water and the Ca(OH)2
content in hydrated pastes were determined using thermal gravimetric analysis (DTA/TG). For all
modified samples the phases associated with the production of clinker are recorded, suggesting
satisfactory burning and clinkerization of all samples. Different C3S polymorphs are identified: the M3
polymorph is observed in reference clinker and M1 polymorph in the clinker of modified samples.
Finally, the hydration shows that small additions of the added alucoque (up to 1%) do not significantly
affect the total rate of hydration
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1.

INTRODUCTION

The use of mineralizers in the clinker production facilitates the clinkerization process, decreases the
liquid phase temperature and mineral eutectic melt and consequently saves energy. Calcium fluoride is
commonly used as mineralizer in the manufacturing of Portland cement clinker, but by-products with
fluorides could also, be valorized as mineralizers (Menéndez et al. 2016). Due to its mineralizing
characteristics, fluorine favours the thermodynamic stability of C3S with regard to C2S allowing the C3S
formation at temperatures lower than 1250 °C (Blanco-Varela et al. 1995).
Alite is a solid solution of C3S with few percentage of impurities. It constitutes the major phase of
anhydrous Portland cement. In industrial clinkers, alite crystallises into two monoclinic forms designated
M1 and M3, both polymorphs are mostly stabilised at room temperature by the presence of sulphate or
magnesium impurities (Maki & Goto 1982, Courtial et al. 2003).
The aim of this work is to study the viability of using spent potlining (SPL-alucoque) from the aluminium
manufacture in Argentine as mineralizer in the clinker production. Analysis of the Portland cement clinker
phases obtained, specially C3S polymorphs, and their influence in the cement hydration phases, and
compressive strength developed by mortars were studied in this work. Alucoque contains carbon,
cyanides and fluorides minerals from the electrolytic tanks, and currently it is stored as a waste.
2.

MATERIALS AND METHODS

2.1

Raw materials

An industrial cement raw mixture was used. The chemical composition is presented in Table 1.
Table 1. Chemical composition of the cement raw mixture.
Oxide

CaO

SiO2

Fe2O3

Al2O3

MgO

P2O5

SO3

K2O

Na2O

TiO2

MnO

SrO

LOI

%w/w

45.47

10.98

2.99

2.95

1.38

1.15

0.48

0.43

0.22

0.10

0.09

0.06

33.71

Spent potlining (SPL-alucoque) was used as mineralizer in the manufacturing of Portland cement
clinker. The chemical composition of alucoque was determined by X-ray fluorescence and the
mineralogical composition was studied by X-ray diffraction (XRD).
2.2

Synthesis of clinker phases

A reference flour from the industrial raw mixture (H) and four modified flours prepared adding 0.25, 0.50,
1.0 and 1.50 % w/w of the alucoque were burned in electric furnace to produce Portland clinker. Mixed
raw mixture and alucoque were designated as: A, B, C, D (0.25, 0.50, 1.00, 1.50 %w/w).
Pyrometric Cone Equivalent (PCE) of H, A, B, C and D clinkers was performed to determine the
softening temperature of the samples, that is to say, the ability of the sample to withstand exposure to
elevated temperature without undergoing appreciable deformation. This information was used to decide
the clinkerization temperature of the samples. The test was made according to ASTM C 24 with Orton
reference pyrometric cones. PCE test was carried out in a propane-oxygen furnace with high flame
temperature and high convection in the chamber; the support of the cones it was alumina with a large
porous texture.
The clinkers have been synthetized as spheres of the different mixtures with 30% of water and then
heat treated in an electric furnace in air atmosphere with a heating rate of 10°C/min with holding at
clinkerization temperature for an hour following by a rapid decline from clinkerization temperature to
1100°C. According to the results of PCE, the clinkerization temperature was selected for different
mixtures.
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The mineralogical composition of different clinkers obtained was determined by X-ray diffraction (XRD)
using Cu-Kα radiation and a Ni filter at constant voltage 40 kV, and 35 mA using at Philips X'Pert PW
3710 diffractometer.

2.3

Cement hydration

Cements were elaborated using the different obtained clinkers with addition of 5% gypsum w/w. The
hydration was studied in pastes prepared with w/cement of 0.50 at 2, 7 and 28 days. At this time,
fragment of paste sample was immersed in acetone during 24 hours to stop the hydration, dried
overnight in stove at 40 ºC and then cooled in a desiccators. The amount of non-evaporable water (Wn),
the amount of CH and the hydrated phases were determined.
The non-evaporable water was obtained (Wn) according to the procedure proposed by Powers (1949).
This value was used as a means of estimating the hydration degree. Results provided by this method
are not accurate, but they are sufficiently indicative of hydration reaction progress (Bonavetti et al. 2000).
The CH content in hydrated pastes was determined using thermal gravimetric analysis (DTA/TG, Netzch
STA 409 thermobalance, N2 atmosphere, at a heating rate of 10 °C/min up to 900 °C). The mass of CH
in the paste was determined by the mass loss in the 400 - 550 ºC range, converting to CH and then
adding to the CH that has been carbonated (Perraky et al. 2002).
The crystalline hydrated phases were identified by XRD under the same conditions as mentioned above.

2.4

Compressive strength

The mechanical performance was evaluated in terms of compressive strength at 2, 7 and 28 days.
Compressive strength testing was conducted on standard mortars (cement/sand = 1:3 and
water/cement = 0.50) made with standard sand (EN 196-1).The specimens were cured in the molds in
a moist cabinet for 24 h and then were immersed in water until the test age at 20 ± 1 ºC. The compressive
strength was measured on mortars cubes (40 x 40 x 160 mm) and the reported values correspond to
the average of five samples.
3.
3.1

RESULTS AND DISCUSSION
Raw materials

The chemical composition of alucoque used as mineralizer is presented in Table 2. The results show
that the alucoque has a high content of carbon, fluor, sodium, silica and aluminium.
Table 2. Chemical composition of SPL-alucoque: mineralizer.
Oxide

CO2

F2O

CaO

SiO2

Fe2O3

Al2O3

NiO

V2O5

SO3

K2O

Na2O

TiO2

ZnO

SrO

%w/w

38.43

22.53

0.97

10.66

0.44

9.46

0.01

0.03

0.21

0.26

16.93

0.08

>0.01

>0.01

XRD pattern of SPL-alucoque (Fig. 1) shows that the sample presents very high intensive peaks of
graphite (C), according to the high percentage of this element determined by chemical analysis (Table
2); a low intensity of the main peak of villiaumited (this phase contains Na and F); and poor intensity of
peaks of cryolite (Al, Na, F) and mossandite (Si, C).
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Figure 1. XRD of SPL-alucoque.

3.2

Synthesis of clinker phases

As shows Table 3, the addition of SPL-alucoque decreases the softening temperature of the material,
but the difference of temperature does not significantly between the samples with different percentages
of SPL-alucoque.

Table 3. Pyrometric Cone Equivalent (PCE) for different SPL-alucoque content and softening
temperature.
Sample

PCE

Temperature range (ºC)

H
A
B
C
D

17
16-17
16-17
16
16

1512
1491-1512
1491-1512
1491
1491

During the test, it was observed the penetration of semi-molten material into the alumina support. The
penetration deep increases as alucoque percentage increases in the sample. According to the PCE
results (Table 3); H, A and B mixtures were treated at 1450°C, and C and D mixtures at 1400°C to obtain
the clinkers.
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Figure 2 shows the XRD patterns of the five clinkers produced. In these diffractograms, the principal
peaks corresponding to the Portland clinker phases identify as: 3CaO.SiO2 (C3S), 2CaO.SiO2 (C2S),
3CaO.Al2O3 (C3A), 4CaO.Al2O3.F2O3 (C4AF).
In Portland clinker, the alite phase (C3S) crystallizes like different polymorphims according to the quantity
and species of foreign ions in solid solution (Maki & Goto 1982). In order to identify the alite polymorph,
a detailed analysis in different angular windows in the diffractogram was done (Le Saoût et al. 2011,
Maki & Goto 1982, Courtial et al. 2003). Figure 3 shows this angular windows (31.5 -33.5°; and 51- 53°)
in the diffractograms of the Portland clinkers studied. Based on the peak shape, it is possible to assign
the alite polymorphism: the M3 polymorph is present in H-clinker, whereas M1 polymorph is in A, B, C
and D clinkers.
The apparition of M3 in the H-clinker is well supported by the findings of Maki & Goto (1982) after
studying clinkers from various localities of the world. The authors evaluated the phase constitution of
alite against the amounts of MgO and SO3 in clinker, and concluded that the phase differentiation of
alite depends on the amounts of MgO and SO3 in clinker: clinker H was elaborated with an industrial
cement raw mixture (0.48% SO3, 1.38% MgO, Table 1), and this composition promotes the obtaining of
M3. The authors concluded too that when increase MgO contents the phase constitution of alite changes
from M1 to M3. In this study, alucoque was added in raw materials for obtain clinkers A - D, this
mineralizer has not content of MgO causing a decrease in MgO content in clinker, and it is according to
the presence of polymorph M1 in this clinkers. In addition, the depression of the alite formation
temperature encourages the occurrence of M1, this phenomenon occurs when alucoque is added as
mineralizer (Table 3).
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Figure 2. XRD clinkers.
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Figure 3. Two angular window (a) 31.5°–33.5°, (b) 51°–53° that permit to identify the M3 alite
polymorph (clinker H), and M1 (clinkers A, B, C and D).

3.3

Cement hydration

Table 4 shows the evolution of Wn in hydrated pastes. The Wn value increases when increases the age
for all pastes indicating a progress in hydration reaction. No significant changes were determined in the
values of Wn for the different pastes, the high values were determined for A and B pastes.

Table 4. Non-evaporable water (Wn) in hydrated pastes, %w/w.
Paste

2 days

7 days

28 days

H

7.09

11.45

12.81

A

7.56

11.93

13.63

B

7.42

12.13

13.59

C

7.24

11.55

13.61

D

7.10

11.22

13.35

Figure 4 shows the DTA/TG analyses for H, B and D hydrated pastes at 2, 7, and 28 days. The first
endothermic peak located at about 120–400 ºC characterize the dehydration of the C–S–H, C–A–H,
and C–S–A–H compounds. The endothermic peak observed at about 400–550 ºC is characteristic of
the CH dehydroxilation. The last endothermic peak that appeared at about 600–800 ºC represent the
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decomposition of calcium carbonate (Perraky et al. 2002). These results were use to determined the
CH content in hydrated pastes.

(a)

(b)

(c)

Figure 4. DTA/TG curves of hydrated pastes at 2 (a), 7 (b), and 28 (c) days.

The CH content determined by TG in hydrated pastes H, B and D is showed in Table 5. The three pastes
present similar values of CH at different ages, increasing with advance of hydration. The CH- content is
higher in B and D pastes at 2 days, both pastes were elaborated using cement with M1 polymorph
assigned for C3S phase (Figure 3); however, the possibility of correlation between the crystallographic
structure of the clinker and its reactivity is still an open question.
Table 5. Content of CH in hydrated pastes, %w/w.
Paste

2 days

7 days

28 days

H

15.9

20.9

22.9

B

16.6

20.9

22.8

D

16.6

20.9

23.2

The XRD patterns of H, B and D hydrated pastes up to 28 days are shown in Figure 5. For all hydrated
pastes, the intensity of peaks assigned to CH increases up to 28 days; and the tri-substituted hydrated
calcium aluminateferrite phases (AFt) phase (ettringite, Ett) is formed at early age, and it remains as a
stable phase up to 28 days.
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(a)

(b)

(c)

Figure 5. XRD patterns of hydrated pastes at 2 (a), 7 (b), and 28 (c) days.

3.4

Compressive Strength

Figure 6 shows the development of compressive strength for all mortars elaborated with H, A, B, C, and
D cements. At 2 days, the maximum value of compressive strength was for cement B. After 7 days two
groups are identify: the group with the highest value of CS, A and B cements made with 0.25 and 0.50%
of the SPL-alucoque incorporated in the mixed; and the group with the least value of compressive
strength: H, C, and D cements. All cements develop values of compressive strength greater than 40
MPa at 28 days.

Figure 6. Compressive strength in Mpa at 2, 7, and 28 days.
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Figure 7 shows the amount of non-evaporable water and the amount of CH in the hydrated phases,
compared to compressive strength development by mortars elaborated with cements H, B and D.
Cement B elaborated with clinker with high intensity of peaks assigned to M1-C3S (Figure 3), compared
to clinker D, presents at 2 days a high value of the Wn and compressive strength, and continues with
the highest value of compressive strength during the advance of hydration.

50
compressive strength

40

CH
Wn

H

Values

2 days
B

D

28 days

30

H

B

D

H

B

D

20

10

7 days
0

Figure 7. Comparison of results of compressive strength, calcium hydroxide (CH) and nonevaporable water (Wn).
4.

CONCLUSIONS

Spent potlining (SPL-alucoque) from the aluminium manufacture in Argentine has been characterized.
After to produce Portland clinker from four modified flours adding 0.25, 0.50, 1.0 and 1.50 % w/w of the
SPL-alucoque in the industrial raw mixture the following conclusions can be drawn:
- The addition of SPL-alucoque slightly decreased the softening temperature of the material, but
nevertheless a 1% of alucoque allowed to decrease the clinkerization temperature by 50 ºC.
- For all modified samples the phases associated with the production of clinker are recorded, suggesting
satisfactory burning and clinkerization of all samples. Different C 3S polymorphs are identified: the M3
polymorph is observed in reference clinker and M1 polymorph in the clinker of modified samples.
- The hydration shows that small additions of the alucoque (up to 1%) do not significantly affect the rate
of hydration.
- All cements develop values of compressive strength greater than 40 MPa at 28 days, however cements
made with 0.25 and 0.50% of the SPL-alucoque incorporated in the mixed developed the highest
compressive strength.
- The used of SPL-alucoque from the aluminium manufacture in Argentine as mineralizer in the clinker
production is viable, recomending up to addition of 1%.
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ABSTRACT
Calcium silicates production by alternative methods to the traditional solid state reaction method has
gaining importance because of the possibility to obtain materials with higher performance than the
traditional process. C3S and C2S phases play an important role in cement since they are responsible
of the development of mechanical properties such as compressive strength in construction structures.
Flame spray pyrolysis is a bottom-up process used to generate nanopowders with precise
compositional control, where the processing conditions have an important impact over the material
properties. This method allows the production of nanoparticles with spherical morphology and narrow
particle size distribution, which is expected to permit high reactivity in these materials. This work
presents the results in the synthesis of the cementitious phases C3S and C2S through the nonconventional method flame spray pyrolysis (FSP). The process consists in the dissolution of tetraethyl
orthosilicate and calcium nitrate in ethanol with a ceramic loading between 2-5 wt.%; the solution is
aerosolized and ignited in an oxidizing flame using an oxygen-acetylene mixture. Finally, the powders
are manually collected. Previous results show the formation of β-C2S in the synthesis.
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1.

INTRODUCTION

Individual phases of the cement clinker are simplest crystalline systems than clinker, which facilities the
study of its behaviour, properties and influence in the reactivity of the clinker (Gaki, Chrysafi, & Kakali,
2007). The calcium silicates, alite (3CaO.SiO 2 or C3S) and belite (2CaO.SiO2 or C2S) are the phases
responsible for the mechanical properties of the cement, whereby understand their individual properties
is a very important field of study (Wesselsky & Jensen, 2009).
These phases have been traditional obtained by solid state reaction or fusion method, which is broadly
know and controlled, but it still has high energy demand and high carbon dioxide emissions due to the
decomposition of the limestone. For these reasons, researchers in alternative methods of synthesis with
less energy consumption and environmental impact are developed (Betancur-Granados, Tobón, &
Restrepo-Baena, 2018; Juan Camilo Restrepo, 2015). Methods as sol-gel, Pechini and solution
combustion showed good results, but all of them are batch processes, limiting the possibility to scaleup in some cases (Juan C. Restrepo, Chavarriaga, Restrepo, & Tobón, 2015; Juan Camilo Restrepo,
2015; Voicu, Ghiţulică, & Andronescu, 2012).
Flame spray pyrolysis is a continuous process used to generate nanopowders with precise
compositional control, where the processing conditions have an important impact over the material
properties (Azurdia, Marchal, & Laine, 2006; Baranwal, Villar, Garcia, & Laine, 2001). This method
allows the production of nanoparticles with spherical morphology and narrow particle size distribution,
which is expected to permit high reactivity in these materials (Betancur-Granados, Restrepo, Tobón, &
Restrepo-Baena, 2018; Chang, Kim, Jang, & Choi, 2008). For this reason, this work presents the
characterization of the cementitious phases C3S and C2S obtained by the flame spray pyrolysis (FSP)
method, which allow the production of nanoparticles.
2.
2.1

EXPERIMENTAL
Reagents

During the synthesis processes by flame spray pyrolysis were used as silicon resource tetraethyl
orthosilicate (Si(OC2H5)4, 99% of purity) from Sigma Aldrich, calcium nitrate tetra hydrate
(Ca(NO3)2.4H2O, 98% of purity) from J.T Baker® Avantor Performance Materials, Inc. and ethanol with
96 % of purity from ProtoKimica S.A.
2.2

Flame spray pyrolysis

The starting materials, calcium nitrate tetra hydrate (Ca(NO3)2.4H2O) and tetraethyl orthosilicate
(Si(OC2H5)4) were stoichiometrically added in 630 mL of ethanol to produce 10 g of the corresponding
calcium silicate phase and stirred until obtain a homogeneous solution. The solution was sprayed using
an airblast nozzle and directed towards an oxidizing oxy-acetylene flame. The pressure of the dispersion
gas was 200 KPa and the feed flow of the solution was 30 mL/min. In the flame, the droplets were
evaporated, resulting in the gas phase reactions of the precursors and subsequent nucleation and
growth processes by coalescence and coagulation. The products were manually collected in an
electrostatic precipitator at 12-15 kV DC.
The powders were calcined at 1000 °C and 1400 °C (C2S-1000 and C3S-1400, respectively) at a speed
of 10°C/min during 2 hours after the collection, in order to achieve the crystalline phases.
2.3

Characterization

The samples were characterized by XRD, FT-IR and SEM after calcined them at 1000 °C and 1400 °C.
X-Ray diffraction measurements were carried out in an XPert PANalytical Empyrean Series II-Alpha 1,
model 2012 using Cu-kα radiation. The mineralogical identification was done using the software X’PertHighScore plus and the phases quantification in the software GSAS.
Chemistry qualitative information was obtained by Fourier transform infrared spectroscopy analysis (FTIR) with a Shimadzu FT-IR spectrometer (model IRTracer-100 and model FTIR 8400S) between 400
cm-1 to 4000 cm-1 (spectral resolution 2 cm -1).
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Morphologies were evaluated by scanning electron microscopy (SEM) in an equipment Model EVO
MA10, Carl Zeiss. Samples were coated with gold using a QT150R sputter, Quorum Technologies.
3.

DISCUSSION AND RESULTS

In Figure 1 are shown the XRD patterns of the samples C3S-1400 and C2S-1000. The mineralogical
composition of the samples was determinate by Rietveld analysis, normalized to 100 % of crystalline
phases. The results indicate that single phases were not obtain during the synthesis processes. Sample
C3S-1400 shows the formation of 50.2 % of tricalcium silicate (ICSD 98-000-4331), with main peaks at
29.48, 31.93, 32.21, and 32.47 °2θ, 47.8 % of β-C2S (ICSD 98-007-9553), with main peaks at 32.04,
32.17, 32.59 and 34.38 °2θ, and the presence of 0.6 % of CaO (ICSD 98-005-2783), with a Rwp of 7.8
%. On the other hand, sample C2S-1000 presented a higher formation of the main phase with some
impurities. This sample shows the formation of 91.01 % of β-C2S (ICSD 98-042-1708), 5.56% of
Ca3O7Si2 (COD 96-901-6101), 2.24 % of SiO2 (ICSD 98-001-6334) and 0.2% of lime (COD 96-9006720) with a Rwp of 7.14.

Figure 1. X-ray patterns of C3S-1400 and C2S-1000, where 1 (C3S), 2 (β-C2S), 3 (Ca3O7Si2), 4 (SiO2),
5 (CaO)

In Figure 2 are shown the FT-IR spectra of both samples. The region between 429-603 cm-1 correspond
to bending vibrations of Si–O–Si, while the range between 793-1182 cm-1 shows the symmetrical Si-O
stretching vibrations of SiO 4 (Meiszterics et al., 2010). It is possible to observe two well defined bands
in C2S-1000, which is not in the sample C3S-1400, where the band around 920 cm -1 is attributed to CaO-Si vibrations. In addition, C3S-1400 shows and small pointy band at 3640 cm-1 attributed to Ca-O
stretch vibrations of lime.
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Figure 2. Fourier transform infrared spectroscopy results of C3S-1400 and C2S-1000
Finally, the particle morphology was observed by scanning electron microscopy using the secondary
electrons mode (SE). Figure 3 shows the micrograph of the sample C2S-1000, in which is observed the
formation of aggregates of spherical particles. The observed particle size was around 40 nm, with
homogenous the particle size distribution.

Figure 3. SEM images of C2S-1000

4.

CONCLUSIONS

Nanoparticles of calcium silicates of Portland cement (C3S and C2S phases) were prepared by flame
spray pyrolysis. To obtain the crystalline phases was necessary to calcine the samples at 1000 °C and
1400 °C during 2 hours. Even so, this method required less time and temperature during the processes
than traditional solid state reaction.
The XRD results showed the formation of the phases with the presence of impurities as silica and lime,
which was also observed in FT-IR results. Additionally, it was observed the formation of an important
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amount of β-C2S, during the synthesis of C3S (sample C3S-1400), indicating that the energy during the
whole formation processes was not enough.
The powders showed nanoparticles with spherical shape and soft agglomerates due to the gas-toparticle and drop-to-particle mechanism of formation of the particles, typical of this synthesis method.
5.
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ABSTRACT
The hydration of tricalcium silicate with water is essential for the application of cements. Understanding
its basic mechanisms will allow its manipulation in a later stage. Currently existing models such as
C3S dissolution theory and C-S-H nucleation/growth theory are integrated in a computer code. The
model predicts rates of reaction, pore solution chemistry, interfacial dissolution- and growth rates, C3S
and C-S-H particle size, and surface area evolution during the first 24 hours of hydration. This model
approach is strictly based on chemical laws and does not rely on fitting parameters. The results are
compared to experimental data obtained in a collaborative study.
The simulation model captures C3S hydration kinetics qualitatively and quantitatively. Experimentally
obtained data for rates of reaction, pore solution chemistry, and BET are predicted within the
uncertainty of the experimental methods. It can be shown that different kinetic mechanisms are
operating simultaneously. The limiting kinetic step in the early stage of reaction is the nucleation and
growth of C-S-H, whereas the C3S dissolution is rate-limiting at later stages of hydration. This
underlines the experimental observation that the early hydration of C3S can be accelerated by the
addition of active C-S-H seeds.
The current model can be applied to the reaction of pure tricalcium silicate whereas the presence of
other phases such as tricalcium aluminate or gypsum strongly affects the reaction pattern. This results
in a modification of the basic mechanisms that will be integrated into the model in a later stage.
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1.

INTRODUCTION

There is a long tradition of experimental investigations related to tricalcium silicate hydration and this
process can be summarized by equation 1. Tricalcium silicate reacts with water to calcium hydroxide
and C-S-H which has a calcium/silicon-ratio of approximately 1.7 and a variable water content
depending on the drying conditions.
Ca3SiO5 + 3.9 H2O  1.7CaOSiO22.6H2O + 1.3 Ca(OH)2

(1)

It is generally agreed that a period of low chemical activity (called dormant period or induction period)
is observed before the main hydration period (Figure 1). Another peculiarity is the fact that the degree
of hydration after the main hydration period is relatively low (approximately 30-50% depending on the
fineness and other parameters). A number of models were suggested to explain the existence of an
induction period and most of these kinetic models fall into two main categories (BULLARD ET AL.). One
group of kinetic models assumes that the dissolution of tricalcium silicate is the critical kinetic step
during the early hydration and that a slow dissolution limits the reaction during the induction period.
The second group of models attributes the observation of an induction period to the slow nucleation
and growth of calcium silicate hydrate (C-S-H) as the main reaction product. This involves also the
formation of a passivation layer by an intermediate phase at the surface of tricalcium silicate. Both
hypotheses are tested in the current simulation to derive information about the basic mechanisms
governing the hydration kinetics of C3S.
A quantitative test of the aforementioned models requires knowledge of a number of kinetic properties
such as the interfacial dissolution rate of tricalcium silicate and the interfacial growth rate of C-S-H.
These parameters have to be combined with data for the specific surface area of tricalcium silicate
and C-S-H as a function of time and the surface area values depend on details of the microstructure.
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Figure 1. Analysis of C3S-hydration kinetics by calorimetry

2.

DETAILS OF THE COMPUTATION

It was assumed that pure tricalcium silicate with traces of free lime reacts with water at a water/solidratio of 0.50. It is well known that the hydration of tricalcium silicate is a dissolution-precipitation
process. The kinetics of both steps depends on solution composition and surface area as discussed
by LASAGA:
n

rate  k0  Amin  e Ea / RT  aHH  g( I ) 


a
i

ni
i

 f (  r G)

(2)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
In this equation, k0 is a constant, Amin the surface available for dissolution or precipitation, Ea the
activation energy, I is the ionic strength of the solution, a the activity of an ion i and rG the change in
Gibbs free energy. The parameters related to solution composition can be integrated in an interfacial
rate (rinterface) which simplifies the aforementioned equation to:

rate  Amin  rinterface

(3)

The interfacial rates for dissolution and precipitation depend on solution composition which is
changing during hydration. This implies that the solution composition is an important parameter that
needs to be included in a simulation of hydration kinetics. It is assumed here that the sample of
tricalcium silicate contains traces of free lime which results in a calcium concentration of approximately
12 mmol/l in the pore solution due to the dissolution of free lime. The calcium ion concentration is
increasing during hydration as tricalcium silicate dissolves and C-S-H with a calcium/silicon-ratio of 1.7
is formed indicating that some calcium is accumulated in solution until it can precipitate in the form of
calcium hydroxide. The silicon concentration in solution is much lower than the calcium concentration.
It was first demonstrated by JENNINGS that the solution composition in the first hours is clustered
around a curve B in the phase diagram. This was corroborated and extended in a recent paper by
SOWOIDNICH ET AL. and curve B was fitted by the following equation:



Si µmol/l   1.8856  1  e0.0128Ca mmol/l 



2.1366

(4)

According to equation 4, silicon concentration can be predicted from the calcium concentration during
the first hours of hydration including the induction period and also the first part of the main hydration
period as long as the degree of hydration is relatively low. However, a deviation from curve B is
observed at higher degrees of hydration and the solution composition gradually decreases from curve
B to curve A as shown by DAMIDOT & NONAT. Curve A is the solubility curve of C-S-H and a number of
models is available to fit the solubility of this hydration product. Our computations are based on the
solubility constants and Ca/Si-ratios for a model including 3 different compositions currently
established by BULLARD & SCHERER.
β1= {Ca2+}0.80  { H3SiO4-}  {OH-}0.60/1.4310-7

(5)

β2= {Ca2+}1.00  { H3SiO4-}  {OH-}1.00/1.5910-9

(6)

β3= {Ca2+}1.81  { H3SiO4-}  {OH-}2.62/2.4710-14

(7)

βtot= β1 + β2 + β3

(8)

The aforementioned equations can be used to predict the silicon concentration as long as the solution
composition is resting on curve B (metastable hydration product) or curve A (stable hydration product)
but much less data is available for the transition from curve B to A during the main hydration period.
We have assumed that the silicon concentration and thus the supersaturation decreases after the
maximum of the main hydration period and this decrease is connected to the degree of C3S surface
covering. It is clear that such assumptions strongly affect the solution composition and thus the
interfacial dissolution rate of C3S and the interfacial growth rate of C-S-H as these depend strongly on
solution composition. Any shortcoming in our assumption about the transition of curve B to curve A will
thus also affect the predicted rates of reaction and need to be corrected as soon as more experimental
data about the evolution of solution composition during the main hydration period is reported from
experimental studies.

2.1

tricalcium silicate dissolution

The dissolution of the starting material depends on the interfacial dissolution rate and the surface area
of tricalcium silicate (equation 3).
The surface area of the initial material was calculated from the particle size distribution analyzed by
laser light scattering (Figure 2). Such data applies only to the initial state before hydration and the
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surface area changes during hydration as a result of particles size reduction, surface roughening and
deposition of hydration products on the surface. The reduction of the particle diameters during
hydration was addressed by the shrinking core model. This implies that the thickness of the dissolved
layer is the same for all particles independent from the initial particles size. It is assumed that all
particles have a spherical shape which is maintained during hydration with a reduction of the size of
the anhydrous core. The degree of hydration can be computed from the ratio of the volume of the
dissolved shell to the initial volume of the particle for a given shell thickness and the result summed for
all particle sizes. Repeating this computation for a number of shell thicknesses provides a plot of
remaining C3S surface area relative to the degree of hydration as shown in Figure 3. The data points
in this figure were fitted by equation 9 which applies to the sample with the particles size distribution
from Figure 2 and was integrated in the kinetic model to account for the reduction of the surface area
of tricalcium silicate during hydration. It is evident that this result is based on computations and
relevant experimental data describing such an evolution has not been reported yet. The data in Figure
3 is related to the total surface area of tricalcium silicate during hydration but SEM studies have shown
that the surface becomes progressively covered by C-S-H during the main hydration period which
reduces the surface available for dissolution. It can be assumed that only a fraction of the total surface
area is uncovered and can dissolve freely. The degree of surface covering was estimated by NABER ET
AL. as a function of hydration time. Initially, the surface is fully uncovered as no C-S-H is present after
mixing with water. The share of free surface decreases during the accelerating period until the C3S
surface is fully covered at a time that is close to the peak of the main hydration period. This is
addressed in the simulations by computing a degree of surface covering which is used to reduce the
surface area available for dissolution.
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(9)

The last parameter affecting the evolution of the surface area during hydration (surface roughening)
was not considered in the computations as there is no reliable experimental data available for
simulation. Based on particle size reduction and surface covering, the evolution of the surface
available for dissolution was computed. The rate of reaction can be calculated when the surface area
at a given time is multiplied by the interfacial dissolution rate according to equation 3. This interfacial
dissolution rate depends primarily on solution composition which can be expressed in form of an ion
activity product for tricalcium silicate:
ln(IAPC3S) = ln({Ca2+}³  {H3SiO4-}  {OH-}5)

(10)

The impact of solution composition and thus of IAP C3S was analyzed experimentally and the results
displayed in Figure 4 suggest an almost linear trend in the range of solution compositions relevant for
hydration of tricalcium silicate and can be approximated by the following equation:
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rinterface,diss = 0.3  ln(IAPC3S) + 12

(11)

In summary, a combination of equations 3, 4 and 9-11 allows a prediction of the dissolution rate for
each time step during hydration and this computation is based on the following assumptions:



The surface area of tricalcium silicate decreases due to particle size reduction (shrinking core
model) and surface covering (formation of C-S-H).
The interfacial dissolution rate depends from the solution composition.

The computation provides the dissolution rate of tricalcium silicate in units of µmol/(sgC3S) which can
be translated into rates observable by calorimetry using a value of 124 kJ/mol for the heat of
hydration.

2.2

C-S-H growth

Similar to dissolution, also the growth of C-S-H depends on the surface area and the interfacial rate
(equation 3). The surface area of C-S-H is increasing from virtually zero after mixing with water to
relatively high values exceeding 3 m²/g during the main hydration period. SEM investigations have
indicated that the shape of the hydration products formed during the accelerating stage can be
approximated by a semi-ellipsoid which is used in these simulations. This refers to the outer product,
whereas the formation of a gap between the dissolving C3S-grain and the outer product C-S-H is not
considered here. It is clear that such a process is highly relevant for the kinetics after the first day but
there is hardly any data or model available to describe the transport of water and ions through the
inner product layer and it is thus not included in this simulation.
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Figure 4. Interfacial dissolution rates of
tricalcium silicate depending on solution
composition (reprinted from BELLMANN ET AL.
2015 with permission from Elsevier)
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Figure 5. Analysis of C-S-H growth rates at
different calcium concentrations based on
experimental data from BELLMANN & SCHERER

The surface area of the outer product C-S-H particles depends on the size and number of these semiellipsoids. Both parameters are increasing with time. The number of C-S-H particles depends on the
nucleation rate of C-S-H which was estimated in an experimental study of tricalcium silicate hydration
suggesting a number of approximately 135 particles/(hµm²). Although being a rough estimation, this
nucleation rate can be used to predict the number of C-S-H particles present at a given time step
relative to the surface area of tricalcium silicate. The volume and surface area of the individual semiellipsoids is calculated from the radius and the length of the C-S-H particles which is increasing during
hydration. It is observed by SEM that the length grows much faster than the radius which is
considered here by a change of the aspect ratio (radius/length-ratio) linearly in the first hours:
aspect ratio= C-S-H length/C-S-H radius = 1.1  hydration time + 1

(12)
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Radius and length are increasing during each time step and this increase was estimated following an
approach suggested by GARRAULT-GAUFFINET & NONAT. The absolute C-S-H growth rate in nmol/time
step and g C3S is computed from the surface area of C-S-H at the beginning of the time step and the
interfacial growth rate. This amount of C-S-H is translated in a volume of C-S-H (227 g/mol, 2 g/cm³)
which is the volume of C-S-H formed in the considered time step. The volume at the end of the time
step is the sum of the initial volume and the volume increase during the time step. Length and radius
of the C-S-H particles at the end of the time step are obtained from the volume at the end of the time
step, the number of C-S-H particles and the aspect ratio. This results in a continuous increase of C-SH size, surface area and volume during the acceleration period. These C-S-H particles nucleate and
grow on the surface of tricalcium silicate thus isolating a part of this surface from the surrounding
solution. Absence of homogeneous nucleation of C-S-H directly in the solution is assumed in this
model. The degree of surface covering at a given time step is computed from the number and basal
radius of the C-S-H particles relative to the surface area of tricalcium silicate. It is assumed in this
computation that all C-S-H particles have an identical size and thus represent the mean size of these
semi-ellipsoids.
The interfacial growth rates required in the aforementioned computation are based on a recent
experimental study (Figure 5) and are predicted using 13.
rinterface,growth = 0.013  βtot  [Si]

(13)

where βtot is the supersaturation with respect to C-S-H and [Si] is the silicon concentration in solution
in units of µmol/l. As with the dissolution rate, the growth rate is computed in units of nmol/(sgC3S)
which can be translated into calorimetric units by multiplication with the heat of hydration.
Dissolution and precipitation rates are calculated during each time step from initial values for calcium
concentration, C3S and C-S-H surface area, degree of surface cover, number of C-S-H nuclei etc. at
the start of that time step. Both processes change the solution composition and the amount and
surface area of the solid phases during the time step and the modified parameters at the end of the
time step serve as input data for the following time step. Nucleation of calcium hydroxide was
assumed to start at a calcium concentration of 35 mmol/l which is then reducing to 30 mmol/l.

3.

RESULTS AND DISCUSSION

The results of the computations can be compared to experimental data and the most important
experimental tool in this regard is calorimetry or related methods providing the evolution of the rate of
reaction over time. Beside reactivity, the results obtained by simulation should match experimental
data for pore solution chemistry, supersaturation, C-S-H surface area, shape and number of C-S-H
particles etc.
The hydration of the tricalcium silicate sample from Figure 2 was simulated and two lines are
computed and plotted in Figure 6 which refer to dissolution and precipitation, respectively. It is evident
that dissolution (dashed line) is much faster than precipitation in the first hours. This is due to the fact
that tricalcium silicate has a high surface area that is not covered by C-S-H implying that C3S can
dissolve very fast. On the other hand, the growth of C-S-H is very slow as the surface area of C-S-H is
very low in the first hours. The concentration of calcium and silicon in the pore solution can rapidely
increase as dissolution is much faster than growth. Dissolution comes to a halt at curve B which is the
solubility of an intermediate hydrate phase (TAYLOR, SOWOIDNICH ET AL., JENNINGS, RODGERS ET AL.,
GUTBERLET ET AL., GARTNER & GAIDIS, NABER ET AL., BELLMANN ET AL. 2010.) which has been termed
product B in the literature. This intermediate hydrate phase forms a protective layer and the solution
concentrations would increase to much higher levels when such a layer would not exist. There is
hardly any chemical activity during the induction period as the precipitation is very slow and the
solution in equilibrium with the intermediate hydrate phase. It can be concluded that the global
hydration process is limited by the slow nucleation and growth of C-S-H in the induction period. When
the main hydration period starts, the precipitation of C-S-H becomes faster as the number and size of
C-S-H is increasing which results in a higher surface area of this hydration product. The C-S-H surface
area is multiplied with the interfacial growth rate according to equation 3 but the latter remains more or
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less constant in the first hours. This implies that the strong increase in C-S-H surface area is
responsible to the higher growth rates in the main hydration period. The dissolution rate is decreasing
over time as the C3S surface area becomes smaller and covered by C-S-H. As indicated in Figure 6,
dissolution and precipitation rates cross after approximately 10 hours and the precipitation of C-S-H is
faster than the dissolution of C3S after that point. This is based on the fact that the surface area of CS-H has strongly grown whereas that of C3S is reduced. It is evident that C3S cannot dissolve fast
enough as C-S-H can precipitate and this slows the whole process down which depends after the
crossing of the curves on the dissolution of C 3S. The faster precipitation can also decrease the
solution concentrations which affects the interfacial rates.
It can be summarized that the simulation results in Figure 6 demonstrate that nucleation and growth of
C-S-H is the critical kinetic step triggering the kinetics during the induction period and up to the
maximum of the main hydration period. After that maximum, the hydration kinetics depends on the
dissolution of C3S as the critical kinetic step during the later stage of the main hydration period. This is
shown in Figure 7 when a simulation curve is shown that consists of two branches from Figure 6. This
is the C-S-H growth branch in the first 10 hours and the C3S dissolution branch after the maximum.
Also plotted in Figure 7 is experimental data related to the hydration of the C3S sample from Figure 2
at a water/solid-ratio of 0.50 showing that the simulated hydration kinetics are in agreement with the
experimental results.
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There is a high number of simulation studies in the literature that are able to reproduce the calorimetric
curve and show even better agreement than Figure 7. However, the strength of the current model is
that no fitting parameter is involved and other parameters such as solution composition and surface
area are included which have a true physical meaning and can be analyzed. Related data is shown in
Figure 8 and 9 for the evolution of the calcium and the silicon concentrations during hydration at a
water/solid-ratio of 0.50. Hydration starts at a calcium concentration of 12 mmol/l which was adjusted
by the free lime concentration dissolving after contact with water (Figure 8). The calcium concentration
increases over the following hours reaching the critical supersaturation with respect to calcium
hydroxide after approximately 2 hours and the calcium concentration falls rapidly after this nucleation
event and stays constant for the remaining time. This is in agreement with the experimental data
obtained at the same water/solid-ratio but the calcium concentration rises faster than predicted. The
nucleation of portlandite is also reflected by the experimental data. There is a decrease in calcium
concentration after the maximum of the main hydration period which is not included in the simulation
as there is no relevant data or model available for the simulation of calcium hydroxide growth details.
A similar agreement between measured and computed concentration is also observed for silicon
(Figure 9). The very low initial calcium concentration corresponds to a relatively high initial silicon
concentration as evident from the solubility product of the metastable hydrate phase reflected in
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equation 4. Silicon falls as calcium increases and this pattern is observed in simulation and
experiment. The decrease of the silicon concentration after the maximum of the main hydration period
is related to a change from curve B to curve A in the phase diagram which is difficult to predict as
there is no clear description of such a transition available in the literature in terms of degree of
hydration or surface covering. The latter parameter was used in the present simulation. It can be
summarized that the basic pattern of the evolution of the ion concentration can be predicted by the
simulation but the quantitative agreement can be improved as soon as reliable models for the
aforementioned details become available from experimental studies.
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The supersaturation with respect to C-S-H and the ion activity product for tricalcium silicate can be
computed from the concentrations in Figures 8 and 9 for simulation and experiment. A relatively good
agreement was observed for the concentrations which results in a similar agreement for the
supersaturation with respect to C-S-H (Figure 10) and the ion activity product for C3S (Figure 11).
There is a tendency to a higher supersaturation with respect to C-S-H during the main hydration
period relative to the induction period and the final period which is due to a higher calcium
concentration in the main hydration period and an increasing distance between curves A and B at
elevated calcium concentrations.

Time [h]
-38
0

30

5

10

15

20

-40

20

ln(IAPC3S)

supersaturation C-S-H

40

10
supersaturation CSH in simulation

-42

-44

supersaturation CSH in alite paste

ion activity product of C3S in simulation

ion activity product of C3S in alite paste

0
0

5

10

15

20

Time [h]

Figure 10. Evolution of the supersaturation
with respect to C-S-H during hydration

-46

Figure 11. Evolution of the ion activity product
of C3S during hydration

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1,5
surface area in simulation
surface area from BET

8
6
4
2

C3S surface area [m²/g sample]

surface area [m²/g sample]

10

0

total surface area
uncovered surface area

1,0

0,5

0,0
0

5

10

15

20

0

5

Time [h]

10

15

20

Time [h]

Figure 12. Evolution of the surface area during Figure 13. Evolution of the surface area of C3S
hydration
during hydration

Also the surface area was computed as the sum of the surface area of C-S-H and the uncovered
fraction of the remaining C3S surface area which can be compared to results obtained by N2-BET
(Figure 12). A relatively close agreement is observed in the first 5 hours but a relatively large gap
exists between simulation and experiment at later times. This difference is based on the continuing
growth of C-S-H to relatively long needles in the simulation which is confirmed by SEM but not
reflected in the BET data. It can be assumed that this gap is related to the intergrowth of C-S-H
particles and the fine pores between these particles cannot be assessed by nitrogen molecules.
The surface area of tricalcium silicate starts to decrease at the beginning of the main hydration period
due to a reduction of the particle sizes as predicted from the shrinking core model (Figure 3) which is
shown by the thick line in Figure 13. In parallel, the remaining surface area becomes covered by C-SH reducing the surface area available for dissolution (thin line in Figure 13). The uncovered surface
area approaches zero after the maximum of the main hydration period inducing a decrease of the rate
of reaction. There is no experimental data available to test the results of the simulation in Figure 13.
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The size and number of C-S-H particles is another result of the computation which cannot be
confirmed by experimental data. The nucleation density is the number of C-S-H particles on the
surface of tricalcium silicate formed by heterogeneous nucleation. It starts almost linearly dictated by
the nucleation rate of 135 nuclei/(hµm²) and levels off at approximately 900 particles/µm² when the
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surface area is fully covered shortly after the maximum of the main hydration period (Figure 15). At the
same time, the mean length of the C-S-H particles grows to approximately 120 nm and the radius to
approximately 20 nm. It is likely that slightly other values will be computed when reliable models
become available for the prediction of C-S-H size and nucleation density.
It can be summarized that the current simulation is able to predict a number of properties relevant for
the kinetics of tricalcium silicate hydration during the main hydration period. This is also confirmed for
the computation of the degree of hydration as shown in Figure 16.
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Figure 16. Comparing the simulation results for the evolution of the degree of hydration to
experimental data from QXRD and calorimetry

4.

CONCLUSIONS

The kinetics of tricalcium silicate hydration was simulated in this study and the following conclusions
can be derived:


The rate controlling step in the first hours up the maximum of the main hydration period is the
nucleation and growth of C-S-H, whereas the dissolution of C3S is rate controlling after the
maximum.



Simulation of the dissolution process is based on the shrinking core model and heterogeneous
nucleation of C-S-H on the surface of tricalcium silicate. Precipitation of C-S-H is predicted
from the number and size of C-S-H particles. Both processes also involve interfacial rates
depending on solution composition.



The model in this study can predict the evolution of rates of reaction, degree of hydration, pore
solution chemistry, surface area of solid phases and micro-structural properties such as the
size of C-S-H and degree of surface covering. There is good agreement with experimental
data for most properties which have been analyzed.



It is evident that the hydration kinetics is dominated by the evolution of the surface areas for
tricalcium silicate and C-S-H which are strongly affecting the rates of reaction- more than any
other parameter. These surface areas itself depend on micro-structural details. Surprisingly,
there is only very limited data reported in the literature for such properties (Thomas et al.). The
simulation is free from fitting parameters but depends critically on micro-structural parameters
such as the shape of the C-S-H particles. It can be expected that the current simulation can be
improved as soon as these gaps are filled.
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ABSTRACT
This paper focuses on the hydration mechanisms and microstructure development of UHPC, which
determines all the performances mentioned above. Unlike in normal concretes which are mixed at a
regular water/cement ratio (w/c = 0.32-0.5), the mix of UHPC usually consists of extremely low w/c
(0.14-0.24), high dose of superplasticizer and supplementary cementitious materials (SCMs), such as
silica fume. There is knowledge gap between the effectiveness of using SCMs and its impact on the
hydration of cement particles and microstructure development and consequently the mechanical
properties of UHPC. At the conditions of ultra-low w/c and high dose of superplasticizer, the hydration
of cement particles differs from the normal hydration. When ultra-fine fly ash is used as SCM, the
hydration mechanisms become more complex because of the changed pore solution of concrete. The
hydration extent of cement and fly ash should match to meet the requirement of optimized
microstructure, and guarantee the mechanical properties. This project is proposed to conduct
fundamental research on the hydration of cement with partial replacement of ultra-fine fly ash under
the UHPC conditions. Fly ash with different chemical compositions and particle sizes are examined
and hydration products and microstructure are determined.
Based on the experimental results, a computer-based numerical model will be proposed, with which
hydration and microstructural development in Portland cement-based materials can be simulated.
Furthermore, the influence of microstructural development on the mechanical and durability
performance is further modelled to provide the theory of UHPC and its mixture design.
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HYDRATION MECHANISMS AND MICROSTRUCTURE DEVELOPMENT OF
ULTRA-HIGH STRENGTH CEMENT-BASED MATERIALS (UHSC)
1. INTRODUCTION
Ultra-high strength cement-based material (UHSC) is an advanced material that is characterized by
high content of cementitious materials, sand, superplasticizer and/or fibers and absence of coarse
aggregate [1]. The very low water-to-binder ratio and dense microstructure allows its high strength
generally over 120 MPa. However, the higher the compressive strength is, the more brittle the matrix
becomes. Owing to the use of very fine sand instead of ordinary aggregate, the content of cement in
UHSC is as high as 900–1000 kg/m3[2, 3]. In addition, fly ash is an essential ingredient in UHSC.
Application of fly ash concrete for more than ten years history, the concrete mixed with fly ash, not only
can partially replace cement, reduce the project cost, but also can improve and enhance the
performance of concrete. It has an extreme fineness and a high amorphous silica content. The typical
fly ash (FA)-to-cement ratio used is 0.25 regarding the filler effect and pozzolanic effect[4]. The high
cement content with the FA-to-cement ratio of 0.25 leads to a high amount of FA in UHSC mixtures.
However, this also causes some disadvantages in the modern construction industry, particularly in
developing countries where there are limited resources and significant cost constraints. This provides
the motivation for researching other potential materials with similar performances instead of fly ash.
Most ultra-fine fly ash (UFA) particles are finer than cement particles, and fly-ash particles will fill in the
gap left by cement particles, the physical filling effect thus can improve the strength of concrete. Low
water requirement ratio can reduce the water to binder ratio of blended paste, which is also beneficial
for strength and durability. The above two are its physical functions. CH is not only the production of
cement hydration, but also the reactant of UFA pozzolanic reaction. So, pozzolanic reaction of UFA can
promote the cement hydration, generate more C-S-H gel, contributing to an increased strength and
durability of paste or concrete. According to informed researches, Hydration activity of fly ash is low,
and the hydration heat evolution of it is always neglected. And in this study, quantitative analysis on the
contribution of UFA and cement in pozzolanic hydration heat were made to determine if it can be
neglected.
Extensive research has been done on UHSC, but limited investigations have focued on the
enhancement of micro and macro-structure development. In this paper, the effect of UFA content on
properties including flowability, heat of hydration, compressive strengths, and early age shrinkage
properties of UHSC were investigated. Thermo-gravimetry (TG) analysis was used to characterize
phase change and CH content, and mercury intrusion porosimetry (MIP) to examine pore structure.
The results are compared with those obtained from the control sample and the SF modified sample. It
provides important implications to improve the durability and mechanical properties of UHSC.
2. TEST PROGRAM
2.1. Raw materials
A P.I 42.5 Portland cement complying with the Chinese Standards GB175-2007 was used. Table 1
summarizes the main chemical composition and physical properties of the cement. Ultra-fine fly ash
with the content of average particle size of 0.1~20 μm was about 93%. Table 2 presents the chemical
compositions of cement and mineral admixtures. The natural river sand with maximum particle size of
2.36 mm and fineness modulus of 3.0 was from Xiangjiang River. The apparent density and packing
density were 2550 kg/m 3 and 1570 kg/m3, respectively. A polycarboxylate based superplasticizer (SP)
with water-reducing efficiency greater than 30% was used in this study.
Table 1 Physical properties of cement

cement

Densit
y

80μm-resid
ue

Specific
surface area

Setting
time(h)

Flexural
Strength

Compressive
Strength
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(kg/m3
)
P.I

on sieve
(%)

(m2/kg)

0.3

380

3.15

(Mpa)

(Mpa)

Initial

Final

3d

28d

3d

28d

2.5

3.4

6.4

9.0

33.0

60.0

K2O

Na2O

SO3

LOI

Table 2 Chemical composition of materials (%)
Chemical
composition

SiO2

Al2O3

Fe2O3

CaO

MgO

Cement

25.26

6.38

4.05

64.67

2.68

-

-

0.94

0.9

Silica fume

90.82

1.03

1.50

0.45

0.83

0.86

0.17

-

4.34

Slag

33.00

13.91

0.82

39.11

10.04

1.61

0.26

0.92

0.33

UFA

53.6

34.6

3.2

4.1

1.1

0.6

0.49

0.4

1.91

2.2 Mixture proportions
Based on the preliminary study, mixture proportion of UHSC with a water-to-binder (w/b) ratio of 0.18
and binder-aggregate ratio of 1.1 was used, as shown in Table 3 and Table 4. The SP dosage was fixed
at 2% by mass of the binder. For preparation of mixtures, the powder components were dry-mixed at a
low speed for 3 min, then water and SP were slowly added. The material was then mixed for 6 min at
low speed and 1 min at high speed.
Table 3 Mixture proportions of UHSC

No.

Replacement
ratio

Cement
(%)

Silica
fume (%)

UFA (%)

SP
(%)

w/b

binder-aggregate
ratio

U0
U1
U2
U3
U4
U5

0
1/6
1/3
1/2
2/3
5/6

90
75
60
45
30
15

10
10
10
10
10
10

0
15
30
45
60
75

2
2
2
2
2
2

0.18
0.18
0.18
0.18
0.18
0.18

1：1.1
1：1.1
1：1.1
1：1.1
1：1.1
1：1.1

SP*: total mass of liquid-based SP

2.3 Test procedures
2.3.1 Flowability test
The flowability of all UHSC mixtures was measured in accordance with the Chinese Standards GB/T
2419-2005. The mixtures were cast into a mini cone mould placed on an automatic jolting table. The
mould was lifted vertically and immediately jolted for 25 times (one second for each time). Then two
diameters perpendicular to each other were determined and mean value was reported.
2.3.2. Corrugated tube measurement
Fresh mixtures were filled into corrugated polyethylene tubes with 10 mm inner diameter using a
hopper and rodded with a glass rod to eliminate large air bubbles and ensure the mortar in a dense
condition. The free ends of tubes were immediately sealed by a stainless-steel cover. Then the gauge
head was fixed at a distance of 2 mm to the free end. The lengths were recorded at an interval of 5 min
for the first 72 hours. The experiment was conducted at 20±2 °C and with precision of 0.0001 mm. The
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autogenous shrinkage was calculated as follows:
 st 

at  a0
l0

(1)

where, εst is the autogenous shrinkage of concrete at time t (h); at is the distance between the sensor
head and the steel free head (mm) at time t; a0 is the initial distance between the sensor head and the
steel free head (mm); l0 is the original length of the measured part of specimens (mm).
2.5.3 Powder X-ray diffraction analytical methods
The preparation of samples for XRD was the same as those prepared for TGA. The prepared powders
were analyzed by using Philips X-ray diffractometer with CuKα radiation. The samples were
step-scanned from 10 to 70° (2θ) at a rate of 5°/min.
2.3.4 Compressive strength test
Specimens of 40×40×160 mm3 were cast for compressive and flexural strength tests. Three samples of
each batch were used. They were demoulded 24 h after casting and cured in lime-saturated water until
the age of 1, 3, 7, 28, and 91 d. Three-point bending testing was first performed to obtain the flexural
strength. Then the six broken specimens with sizes of approximately 40×40×80 mm 3 were used to test
compressive strength. The mean values of the three (flexural strength) and six samples (compressive
strength) were reported.
2.3.5 Micro-hardness measurement
Micro-indention is based on applying a static load for a known period of time and measuring the
response in terms of size of indentation. In this study, a 498 mN load was applied on the samples for 10
s. Points within 0–200 μm distance from the fiber edge was measured. During the indention process,
areas with sand were avoided. The micro-hardness or Vickers hardness (HV) was captured during the
measurement. The average values of four indentations were reported.
2.3.6 Thermal-gravimetric analyses
Thermo-gravimetry (TG) and derivative thermo-gravimetry (DTG) analyses were used to quantitatively
estimate the amount of hydration products in the UHSC. A Netzsch STA 409 PC equipment was
employed. Samples taken from UHSC matrix were put into a vacuum drying chamber to reach constant
mass. After that, these dried samples were ground to powder and sieved on a square mesh sieve with
diameter of 45 μm. The tested samples up to 10-15 mg, were heated from 0 to 1000°C under nitrogen
gas flow at a constant heating rate of 10°C/min. The decomposition of hydration products were
observed and quantified [5]. The decomposition of CH is shown as follows:
450℃
Ca(OH) 2 
 CaO  H 2 O 

(2)

According to this equation, the proportion of CH to the residual mass at 1000°C was determined as
follows:

m

74  mloss
 100%
18  mremain

(3)

Where m (%) is the proportion of CH content to residual mass; mloss (%) is the mass loss of samples at
about 450°C; mremain (%) is the residual mass after heating; 74 and 18 are the molar masses of Ca(OH) 2
and H2O, respectively.
2.3.7 Heat of hydration
The hydration heat was determined using an isothermal calorimeter. About 4 g paste samples was wei
ghed and filled into a glass bottle then placed into TAM Air isothermal calorimeter immediately for mea
surement of heat of hydration. When the glass bottle was place into TAM Air isothermal calorimeter, th
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e data acquisition system was initiated at the same time to record the output voltage from which the he
at flow in the system could be calculated. All measurements were lasted for 2 hours.
2.3.8 FTIR spectrum analysis
Powder samples were taken from the split specimen at depths of 0, 5, 10, 15, 20, 25, 30 and 35 mm
measured from the edge of the split surface. The IR spectrum of each powder sample mixed with KBr
in a proportion of 1:10 was obtained to facilitate quantitative measurement of the depth of carbonation.
The background spectrum of the laboratory environment was scanned before the powder sample was
scanned. Carbonation is represented by the transformation of the C–O bonds of CO2 into C–O bonds
in the CaCO3. Thus, a study of the characteristic peak of the C–O functional group in the wave number
range of 1410-1510 cm-1 would identify the carbonation in concrete [6].
3. RESULTS AND DISCUSSION
3.1 Effect of UFA content on flowability of fresh UHSC
The variation of mini slump flow of UHSC mixtures with different UFA contents is given in Fig. 1. From
the curves, it is evident that generally, the flow spread increased as the UFA content increased. It is
also evident that the addition of UFA up to 75% always increased the flow spread of the cement paste.
For instance, the addition of 15%, 30% and 40% UFA increased the flow spread from absolute 200mm
to 210mm and 215 mm, respectively. This phenomenon may be explained by the following effects: (1)
the slurry effect - the UFA particles, being very fine, tend to move together with the water to form a
water-UFA slurry, which has a larger volume than the water itself and therefore would increase the
inter-particle spacing between the rough cement grains; and (2) the ball bearing effect - the UFA
particles, being perfectly spherical in shape and smooth, would act as ball bearings to reduce the
inter-particle friction between the rough cement grains[3, 7].

Flowability (mm)

230

UFA content (%)

220

210

200

190
0

15%

30%

45%

60%

75%

UFA content (%)

Fig.1 Effect of UFA Content on Flowability of Fresh UHSC Mixtures

3.2 Effect of UFA content on compressive strength of UHSC
When the content of UFA increases, the compressive strength of concrete decreases, this trend is the
same as that of high-performance concrete containing UFA [8]. When the content of UFAC is 45%, the
demoulding compressive strength of concrete is less than 50 MPa. In order to assure the demoulding
compressive strength of concrete satisfying with the need, the content of UFA must not exceed 45%.
The addition of 15%-30% UFA decreased the porosity and improved the strength due to its filling effect
in addition to the pozzolanic reaction. However, a high content of 45% UFA increased plastic viscosity,
which could result in air entrapment. Furthermore, high UFA content could significantly increase the risk
of micro-cracking due to autogenous shrinkage, which can affect mechanical properties.
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Fig.2 Effect of UFA Content on mechanical properties of Fresh UHSC
3.3 Effect of UFA content on micro hardness of UHSC
The micro-hardness of matrix with different UFA content indicated in Fig 3. UHSC with 15% UFA had
higher micro-hardness than that without UFA at the long term. This suggested high strength hydration
products for UHSCs with UFA at the later age.
The micro-hardness increased with prolongation of hydration time. For the 15% UFA containing sample
at 1, 7, and 28 d, the micro-hardness at 80 μm were 82.9, 85.4, and 96.6 HV, respectively. In addition,
the 15% at 28 d showed greater micro-hardness compared to the reference sample without UFA. This
indicated that the incorporation of 15% UFA can enhance the quality of the matrix. In addition to the
pozzolanic reaction of UFA that resulted in greater volume of C-S-H gel, the UFA acts as nucleus for the
precipitation of C-S-H after 7days. The Vicker’s hardness number increase (by 7.27% over neat
polyethylene) initially in the presence of 10 % FA but decrease with increase in FA content. The
hardness attained a minimum (18.17 HV) at 30 % UFA increases with increase in FA content.
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Fig.3 Effect of UFA Content on mechanical properties of Fresh UHSC

3.4 Autogenous shrinkage

Autogenous shrinkage(x10-6)

Figure 5. shows the effect of UFA content on autogenous shrinkage of UHPC. The autogenous
shrinkage decreased with the increase of UFA content. Specimens with 15% and 60% UFA showed a
autogenous shrinkage more than 1500με at 72h, and about 1000με for specimens with 15% and 60%
UFA, while only 1500με for those specimens with 15% UFA. It was obviously that the autogenous
shrinkage of specimens with the 75% UFA was about twice of that with 15% UFA. This was consistent
with the results in a previous publication. It is found that ultra-fine fly ash can reduce the autogenous
shrinkage of cement paste effectively, and the more the ultra-fine fly ash, the less the hydration
shrinkage. Compared with cement paste without the ultra-fine fly ash, the shrinkage ratio of cement
paste reduces from 23.4% to 39.7% when the ultra-fine fly ash replaces cement from 16% to 80%.
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Fig.4 Effect of UFA content on autogenous shrinkage of UHPC

3.5 XRD of UFA
According to the XRD pattern for the unreacted UFA sample, it is apparent that the main crystalline
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phases are quartz (SiO2, PDF# 00-001-0649), mullite (Al6Si2O13, PDF# 00-001-0613), magnetite
(Fe3O4 PDF# 00-001-1111), hematite (Fe2O3, PDF#00-033-0664).
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Fig.5 XRD patterns of F-0 UFA

3.6 Effect of UFA content on heat of hydration of UHSC
It is clear from the spectrum of the rate of heat evolution that as the content of UFA increases, the
height of early rate peak decreases gradually, ranging from 0.0011 W/g when there was no UFA to less
than 0.0002 W/g for the content at 45 %. At the same time, the time required to reach the maximum
hydration rate was longer with an increase of the UFA amount. Without any UFA addition, the time was
around 50 hours whereas this value for the 30% UFA content was more than 60 hours. For the content
at 60% and 75 %, there was even no peak during the testing period (0-140 h). The delayed and
reduced hydration rate can be explained by considering two effects that UFA have on the cement
hydration process. Firstly, the UFA tend to absorb more water due to their high specific surface area
(18.5 m2/g). Thus, the available water for the cement hydration was reduced, leading to a reduced and
delayed hydration rate. Secondly, the cement content decreased when the UFA content increased.
Compared to UFA, normal cement has a higher rate of hydration. In comparison, however, UFA mainly
has a retardation effect on the cement-FA system, especially during the dormant period [9]. This result
corresponds well with many other studies which show that the inclusion of fly ash led to a decreased
degree of hydration [10-12].
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Fig.6 Heat evolution rate of Fresh UHSC

3.7 FTIR
As time proceeded, the peak at around 3420 cm-1 which belongs to the OH stretching in water, shifted
to higher frequency for U2; whereas for U0, the opposite seemed to occur, shifting from 3447 to 3420
cm-1. This contradictory result requires further investigation. What is obvious for both U1 and U2 is the
diminishing peaks around 450-480 from 0 to 14-day curing, assigned to the SiO from SiO4. Another
band locating at around 1110-1120 cm-1 decreased sharply from 0-day to 14-day with a slight shift
towards higher frequency, 1119 to 1220 and 1120 to 1130 for U0 and U2 respectively.

1430 1220

3447

476

U0-0d
U0-14d

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm-1)

(a)

1430

3440

1120

476

U2-0d
U2-3d
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm-1)

(b)

Fig.7 FTIR analysis of specimens at different ages
3434: V3-OH, 464: v4-SiO (SiO4 Td), 1120: v3-SO42-, 1428: v3- CO (CO32-).
The broad band centered at ~3440-3450 cm-1 is observed in all cases and is difficult to interpret in this
case. Thus, this information is not discussed in detail in this study. There is little difference in the peaks
centered at 475±3 cm -1 irrespectively of 0 day or 14-day curing. This is also the case for the peak
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located around 1120±5 cm-1. It is worth pointing that the wavenumber at around 475 and 1120 for U3
(45% UFA content) displayed the greatest peak among all samples.
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Fig.8 FTIR analysis of specimens with different UFA contents

4. CONCLUSION
Based on the results from this study, the following conclusions can be drawn:
(1). It is found that ultra-fine fly ash can reduce the autogenous shrinkage of cement paste effectively,
and the more the ultra-fine fly ash, the less the hydration shrinkage. Compared with cement paste
without the ultra-fine fly ash, the shrinkage ratio of cement paste reduces from 23.4% to 39.7% when
the ultra-fine fly ash replaces cement from 16% to 80%.
(2) UFAC has significantly reduced the slump loss of concrete, which has something to do with
superplasticizer type and addition method.
(3) The compressive strength of concrete containing great quantity UFA is lower. A significant reduction
in the autogenous shrinkage and an increase in the age of restrained shrinkage cracking were
observed in the ultrafine fly ash concrete when compared with the control and the silica fume concrete.
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Increasing the volume of ultrafine fly ash resulted in further increase in the age of restrained shrinkage
cracking and a significant increase in the compressive strength.
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ABSTRACT
Limited industrial activity in many developing countries make industrial by-products such as fly ash and
slag unavailable. However, previous volcanic activities have produced large quantities of natural
pozzolana in many parts of the world and natural pozzolana is a primary input for production of
blended Portland-pozzolana cements. Pozzolanic cements to EN 197 are produced by inter-grinding
Portland cement clinker with up to 55% natural pozzolana. This makes them low CO2 cements which
produce green concrete but are mostly considered general-purpose binders for concretes of cube
strength not exceeding 25 MPa, produced by nominal mixes. With increasing economic fortunes of
many developing countries, there is demand for better infrastructure in the form of housing, bridges,
port facilities, dams, and potable and wastewater treatment works, among others. Fast concrete
placement and high early strength allows rapid construction, enabling quick service delivery. On the
other hand, high durability reduces the need for maintenance and avoids early demolition and
reconstruction thereby reducing life-cycle costs. In addition, high strength reduces the sizes of
structural elements so that construction materials are used sparingly and in a sustainable manner.
High performance concrete from pozzolanic cements can support the development of infrastructure
effectively while mitigating negative effects in concrete use such as efflorescence, acid and sulphate
attack, rebar corrosion, and alkali-aggregate reactions. This paper explores the possible production of
high-performance concrete using a pozzolanic cement. Initial high fluidity and high strengths are
obtained, but loss of fluidity is rapid and provides a challenge for transportation, placing and finishing.
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1.

INTRODUCTION

Pozzolanic cements are probably the earliest hydraulic binders for concrete used by man. Analysis of
mortars from Crete dating back to Minoan civilization (3300-1100 BC) show that pozzolanic mortars
consisting of lime intermixed with crushed burnt bricks (CBB) or natural pozzolana (NP) were used in
masonry construction and as plaster (Maravelaki-Kalaitzaki, Bakolas, & Moropoulou, 2003), (Walker &
Pavia, 2011), (Theodoridou, Ioannou, & Philokyprou, 2013), (Stefanidou, Pachta, Konopissi,
Karkadelidou, & Papayianni, 2014). The NP used was Santorin earth, a volcanic ash from the island of
Santorini (Driessen & Macdonald, 2000), (Moropoulou, Bakolas, & Anagnostopoulou, 2005). The skills
were passed on to the Greeks, and later the Romans who perfected the art of using pozzolanic cements,
not only as mortar for masonry construction and plaster, but also by adding coarse aggregates to make
concrete (Silva, Wenk, & Monteiro, 2005), (Jackson, et al., 2014). It has been suggested that natural
admixtures such as animal fat, milk, and blood were used to modify the properties of fresh and hardened
concrete (Kirca, 2005). The Romans spread these skills throughout the Roman and Byzantine empires
encompassing most of Europe and part of Asia and Africa.
Pozzolans are siliceous or silico-aluminous materials which have no cementitious properties but which
in a finely divided state react with hydrated lime (Ca(OH)2) at ordinary temperatures in the presence of
moisture to produce cementitious products (ACI Concrete Terminology, 2013), (Cement and Concrete
Terminology, 2000). Natural pozzolans include volcanic tuffs or pumicites, opaline cherts and shales,
clays, and diatomaceous earths. Common artificial pozzolans are fly ash (FA) and silica fume (SF) (ACI,
Cement and Concrete Terminology, 2000). Ground granulated blast furnace slag (GGBFS), often
referred to just as slag, exhibit reactions similar to pozzolans and is often referred to as a pozzolan.
Pozzolanic properties are also exhibited by ground glass (Lin, et al., 2009), and ashes of rice husk
(Zhang, Lastra, & Malhotra, 1996), and sugar cane bagasse (Cordeiro, Filho, Tavares, & Fairbairn,
2008), among others. The reaction between the SiO2 and Al2O3 in pozzolana with Ca(OH)2 in hydrated
lime is slow leading to a slow strength gain. This has been a primary setback in the use of pozzolanic
cements, hence when Portland cement was introduced in the 19th century followed by the mechanization
of its production, Portland cement became the binder of choice largely due to a better rate of strength
gain.
Modern day pozzolanic cements intermix Portland cement clinker with a natural or artificial pozzolan at
the time of grinding. Early strength is obtained by the hydration of the calcium silicates (C 3S and C2S)
in clinker to produce a cementitious C-S-H compound and Ca(OH)2 in reactions shown in (1) and (2).
C3S + H2O = C-S-H + Ca(OH)2

(1)

C2S + H2O = C-S-H + Ca(OH)2

(2)

The Ca(OH)2 then reacts with SiO2 and Al2O3 in the pozzolan to produce cementitious C-S-H, C-A-H,
and C-A-S-H compounds as shown in (3)-(5), thereby enhancing the long term strength of the paste.
Ca(OH)2 + SiO2 + H2O = C-S-H

(3)

Ca(OH)2 + Al2O3 + H2O = C-A-H

(4)

Ca(OH)2 + SiO2 + Al2O3 + H2O = C-A-S-H

(5)

Since SF, FA and slag are industrial by-products and due to limited industrial activity in many developing
countries, pozzolanic cements tend to be produced more using NP from past volcanic activity. Volcanic
deposits are found in all the continents of the world (Day, 1990). EN 197 allows the incorporation of up
to 55% NP in clinker. This substantially reduces the amount of clinker used in cement production hence
the CO2 emission and energy consumption associated with clinker production. A comparison of the
chemical and physical compositions of Portland cement CEM I/42.5N and pozzolanic cement CEM IV/BP 32.5R is given in Table 1. The absence of C3A in CEM IV/B-P suggests a better resistance to sulphate
attack, and the removal of Ca(OH)2 by pozzolanic reactions in CEM IV/B-P paste improves its resistance
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to efflorescence, acid attack, and alkali-aggregate reactions. On the other hand, the lower density of
CEM IV/B-P can result in concrete of lighter unit weight hence less dead load on structures.
Table 1. Comparison of chemical and physical compositions of Portland cement, CEM I/42.5N
and pozzolanic cement, CEM IV/B-P 32.5R made to EN 197 (courtesy Bamburi Cement Co. Ltd.
Sept./Oct. 2017)
Composition
Chemical (%)

Physical

Parameter
Loss on ignition (LOI)
Insoluble residue (IR)
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
N2 O
K2O
Free CaO
Na equivalent
C3 A
ClSpecific surface (cm 2/g)
Water demand (%)
Initial setting time (min.)
Final setting time (min.)
Soundness (mm)
Mortar prism strength at 2 days (N/mm 2)
Mortar prism strength at 7 days (N/mm 2)
Mortar prism strength at 28 days (N/mm 2)
Density (g/cm 2)

CEM I/42.5N
2.61
0.72
20.35
5.13
3.25
63.27
0.89
2.73
0.15
0.52
0.64
0.49
8.10
< 0.01
32.60
26.00
168
243
0.6
20.60
48.85
3.15

CEM IV/B-P 32.5R
4.56
35.20
34.23
6.71
4.69
47.15
0.41
1.97
1.10
1.52
< 0.01
48.56
214
279
0.8
15.10
26.80
36.90
2.99

High-performance concrete (HPC) has been defined as concrete with special performance and
uniformity requirements which cannot always be achieved through conventional constituents and normal
methods of production (ACI Concrete Terminology, 2013). It has been suggested that the two most
important properties of hardened concrete are its compressive strength and durability (Arum & Olotuah,
2006). However, requirements for high performance go beyond strength and durability and encompass
other aspects of construction such as sustainability, environmental concerns, and cost. High strength
reduces the size of concrete members required to carry a given load, hence the overall amount of
concrete used on a structure and foundation loads, which could lead to reduced costs. On the other
hand, the reduced use of raw materials in concrete production reduces consumption of raw materials
leading to a more sustainable development and less degradation of the environment. Similarly, high
durability of structures results in less maintenance demand or early replacement of structures, both of
which reduce the life cycle costs of structures. Of equal importance, however, are high fluidity of the
fresh concrete which allows pumping and fast placement of concrete, fluidity retention which allows
movement and placement of concrete, and high early strength which allows early striking of formwork
thereby reducing the construction time. HPC must therefore be characterized in the fresh state by freeflowing concrete and a reasonable flowability retention, and in the hardened state high early strength,
high 28-day strength (>60 MPa cube crushing strength) and high durability. These properties are
achieved through reduced water/binder ratio (w/b), careful choice of aggregates, use of plasticizing
admixtures, incorporation of pozzolanic and other admixtures to Portland cement, and sometimes using
special curing techniques (Neville & Aitcin, 1998), (Wu, Chen, Yao, & Zhang, 2001), (Yazici, 2007). It is
predicted that with the materials currently available to the concrete mix designer, it should be possible
to produce concrete structures with a life span of 1000 years and more (Naik & Kumar, 2003). On the
other hand, concrete with cylinder crushing strength in excess of 800 MPa has been produced (Richard
& Cheyrezy, 1995). Probably the biggest challenge in producing HPC is in obtaining a plasticizing agent
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which is compatible with the binding medium used in order to achieve high workability and workability
retention besides high strength and durability.
The physical packing of materials in concrete production has been reported by several researchers
(Larrard & Sedran, 1994), (Chang, Peng, & Hwang, 2001), (Chang P.-K. , 2004), (Hwang & Hung, 2005),
(Dhir, McCarthy, & Newlands, 2014), the purpose of which is to maximize the density of the pore
structure to reduce the paste volume and to enhance both the strength and durability of concrete. The
term Densified Mix Design Algorithm (DMDA) has been used to describe this approach to concrete mix
design. In its simple form, the approach involves packing fine particles into coarser particles to achieve
maximum dry density (MDD), and then calculating the amount of voids to be filled by paste with a small
allowance for air voids.
This research attempts to produce HPC using CEM IV/B-P 32.5R conforming to EN 197. SF is added
as a paste densifier due to its fine particles which fill the voids in cement, and as a strength enhancing
admixture due to its high reactivity with Ca(OH)2 and ability to improve the bond between the paste and
aggregate (Neville A. M., 2000). However, adding SF, a pozzolan, to a pozzolanic cement would upset
the balance between the Portland cement and NP in the cement. Therefore, the addition of SF is
accompanied by the use of saturated lime water for concrete mixing to provide additional Ca(OH)2.
Although similar work has been carried out by others (Shannag, 2000), (Ghrici, Kenai, Said-Mansour, &
Kadri, 2006), (Osei & Jackson, 2012), (Ghafoori, Sharbaf, Najimi, & Batilov, 2016), (Maheswaran, et al.,
2017), in all cases the cement used was different. For instance, Shannag (2000); and Ghrici, Kenai,
Said-Mansour & Kadri (2006) used ordinary Portland cement (OPC) mixed with varying amounts of NP
and SF, while Osei & Jackson (2012); and Ghafoori, Sharbaf, Najimi & Batilov (2016) used OPC and
Type V Portland cements respectively, mixed with varying amounts of NP. On the other hand,
Maheswaran et al. (2017) studied the effect of using lime water in OPC-FA-SF pastes to initiate early
pozzolanic reaction. Moreover, none of the authors make any mention of workability retention which is
an important property of HPC.
2.
2.1

EXPERIMENTAL WORK
Materials

Crushed stone coarse aggregates (CA) and stone dust used as fine aggregate (FA) were obtained from
a quarry within Nairobi area. The bedrock in quarry areas is phonolite (Saggerson, 1991), a fine grained
volcanic igneous rock. Cement used was pozzolanic cement CEM IV/B-P 32.5R conforming to EN 197
and manufactured by Bamburi Cement Company in Nairobi, Kenya. Silica fume (SF) grade NR95 was
obtained from Wuhan Newreach Materials Company of Wuhan, China and its chemical and physical
properties are given in Table 2. Superplasticizer (SP) was a polycarboxylate based Sika ViscoCrete3088 produced by Sika Chemicals in Nairobi, Kenya. Hydrated lime (HL) was manufactured by
Neelkanth Lime Company of Tanga, Tanzania. Ordinary tap water from the city mains was used in all
concrete work. Saturated lime water was obtained by adding HL powder to water in a bucket then
covering it with a lid and allowing to stand for at least 30 days. The water used for concrete mixing was
decanted from the bucket leaving out solid particles.
Table 2. Chemical and physical composition of silica fume (courtesy Wuhan Newreach
Materials Co.)
Composition
Chemical (%)

Physical

Test
SiO2
C
Fe2O3
Moisture
Loss on ignition (LOI)
Retained on 45 micron sieve (undensified) (%)
Specific surface (BET m 2/g)
Pozzolanic activity index (7 days accelerated curing) (%)
Bulk density (undensified) (kg.m 3)

Specification
> 95.0
<2.0
<1.0
<1.0
<3.0
<1.5
>18
>110
200-350
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Bulk density (densified) (kg.m 3)
Specific gravity

2.2

500-700
2.2

Material preparation

2.2.1 Coarse aggregates
Coarse aggregate was oven dried for 24 hours at 105oC and then sieved through BS standard sieves
of sizes 12.7mm, 9.53mm, 6.35mm and 3.18mm in order to separate the aggregate particles into size
categories of 3.18mm-6.35mm, 6.35mm-9.53mm, and 9.53mm-12.7mm. The smaller particles were
then progressively packed into the larger particles to achieve maximum dry density (MDD). Figure 1 &
2 show the packing curves for coarse aggregate. The specific gravity (SG) of the CA was determined to
BS EN 1097-6-2000.

Figure 1. Packing curve for 9.53mm CA into
12.7 mm CA (MDD at 10%).

Figure 2. Packing curve for 6.35mm CA into
9.53mm & 12.7mm CA (MDD at 15%).

2.2.2 Fine aggregates
Fine aggregate (FA) was oven dried for 24 hours at 105oC and then sieved through BS sieves # 4 and
100. The coarse particles retained on # 4 sieve and the dust particles passing # 100 sieve were
discarded. The remaining FA was sieved through sieve # 4, 8, 16, 30, 50 & 100 in order to determine
its fineness modulus (FM). Three tests for FM were carried out with different samples of the FA in order
to obtain an average value. The FA was then packed progressively into CA at MDD to determine the
amount of FA required to obtain a new MDD. The packing curve is shown in Figure 3.

Figure 3. Packing curve for FA into CA (MDD at 35%).
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2.3

Concrete mix design

2.3.1 Properties of materials
The chemical and physical properties of cement used in the concrete mix was given in Table 1 and
those for SF were given in Table 2. The aggregates (both CA and FA) had a SG of 2.7 and the FA had
a FM of 3.15. The SP had a density of 1060 kg/m 3. The maximum packing density for CA and FA
combined was 1754 kg/m 3.
2.3.2

Design assumptions





Concrete is made up of aggregates of varying sizes bound together by a cementitious paste.
The composition of the aggregates is determined from the relative amounts of the different
sizes making up the MDD.
The composition of paste is made up of the cementitious powder, any powder additives, the
mixing water and superplasticizer.
A unit volume of consolidated fresh concrete is composed of aggregates (coarse and fine),
paste, and a small volume of air.

2.3.3 Design calculations
Let Vagg, Vpaste, and Vair be the volumes of aggregates, paste and air respectively in 1m3 of consolidated
fresh concrete. The relationship between the three parameters is given in (6):
1

=

Vagg + Vpaste + Vair

(6)

Vagg is given by the division of MDD of packed aggregates by the density (ρagg) of aggregates as shown
in (7):
Vagg

MDD / ρagg

=

(7)

According to ACI 211.4R-08 Vair can be taken as 2%. Therefore, the paste volume is calculated from
(8):
Vpaste

=

0.98-Vagg

(8)

If Vc, Vsf, Vw, and Vsp represent the volumes of cement, SF, water and SP in the paste, then (9) applies.
Vpaste

=

Vc + Vsf + Vw + Vsp
(9)

The volumes can be replaced by the respective weights divided by their densities (ρ). But all SF, water,
and SP are related to the weight of cement by a factor, f, where for water f w is the w/b, and for SF and
SP fsf and fsp are their respective percentages of cement by weight. In the calculations, SP was added
over and above the mix water. From the preceding narrative, (10) can be written from which (11) can be
derived.
0.98-Vagg
Wc

=

W c/ρc + fsfW c/ρsf + (w/b)W c/ρw +fspW c/ρsp

(10)

=

(0.98-Vagg) / {1/ρc + fsf/ρsf +(w/b)/ρw + fsp/ρsp }

(11)

For aggregates, if xi represents the weight of material size i in the mix used to produce the MDD, then
its respective amount W i in 1m3 of fresh consolidated concrete is given by (12).
Wi

=

MDD.xi/Σxi

(12)

On the other hand, for concrete of nominal mix 1:1½:3 with concrete density 2400 kg/m3 and w/b of 0.5,
the water-cement-FA-CA ratios are ½:1:1½:3. Hence the weight of each material, W i in 1m3 of fresh
consolidated concrete is given by (13).
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Wi

=

2400 x yi / 6

(13)

where yi is its proportion in the mix. The proportion of coarse aggregate was separated into the various
size categories by using the proportions determined by DMDA.
2.4

Preparation of test samples

Five concrete mixes were prepared with the compositions shown in Table 3. Mix 1 was concrete of
nominal mix 1:1½:3 with a w/b of 0.5. Mix 2 was proportioned using DMDA and was made with a w/b of
0.5 to provide a comparison of the effectiveness of DMDA compared to the nominal mix. In both these
mixes no SP was used. Mix 3 was the same as mix 1 but 2% SP was added to improve its consolidation.
Mix 4 was designed by DMDA with w/b of 0.3 with appropriate SP addition to give a free-flowing
workability without bleeding. Mix 5 was the same as mix 4 but 5% SF was added and saturated lime
water was used in the concrete mixing. A paddle mixer Caterina model B200A made in China with a
capacity of 0.02 m3 was used for concrete mixing. Water was added to the mixing pan followed by
cement and silica fume where applicable, and the powders and water were mixed to produce a uniform
paste. Fine aggregate was then added and mixed to produce mortar of uniform consistency. The coarse
aggregates were added to the mortar progressively, starting with the smaller sizes and mixing to a
uniform consistency before the next size up was added. SP was added progressively to maintain a
workable mix and a final SP dosage of 6.3% was required to obtain a free-flowing mix 4 and 5. The
concrete was used to cast 100mm x 100mm x 100mm cubes which were covered with moist cloth and
left to stand for 24 hours, then were demoulded and cured in saturated lime water at room temperature
until the time of testing.
Table 3. Mix composition by weight in kg/m3.
Mix
1
2
3
4
5

2.5

Coarse aggregate sizes in mm
9.53-12.7
6.35-9.53
3.18-6.35
949
95
156
1027
103
169
949
95
156
1027
103
169
1027
103
169

Fine
aggregate

Cement

Silica
fume

Water

SP

600
455
600
455
455

400
396
400
478
463

0
0
0
0
23

200
198
192
143
139

0
0
8
29
28

Tests on fresh concrete

Compaction factor (CF) and slump tests were carried out on the fresh concrete of mix 5 immediately
after mixing. However, due to the observed stiffening of the concrete as test cubes were being cast,
another slump test was carried out 1 hr after the initial mixing. The concrete was remixed before the
second slump test.
2.6

Tests on hardened concrete

2.6.1 Compression strength
Compression strength tests were carried out on all mixes at 3, 7, 14, 28, 56, 90, and 180 days. The test
samples were removed from the curing water, wiped dry with soft cloth and air dried before testing. The
test sample was placed between the compression battens of an Avery compression testing machine
model 7111 made in Birmingham, England, with a load capacity of 1500 kN. Load was applied manually
at a constant rate until the cube was crushed and the maximum load was recorded. Three cubes were
tested to obtain an average record.
2.6.2 Electrical resistivity
For mix 5 electrical resistivity tests were carried out on 28-day samples. Two cubes were submitted to
Government Material Testing Laboratories in Nairobi for testing from which an average value was
obtained.
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3.
3.1

RESULTS AND DISCUSSION
Tests on fresh concrete

Tests on concrete mix 5 immediately after mixing gave a CF of 97.5% and a slump of 210 mm. However,
the slump reduced rapidly to 50mm after 1hr. Figure 4 shows the initial slumped concrete. The rapid
slump loss may not provide adequate time for transportation and placement of the concrete and
constitutes the weakest point of this experiment.

Figure 4. Initial slump of concrete mix 5.
3.2

Tests on hardened concrete

3.2.1 Compression strength
The compression test results are given in Figure 5. The strengths increased progressively from mix 15. A comparison of mixes 1 & 2 shows that the DMDA achieves a better mix proportioning than the
nominal mix. The expected 28-day strength for mix 1 (25 MPa) was achieved at 26 MPa, but with the
DMDA in mix 2 a higher 28-day strength was obtained at 34 MPa, an increase of 31%. On the other
hand, adding SP to the nominal mix improved its 28-day strength by 46% to 38 MPa. Much higher
strengths were achieved in mixes 4 & 5 by reducing the w/b to 0.3 and adding SP to obtain a good
workability. 28-day strength of 65 MPa was obtained for both mixes which is above the delimiting value
of 60 MPa for HPC. Beyond 28 days, mix 5 had substantial strength gain over mix 4 reaching 90 MPa
at 56 days against 73 MPa for mix 4, 97 MPa and 84 MPa respectively at 90 days, and 121 and 85 MPa
respectively at 180 days. The higher strength in mix 5 can be attributed to additional pozzolanic activity
from the SF and Ca(OH)2 in the lime water, and improved bond between the hardened paste and
aggregate. It was further observed that there was no appreciable strength gain between 14 and 28 days
for both mixes 4 & 5.

Figure 5. Compressive cube strength of concrete mixes 1-5.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

3.2.2 Electrical resistivity test
The results of the electrical resistivity test on mix 5 are given in Table 4. The average resistivity from
tests on two samples was 102.6 kΩ.cm. According to AASHTO TP 95 a resistivity of 37-254 is
associated with very low Cl- penetrability, and a resistivity >254 is associated with negligible risk of rebar
corrosion (Layssi, Ghoda, Alizadeh, & Salehi, 2015), (Azarsa & Gupta, 2017),.
Table 4. Results of electrical resistivity test on mix 5
Sample
No.
1
2
4.

Dimensions
(mm)
100 x 100 x 100
100 x 100 x 100

Resistivity
(kΩ.cm)
98.9
106.5

CONCLUSIONS

The study has shown that the DMDA method can be used to produce concrete of high strength using
EN 197 pozzolanic cement CEM IV/B-P. It has also shown that the DMDA method can be used to
produce concrete of normal strength with better strength than the nominal mix 1:1½:3. Moreover, it has
been shown that even if nominal mix is used, strength can be improved by adding SP to achieve better
consolidation. The rapid slump loss needs further attention to produce concrete which can be
transported, placed and consolidated without premature loss of fluidity. The use of a more compatible
SP or the incorporation of a set retarding admixture must be considered. In mix 4 & 5 marginal strength
gain occurs between 14 and 28 days, therefore it may be possible to base the design for construction
loads on the 14-day strength. Design for working loads can be based on the higher strength at 56 days.
Substantial strength gain beyond 28 days for mix 5 shows that adding SF and using lime water can
improve the long-term strength of the concrete.
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ABSTRACT
Reaction of cationic metals (M) and anionic ligands (L) to form metal ion (ML) complexes can alter the
dissolution of minerals and the concentrations of elements in solution. A provisional assessment of the
importance of ML complex formation in ordinary Portland cement (OPC) porewater and leachates was
made with the assistance of the geochemical computer program PHREEQC and the Japan Atomic
Energy Agency thermodynamic database for geochemical reactions. Thermodynamic properties of ML
complexes were either compiled from the literature or estimated by X-Y weighted linear correlation
methods. Satisfactory simulation of OPC hydration and degradation experiments demonstrated that ML
complex formation was most significant when there was a concentration gradient between M and L of
at least 2 orders of magnitude. ML complex formation had little effect on the concentrations of K and
Na in OPC porewater and leachates, however formation of NaL, CaL and MgL complexes caused
significant increases in the concentrations of Mg, Si and C and moderate increases in the
concentrations of Ca, Al, Fe, and S. The increased concentrations of these elements meant that OPC
hydrate minerals were more soluble and more rapidly consumed during the course of OPC
degradation.
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1.

INTRODUCTION

Reactions between cationic metals (M) and anionic ligands (L) to form metal ion (ML) complexes can
alter the dissolution of minerals and the concentrations of elements in solution. The more obvious ML
complexes associated with the high K, Na, Ca, and OH– concentrations found in hydrated OPC
porewater and degraded OPC leachates correspond to the formation of the hydrolysis products KOH,
NaOH and CaOH+:
K+ + OH– = KOH

(1)

Na+ + OH– = NaOH

(2)

Ca2+ + OH– = CaOH+

(3)

A less obvious ML complex, corresponding to the formation of CaSiO3:
Ca2+ + SiO32– = CaSiO3

(4)

was recently implicated in controlling Si concentrations in the portlandite (CH) saturated calcium silicate
hydrate (C-S-H) gel system (Walker et al. 2016a). A provisional assessment of the importance of such
ML complexes can be made by simulating the compositions of OPC porewater and leachates with the
assistance of a geochemical computer program and a suitably formatted thermodynamic database
(TDB). Compositions of OPC porewater and leachates are well known with the most important elements
K, Na, Ca, Mg, Al, Fe, Si, S, and C corresponding to the bulk composition of OPC (Andersson et al.
1989, Taylor 1997). There are numerous geochemical computer programs available that can be used
to simulate the compositions of OPC porewater and leachates (see Appendix 1 in Bethke 1996,
Lothenbach and Winnefeld 2006). Most TDBs, however, only contain thermodynamic data for the MOH
complexes, KOH, NaOH, CaOH+ and MgOH+, and seemingly incomplete thermodynamic data for other
KL, NaL, CaL, and MgL complexes that might otherwise appear in OPC porewater and leachates (Table
1).
Table 1. Known (O) and missing (X) thermodynamic data for ML complexes relevant to OPC
porewater and leachates

Metal (M)

Ligand (L) *
OH–

AlO2–

FeO2–

HSiO3–

SiO32–

SO42–

HCO3–

CO32–

K+

O

O

X

X

X

O

X

X

Na+

O

O

X

O

X

O

O

O

2+

Ca

O

X

X

O

O

O

O

O

Mg2+

O

X

X

O

O

O

O

O

* Al, Fe and Si bearing L and ML are written and treated in dehydrated form.
In the current study, the missing thermodynamic data of the ML complexes identified in Table 1, namely
the Gibbs free energy of formation, ΔfG (cal/mol) of KFeO2–, KHSiO3, KSiO3–, KHCO3, KCO3–, NaFeO2–
, NaSiO3–, CaAlO2+, CaFeO2+, MgAlO2+, and MgFeO2+, were estimated by X-Y weighted linear
correlation (Deming 1943). Formation reactions of these ML complexes and their respective log
equilibrium constant, K (-) values were then written, calculated and added to the Japan Atomic Energy
Agency (JAEA) TDB for geochemical reactions (Walker et al. 2016b) in a format supporting the
geochemical computer program PHREEQC (v3.4.6) (Parkhurst & Appelo, 2013).
Concentrations of K, Na, Ca, Al, Fe, Si, and S in OPC porewater and leachates expressed as a function
of pH were compiled from the literature (Haga et al. 2002, Lothenbach & Winnefeld 2006, Mihara et al.
2008, Pfingsten & Shiotsuki 1998, Walker & Yui 2012). OPC hydration and degradation experiments
were also conducted in the current study to provide an additional dataset, including the measurement
of Mg and Fe concentrations. C concentrations were not measured. The OPC hydration and degradation
experiments were then simulated using PHREEQC (Parkhurst & Appelo 2013) and the JAEA TDB
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(Walker et al. 2016b) containing either none or all of the ML complexes identified in Table 1. A provisional
assessment of the importance of ML complexes and their effects, relations and consequences in OPC
porewater and leachates could then be made.
2.
2.1

METHODS
Thermodynamic relations

The reaction of M and L to form ML can be written into a PHREEQC formatted TDB as:
M + L = ML

(5)

where charges (z) have been omitted for clarity. The K value for (5) is calculated from:
K = [ML] / ([M]·[L])

(6)

where square brackets denote activities (-). The activities of M, L or ML in (6), collectively referred to as
i, are calculated from:
[i] = mi·γi

(7)

where mi is the molal concentration of i (mol/kg) and γi is the activity coefficient of i (-). In the current
study, γi values in (7) were calculated for charged (z ≠ 0) i using the B-dot extended Debye-Hückel
equation (Helgeson 1969) or for neutral (z = 0) i using the Setchénow equation (Setchénow 1892).
At infinite dilution, ionic strength = 0 (mol/kg), log K values can also be calculated from ΔfG (cal/mol) of
the reaction (5) components:
log K = (ΔfGML – [ΔfGM + ΔfGL]) / (–R·T·ln[10])

(8)

where R = 1.9872 is the gas constant (cal/mol/K) and T is absolute temperature (K). Calorie based units
were used to maintain compatibility with the computer program SUPCRT (Johnson et al. 1992) as used
in the JAEA TDB (Walker et al. 2016b).
2.2

ΔfGML estimates

Missing ΔfGML values (in units of kcal/mol) were estimated from X-Y weighted linear correlation (Deming
1943) by plotting known ΔfGML against ΔfGL for each M (cf. Figure 1). This simple approach is based on
the assumption that each M binds to L in a similar way and that differences caused by charge, polarity,
size, separation, bonding, and coordination geometry are collectively equivalent. ΔfGML and ΔfGL data
were compiled from the literature (cf. Table 2) and supplemented with additional known ΔfGML and ΔfGL
data for L = B(OH)4–, Br–, Cl–, F–, HSO4–, and I– from the same sources. Care was taken not to include
ionized ML (e.g. denoted “ai” in Wagman et al. 1982), which are simply the sum of the reaction
components, i.e. ΔfGML = ΔfGM + ΔfGL and result in log K = 0 (8). Using this approach it was possible to
estimate the missing ΔfGML values for KFeO2, KHSiO3–, KSiO3–, KHCO3–, KCO3–, NaFeO2, NaSiO3–,
CaAlO2+, CaFeO2+, MgAlO2+, and MgFeO2+ (Table 1). Uncertainties in the ΔfGML estimates
corresponding to 2σ were made by error propagation from the X-Y weighted lines of best fit.
Estimated ΔfGML values were then added to the JAEA TDB (Walker et al. 2016b) and used to calculate
log K values of the reaction of M with L to form ML (5,8), and written into a format supporting PHREEQC
(Parkhurst & Appelo 2013).
2.3

OPC hydration and degradation experiments

Hydration of an OPC research standard sample (Japan Cement Association) in ion exchanged water
(IEW) (10 MΩ cm) was performed under a low CO2 atmosphere at room temperature at a liquid/solid
(L/S) mass ratio = 0.5 (kg/kg). After 91 days, a small amount of the hydrated OPC was crushed to < 5
mm pieces and a sample of the OPC porewater was recovered by pore fluid expression (Barneyback &
Diamond 1981) and filtration.
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After 182 days, the remainder of the hydrated OPC was dried under vacuum and crushed to < 90 µm
powders. Degradation of OPC was performed by dispersing the hydrated OPC powders in increasingly
larger volumes of IEW to give L/S = 2, 5, 10, 30, 100, 300, 1000, & 3000 (kg/kg), which were allowed to
equilibrate for another 28 days at room temperature. After this time, OPC leachate samples were
obtained by centrifugation and filtration.
The pH of the OPC porewater and leachates was measured with a Horiba D53 pH meter and Horiba
9677-10D combined pH electrode with built in temperature sensor calibrated against buffer solutions of
pH = 7, 10 and 13.5 (0.5M KOH) at room temperature. Element concentrations of K, Na, Ca, Mg, Al, Fe,
Si, and S (mmol/L) were measured by inductively coupled plasma-optical emission spectroscopy (ICPOES) using a PerkinElmer Optima 8300. Samples were diluted from 1:2 to 1:2000 in 1 mol/L HCl and
calibrated against six standard solutions of 0 to 10 ppm. C concentrations were not measured.
2.4

OPC hydration and degradation simulation

The above OPC hydration and degradation experiments were simulated using PHREEQC (Parkhurst &
Appelo 2013). Formation reactions of all M, L and ML, and dissolution reactions of OPC clinker and
hydrate minerals and their respective log K values were either derived in the current study (see Table
2) or taken from the JAEA TDB (Walker et al. 2016b). OPC clinker minerals (C3S, C2S-β, C3A, C4AF,
anhydrite, periclase, calcite (Cc), Na2O(s), Na2SO4(s), K2O(s), and K2SO4(s)) were quantified by a normative
calculation of the OPC composition reported by Anraku et al. (2019). Distribution of K and Na between
oxides and sulfates was based on data provided in Taylor (1987). 1 kg of these OPC clinker minerals
was then simulated to react with 0.5 kg of pure water to produce 1.28 kg of OPC hydrate minerals (CH,
C-S-H gel (molar Ca/Si ratio = 1.65), monocarbonate-Al (C4AcH11), monosulfate-Al (C4AsH14),
hydrogarnet-FeSi (C3FS0.84H4.32), hydrogarnet-AlSi (C3AS0.8H4.4), brucite (MH) and ferrihydrite (F0.5H1.5))
assuming thermodynamic equilibrium was reached. Elements K and Na were made to partition into CS-H gel using distribution coefficients based on Hong & Glasser (1999). The OPC hydrate minerals were
then simulated to dissolve in up to 15,000 kg of pure water in 1 kg increments, assuming thermodynamic
equilibrium was reached at each increment. The C-S-H gel solubility model described by Walker et al.
(2016a) was used to account for the variable composition and incongruent solubility behaviour of C-SH gel. Changes in the L/S ratio (kg/kg), compositions of the OPC porewater and leachates (pH and
concentrations of the elements, M, L, and ML (mol/kg)), and volumes of the OPC hydrate minerals (cm3)
were written to a tabulated output file.
3.
3.1

RESULTS & DISCUSSION
ΔfGML estimates

Known values of ΔfGML for M = Na+, K+, Ca2+, and Mg2+ can all be seen to vary linearly as a function of
ΔfGL (Figure 1). X-Y weighted linear correlations (Deming 1943) of the known ΔfGML and ΔfGL values
shown in Figure 1 gave the following relations:
ΔfGKL (kcal/mol) = (1.006 ± 0.004)·ΔfGL (kcal/mol) – (65.815 ± 0.494)

(9)

ΔfGNaL (kcal/mol) = (1.012 ± 0.002)·ΔfGL (kcal/mol) – (61.157 ± 0.246)

(10)

ΔfGCaL (kcal/mol) = (1.007 ± 0.004)·ΔfGL (kcal/mol) – (133.025 ± 0.626)

(11)

ΔfGMgL (kcal/mol) = (1.007 ± 0.004)·ΔfGL (kcal/mol) – (110.750 ± 0.495)

(12)

where the slopes are all very close to unity and the intercepts approximate ΔfGM. Relations (9-12) were
able to provide satisfactory estimates of the majority of known ΔfGML from known ΔfGL to within their 2σ
uncertainty limits. Only the estimated ΔfGML values for NaCO3–, CaCO3, MgHSiO3+, MgSiO3, and
MgHCO3 were outside of their known 2σ uncertainty limits, with differences of up to 3.8 (kcal/mol).
Relations (9-12) could therefore only be used to provide tentative estimates of ΔfGML for KFeO2, KHSiO3–
, KSiO3–, KHCO3–, KCO3–, NaFeO2, NaSiO3–, CaAlO2+, CaFeO2+, MgAlO2+, and MgFeO2+ from known
ΔfGL for FeO2–, HSiO3–,SiO32–, HCO3–, CO32–, and AlO2– (Table 2).
To the authors knowledge there are no known reported ΔfGML values to make appropriate comparisons
with the estimated ΔfGML values shown in Table 2.
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Figure 1. Gibbs free energy of formation of ML, ΔfGML (kcal/mol) plotted against Gibbs free
energy of formation of L, ΔfGL (kcal/mol) for M = [a] K+, [b] Na+, [c] Ca2+, & [d] Mg2+. Hollow
symbols are known values of ΔfGML & ΔfGL used to make the correlation, solid symbols are
ΔfGML estimates from ΔfGL. Solid lines are X-Y weighted linear correlations (Deming 1943)
Table 2. Gibbs free energy of formation, ΔfG (kcal/mol) of M, L and ML at t = 25oC and P = 1 bar
H2O [1] *
–(56.668 ± 0.024)

K+ [2]
–(67.51 ± 0.03)

Na+ [3]
–(62.59 ± 0.03)

Ca2+ [2]
–(132.12 ± 0.19)

Mg2+ [2]
–(108.50 ± 0.26)

OH– [2]
–(37.595 ± 0.018)

KOH [4]
–(103.9 ± 0.3)

NaOH [3]
–(99.1 ± 0.4)

CaOH+ [5]
–(171.4 ± 0.3)

MgOH+ [6]
–(149.26 ± 0.27)

AlO2– [3]
–(198.7 ± 0.3)

KAlO2 [4]
–(264.4 ± 0.6)

NaAlO2 [3]
–(260.3 ± 0.6)

CaAlO2+ [CS]
–(333.2 ± 1.1)

MgAlO2+ [CS]
–(313.2 ± 0.9)

FeO2– [5]
–(87.5 ± 1.6)

KFeO2 [CS]
–(153.8 ± 1.7)

NaFeO2 [CS]
–(149.7 ± 1.7)

CaFeO2+ [CS]
–(221.2 ± 1.8)

MgFeO2+ [CS]
–(198.9 ± 1.8)

HSiO3– [5]
–(242.84 ± 0.5)

KHSiO3 [CS]
–(310.1 ± 2.2)

NaHSiO3 [7]
–(308 ± 2)

CaHSiO3+ [8]
–(376.5 ± 0.7)

MgHSiO3+ [8]
–(353.1 ± 0.5)

SiO32– [5]
–(224.61 ± 0.5)

KSiO3– [CS]
–(291.8 ± 2.1)

NaSiO3– [CS]
–(288.4 ± 1.0)

CaSiO3 [9]
–(362 ± 1)

MgSiO3 [10]
–(340.7 ± 0.5)

SO42– [2]
–(177.93 ± 0.10)

KSO4– [8]
–(246.6 ± 0.6)

NaSO4– [3]
–(241.8 ± 0.3)

CaSO4 [8]
–(312.9 ± 0.4)

MgSO4 [11]
–(289.7 ± 0.2)

HCO3– [2]
–(140.28 ± 0.03)

KHCO3 [CS]
–(206.9 ± 1.5)

NaHCO3 [12]
–(203.0 ± 0.2)

CaHCO3+ [5]
–(273.9 ± 0.5)

MgHCO3+ [8]
–(250.2 ± 0.6)

CO32– [2]
–(126.19 ± 0.07)

KCO3– [CS]
–(192.8 ± 1.4)

NaCO3– [12]
–(190.4 ± 0.3)

CaCO3 [8]
–(262.8 ± 0.3)

MgCO3 [8]
–(238.9 ± 0.6)

* Water shown for completeness. [CS] = Current study (9-12). [1] (Johnson et al. 1992) [2] (Shock &
Helgeson 1988). [3] (Pokrovskii & Helgeson 1995). [4] (Pokrovskii & Helgeson 1997). [5] (Walker et al.
2016b). [6] (Shock et al. 1997). [7] (Seward 1974). [8] (Sverjensky et al. 1997). [9] (Walker et al. 2016a).
[10] (Santschi & Schindler 1974). [11] (Wagman et al. 1982). [12] (Steffánson et al. 2013).
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3.2

OPC hydration and degradation experiments & simulation

The L/S ratios (kg/kg), element concentrations (mmol/L) in OPC porewater and leachates, and simulated
mineralogy expressed in terms of volume (cm 3) are all shown as functions of pH during OPC hydration
and degradation in IEW in Figure 2.

Figure 2. [a] Liquid/solid (L/S) mass ratios (kg/kg), concentrations (mmol/L) of [b] K, [c] Na, [d]
Ca, [e] Mg, [f] Al, [g] Fe, [h] Si, [i] S, and [j] C (see Legend [a-j]) and [k] volume of the simulated
mineralogy (cm3) expressed as a function of pH in OPC porewater (pH ≈ 13.6) and leachates
(pH < 13.6) during OPC hydration and degradation in IEW. * Changes in C-S-H gel composition
are also indicated: dashed vertical lines correspond to a decrease in molar Ca/Si ratio of 0.1
and dotted vertical lines to a decrease of 0.05.
Changes in L/S ratio and measured element concentrations expressed as a function of pH were entirely
consistent with those reported in the literature (Haga et al. 2002, Lothenbach & Winnefeld 2006, Mihara
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et al. 2008, Pfingsten & Shiotsuki 1998, Walker & Yui 2012) (Figure 2[a-j]). The simulated concentrations
of K, Na, Ca, Si, Al, and S can be seen to be in good agreement with the measured concentrations
(Figure 2[a-d,f,h,i]). In the case of Ca and Si the model fit was improved by the inclusion of ML complexes
(Figure 2[d,h]). The simulation therefore provided a satisfactory account of the OPC hydration and
degradation reaction path and furthermore, that the simulated element concentrations used in solving
molalities of M, L and ML were representative and reliable. Simulated concentrations of Mg, Fe and C
could only be treated as tentative, however, because there were no data to make direct comparisons
(Figure 2[e,f,j]). Low concentrations of Mg and Fe were both below the detection limits of the ICP-OES
instrument (< 0.05 mmol/L), which were also predicted by the simulation. C concentration was not
measured, however the simulation showed that it should be measurable, particularly in OPC porewater.
The initial OPC porewater had a high pH ≈ 13.6 due to the high concentrations of K = 182 mmol/L and
Na = 195 mmol/L (Figure 2[b,c]) with OH– as the dominant counter ion. At such a high pH the dissolution
of the most soluble OPC hydrate mineral CH was supressed, as seen by the concentration of Ca = 1.9
mmol/L (Figure 2[d]). In turn, the supressed dissolution of CH promoted the dissolution of the less
soluble Ca bearing OPC hydrate minerals C4AcH11, C4AsH14, C3FS0.84H4.32, C3AS0.8H4.4, and C-S-H gel,
as seen by the elevated Al, Fe, Si, S, and C concentrations (Figure 2[f-j]).
Increasing L/S ratio by the addition of IEW marked the onset of OPC degradation. Concentrations of K
and Na decreased by dilution, which lowered the pH of the OPC leachate (Figure 2[a-c]). Lowering the
pH of the OPC leachate promoted the dissolution of CH and increased Ca concentration, which in turn
supressed the dissolution of the less soluble Ca bearing hydrate minerals and decreased Al, Fe, Si, S,
and C concentrations. This trend continued until the solubility limit of CH was reached at pH ≈ 12.6 and
Ca ≈ 21 mmol/L. At this point, the concentration of Ca was at its highest and the concentrations of Al,
Fe, Si, S, and C were at their lowest (Figure 2[d,f-j]).
Further addition of IEW continued to increase L/S ratio and lower concentrations of K and Na (Figure
2[a-c]), but the pH ≈ 12.6 and Ca ≈ 21 mmol/L was maintained by the continued dissolution of CH, which,
by the continued suppression of the other Ca bearing hydrate minerals, also maintained the
concentrations of Al, Fe, Si, S, and C (Figure 2[f-j]). After the loss of CH (Figure 2[k]), the pH and
concentrations of K, Na and Ca decreased and the concentrations of Al, Fe, Si, S, and C increased
(Figure 2[b-j]). Concentrations of K and Na decreased by further dilution and approached the same low
concentrations as Al, Si, S, and C. Decreased Ca and increased Al, Fe, Si, S, and C concentrations
were caused by the sequential dissolution and loss of the other Ca-bearing hydrate minerals in order of
decreasing solubility. The dissolution and loss of C4AcH11, C4AsH14, C3FS0.84H4.32, then C3AS0.8H4.4 was
apparent from the peaks in the concentrations of Al, Fe, S and C (Figure 2[f,g,i-k]) and of C-S-H gel of
decreasing Ca/Si ratio by the gradual increase in Si concentration (Figure 2[h,k]). After the dissolution
and loss of C4AcH11 and C3FS0.84H4.32 then Cc and F0.5H1.5, respectively, were predicted to precipitate
(Figure 2[k]).
Unlike the other elements, which were affected to different extents by dilution and/or the dissolution and
loss of CH, simulated Mg concentrations were very low, increased continually as pH decreased and
were controlled by the suppressed dissolution of the least soluble OPC hydrate mineral MH.
3.3

M, L & ML in OPC porewater and leachates

The simulated molality fractions of K, Na, Ca, Mg, Al, Fe, Si, S, and C bearing M, L and ML are shown
as a function of pH in Figure 3. ML complex formation was most significant when M and L concentrations
in OPC porewater and leachates differed by more than 2 orders of magnitude. This was typified by the
formation of NaL complexes at pH > 13 associated with the high Na concentrations (Figure 2[c]), CaL
complexes at pH > 12 associated with the formation of CaOH+ (3) (Figure 3[c]) and at pH ≈ 12.6
associated with the high Ca concentrations provided by CH dissolution (Figure 2[d]), and MgL
complexes because of the very low concentrations of Mg (Figure 2[e]). Formation of Mg, Fe and C
bearing ML complexes were more tentatively assigned as Mg, Fe and C concentrations were not verified
experimentally (Figure 2[e,g,j]).
The formation of ML complexes had little effect on the concentrations of the major elements K and Na,
which were dominated by M species K+ and Na+ for all pH values (Figure 3[a,b]). With little effect on the
major dominant M species K+ and Na+, the concentration of the OH– counter ion and so too, therefore,
the pH values in OPC porewater were largely unaffected by the presence of ML complexes. Minor
contributions to the molal activity fractions came from the hydrolysis products KOH and NaOH (1,2) in
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Figure 3. Simulated molality fractions (-) of [a] K, [b] Na, [c] Ca, [d] Mg, [e] Al, [f] Fe, [g] Si, [h] S,
and [i] C bearing M, L and ML as a function of pH in OPC porewater and leachates during OPC
hydration and degradation in IEW (cf. Figure 2). Black lines were simulated with ML, red lines
without ML. Activity fractions < 0.01 are not readily visible on the ordinate scale used.
OPC porewater at pH > 13 and the formation of NaHSiO3 in OPC leachates at pH < 12 associated with
low Na and high Si concentrations (Figure 2[c,h], Figure 3[a,b]).
Despite the high initial concentration of K = 182 mmol/L in OPC porewater (Figure 2[b]), the only KL
complexes that formed to any extent were KOH, KFeO2 and KSO4– (Figure 3[a,f,h]). The most significant
of these KL complexes was KSO4–, which increased S concentrations by approximately 20% (Figure
2[i]). On the other hand, the high initial concentration of Na = 195 mmol/L in OPC porewater (Figure
2[c]), contributed to the formation of numerous NaL complexes, including NaOH, NaAlO 2, NaFeO2,
NaHSiO3, NaSiO3–, NaSO4–, and NaCO3– (Figure 3[b,e-i]). Only NaHCO3 formation was negligible with
a molality fraction of 1 × 10–5 at pH ≈ 13.6. The formation of ML complexes NaHSiO3, NaSiO3–, NaSO4–
, and NaCO32– was particularly significant and increased concentrations of Si, S and C by 60-100%
(Figure 2[h-j]).
The formation of CaOH+ (3) had a significant effect on Ca concentrations for pH > 12 affecting both OPC
porewater and leachates, and was largely responsible for improving the fit of the simulated Ca
concentration (Figure 2[d], Figure 3[c]). In hydrated OPC porewater the Ca concentration was increased
from 0.2 to 0.7 mmol/L at pH ≈ 13.6 and in degraded OPC leachate the simulated Ca concentration was
increased from 17 to 21 mmol/L at pH ≈ 12.6 associated with the dissolution of CH. Clearly, the formation
of CaOH+ is important to correctly describe the dissolution of CH. At pH > 13.3 and pH < 11.8 the
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relatively high concentrations of Si (Figure 2[h]) also caused the formation of CaSiO3 which, with a
molality fraction ≤ 0.01 (Figure 3[c]), had only a minor effect on Ca concentration (Figure 2[d]).
In degraded OPC leachate at pH ≈ 12.6, the maximum concentration of Ca ≈ 21 mmol/L (Figure 2[d])
provided by the dissolution of CH contributed to the formation of numerous CaL complexes, including
CaAlO2+, CaFeO2+, CaSiO3, CaSO4, and CaCO3 (Figure 3[e-i]). As for Na, the bicarbonate bearing
CaHCO3+ complex did not form to any extent with a negligible molality fraction of 5 × 10–5. Both CaSiO3
and CaCO3 formation was significant as these ML complexes formed the dominant Si and C bearing
components, respectively, in degraded OPC leachate (Figure 3[g,i]), and increased concentrations of
these elements by approximately one order of magnitude (Figure 2[h,j]). The formation of CaSiO3 helped
to improve the fit of the simulated Si concentration (Figure 2[h]). The formation of CaAlO2+, CaFeO2+,
and CaSO4 increased concentrations of Al, Fe and S, respectively, by 15-55% (Figure 2[f,g,i]). Following
the loss of CH, the decreased Ca and increased Si concentrations (Figure 2[c]) contributed towards the
formation of CaHSiO3+ at pH ≈ 12.3 (Figure 3[g]). The peaks seen in the concentrations of Al, Fe, S,
and C (Figure 2[f,g,i,j]) associated with the dissolution and loss of C4AcH11, C4AsH14, C3FS0.84H4.32, and
C3AS0.8H4.4 did not contribute towards CaL complex formation.
The very low Mg concentrations in OPC porewaters and leachates (<0.05 mmol/L) (Figure 2[e]) were
strongly affected by MgL complex formation with Mg concentrations typically increased by more than
one order of magnitude (Figure 2[e]). The dominant MgL complex in high pH OPC porewater was
MgOH+, with minor contributions from Mg2+, MgAlO2+ and MgSiO3 (Figure 3[d]). The combination of the
increasing Mg concentration (Figure 2[e]) from the dissolution of MH and the peak in Al concentration
at pH ≈ 11.8 (Figure 2[f]) from the dissolution of C3AS0.8H4.4 led to MgAlO2+ becoming the dominant Mg
bearing component in degraded OPC leachates (Figure 3[d]). Formation of other MgL complexes was
negligible in OPC porewaters and leachates.
The main consequence of ML complex formation in OPC porewater and leachates was to cause
significant increases in Mg, Si, and C concentrations and moderate increases in Ca, Al, Fe and S
concentrations (Figure 2). Even with these increased element concentrations in OPC porewater and
leachates, they were still orders of magnitude lower than the molar quantities of the elements contained
in the OPC hydrate minerals. Differences in the OPC hydrate minerals caused by ML complex formation
were therefore negligible. The main effects of ML complex formation on the OPC hydrate minerals was
observed during OPC degradation whereby minerals containing Mg, Si and C were more rapidly
consumed. Secondary alteration minerals containing these elements would therefore also appear more
rapidly. These effects became more pronounced with increasing L/S ratio and so had a greater impact
on the dissolution and loss of C3AS0.8H4.4 and C-S-H gel, and the appearance of Cc (Figure 2[k]).
4.

CONCLUSIONS

Reactions between M and L to form ML complexes can affect the dissolution of minerals and the
concentrations of elements in solution. A provisional assessment of the importance of ML complexes in
hydrated OPC porewater and degraded OPC leachates was made with the assistance of PHREEQC
(Parkhurst & Appelo 2013) and the JAEA TDB (Walker et al. 2016b).
Missing ΔfGML values were estimated by X-Y weighted linear correlation (Deming 1943) of known ΔfGML
values plotted against known ΔfGL for M = K+, Na+, Ca2+, and Mg2+. Consequently the missing ΔfGML
values for KFeO2, KHSiO3–, KSiO3–, KHCO3–, KCO3–, NaFeO2, NaSiO3–, CaAlO2+, CaFeO2+, MgAlO2+,
and MgFeO2+ could be tentatively estimated from known ΔfGL for FeO2–, HSiO3–,SiO32–, HCO3–, CO32–,
and AlO2–. Estimated ΔfGML values were then added to the JAEA TDB (Walker et al. 2016b) and used
to calculate log K values of the reaction of M and L to form ML and written into a format supporting
PHREEQC (Parkhurst & Appelo 2013).
Compositions of OPC porewater and leachates expressed as a function of pH were compiled from the
literature and obtained by experiments conducted as a part of the current study. Concentrations of K,
Na, Ca, Al, Si, and S could be satisfactorily simulated using PHREEQC (Parkhurst & Appelo 2013) and
the JAEA TDB (Walker et al. 2016b). Including ML complexes in the JAEA TDB notably improved the
simulated concentrations of Ca and Si by the formation of CaOH + and CaSiO3, respectively. Measured
concentrations of Mg and Fe were below the limits of detection (< 0.05 mmol/L), as were the simulated
concentrations, but the concentration of C should be measurable, especially in OPC porewater.
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ML complex formation was found to be significant when there was a concentration gradient between M
and L of at least 2 orders of magnitude. ML complex formation had very little effect on the concentrations
of K and Na in OPC porewater and leachates. However, the formation of NaL, CaL and MgL complexes
significantly increased concentrations of Mg, Si and C by up to 1 order of magnitude and moderately
increased the concentrations of Ca, Al, Fe, and S by 15-55% in OPC porewater and leachates.
The increased element concentrations in OPC porewater and leachates caused by ML complex
formation only affected the OPC hydrate minerals by making them more soluble. OPC hydrate minerals
were therefore consumed and secondary alteration minerals appeared more rapidly during OPC
degradation, which became more significant for Mg, Si and C bearing minerals with increasingly larger
water volumes.
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ABSTRACT
Portland cements were made by mixing 4 clinkers with 2 gypsum levels and 0-5% limestone powder.
The compressive strength after 28 days curing varied from 40 to 70 MPa for mortar with equal w/c. To
explain the relatively large difference in strength evolution, the microstructure of the clinkers was
analysed by XRD both before and after enrichment of interstitials by extracting C3S/C2S with maleic
acid in methanol. The extracted solution was analysed by ICP/MS. The oxide composition was
determined by XRF and potential minerals calculated by the Bogue method and compared to Rietveld
analysis of XRD showing large discrepancies. Both the clinkers and the hydrated pastes were
investigated by SEM/EDS.
The highest strength was achieved by a white clinker containing no C4AF that had been using
CaSO4/CaF2 as flux and therefore contained a higher total calcium sulphate. The white cement also
seemed to contain two calcium aluminate phases with potentially some fluoride in one of them, one
probably glassy as the calculated amount is about double of Rietveld analysis. This also explains
better response to limestone forming carboaluminate hydrate phases. The C4AF content of the other
clinkers had also a low reactivity within the 28 days explaining some of the difference. The 1 day
strength of the white clinker (26.6 MPa) than for the grey clinker (14.9 MPa) to which it is compared
may also partly be due to higher C3S content (63.6 vs. 49.1%), even though the fineness is only
marginally higher.
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1.

INTRODUCTION

The focus on the CO2 emissions associated with clinker production pose a clear incentive for cement
industry to increase the replacement level of clinker in cement with supplementary cementitious
materials or fillers whilst maintaining the strength and durability properties of the resulting cement.
Previous studies have shown a synergetic effect between limestone between limestone powder and fly
ash when replacing part of the clinker [De Weerdt & Justnes, 2009; De Weerdt et al, 2010; De Weerdt
et al, 2011a,b].
In a study [De Weerdt & Justnes, 2013; De Weerdt et al, 2013] on ternary cements based on 4 clinkers,
4 fly ashes and limestone, it was found that particular clinker δ achieved a much higher strength than
the other clinkers (see Figures 1 and 2), and that there also was a quite large discrepancy between the
C3A content estimated by Bogue calculations (Table 3) from the chemical compositions in Table 1 and
that observed by Rietveld analyses of XRD (Table 2) compared with the other clinkers (α, β and γ).
Therefor the microstructure of clinker δ was investigated closer in order to find reasons for the higher
strength development as well as to identify any other aluminate containing compounds than those
assumed by Bogue calculations. For instance was the formation of a glassy (no-crystalline) calcium
aluminate not observable by XRD put forward as a hypothesis.
Table 1. Chemical composition (%) and physical properties of the clinkers [De Weerdt et al,
2013]
Clinker
SiO2
Al2O3
Fe2O3
CaO
MgO
K2O
Na2O
SO3
LOI 950°C
Sum above
Blaine (m2/kg)
Density (g/cm3)

α
20.3
5.7
3.3
61.3
2.9
1.2
0.5
1.5
1.9
98.6
449
3.1

β
21.3
5.4
3.9
63.5
1.9
0.4
0.3
0.4
0.5
97.6
432
3.1

γ
21.8
4.3
5.6
61.4
2.1
0.4
0.3
1.2
0.5
97.6
426
3.2

δ
23.4
4.0
0.2
67.0
1.1
0.5
0.0
1.6
0.7
98.5
457
3.1

Table 2. XRD-Rietveld analysis of the clinker phases (%) [De Weerdt et al, 2013]
Clinker
C3S
C2S
C3A
C4AF
Sum above

α
49.1
25.6
10.0
10.2
94.9

β
59.9
18.8
4.6
14.1
97.4

γ
45.6
33.3
0.3
18.5
97.7

δ
63.6
30.3
3.2
0.0
97.1

Table 3. Mineral composition of the clinkers from Bogue-calculations based on the oxide
compositions in Table 1
Clinker
C3S
C2S
C3A
C4AF
Sum above

α
52.3
18.8
9.5
10.0
94.9

β
54.8
19.8
7.7
11.8
97.4

γ
47.4
26.8
1.9
17.0
97.7

δ
67.8
16.0
10.3
0.6
97.1
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Compressive strength at 28d of curing

Compressive strength [MPa]
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α 1,5 % Gypsum
α 3 % Gypsum
β 1,5 % Gypsum
β 3 % Gypsum
γ 1,5 % Gypsum
γ 3 % Gypsum
δ 1,5 % Gypsum
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Figure 1. Comparative plots of compressive strength at 28 days for all clinkers with 2 levels of
gypsum as a function of limestone powder content [De Weerdt & Justnes, 2013]

Compressive strength at 1d of curing

Compressive strength [MPa]
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Figure 2. Comparative plots of compressive strength at 1 day for clinkers α and δ with 3%
gypsum as a function of limestone powder content [De Weerdt & Justnes, 2013]

2.
2.1

EXPERIMENTAL
Extraction of interstitials of clinkers

The extraction procedure involves adding 5 g dry cement to a solution of 25 g maleic acid dissolved in
125 g methanol. After stirring for 10 minutes, the solution is filtered off and the residue washed with 50
ml methanol. The procedure removes C3S and C2S from the clinker.
2.2

Scanning electron microscopy

One sample from all the mortar mixes cured for 28 days were cast in epoxy resin, plane polished to
achieve a cross-section of the material and sputtered with carbon. The clinkers were just stirred out in
epoxy resin, cut after hardening and plane polished.
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The instrument used for clinkers was JEOL JXA – 8500F Electron Probe Micro analyser. The samples
were analysed in the BSE (back scattered electron) mode where dense compounds and/or compounds
composed of heavy elements appear bright (e.g. unreacted C 4AF mineral in cement) and compounds
of low density and/or composed of elements with low atomic number appears dark (e.g. CSH). Details
of interest were first checked for elements by EDS (energy dispersive spectra) semi-quantitatively, and
further quantitatively by WDS (wave length dispersive spectra) for compositional determination.
2.3

X-ray diffraction (XRD)

X-ray diffraction (XRD) scan using a Bruker AXS D8 Focus with a Lynxeye super speed detector
operating at 40 kV and 40 mA. A CuKα source (λ = 1.5418 Å) with a 0.2 mm slit was used. The scan
was performed between 5 and 75° 2θ with an increment of 0.02 and a scanning speed of 0.5 s/step.
The samples were front loaded.
2.4

X-ray fluorescence (XRF)

After heating for mass loss on ignition (LOI), the powder is made into a tablet by melting with borax and
the content of elements detected by BRUKER S8 Tiger 4 kW X-ray spectrometer.
3.
3.1

RESULTS AND DISCUSSION
Investigation of clinker by SEM

The back scattered electron (BSE) images of clinker δ is shown in Figure 3, while similar image for the
other clinkers are reproduced in Figure 4 for comparison. In Figure 3, the black areas are epoxy in which
cement grains are embedded before cutting and polishing. The lighter grey areas of the grains are the
calcium silicates (alite or belite) while the slightly darker grey areas are the interstitials (in case of δ
clinker only calcium aluminate, no ferrite). Note that within the calcium aluminate region there are two
distinct phases in some cases (e.g. the marks D8 and D9). The chemical composition of the analysis
points by WDS are listed in Table 4 for the δ clinker and in Table 5 for the other clinkers. Note that in
Figure 4 the interstitials appear white relative to the C3S/C2S domains due to the high iron content.
Table 4. Selected points for WDS analyses in Clinker δ. Some points are shown in Fig. 3.
Elements are given as atom%
Point

Na

O

K

Mg

F

Ca

Si

Al

S

Ca/Al

Ca/Si

Phase

D.1

0.07

50.99

0.01

0.45

0.00

29.74

1.64

17.09

0.01

1.74

18.13

C3A

D.2

0.00

55.69

0.01

0.73

0.57

32.76

9.34

0.81

0.09

40.49

3.51

C3S

D.3

0.05

56.49

0.10

0.32

0.24

29.35

11.50

1.32

0.62

22.23

2.55

C2S

D.4

0.09

56.93

0.11

0.30

0.13

29.35

11.51

1.11

0.47

26.41

2.55

C2S

D.5

0.04

55.38

0.11

2.20

0.63

19.00

3.55

17.42

1.66

1.09

5.35

C2A

D.6

0.05

53.67

0.04

2.49

0.56

24.14

2.21

16.42

0.43

1.47

10.95

C3A

D.7

0.02

57.84

0.05

0.25

0.00

29.30

11.76

0.69

0.09

42.29

2.49

C2S

D.8

0.03

54.48

0.02

1.33

0.04

26.64

1.68

15.62

0.15

1.71

15.89

C3A, hC

D.9

0.02

54.43

0.04

2.96

0.88

21.89

2.01

17.31

0.46

1.26

10.89

C3A, lC

D.10

0.06

54.15

0.05

2.37

0.67

24.30

2.47

15.57

0.36

1.56

9.83

C3A

D.11

0.06

54.68

0.06

2.34

0.52

23.40

2.20

16.34

0.40

1.43

10.66

C3A

D.12

0.07

55.22

0.04

3.02

0.81

22.73

2.56

15.02

0.54

1.51

8.89

C3A

D.13

0.02

56.17

0.02

0.60

0.44

32.53

9.49

0.65

0.09

50.18

3.43

C3S

D.14

0.06

54.92

0.05

2.78

0.82

23.07

2.40

15.63

0.27

1.48

9.61

C3A

D.15

0.04

57.48

0.08

0.32

0.00

29.16

11.56

1.04

0.32

28.17

2.52

C2S
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D1

D3

D2

D5

D8

D9

Figure 3. BSE by SEM of various grains of the δ-clinker. The arrows signify points where 1 µm3
was analyzed by WDS (wave length dispersive spectroscopy) and symbols refer to Table 4.
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G2
G1

A1
A3

A2

Figure 4. BSE by SEM of various grains of the γ- and α-clinkers. The arrows signify points
where 1 µm3 was analyzed by WDS (wave length dispersive spectroscopy) and symbols refer to
Table 5.

Table 5 Selected points for WDS analyses in Clinker α, β and γ. Some points are shown in
Figure 4. Elements are given as atom%
Point

Na

O

A.1

0.05

55.54

A.2

0.05

A.3

Fe

K

Mg

F

Ca

Si

Al

8.01

0.02

1.86

0.00

23.79

1.46

9.25

55.33

7.41

0.03

1.95

0.00

23.97

1.67

0.76

54.51

1.53

0.15

0.47

0.00

26.44

B.1

1.46

53.59

1.77

0.11

0.28

0.00

B.2

0.11

56.26

0.35

0.02

0.77

B.3

0.00

53.49

8.24

0.01

G.1

0.00

54.17

10.50

G.2

0.06

54.79

9.33

S

Ca/Al

Ca/Si

Ca/Fe

Phase

0.01

2.57

16.24

2.97

C4AF

9.58

0.02

2.50

14.38

3.23

C4AF

1.47

14.66

0.01

1.80

18.05

17.25

C3A

26.64

1.23

14.91

0.01

1.79

21.62

15.07

C3A

0.22

32.25

9.25

0.69

0.08

46.79

3.49

93.42

C3S

1.26

0.02

24.08

0.80

12.11

0.00

1.99

29.98

2.92

C4AF

0.01

1.69

0.17

24.25

1.40

7.78

0.02

3.12

17.26

2.31

C4AF

0.01

1.78

0.00

24.26

1.29

8.44

0.04

2.88

18.82

2.60

C4AF

The BSE in the upper left corner of Figure 3 shows 3 phases within one clinker δ grain being C3S (D2),
C2S (D3) and C3A (D1) as an example, albeit the calcium content seems to be a little high for all 3
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phases (matter of calibration/reference?). The objective of the SEM analysis was actually to find out
whether or not there was another calcium compound than C3A in this clinker or if there could be a glassy,
amorphous phase. Sulphur (S) and fluorine (F) was included in the analyses since it is common to use
calcium fluoride, CaF2, and even calcium sulphate, CaSO4, as fluxes when iron is lacking as for this
white clinker δ. The point D5 in the interstitial of the clinker grain in the upper right BSE of Figure 3
showes that this is a calcium aluminate phase with very low Ca/Al ratio (≈1 rather than 1.5) and with
some silicon (3.6%), sulphur (1.7%) and fluorine (0.6%) present indicating that the above mentioned
fluxes have been used. In the BSE in the middle left of Figure 3 it is obvious that the interstitial consist
of two phases, one darker than the other. The analysis points are marked D8 (lighter) and D9 (darker)
and the results in Table 4 reveal that the darker has higher content of Mg (3.0 vs. 1.3%), F (0.88 vs.
0.04%) and S (0.46 vs. 0.15%) and a lower atomic Ca/Al ratio (1.26 vs. 1.71) than the lighter phase.
The BSE images in the upper part of Figure 4 are of the γ clinker with analyses point G1 and G2 of the
interstitial phase as indicated by the compositions in Table 5. This clinker contains no C3A, so the
interstitial should be relatively pure C4AF which ideally should have Ca/Al = 2 and Ca/Fe = 2 if A/F = 1
as a pure phase. However the composition of C4AF is known to vary and can also incorporate elements
not analysed here (e.g. manganese, Mn). A/F = 1.35 and 1.11 in points G1 and G2, respectively.
The interstitials of the α clinker consist of a mixture of C 3A and C4AF and BSE images of grains from
this clinker is shown in the lower part of Figure 4 with analyses points A1 and A2 in the white areas
being dominated by C4AF and a darker grey area with analysis point A3 turning out to be C3A according
to the element analyses in Table 5.
Since there are some compositional variations between similar phases, it was decided to extract the
interstitials from the clinkers and determine phases by XRD and overall composition by XRF. However,
due to lack of space for the paper, this is only shown for the interstitials of the δ-clinker.
3.2

XRD of clinker δ and its interstitials

The XRD profile of clinker δ and its "interstitials" are plotted in Figures 5 and 6, respectively. In the
extraction process the silicate phases C3S and C2S are removed, and the remaining phases are the
"interstitials" usually used to enrich C3A and C4AF, but here also including insoluble phases like calcium
sulphates, magnesium oxide etc.

Figure 5. XRD profile of clinker δ
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Figure 6. XRD profile of "interstitials" from clinker δ after the extraction process. Peaks marked
"A" are due to anhydrite.
In the XRD profile of interstitials in Figure 6, in addition to C3A and Anhydrite, there are possible very
small amounts of Mayenite, Ca12Al14O33F2, and fluorellestadite, Ca10(SiO4)3(SO4)3F2, even though major
peaks of the latter have partial overlap with anhydrite. This is a proof that anhydrite and possibly some
fluoride were used as fluxes in the production of clinker δ. There is absolutely no trace of C 4AF as this
phase would have given rise to a peak at about 12° 2θ. According to the Rietveld analysis of the clinker
δ XRD profile [De Weerdt et al, 2013] the total C3A content of 3.2% is distributed between 2.9% cubic
and 0.3% orthorhombic modification, and the major peaks in Figure 6 are indeed assigned to cubic C3A.
The 30.3% C2S calculated from the Rietveld analysis was solely of the β-modification, as opposed to
the estimation of 16% belite from Bogue calculations. The higher "bump" in the background level at
around 30° 2θ in Figure 6 compared to the interstitials of the other clinkers (not shown here due to lack
of space) could be a sign of a higher content of an amorphous phase that might contain alumina.
3.3

ICP of clinker extraction liquid

The element compositions of the extraction liquid were measured by ICP to see if the δ clinker had more
or less alumina in the silicate phases as solid solutions and that presumably would enter the liquid
phase. This was in particular interesting since its alumina content indicates a much higher C 3A content
by a simple Bogue analysis (10.3%) than found by Rietveld analysis of XRD profile (3.2%) [De Weerdt
et al, 2013].
It was the first time organic solvents was used for the ICP/MS and the solutions where therefor thinned
500x with water. The content in original solution was in mg/kg solution; 14,980 Ca, 3,485 Si, 309 Al, 165
Mg and 9 S.
The density of the solution of 25 g maleic acid in 125 ml methanol (0.791 g/ml) and dissolved clinker
had density 0.91 g/ml and a total mass of about 128.43 g taken into account the 8.9% residue in next
section, meaning that the percentage of elements removed from 5 g clinker was 38.3% Ca, 8.91% Si,
0.79% Al and 0.42% Mg or as the respective oxides; 54.0% CaO, 19.2% SiO2, 1.50% Al2O3 and 0.70%
MgO.
The ratio between C3S and C2S independently of solution density can then be calculated from the
calcium balance
3·C3S + 2·C2S = 54.0% Ca
And silicon balance

(1)
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C3S + C2S = 19.2% Si

(2)

This gives C3S/C2S = 15.6/3.6 = 4.3 while Rietveld (Table 2) says 2.10 and Bogue (Table 3) says 4.24.
However, if Mg is included for Ca substitution and Al2O3 for SiO2 substitution, Equations (1) and ((2)
results in C3S/C2S = 13.3/7.4 = 1.8 not far from the Rietveld results of 2.10 considering the uncertainties.
The Rietveld analysis [De Weerdt et al, 2013] did not find any anhydrite, and the only sulphate phase
included was 0.4% Arcanite, K2SO4 (corresponding to 0.18% SO3) while the total SO3 was 1.6% from
CS-analysis. The XRD of interstitials for clinker δ showed the presence of anhydrite in Figure 6.
3.4

XRF of extraction residue

Two parallel extractions of 5.012 and 5.008 g clinker δ gave residues of 0.452 and 0.440, respectively,
or 8.9±0.2%. The XRD profile of interstitials in Figure 6 revealed cubic C3A and Anhydrite, with some
fluorellestadite, Ca10(SiO4)3(SO4)3F2, as well as possibly very small amounts of Mayenite, Ca12Al14O33F2.
The oxide composition of the residue as measured by X-ray fluorescence (XRF) is listed in Table 6. The
loss on ignition (LOI) to 1000 °C was 5.37% and the analysis was done on an ignited sample. The 15.3%
SO3 in the ignited residue found in Table 6 corresponds to 14.5% in the un-ignited sample and
multiplying that with the fraction of residue gives an SO 3 content in the clinker of 1.3% which is not far
from the 1.6% found by the CS analyser [De Weerdt et al, 2013]. This corresponds quite well considering
all the steps in the calculation involving individual uncertainties.
If one now make the assumption that all SiO2 in the δ-clinker residue is in the form of fluorellestadite
and is associated with 2 CaO on molar basis + 1 CaO associated with fluoride (not analysed) and all
SO3 is in the form of either fluorellestadite or anhydrite and is associated with 1 CaO (with the exception
of 2K in Arcanite that holds one SO3), one calculate a C/A molar ratio of 2.0 far from 3 in C3A. If one
only subtracts for sulphate in anhydrite, one gets C/A = 2.9 (close to C3A) or if one do not subtract CaO
from any of the other oxides C/A = 3.6.
Assuming that all Al2O3 in the residue is associated with C3A and that the small amount of Al in the liquid
from the extraction (1.50% Al2O3 of clinker) was associated with the alite (typical contaminants of C 3S
in clinker are Mg and Al) or belite, one arrives at a C3A content of the clinker of 5.5% C3A. If one subtracts
1.5% Al2O3 in the Bogue calculation belonging to C3S/C2S one end up with 6.3% C3A. Thus, it is likely
that the C3A content is around 6% (about double of Rietveld analysis), but some of it may be in the form
of "glass" not detectable by XRD due to its amorphous nature. There are signs of this in the diffractogram
of Figure 6 appearing as broad "bumps" on the base line. Also, in Figure 3 (image in the middle to the
left) there are sign of two different aluminate phases with different C/A (analysis points D8 and D9 with
composition in Table 4). The existence of amorphous phases in Portland cements also discussed by
Snellings et al [2014].
Table 6 The oxide composition of the ignited extraction residue of clinker δ
Oxide

CaO

Al2O3

SO3

SiO2

MgO

K2O

Fe2O3

TiO2

Sum

Content

48.7%

24.7%

15.3%

4.3%

3.0%

1.8%

1.2%

0.4%

99.4%

3.5

Influence of calcium sulphate content on compressive strength

A question arose if some of the clinkers in this study could have been under-sulphated. The content of
calcium sulphate not only reacts with C3A to form AFt and AFm phases depending on the SO3/C3A ratio,
but also accelerates C3S [Ménétrier et al, 1980; Justnes, 2013]. Alexander and Ivanusec [1982]
investigated 6 cements with 4 SO3 contents and showed that cements under-sulphated relative to C3A
could give up to 10 MPa lower compressive strength even after 28 days curing. The only signs of "undersulphatization" is for clinkers α and β when comparing strengths for 1.5 and 3.0% gypsum in Figure 1,
and 3% gypsum is actually the commercial dosage for clinker α. It may be that clinker δ by its anhydrite
flux has got sufficient calcium sulphate not only to form early ettringite with C 3A, but to let any excess
gypsum accelerate C3S hydration.
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4.

CONCLUSIONS

The reason for the higher strength of cement made from the δ clinker compared to the others may be
several;
 It contains more calcium sulphate than the others as anhydrite is used as a flux in the production of
the clinker (about 1.5% anhydrite of clinker mass) giving rise to more ettringite.
 It contains about the double amount (≈ 6%) of crystalline and possibly amorphous C 3A than predicted
by the Rietveld analysis of XRD.
 It has got sufficient calcium sulphate not only to form early ettringite with C3A, but to let any excess
gypsum accelerate C3S hydration
 The C3S content is much higher for δ (63.6%) than for α (49.1%) clinker which contributes to the
higher 1 day strength in Figure 2, even though the fineness is only marginally higher.
 The seemingly better response to blending with limestone for the δ clinker than for the other clinkers
after 28 days curing (Figure 1) also support a higher content of C3A than predicted by the Rietveld
analysis considering the formation of calcium monocarboaluminate hydrate and stabilization of
ettringite leading to more water bound as hydrates [De Weerdt et al, 2010].
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ABSTRACT
In this study is presented the hydraulic reactivity of calcium silicates, alite (C3S) and belite (C2S),
synthesized by solution combustion processes - SCS. The analyzes to identify the hydraulic reactivity
of these calcium silicates were carried out by X-ray diffraction (XRD), thermogravimetric analysis
(TGA) and microcalorimetry. The characterization techniques showed a greater hydraulic reactivity of
the calcium silicates synthesized by SCS than the pure alite and belite phases synthesized by solid
state. The hydraulic reactivity measured by XRD was performed from day 4th, after hydration, until
day 50th, and were measured through the formation of the three main peaks of C-S-H
(Ca1.5SiO3.5.xH2O). In turn, the thermogravimetric analyzes of the samples manufactured by SCS
showed a greater loss of mass with respect to the control sample between 25 and 700 °C, and in the
total mass loss. Finally, the heat flow of the reaction, in the hydration, showed as the first peak of the
samples synthesized by combustion and those of solid state, presented a similar behavior. Therefore,
obtaining calcium silicates, such as alite and belite, using SCS allows the identification of an
alternative chemical synthesis route to the traditional synthesis process of pure phases of Portland
cement.
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1.

INTRODUCTION

Portland cement is the most successful material in recent years, which cannot be replaced it in the short
or long term, since its ease production and low cost. In 2014 the world cement production was around
4045 Mt/year (Jos et al., 2015), projecting an increase of production of 2.4 times for 2050 (Damineli et
al., 2010). The synthesis processes by solid state reactions have historically controlled the industrial
manufacture of cement, requiring temperatures up to 1450 °C, achieved by using fuels, as fossil fuels,
which release CO2, SOx and NOx after its ignition. For instance, environmental, economic and
technological pressures on this industry have made it look carefully for gases emissions (Gartner, 2004,
Scrivener & Kirkpatrick, 2008, Daminelli et al., 2010, Habert et al., 2010, Van den Heede, 2012, Jounger
et al., 2013).
Previous studies in the production of calcium silicates phases by the traditional solid state reaction, show
emissions between 0.58 and 0.51 tons of CO2 per ton of C3S and C2S, respectively. Alternative methods
of synthesis by combustion allows the formation of cementitious materials such as clinker or its
components, decreasing the energy consumption and environmental impacts. Combustion methods
such as Solution Combustion Synthesis (SCS) are allowed to produce materials with high performance
and strict control of the chemical composition (Mossino, 2004), using less energy than the traditional
methods, which permits the identification of alternative synthesis routes, with important potential in the
mitigation of CO2 emissions.
During solution combustion synthesis (SCS) a mixture of oxidizing and reducing starting materials is
heated at low temperature, until the self-ignition point. Then, a high-temperature flame is self-generated
and propagated in a starting chemical solution, leading the formation of a crystalline and soft powder
material. This self-sustained reaction provides the rapid interaction of the components at high
temperature, resulting in the rapid formation of the products (Mukasyan et al., 2007; Chavarriaga &
Restrepo, 2013; Restrepo, et al., 2015, Betancur-Granados, Restrepo, Tobón, & Restrepo-Baena,
2018).
The hydration reactions in cement processes are very complex. For this reason, the study of the
chemical behaviour of each component of the cement mixture is very important (Blanco (2005)). The
main calcium silicate components of cements, corresponding to C 3S (alite) and C2S (belite), possess
similar hydration ways, changing in the amount of Ca(OH) 2 produced (called CH or Portlandite).
Equations (1) and (2) show the hydration reactions of the calcium silicate phases C 3S and C2S.
2C3S

+

7H

→

C3S2H4

+

3CH

(1)

2C2S

+

5H

→

C3S2H4

+

CH

(2)

The main product of this two reactions is the calcium silicate hydrate, with an approx. stoichiometry of
C3S2H4. This product is a non-crystalline gel-like material, formed of small particles between 5 and 10
nm, which is reflected in its properties. In contrast, the Portlandite, Ca(OH)2 is a crystalline material
(Blanco, 2005).
This work shows the study of the hydraulic behaviour of calcium silicates made by solution combustion
synthesis (SCS), using techniques as X-ray diffraction (XRD), thermogravimetric analysis (TGA) and
microcalorimetry.
2.
2.1

MATERIALS AND METHODS
Reagents

The chemical reagents used for the synthesis by SCS of calcium silicates, alite (C3S) and belite (C2S)
were calcium nitrate tetra hydrate (Ca(NO3)2.4H2O) from Merck with 98% purity, Lithosol 1530 from
brand Zschimmer-Schwarz, with 30% of content of SiO2, Citric acid monohydrate (C6H8O7.H2O) with a
purity of 99%, from J.T. Baker and Glycine (NH2CH2COOH) with 99% purity from Panreac. The amounts
of each starting material used during the synthesis processes are present in Table 1.
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Table 1. Quantities of chemical reagents for the synthesis by solution combustion - SCS
Type of silicate

Fuel

Colloidal silica
(g)

Calcium nitrate
(g)

Fuel (g)

Alite (C3S)

Glycine

4.386

15.83

5.529

Belite (C2S)

Glycine

5.814

13.99

4.887

2.2

Solution combustion synthesis (SCS)

The synthesis process was carried out in a Schott Duran 1 litre glass beaker. The external energy to
reach the self-ignition point of the solution was generated in a Scilogex MS7-H550-Pro heating and
stirring table, in which the dissolution, gel formation and synthesis process took place. The
measurements and control of the pH of the solutions were done in an advanced Thermo Scientific meter
of the series Orion 3 Star.
The reaction process (Figure 1) started with the weight of the reagents (Table 1). The calcium nitrate
was deposited in the reactor and dissolved in deionized water with continuous stirring at 600 rpm.
Glycine was added and the complexation process was facilitated, then the silica was added and the
temperature was raised to 70 °C. Subsequently and after the stirring was completed, the magnet was
removed, the temperature was increased to 300 °C allowing the ignition of the solution.

Figure 1. Synthesis process by combustion in solution - SCS

2.3

Hydration of the samples

To evaluate the hydraulic behaviour of the samples, calcium silicate phases and water were mixed
manually with a water-to-cementitious materials ratio (w/cm) of 3, until get a paste to form small disks.
The disks were covered and cured under water at room temperature. At ages of 4 and 28 days, the
specimens were removed and tested. The cement hydration stopping was made immersing the samples
in acetone and then putting them in an oven at 60 ºC for 24 hours.
2.4

Characterization techniques

The phases were identify using an XRD PANalytical equipment, with references X'Pert PRO MPD and
x'pert3, with an X'Celerator detector Bragg Brentano geometry (CuKa λ = 1.5418 Å) operated at 45 kV
/ 40 mA (1800 W), with a diffraction interval between 5 and 90 ° (2θ), with steps of 0.017 ° (2θ) and time
per step of 20 sec.
Thermogravimetric analysis (TGA) were carried out in a TA Instruments Hi-Res TGA 2950 equipment,
with nitrogen atmosphere (40 mL/min), with temperature variations from 30 to 700 °C at a heating rate
of 10º C/min.
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The calorimetry measurements were carried out in a self-build calorimeter of the Institut für
Geowissenchaften und Geographie, of the Martin-Luther Universität, Halle-Wittenberg.
3.

RESULTS

Figure 2 show the diffractograms of the tricalcium silicate as-prepared and after two ages of hydration,
corresponding to 4 and 28 days. It is possible to observe the reactivity with water by the formation of the
C-S-H (Ca1.5SiO3.5.xH2O) after 4 and 28 days, with a constant increase in the patter of C-S-H which
have three main peaks at 29.36, 32.05 and 50.08 °2θ. The main peak of C-S-H is located at 29.36 °2θ
which is hidden by the main peak of CaCO3 located at 29.45 °2θ, which was an impurity in the synthesis.

C

a b
a

C+T

C+T

Figure 2. XRD pattern of C3S (alite) anhydrous and after hydration at 4 and 28 days (C: calcite,
T: C-S-H, a: alite, b: belite)
Similarly, Figure 3 show the diffractograms of the dicalcium silicate as-prepared and after hydration at
4 and 28 days. The formation of C-S-H (Ca1.5SiO3.5.xH2O) is observed after 4 and 28 days of hydration,
with the decrease of the C2S peaks, and the formation of the peaks at 29.36, 32.05 and 50.08 °2θ,
belonging to C-S-H. In the same way than C3S phase, the C2S phase presented the formation of CaCO3
as impurity.

b b
C
C
b
C+T

C+T
T

Figure 3. XRD pattern of C2S (belite) anhydrous and after hydration at 4 and 28 days (C: calcite,
T: C-S-H, a: alite, b: belite)
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The thermogravimetric analysis (Figure 4) show the loss of mass of the hydrated samples. It is possible
to observe three main losses of mass. The first loss, up to 180 °C correspond to surface water in the CS-H, between 180-300 °C is observed the decomposition of calcium-silicon bonds and the loss of
bonded-water (Kocaba, 2009). Between 420 and 550 °C occurs the dehydration of the Portlandite and
between 600 – 780 °C is observed the carbonation of the Portlandite.

Figure 4. Thermogravimetric curve of (a) C3S (alite) and (b) C2S (belite)
Figure 5 shows the heat-flow curves of alite and belite at the beginning of the reaction. It is possible to
observe a release of heat for each sample, which correspond to the first peak of dissolution of
cementitious phases. The C3S sample showed a heat flow release of 3 mW/g, which is higher than C 2S
heat flow released (1.8 mW/g). In addition, the curve of C3S, shows an endothermic peak around 0.1 h,
which could be attributed to a destabilization of the equipment during the measurement.

Figure 5. Heat-flow curves for (a) C3S and (b) C2S
4.

CONCLUSIONS

The calcium silicate phases were successfully obtained by Solution combustion synthesis. The
formation of alite and belite by this alternative method is an important result because allows the
identification of alternative processes of synthesis to the traditional synthesis process, with potential to
mitigate the CO2 emissions.
The XRD results shown the hydraulic behaviour of the calcium silicate phases obtained by solution
combustion synthesis, by the formation of the main peaks of C-S-H after the addition of water after 4
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and 28 days of reaction. In addition, the calorimeter curves show that the release of heat by the alite is
higher than the belite in the first peak of dissolution of the cementitious material.
This method (SCS) has been used successfully in the production of ceramic powders in other industrial
sectors. This method could be implemented in the cement industry to manufacture calcium silicates of
high reactivity, at low temperatures and with lower CO2 emissions as shown in this research. These
calcium silicates could be used as active additions in Ordinary Portland Cement (OPC).
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ABSTRACT
The development of green cements to reduce CO2 emissions often results in a reduced hydration
activity especially at early times, which collides with economic interests and process requirements.
Besides pozzolans like nano-silica, the performance of calcium silicate hydrate (C-S-H) nanoparticles
recently came to focus, due to their outstanding ability to accelerate the cement hydration without
compromising the long-term strength of the seeded cement (Brau 2012, Archieves of toxicology).
Many properties of C-S-H were found to influence their accelerating performance, the particle size was
unanimously identified as the most crucial parameter (Kanchanson 2015, ICCC). The impact of the
crystallographic phase of the C-S-H onto cement hydration is less intensively studied even though
already in 1969 Greening and Seligmann reported a significant influence of the crystalline C-S-H
phase afwillite onto the product formation in seeded C3S pastes (Seligmann 1969, ISCC). Regarding
the Ca/Si of C-S-H gel controversial results were published. While Alizadeh et al. found that the
hydration of C3S was accelerated more when C-S-H seeds richer in silicon where applied, Land et al.
observed that seeds richer in calcium were better accelerators. In both works the particle size,
respectively surface area was not kept constant (Alizadeh 2009, J. Mater. Chem., Land 2012,
Hipermat). Additionally, other properties like the water to silicon ratio or the crystallinity of the C-S-H
are not investigated so far.
The current work aims towards a systematic investigation of the influence of the C-S-H chemical and
physical properties, and towards an explanation of the observed effects.
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1.

INTRODUCTION

The so called C-S-H seeding describes a method to accelerate cement hydration by the addition of
synthetic calcium silicate hydrates that are assumed to act as nucleation seeds for the hydration
products in the paste (Nicoleau 2011; John et al. 2018). Compared to conventional chemical
accelerators C-S-H seeding offers the advantage of being non-toxic, non-corrosive and it does not
compromise the long-term strength of the seeded cementitious products (Brau et al. 2012; Bost et al.
2016). Various authors proved that synthetic calcium silicate hydrates show great potential as
accelerators, one day strength gains up to 270% were reported, and calorimetry experiments show that
the dormant period can be eliminated almost completely (Reichenbach-Klinke & Nicoleau 2011; Land &
Stephan 2018).
Nevertheless, the reported performance values obtained from calorimetry or compressive strength
testing vary over a large range (Table 1). While it is generally reported that a higher C-S-H dosage
enhances the acceleration Owens et al. reported a reduction in performance with more C-S-H, and Lingfei et al. could not accelerate the hydration any further by doubling the dosage. The published
performance values range from 9% with 4wt.-% C-S-H to a 270% increased one-day strength with only
0.3 wt.-% C-S-H. The C-S-H synthesis method plays a decisive role for the performance as accelerator.
It was found that the resulting particle size, agglomeration and total surface are important factors,
additionally the calcium to silicon ratio is known to alter the effectiveness of the additive (John & Stephan
2018a; Land & Stephan 2015; Kanchanason & Plank 2018). Some authors try to stabilize the synthetic
hydrates with polymer additives to ensure a controlled and small particle size, the PCE used
nevertheless expresses an impact onto hydration itself (Kanchanason & Plank 2015; Jiang Ling-fei
2015).
Table 1: One day strength gain of seeded pastes relative to unseeded pastes with varying
amount of C-S-H prepared by different synthesis methods, originally published in (John et al.
2018). SG – Sol-gel synthesis, CP – Coprecipitation

The currently used synthesis methods for C-S-H seeds include co-precipitation from sodium silicate and
calcium nitrate or chloride in aqueous solution, a sol-gel synthesis from tetra ethylene ortho silicate and
calcium ethylate in organic solvents or the synthesis from silicon dioxide and calcium hydroxide in water
(Land & Stephan 2015). The preparation of polymer/C-S-H composites is usually done by coprecipitation in the presence of the polymer (Plank et al. 2018).
In this paper parameters altering the performance of C-S-H seeds were investigated systematically with
the aim to gain more information on the mechanisms of the acceleration process in correlation with the
properties of the calcium silicate hydrate. The results shall help to unify the varying results published to
date, and generate a better understanding of C-S-H seeding in general.
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2.
2.1

METHODS AND MATERIALS
Raw materials

The raw materials for the direct synthesis were calcium oxide (>92M.-%, VWR), a colloidal silicon dioxide
suspension with an average particle size of 7 nm and 30wt.-% solid content (CWK, Köstrosol 0730) and
deionized water. For sol-gel synthesis ethanol (99.5wt.-%, 1wt.-% MEK, VWR) was used as solvent,
tetra ethyl ortho silicate was supplied from Wacker (TEOS, Wacker Chemie) and metallic granular
calcium from Merck (98wt.-%). The cement used for compressive strength, vicat, ultra sound and
rheology experiments was supplied from CEMEX (CEM I 52.5 R), for calorimetry experiments a
CEM I 42.5 R (CEMEX) cement was used.
2.2

Analytical methods

CALORIMETRY data was obtained from externally mixed pastes containing 10g cement and 5g water
(w/s = 0.5) with 2wt.-% C-S-H (per cement mass). C-S-H was suspended as prepared in the water using
an ultrasonic rod. Data points were recorded every 10 s at 20°C (Isothermal heat flow calorimeter MCCAL100, C3 Analysentechnik). COMPRESSIVE STRENGTH tests were conducted at 20·20·20mm3
cubes (Type 2060, TONI Technik GmbH), the results were calculated as average from 6 measurements
each. The initial and final setting was determined according to EN 196-3 with an automatic VICAT testing
device (ToniSET, Toni Technik). The setting and hardening of the pastes were additionally monitored
by ULTRASONIC SOUND SPEED measurement (IP-8, Ultratest). The pastes for the compressive
strength, vicat and ultrasound measurements were prepared as described for calorimetry.
RHEOLOGICAL investigations were conducted with pastes containing 1wt.-% C-S-H, for the
experiment the basket geometry of the viscomat NT (Schleibinger Geräte) was used. The rotation speed
was raised from 0 to 150 rpm in 5 steps, 30 rpm each. Each step was kept at constant speed for 60s,
the 150 rpm plateau was kept constant for 180 s, after the maximum the speed was lowered in the same
manner stepwise to zero. Viscosity and shear rate were calculated with at least 20 constant values at
the end of each step. PARTICLE SIZE ANALYSIS was carried out in water (Mastersizer 2000, Malvern
Instruments), the C-S-H suspension was dispersed with an ultrasonic rod for one minute before
measuring. A reflective index of 1.68 for C-S-H and 1.33 for water was used for the calculations. Freeze
dried C-S-H samples were analyses by XRD (PANalytical Empyrian, PIXcel 1D Detector, Cu K α,
Panalytical) and 29SI-MAS-NMR (Avance 400, 400 MHz, Bruker).
2.3

Synthesis methods

For the direct synthesis the starting materials were mixed in the desired calcium to silicon (C/S) and
water to solid ratio (w/s). The suspension was transferred into plastic bottles and kept under constant
mixing in a shaker. The calcium ethylate precursor for sol-gel synthesis is obtained by reacting
elementary calcium with ethanol, the silicon precursor is then added to the stirred solution and
condensation is being induced by the addition of water. A gel forms in a time range of a few minutes to
a few hours, depending on the reaction conditions. The gel was stirred for 24 h. Residuals are removed
from the product by repeatedly washing the gel with ethanol and water. For the analytical methods the
C-S-H was freeze-dried. Hydrothermal reactions were carried out with pre-prepared C-S-H gel of the
desired C/S in stainless steel autoclaves. Tobermorite was synthesized from pre-prepared C-S-H with
a calcium to silicon ratio of 0.85 at 100°C for 4 weeks.
3.

RESULTS AND DISCUSION

For the current investigation C-S-H was prepared by three different approaches, a direct reaction of
CaO, SiO2 and H2O with and without mechanical treatment and by sol-gel synthesis. The calcium silicate
hydrate prepared by direct reaction equals C-S-H I (ICDD 033-0306) as described by Taylor 1950, broad
reflexes were found at [16.7 (0.04), 24.8 (0.36), 29.2 (1.0), 32.0 (0.21), 49.7 (0.32), 55.2 (0.14) and 60.5
(0.03)] °2Θ (Cu Kα). The basal spacing was found to be reduced with the calcium content from 12.3 Å
(C/S=0.8) to 10.0 Å (C/S=1.2) and the mean chain length, indicated by the ratio of Q 1/Q2 species rises
with the silicon content, which is both in accordance with literature (Taylor 1950; Kunther et al. 2017).
SEM images show a bulky material without structural order. More details about the characterization of
the C-S-H can be found elsewhere (John & Stephan 2018b). The C-S-H prepared by sol-gel synthesis
is comprised of a platelet-like structure comparable to the one reported by Land et. al (Figure 1, left)
(Land & Stephan 2018). It is almost X-ray amorphous but shows a broad hump at approximately 27 °2Θ,
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which indicates the presence of amorphous silica. The 29Si-MAS-NMR confirms this assumption, since
no peaks assignable to the typical C-S-H Q1 or Q2 usually found between -70 to -90 ppm (Yu et al. 1999)
were detected (Figure 1, right). Sol-gel C-S-H is reported to show a very good performance in
accelerating cement hydration, but since it does not resemble the natural C-S-H characteristics in
several points it will not be focus of further investigations in this paper.

SiO2

C-S-H (Sol-Gel)

1 µm

29Si

chemical shift [ppm]

Figure 1: SEM image (left) and 29Si-MAS-NMR spectrum of C-S-H prepared by sol-gel synthesis
in comparison with the spectrum of amorphous silica (right).
Several factors were identified to influence the performance of C-S-H prepared by direct reaction,
parameters that can be tuned easily during synthesis include time and temperature. The contact time of
calcium oxide and silicon dioxide during synthesis was investigated in in-situ XRD experiments to
determine the time needed for a complete turnover. After 7 h the calcium hydroxide reflex completely
disappeared, and the C-S-H reflex area remained constant. Further aging of the hydrate for more than
7 h is not necessary for product formation but was expected to alter its agglomerate size. Figure 2 (left)
shows the result of the laser granulometry investigations done with different aged C-S-H, the mean
particle size of a freshly prepared C-S-H is enhanced from 2.3 µm to 3.7 and finally to 6.4 µm during
aging for approximately 200 d. For seeding applications, the particle size and agglomeration are crucial
factors, hence it was expected that aged calcium silicate hydrates will have less impact onto cement
hydration. In calorimetry the difference between cement pastes seeded with seven and fourteen-day
aged C-S-H is only minor (Figure 2 right), nevertheless the older C-S-H led to a higher heat evaluation
during the dormant period and the younger C-S-H to a higher hydration maximum.

Figure 2: Particle size of calcium silicate hydrates prepared with different synthesis durations
(left) and the influence onto the performance in calorimetry compared to a reference cement
(right).
C-S-H aged for different durations was also used to prepare small cubes for compressive strength
testing. Additionally, to 1, 7 and approximately 365-day old C-S-H, one batch of cubes was prepared
with a freshly mixed calcium oxide and silicon dioxide suspension to evaluate the effect of the starting
material mix. Figure 3 shows the results of compressive strength testing from 1 to 28 d of hydration. The
findings from calorimetry were confirmed. The 7-day aged C-S-H shows, expect for day one, a
significantly higher compressive strength than the 1-day old C-S-H. It appears that an optimum of aging
time exists since the oldest C-S-H does not show a better strength then the 7-day old C-S-H which might
be due to the formation of too large C-S-H aggregates that compromise the positive effect of aging.
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Figure 3: Compressive strength of 20·20·20 mm³ cement cubes prepared with 3wt.-% C-S-H that
was aged for 1, 7, 365 days or directly applied as prepared (0 days).
A higher reaction temperature was expected to alter the performance comparably to a longer reaction
time, since the reaction should be faster at higher temperatures due to the enhanced solubility of the
silicate species. Figure 4 presents the results from isothermal heat flow calorimetry experiments with CS-H prepared with C/S = 1 at 20, 30 and 60°C with a reaction time of one week. As expected, the highest
temperature resulted in the strongest effect, but the dormant period was not changed significantly while
the maximum heat release was enhanced which was not the case for longer reaction times. The reason
why C-S-H prepared at elevated temperatures is a better accelerator is not clear yet, a possible
explanation is the formation of small quantities of tobermorite during reaction. The crystalline calcium
silicate hydrate, that has a calcium to silicon ratio of approximately 0.83 can be formed under relatively
mild hydrothermal conditions. Viehland et. al report the formation of 14Å tobermorite at 80°C (Viehland
et al. 1997). For the preparation of C-S-H at different reaction temperatures the C/S was 1, the formation
of a tobermorite-like C-S-H phase would hence lead to the release of calcium hydroxide into the
suspension, which is known to accelerate cement hydration (Ludwig & Neumann 2005). In 2015 Land
et al. presented the results of a systematic performance optimization of C-S-H seeds prepared by
mechanochemical synthesis. They found that seeds prepared with an initial C/S of 2 were most efficient
(Land & Stephan 2015). At this calcium to silicon ratio under the given reaction condition free calcium
hydroxide had to be present, too. To test whether this theory might be valid tobermorite was synthesized
hydrothermally and used in calorimetry experiments to see whether it alters cement hydration (Figure
4). It was confirmed that tobermorite does accelerate cement hydration significantly, and that with higher
quantities both dormant period and the maximum of acceleration period are shifted to earlier times and
higher values. In additional hydrothermal experiments with C-S-H of a higher C/S it was confirmed that
a significant amount of calcium hydroxide is formed over time although no crystalline C-S-H could be
detected by XRD at that time.

Figure 4: Isothermal heat flow calorimetry of cements accelerated with 1wt.-% C-S-H prepared
at 20, 30 and 60 °C (left) and 1 and 3wt.-% tobermorite (right).
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The addition of synthetic calcium silicate hydrates was found to enhance the viscosity of cement pastes
drastically. With a water to cement ratio of 0.5 the plastic viscosity was more than doubled from an
average of 0.44 Pa∙s without C-S-H to more than 1.18 Pa∙s with 1 wt.-% C-S-H prepared by direct
reaction. The viscosity was raised to higher levels with low calcium C-S-H (~ 1.33 Pa∙s, C/ = 0.8 and 1)
than with C-S-H containing more calcium (~ 1.04 Pa∙s, C/S = 1.2 and 1.4). The stronger rheology altering
effect of low calcium C-S-H is assumed to be due to their higher specific surface area. Beaudoin et. al
pointed out the similarity to clay minerals, and although calcium silicate hydrates do not swell they can
incorporate small molecules into their interlayer spaces which might reduce the free water content of
the cement paste and increase the viscosity (John & Stephan 2018b; Beaudoin et al. 2008).
The compressive strength of a cement paste at a given time of hydration is primarily determined by the
clinker characteristics, mixing and curing conditions, and the water to cement ratio, whereas latter is
strongly correlated to the porosity of the hardened paste (Taylor 1997; Feldman & Beaudoin 1976).
Figure 5 shows results of compressive strength tests on pastes with different w/c (0.4 to 0.5) with and
without C-S-H added. As expected, the lower water content pastes develop a higher compressive
strength than the corresponding high water to cement ratio pastes. The addition of C-S-H does enhance
the one-day strength of all three samples but after 3 days the strength of the lowest w/c paste was not
improved and after 7 days the seeding resulted in a lower compressive strength for this paste compared
to the unseeded specimen. After 28 days an improvement can only be found for the paste with the
highest water content, no great difference was found for w/c = 0.45 and the strength was strongly
reduced for the paste with the lowest water content. The compressive strength of all three seeded
cement pastes is almost equal after 7 respectively 28 days. This effect can probably be explained by
the principle of C-S-H seeding, the synthetic hydrate is assumed to drive the product formation of cement
hydration away from the clinker grains towards the pore space which might compensate for the
enhanced porosity caused by the higher water content. It is reported that C-S-H seeds reduce the
capillary porosity and generally a denser and more homogenous microstructure was found (Thomas et
al. 2009; Jiang Ling-fei 2015). The dense microstructure might also be a reason for the decreased longterm strength in low-water pastes since the degree of hydration is limited to the available mobile water
in the pore structure. Further experiments towards the changes in pore structure development induced
by C-S-H seeding are expected to give more support to this theory.

Figure 5: Compressive strength of cement with and without 2wt.-% C-S-H and with a water to
cement ratio ranging from 0.4 to 0.5.
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4.

SUMMARY

It was found that C-S-H prepared by sol-gel synthesis does not show the characteristics of neither
natural C-S-H formed in concrete nor synthetic C-S-H described in literature. XRD and solid-state NMR
confirm that the product of the sol-gel synthesis resembles amorphous silica.
Various synthesis and experimental conditions were identified to affect the performance of C-S-H seeds
in an unexpected manner. Although longer reaction times during direct reaction increase the
agglomerate size of the calcium silicate hydrates seeds up to a certain age, they were found to be more
effective accelerators than younger seeds. Additionally, an elevated reaction temperature does not
induce the same effect as an elongated reaction time. In compressive strength tests it was demonstrated
that the water to cement ratio drastically alters the performance of C-S-H and that even a strength
reduced by 12% can be recorded in low-water pastes with the same seeds that accelerate a high-water
paste by 25%.
Synthetic calcium silicate hydrate enhances the water demand of pastes as it was observed during paste
preparation and indicated by rheological measurements. Low-calcium C-S-H had a stronger impact onto
rheology which is explained by its higher specific surface area.
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ABSTRACT
Quantification of fundamental kinetic rate laws and parameters are needed for accurate prediction of
cement hydration by computational materials science models. Historically, powders in dilute
suspensions have been used to track mineral dissolution kinetics, and starting in the mid-1990s,
surface topography measurements using atomic force microscopy or vertical scanning interferometry
have been used to directly observe reacting surfaces. Recently, digital holographic microscopy (DHM)
has been used to make in situ observations of surface topography evolution as dissolution proceeds.
DHM provides full-frame quantitative three-dimensional surface topography data at frame rates of up to
25 s–1 with submicron lateral resolution and nanoscale vertical precision. Observations are made by
immersing the microscope objective in a flowing solution near the specimen surface in a speciallymade reaction cell, which provides nominally undersaturated conditions and permits surface-controlled
dissolution behaviour. Observations of topographical evolution of crystalline mineral surfaces have
revealed spatial and temporal heterogeneities, which can be attributed to the distribution of defects and
reactive surface sites. Thus the dissolution kinetics can be better described as a probabilistic
distribution, or spectrum, of local rates. From this spectrum of values, the median dissolution fluxes for
highly crystalline cubic tricalcium aluminate and beta dicalcium silicate in pure water have been
computed to be –2.1 μmol m–2 s–1 and –1.0 μmol m–2 s–1, respectively. This presentation will detail
the principles of DHM technology, discuss the applications to mineralogical (and other) systems, and
present dissolution data of cementitious minerals.
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1.

INTRODUCTION

The study of the dissolution kinetics of minerals related to cement chemistry has been identified as a
research need for computational materials science models (Biernacki et al. 2013, Bullard et al. 2019)
and has been demonstrated to be important in understanding cement hydration mechanisms (Juilland
et al. 2010, 2017, Scrivener et al. 2015). While a number of cement mineral dissolution studies have
been conducted with powder suspensions in a dilute solution (e.g., Damidot et al. 2012, Nicoleau et al.
2013, 2014), some recent investigations have focused on evaluating nanoscale surface topography
evolution during dissolution (e.g., Kumar et al. 2013, Juilland & Gallucci 2015, Brand & Bullard 2017,
Brand et al. 2019). Such surface measurements are argued to provide a more representative
measurement of the mineral dissolution rate with respect to the solid (Lüttge 2005, Luttge & Arvidson
2010). The present article provides an overview of the recent research performed with digital holographic
microscopy (DHM) (Brand & Bullard 2017, Brand et al. 2017, 2019, Feng et al. 2017), which enables
rapid, in situ acquisition of nanoscale surface topography evolution.
1.1

Principles of DHM for Mineral Dissolution Experiments

DHM is an interferometric technique that uses a coherent monochromatic light source. Details about the
theory and physics of the DHM can be found elsewhere (Cuche et al. 1999, Kim 2011, Mir et al. 2012).
In the studies described herein, a Lyncée Tec Model R-2203 Reflection DHM (Lausanne, Switzerland) 1
was used; a more detailed overview of the instrument’s capabilities can be found elsewhere (Brand
2017), but a concise overview is provided here. In the DHM, the monochromatic laser is split into an
object beam and a reference beam. The object beam is sent through an objective lens to the sample
surface and reflects back through the objective lens where it is recombined with the reference beam.
The recombination produces an interferogram that is recorded as a two-dimensional (2D) hologram on
a charge coupled device (CCD) camera. 2D intensity and phase images are produced from the hologram
(Figure 1a,b). The intensity image is analogous to a conventional light micrograph. The phase image
provides three-dimensional (3D) topographic information (Figure 1c), since the phase can be converted
to relative height per pixel. 3D topographic data can be collected as rapidly as allowed by the camera,
which is a frame rate of 12.5 s–1 for the in situ experimental configuration, but can be set as fast as 25
s–1 for a rapid collection mode. The phase data are periodic, modulo 2π, meaning that any phase
difference between the object and reference beams per pixel is confined to the interval [–π,π]. Various
unwrapping algorithms have been developed to account for height changes outside that interval. Details
about the techniques developed for unwrapping mineral dissolution data can be found elsewhere (Brand
& Bullard 2017, Brand et al. 2017). Figure 1c shows an example of data that have been unwrapped to
reveal full surface topography of a microlens array. A flow-through reaction cell was constructed (Figure
2) to enable in situ observation of mineral dissolution rates. Continuous refreshment of the solution
maintained steady-state undersaturation at the mineral surface. Dissolution rates were measured at
sufficiently high flow rates to ensure that measured dissolution rates were flow-independent, that is,
controlled by surface processes instead of mass transport. For the experiments described herein, the
flow rates were either 15 mL min–1 or 33 mL min–1. A 20× immersion objective lens was inserted directly
into the solution of the fluid cell and the 3D surface topography was collected once every 15 s to 30 s.
The observed change in relative height per pixel over time (Δh/Δt) is the mean surface normal dissolution
velocity (vs) over that time interval. From this, the surface normal dissolution flux (k s) can be computed
(Lüttge et al. 1999, Luttge & Arvidson 2010) from the molar volume (Vm) of the material: ks = vs/Vm =
(Δh/Δt)/Vm. Tracking the evolution of ks at each pixel reveals that materials do not dissolve at a constant
rate, but rather exhibit a range of local dissolution rates over the same surface that can be conveniently
expressed as a “rate spectrum” (Fischer et al. 2012): a statistical distribution of ks that more fully
represents the spatial and temporal heterogeneity of fluxes. The underlying cause of rate spectra is the
inherently heterogeneous surface reactivities that arise from an inhomogeneous distribution in the type
and area density of reactive kink sites at the surface (Lüttge et al. 2013, Fischer et al. 2014, 2018,
Fischer & Luttge 2017, 2018).

1
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(a)

(b)

(c)

Figure 1. DHM observations of a microlens array: (a) intensity, (b) phase, and (c) unwrapped 3D
surface. The phase image (b) is wrapped to the interval [-π,π], which is represented the
greyscale ranges from black (-π) to white (π). The (a,b) images are 443 μm by 443 μm.

(a)

(b)

Figure 2. Flow through reaction cell developed for the DHM, where an immersion objective lens
can be lowered into the solution for in situ observations.
2.

CALCITE DISSOLUTION

Single crystal Iceland spar calcite (CaCO3) was cleaved along the (104) plane, and the dissolution fluxes
resulting from flowing deionized water were characterized (Brand et al. 2017). Single crystal calcite
dissolves through the formation of shallow or deep rhombohedral etch pits, depending on the defect
present, and the etch pits can form at discrete locations or along linear arrays (Figure 3).

(a)

(b)

Figure 3. (a) Surface topography of calcite (104) surface after 84 minutes exposure to flowing
deionized water. (b) An example of calcite rhombohedral etch pit morphology.
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The heterogeneous spatial distribution of dissolution features can be observed by plotting the “rate map”
(Fischer & Luttge 2017), where the computed dissolution flux per pixel is superimposed on the imaged
sample surface. Figure 4a shows the surface topography after dissolution while Figure 4b shows the
same surface as a rate map where the dissolution flux was computed assuming a linear rate over the
entire duration of the experiment. As expected, the deep etch pits exhibited the highest flux. However,
since a linear rate was assumed over the entire experiment duration in Figure 4b, it is unclear if all
dissolution features formed simultaneously or not. Therefore, Figure 5 shows the same surface as
Figure 4, except that the rate map is developed over 10 min intervals, which clearly demonstrates the
time dependence of both the dissolution fluxes and the dissolution features (i.e., more features appear
at later times, as additional reactive sites are activated). Figure 5 appears to also show evidence of the
“pulsating” dissolution behaviour described by Fischer & Luttge (2018).

(a)

(b)

Figure 4. Calcite (104) surface after 70 minutes exposure to flowing deionized water: (a) surface
topography at the end of the experiment and (b) rate map assuming linear dissolution.

30 min to 40 min

40 min to 50 min

50 min to 60 min

60 min to 70 min

Figure 5. Time-dependent dissolution rate maps of a calcite (104) surface.
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Figure 4 clearly demonstrates that the local (spatial) dissolution flux per pixel is not constant while Figure
5 indicates that the flux is not constant with time, which supports the notion of “rate spectra” (Fischer et
al. 2012). Figure 6 shows the distribution of dissolution fluxes collected from multiple replicate
experiments. The rate spectra follow a skewed, non-normal, heavy-tailed distribution, which are best
modelled by a generalized extreme value (GEV) function (Emmanuel 2014, Brand et al. 2017). Once fit
by a GEV distribution, Figure 6 reports the modal, or the most probable dissolution flux for calcite (104)
surfaces, which suggests that, in general, the dissolution flux increases with time.

Time Interval
(min)
0 to 10
10 to 20
20 to 30
30 to 40
40 to 50
50 to 60
60 to 70
70 to 80

Modal Dissolution Flux
(μmol m-2 s-1)
0.190
0.154
0.195
0.202
0.223
0.233
0.273
0.243

Figure 6. The figure shows the distribution of dissolution fluxes for replicate calcite (104)
surfaces computed over 10 μm square areas. Fitting the distributions with a GEV function, the
table reports the most probable dissolution flux.
3.

GYPSUM DISSOLUTION

Single crystal gypsum (CaSO4·2H2O), known as selenite, was cleaved along the (010) plane, and the
dissolution fluxes resulting from flowing deionized water were characterized (Feng et al. 2017). Four
distinct topographical features were observed by in situ DHM, listed in ascending order of dissolution
flux: 1) relatively smooth areas exhibiting a relatively slow surface normal retreat, 2) shallow and wide
etch pits, 3) narrow and deep, trench-like etch pits, and 4) steps, about 100 nm high, that retreated
across the surface in a wave-like manner. Surface features 1, 2, and 3 were the most common and are
shown in Figure 7. Dissolution fluxes evaluated from multiple samples exhibiting only features 1, 2, and
3 yielded a bimodal distribution (Figure 8a) with a median of 2.8 μmol m–2 s–1. Surface feature 4 exhibited
a dissolution flux significantly greater than the etch pit flux, typically retreating along the [100] direction
at a velocity of about 755 nm s–1. The dissolution flux, computed based on the linear mean surface
retreat when step waves were observed, was approximately 21 μmol m–2 s–1 (Figure 8b).
4.

TRICALCIUM ALUMINATE DISSOLUTION

A solid body of synthetic cubic tricalcium aluminate (3CaO·Al2O3 or C3A)2 was created by solid state
sintering of a compacted powder pellet (Brand & Bullard 2017), which was then mounted and polished.
Reactivity of C3A in pure water produced rapid and severe surface roughening within seconds that
caused a loss of reflected signal due to diffuse scattering. Therefore, the experiments were conducted
using binary mixtures of deionized water and ethanol to systematically reduce the water activity such
that dissolution flux measurements could be taken. Measurements were performed at three water
activities (0.689 for a mixture with 80 % ethanol by volume, 0.777 with 70 % ethanol, and 0.857 with 60
% ethanol). The inferred rate spectrum in pure water was extrapolated from these data. Two C 3A
sources were studied: C3A #1 was more crystalline (94.2 % cubic C3A, 2.0 % free lime, and 3.8 %
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Following conventional cement chemistry notation: C = CaO, A = Al2O3, S = SiO2 (Taylor 1997).
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amorphous content) while C3A #2 was less crystalline (84.3 % cubic C3A, 1.0 % free lime, 4.6 %
mayenite, and 10.1 % amorphous content).

(a)

(b)

(c)

(d)

Figure 7. (a) Gypsum (010) surface after exposure to flowing deionized water for 247 seconds,
indicating the [100] and [001] directions relative to the etch pit shapes. Three regions-ofinterest (ROI) have been identified: ROI1 (deep, narrow etch pit), ROI2 (shallow etch pit), and
ROI3 (area of surface normal retreat). (b,c,d) The mean height of the ROI relative to a reference
(not shown) over time. The linear dissolution flux is also shown per segment.

(a)

(b)

Figure 8. (a) Bimodal distribution from multiple gypsum (010) surfaces exhibiting etch pits and
surface normal retreat. (b) Surface normal retreat and computed linear flux for a step retreating
on the gypsum (010) surface in the [100] direction.
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The rate spectrum for C3A #1 at each of the three reduced water activities is shown in Figure 9a. Like
calcite and gypsum, the distribution is non-normal and skewed. A least squares optimization and the
empirical cumulative distribution function were used to extrapolate the distribution for C 3A in water as
shown in Figure 9b (see Brand & Bullard 2017 for more details). The mean and median values of the
distributions in Figure 9b are –3.25 μmol m–2 s–1 and –2.06 μmol m–2 s–1, respectively, for C3A #1 and –
1.99 μmol m–2 s–1 and –1.42 μmol m–2 s–1, respectively, for C3A #2. C3A #1 is more reactive, possibly
because of its higher crystalline and cubic C 3A content. Both C3A sources exhibited spatially
heterogeneous surface reactivity behaviour. In Figure 10a C3A #1 reveals areas of relatively low
reactivity (bottom left with few etch pits) and areas of relative high reactivity (top right with significant
surface roughening). In Figure 10b the spatial distribution of etch pits clearly demonstrates the
heterogeneous surface reactivity of C3A #2.

(a)

(b)

Figure 9. Dissolution flux distributions for C3A #1 at three reduced water activities (a) and the
extrapolated dissolution flux in pure water for C3A #1 and C3A #2 (b).

(a)

(b)

Figure 10. Variability in surface reactivity of C 3A surfaces. (a) Scanning electron micrograph of
C3A #1 after 40 min of exposure to flowing 60% ethanol solution. (b) 3D surface topography
data showing etch pits in C3A #2 after 40 min of exposure to flowing 60% ethanol solution.
The effect of sulphate ions in solution on the dissolution flux of C 3A #1 was also evaluated (Brand et al.,
in review). Calcium sulphate is insoluble in the water-ethanol mixtures used in this study, so more soluble
sulphate salts were considered instead. Up to 15 mmol L–1 magnesium sulphate (MgSO4) was soluble,
the effects of which are shown in Figure 11. The sulphate solution did reduce the median dissolution
flux, but it appears to reach a plateau where additional sulphate does not further reduce the dissolution
flux. The median dissolution flux appears to be constant at MgSO4 concentrations greater than about
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2.5 mmol L–1 MgSO4. These data suggest that sulphate is somehow reducing dissolution, perhaps in a
way related to adsorption at the defect sites (Minard et al. 2007), saturation of which would explain the
rate plateau at relatively low sulphate concentrations. While the available data for this experiment are
presently insufficient to reveal the mechanism of retardation, recent studies suggest that a cationsulphur complex may be involved with C3A (Myers et al. 2017). Alternatively, the water-mineral
interaction may involve an interfacial dissolution-reprecipitation mechanism that modifies the surface
(Ruiz-Agudo et al. 2014).

(a)

(b)

Figure 11. Effect of MgSO4 concentration on the dissolution flux of C3A #1 in a solution with a
water activity of 0.857: (a) rate spectra at three MgSO4 concentrations and (b) the median
dissolution flux (red dots) and interquartile range (IQR) for multiple MgSO4 concentrations.
5.

DICALCIUM SILICATE DISSOLUTION

A solid body of synthetic β-dicalcium silicate (β-2CaO·SiO2 or β-C2S) was created by solid state sintering
of a compacted powder pellet (Brand et al. 2019). The synthetic β-C2S was reasonably pure, consisting
of 88.0 % β-C2S, 7.6 % γ-C2S, 4.2 % α-C2S, and 0.4 % amorphous content. To obtain steady-state
dissolution, the same binary mixtures of ethanol and deionized water were utilized as described in the
previous section. The water activities tested were 0.777, 0.824, and 0.857. β-C2S did not dissolve as
rapidly as C3A, and the dissolution flux was less sensitive to the water activity, as is evident in Figure
12. The mean and median values of the distribution in Figure 12b are –1.34 μmol m–2 s–1 and –0.99
μmol m–2 s–1, respectively. However, at least over the duration of these experiments, a significant area
fraction of the β-C2S surface appeared to be unreactive or dissolved slowly enough to be
indistinguishable from the noise (Figure 13a). Including these low-reactivity areas, an extrapolated
macroscopic dissolution flux of β-C2S at unit water activity was evaluated (Figure 13b) and determined
to have a mean and median of –0.96 μmol m–2 s–1 and –1.00 μmol m–2 s–1, respectively.
Previous experiments of β-C2S dissolution using dilute powder suspensions reported a dissolution flux
between –16.8 μmol m–2 s–1 and –18.4 μmol m–2 s–1 (Nicoleau et al. 2013), which is greater than the
macroscopic flux of around –1.0 μmol m–2 s–1 in Figure 13b. Similar discrepancies among
measurements on powder suspensions and bulk crystals or polycrystals are often reported, however.
For example, the dissolution flux of calcite powders is a factor of 5 to 100 greater than values computed
from surface topography changes under similar conditions (Arvidson et al. 2003). Extrinsic factors that
produce higher densities of kink sites on powder particle surfaces, such as surface roughness, grinding
damage, and faceted edges and corners, are the primary reasons for these differences. Grain size can
be argued to have a significant impact, since the surface-normalized dissolution flux of particles will
decrease with increasing particle size (Briese et al. 2017); thus, the small particles in the dilute
suspension experiments can be expected to dissolve more rapidly per unit apparent surface area,
resulting in a higher computed flux, than the large surfaces in the DHM experiments.
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(a)

(b)

Figure 12. Dissolution flux distributions for β-C2S at three reduced water activities (a) and the
extrapolated dissolution flux in pure water for (b).

(a)

(b)

Figure 13. (a) Dissolution morphology of a β-C2S surface exposed to flowing solution (water
activity of 0.857) after 40 minutes. The flat areas around these etch pits exhibited dissolution
fluxes that were too low to be measured. (b) Macroscopic dissolution flux with the mean,
median, standard deviation, and interquartile range (IQR) reported. The IQR is presented as the
25th and 75th percentiles.
6.

SUMMARY AND CONCLUSIONS

Dissolution can be observed in situ with digital holographic microscopy (DHM), as has been
demonstrated with experiments of single crystals of calcite and gypsum and polycrystalline samples of
cubic tricalcium aluminate and β-dicalcium silicate. Under conditions of flowing solution to maintain
steady-state undersaturation, the data clearly demonstrate that local dissolution rates are statistically
distributed because of the spatial heterogeneity in the types and area densities of surface defects.
Furthermore, dissolution is temporally heterogeneous as defects are uncovered or annihilated over time.
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ABSTRACT
Sulfoaluminate cement (CSA) are very topical in presence. This cements contain potentially risky
minerals as ye'elimite and ternesite. The behavior of this minerals when hydration is still not very
clearly described. The aim was to describe hydration process of laboratory made ternesite clinkers in
several conditions. For this study clinker contains pure ternesite and clinkers with a partial change in
stoichiometric ratios between sulphate and calcium ions have been prepared. All the clinkers have
been hydrated in water and in water with CO2 for a period of 2 years at the temperature of 5°C and
40°C. Thaumasite formation was observed within the experiment. The hydration process was
evaluated depending on the composition of ternesite clinkers and the influence of external parameters.
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1.

INTRODUCTION

The formation of thaumasite or ettringite has become an important aim of research all over the world.
Reducing greenhouse gas emissions and energy consumption in the building industry motivates the
development of alternative binders that are based on completely different materials. Intensive research
is being carried out in calcium sulphoaluminate or sulphobelite cements and binders, or binders based
on reactive C2S forms (Ludwig & Zhang 2015). These binders seems to be a promising alternative to
original Portland cement but with lower CO2 footprint because they are fired at 1250 – 1350 °C and
because the raw meal contains less limestone. These new types of clinkers are usually based on a
combination of ye´elimite C4A3S and belite C2S or a small amount of ferrite phase. They can also be
manufactured from by-products (Horr et al. 2017). A modern alternative to these clinkers could be a
ternesite belite calcium sulphoaluminate ferrite clinker.
Termesite C5S2S is very similar to ye´elimite. The basic difference is the substitution of an Al for an Si
ion in the structure. This mineral can be found in the green crust rings covering the cooler areas in rotary
kilns. Ternesite is mostly formed by reaction of anhydrite and belite at temperatures around 1250 °C
(Montes et al. 2018) and decomposes at 1150 °C in an open system and at 1300 °C in closed crucibles.
Although ternesite has been considered slightly reactive or even inert, several new studies have
reported that ternesite can be even more reactive than belite (Shen et al. 2015) and hydrates to form
AFt and C-S-H, contributing to binder hardening and strength. It is possible that the Aft phase could be
an ettringite analogue but with silicate ions replacing aluminate, and carbonate ions replacing some
sulphate ions. The mineral which fits this description is thaumasite CaSiO 3∙CaSO4∙CaCO3∙15 H2O
(Mcphee & Diamond 2003). Thaumasite has hexagonal structure (Norman et al. 2013).
Thaumasite usually forms in ordinary and sulphate-resistant cements when stored at low temperatures.
Nevertheless, Diamond (2003) proved that thaumasite can form in warm areas as well. Various other
authors (Bensted 1999, Aguilera et al. 2001, Pipilikaki et al. 2008) defined several conditions for
successful thaumasite preparation. High humidity is necessary, as are temperatures under 15°C, ideally
between 0 – 5 °C, because calcium salts are more soluble at lower temperatures. Because of the low
temperature, the synthesis of thaumasite takes several months. Finally, there must be a source of
silicates, sulphates and carbonates.
Thaumasite as a degradation product of concrete under suphate attack was first successfully identified
in the 1960s by Erlin & Stark (1965). Thaumasite sulphate attack has a similarly detrimental effect on
concrete as ettringite. What is most important is that thaumasite attacks C-S-H phase directly (Bensted
1999), which makes it appear more dangerous than traditional sulphate attack from this point of view.
Several authors tried to prepare thaumasite in a laboratory, mostly by mixing Portland cement with a
source of SO42- and CO32- ions (Kollman et al. 1977, Crammond 1985, Bensted 1988, Crammond &
Nixon 1993). Different materials were used by Aguilera et al. (2001) who obtained thaumasite by mixing
two solutions cooled down to 5 °C. The first one was a 10 % solution of sugar with an addition of CaO
or Ca(OH)2. The second solution contained Na2SO4, Na2SiO3 and Na2CO3. Purnell et al. (2003) obtained
thaumasite by placing a cementitious material mixed with alumina and calcium carbonate into a MgSO4
solution for 100 days at 5 °C.
The aim of this work was to design and test a simple method of preparing thaumasite by the hydration
of ternesite, which is based on an analogy to the preparation of ettringite by the hydration of yeelimite.
2.

MATERIALS AND METHODS

At the beginning three clinkers were designed. The composition of sample 1 corresponds to thaumasite,
sample 2 to ternesite and sample 3 has a composition close to ternesite but with more CaO. Table 1
shows the molar ratio of oxides. Gypsum (CaSO4·2H2O), precipitated calcium carbonate (CaCO3), and
amorphous silicon dioxide (SiO2), all in p.a. purity, were used as the basic raw materials.
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Table 1. Molar ratio of oxides
Sample

Chemical composition [mol]

Dosage [%]

CaO

SiO2

SO3

CaCO3

SiO2

CaSO4.2 H2O

S1

3

1

1

46.30

13.89

39.81

S2

5

2

1

57.80

17.34

24.86

S3

6

2

1

63.13

15.15

21.72

All the clinkers were prepared by a solid-state reaction. All the components were milled and
homogenized under wet conditions in a Planetary Mono Mill PULVERISETTE 6. Distilled water was
used as a liquid medium. The milling and homogenization took place in a hardened steel capsule with
a volume of 500 ml holding 25 steel balls of 25 mm in diameter. Total dosage was 200g and the milling
settings were 400 rpm for 15 min. The raw meal was then dried in a laboratory dryer at 50 °C for 24
hours. The dry bulk formations were dosed in approx. amounts of 40 g in platinum crucibles and fired in
a laboratory kiln a 1200 °C and soaking time of 60 minutes. Once the soaking time had passed, the
samples were immediately taken out of the kiln and quenched by an air stream. The mineralogical
composition of the resulting clinkers was examined by XRD, using a Panalytical Empyrean
diffractometer equipped with a position-sensitive detector in a parallel-beam transmission geometry.
The instrument operated at 40 kV and 45 mA, using a Ni-filtered CuKα radiation of λ = 0.15418 nm,
recording 8 – 60° in 0.013° 2Θ increments with 150 s counting time per step and a total scan time of 60
min. The obtained data was processed using the HighScore+ software.
The samples were then milled in a planetary mill at 350 rpm under a 0.063 mm sieve. The powders
together with 1000 ml of distilled water were placed in 1.5 l plastic bottles. The mixtures were shaken
for 2 minutes and placed in an air-conditioning chamber at 5 and 40 °C. During storage, the samples
were shaken regularly at weekly intervals. Phase composition was determined between 1 and 720 days.
The hydrated samples were always collected with a pipette at an approximate amount of 50 ml of the
suspension and subsequently dried at 35 ° C in a laboratory dryer. Finally XRD analysis and SEM
analysis were carried out. The process of thaumasite development was assessed by observing the
intensities of selected diffraction for this mineral at dhkl = 3.184 Ǻ.
3.

RESULTS AND DISCUSION

The results of the XRD analysis of fired clinkers are plotted in Figure 1.

Figure 1. XRD analysis of ternesite clinkers
In all three cases the clinker contained ternesite Ca5(SiO4)2SO4 ICDD-No. 01-88-0812 d-value [Å] /
2Theta [deg] / I [%]: 2.852/31.339/100; 2.833/31.59/86; 8.49/10.41/26 as a dominant phase and a
mixture of other phases. There was a higher content of anhydrite II CaSO 4 ICDD-No. 00-37-1496 dvalue [Å] / 2Theta [deg] / I [%]: 3.499/25.44/100; 2.85/31.37/29; 2.21/40.81/20 in sample S1, because
of the higher content of gypsum in the raw meal. A high-intensity CaO reflection ICDD-No. 00-37-1497
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d-value [Å] / 2Theta [deg] / I [%]: 2.406/37.347/100; 1.7/53.856/54; 2.777/32.204/36 was present in
sample S3.
3.1

Hydration of sample S1

Figures 2 and 3 show X-ray graphs of the hydrated sample S1 exposed to both temperatures

Figure 2. Sample S1, temperature 5 °C

Figure 3. Sample S1, temperature 40 °C

The XRD hydrated samples of S1 contained calcite CaCO 3, ICDD-No. 00-05-0586, d-value [Å] / 2Theta
[deg] / I [%]: 3.035/29.406/100.0; 2.285/39.402/18; 2.095/43.146/18, gypsum CaSO 4.2 H2O, ICDD-No.
00-33-0311, d-value [Å] / 2Theta [deg] / I [%]: 7.630/11.589/100.0; 4.283/20.722/80; 3.065/29.111/75
and portlandite Ca(OH)2 ICDD-No. 01-78-0315, d-value [Å] / 2Theta [deg] / I [%]: 2.627/34.101/100;
4.906/18.066/75; 1.926/47.144/50 and thaumasite Ca3Si(OH)6.(CO3).(SO4)·12 H2O ICDD-No. 00-461360, d-value [Å] / 2Theta [deg] / I [%]: 9.590/9.214/100.0; 5.530/16.014/22; 3.801/23.385/23 in addition
to ternesite and anhydrite II residues.
The conversion of anhydrite II to gypsum was a dominant process in the 5 ° C environment, until about
56 days of storage. Ternesite seems to be stable till this age. After that it began to steadily decompose.
A small amount of thaumasite was clearly identifiable in the sample very early on. The content of
thaumasite increased linearly to the decomposition of ternesite. At 40 ° C the conversion of anhydrite II
to gypsum is slow. This phenomenon is associated with a higher temperature and therefore very low
solubility of anhydrite. The kinetics of ternesite decomposition and the kinetics of calcite loss were
roughly the same as in the previous environment. Even in this hydration environment, thaumasite
formation was observed, but only in a totally marginal amount. Moreover, after one year, calcium ions
had started to react with the plastic bottle and calcium terephthalate trihydrate C 8H4CaO4.3 H2O was
present in the samples. The morphology of sample S1 after the first year hydration at 5 °C is shown in
figure 4. The typical prismatic crystals in the figure are thaumasite.

Figure 4. SEM of sample S1/ 5 °C after first year of hydration
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3.2

Hydration of sample S2

Figures 5 and 6 show X-ray graphs of hydrated sample S2 exposed to both temperatures

Figure 5. Sample S2, temperature 5 °C

Figure 6. Sample S2, temperature 40 °C

The XRD samples of S2 showed the same phases as in sample S1 with the exception of anhydrite. Due
to the absence of anhydrite in the clinker, it was possible to observe a gradual decomposition of ternesite
in both environments within 28 days. However, it was possible to identify residual ternesite after 180
days in 5 °C storage. At 40 °C the kinetics of ternesite decomposition was virtually the same as in the
previous environment. Thaumasite formation was observed at the early ages of less than 28 days and
after this period only gypsum had been identified. The morphology of sample S2 after the first year of
hydration at 5 °C is shown in figure 7. The typical prismatic crystals in the figure are thaumasite.

Figure 7. SEM of sample S2/ 5 °C after first year of hydration
3.3

Hydration of sample S3

Figures 8 and 9 show X-ray graphs of hydrated sample S3 exposed to both temperatures.
XRD samples of S3 show the same phases as the previous one. Reflections of portlandite were very
strong because of one additional mol of CaO as opposed to S2.
The rate of ternesite decomposition was faster at 5 °C than in S2. The decomposing ternesite caused a
slight increase in gypsum and portlandite content. However, the portlandite originally came from the
hydration of free lime. The beginning of thaumasite formation corresponds to a storage time of about 28
days. Its amount was gradually increasing over the entire period.
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Figure 8. Sample S3, temperature 5 °C

Figure 9. Sample S3, temperature 40 °C

At 40 °C, ternesite decomposed at a somewhat higher rate than in the other environment. The content
of gypsum and portlandite increased proportionally. Despite the relatively high temperature, weak
reflections corresponding to thaumasite have also been identified in the sample after 56 days. The
morphology of sample S3 after the first year hydration at 5 °C is shown in figure 10. The typical prismatic
crystals in the figure are thaumasite.

Figure 10. SEM of sample S3/ 5 °C after first year of hydration
3.4

The development of thaumasite

The development of thaumasite in all the samples in environments is plotted in Figure 11. The graph
shows that a more suitable environment for the formation of thaumasite is 5 °C. This progress is in
keeping with published literature. Thaumasite had formed at an early age and its amount gradually
increased. However, the formation of thaumasite occurred at 40 °C as well, see the graphs. Although
thaumasite was identified only sporadically and in very limited amounts.
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Figure 11. Development of thaumasite in sample S1
4.

CONCLUSION

The research showed that the hydration of ternesite clinker produced thaumasite in larger or smaller
amounts. Its production was unambiguously bound to the rate of ternesite decomposition. An important
finding was that the slower decomposition rate of ternesite improves the conditions for thaumasite
formation. The rate of ternesite decomposition was in turn related to the storage conditions. A higher
decomposition rate was regularly determined at a higher temperature, while lower decomposition rate
occurred at lower temperatures. The most suitable clinker composition was sample S3. The composition
of this clinker is very close to the stoichiometric ratio of SiO 2 and SO3 to ternesite but with a higher
content of CaO. A higher content of CaO could stabilize thaumasite because of the free hydration of
lime into portlandite. Portlandite could keep a higher pH for a longer time which could be better for
thaumasite formation and its stability.
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ABSTRACT
Ptychographic X-ray computed tomography provides 3D electron mass density and attenuation
coefficient distributions of unaltered cement pastes with an isotropic resolution below 100 nm. This
imaging technique allows quantitatively distinguishing between different components with very similar
absorption contrast.
Samples were measured at the cSAXS beamline: i) a neat Portland Cement (PC); ii) a PC-CC blend:
80 wt% of PC and 20 wt% of CaCO3, and iii) a PC-FA blend: 70 wt% of PC and 30 wt% of fly ash. The
main aim of this study is to have a better insight of the microstructure of the
amorphous/nanocrystalline gels with submicrometer spatial resolution. It is worth noting that it is
possible to determine the gel mass density and water content within the attained 3D resolution (about
100 nm).
Here, we focused on the spatial distribution of the different components and in the variation of the
electron density values which are very related to the mass density values. Special attention is paid to
the density values of the amorphous (or nanocrystalline) components. The electron and mass density
values of the C-S-H gel for three pastes are thoroughly analyzed. The density values range from 2.052.10 g·cm-3 for high density C-S-H gel for neat PC and PC-CC pastes to 1.80 g.cm-3 for low density
C-S-H gel in PC-FA paste. The density value of poorly crystalline iron-siliceous hydrogarnet
component, d=2.52 g·cm-3, has also been determined.
A summary of our ongoing research focused on the analyses of cement pastes by synchrotron PXCT
is reported and discussed

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Ptychographic X-ray computed tomography analysis of cement
pastes
Miguel A. G. Aranda1,2,a, Ana Cuesta1,b, Angeles De la Torre1,c, Pavel Trtik3,4,d, Ana Diaz3,e
1

Departamento de Química Inorgánica, Cristalografía y Mineralogía, University of Malaga, Spain
ALBA Synchrotron, Carrer de la Llum 2-26, E-08290 Cerdanyola del Vallès, Barcelona, Spain
3 Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
4 Faculty of Civil Engineering, Czech Technical University in Prague, 166 29 Prague, Czech Republic
2

a

1.

g_aranda@uma.es
b
acuesta@cells.es
c
mgd@uma.es
d
pavel.trtik@psi.ch
eana.diaz@psi.ch

INTRODUCTION

Cement pastes have a large number of component phases and the knowledge of the mass densities
are key to understand volume stabilities and to relate weight fractions to volumes fractions. Mass
densities for crystalline materials are well determined (Balonis & Glasser, 2009). However, mass
densities of amorphous (or nanocrystalline) components are much more difficult to establish with
contradicting reports. For instance, an striking high mass density value, 2.44 gcm-3, has been used for
micrometer-sized calcium silicate hydrate (C-S-H) gel (Deboodt et al., 2019) which should result in
wrong volume-content analyses. Ptychographic X-ray computed tomography (PXCT) allows a noninvasive assessment of electron (and mass) density at the meso and microscales (Diaz et al., 2012).
PXCT is a non-destructive scanning imaging technique which uses the coherence properties of
synchrotron radiation (Dierolf et al., 2010). PXCT replaces the post-sample X-ray optics by phase
retrieval algorithms which, combined with the ptychographic approach, make the technique very
reliable and robust (Faulkner & Rodenburg, 2004; Rodenburg et al., 2007). This technique allows
quantitatively distinguishing between different components with very similar absorption contrast, which
is not possible with standard (absorption-based) synchrotron X-ray tomography. Moreover, PXCT
(Dierolf et al., 2010) combines ptychography and tomography to simultaneously provide two 3D
volumes of the difference from one of the real part of the refractive index, δ(r), and the imaginary part
of the refractive index, β(r). Consequently, the complete complex-valued refractive index of the sample
can be obtained (da Silva et al., 2015) as follows:
n(r)=1- δ(r)+iβ(r)

(1)

The 3D electron density distribution, ne(r), can also be estimated using equation (2) (Diaz et al., 2012)

𝑛𝑒 (𝒓) =

2𝜋𝛿(𝒓)
𝑟0 𝜆2

(2)

where r0 is the classical electron radius and λ is the X-ray wavelength. Finally, if the chemical
composition is known (Diaz et al., 2012), the mass density can be estimated according to equation (3)

𝜌(𝒓) =

𝑛𝑒 (𝒓)𝐴
𝑁𝐴 𝑍

(3)

where NA is Avogadro's number, A is the molar mass, and Z is the total number of electrons in the
formula unit.
PXCT can also provide 3D electron mass density and attenuation coefficient distributions of cement
pastes as it was already reported in previous publications (Trtik et al., 2013; da Silva et al., 2015;
Cuesta et al., 2017; Cuesta et al., 2019) with an isotropic resolution close to 100 nm or better. PXCT
was applied to investigate the hydration of a Portland Cement (PC). The composition, density and
microstructure of their components were analysed (Trtik et al., 2013). Furthermore, the 3D tomograms

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
were segmented and the mass densities of the different phases were quantitatively determined.
However, this sample was slightly altered because it was impregnated with an epoxy resin for the
PXCT study.
This technique has also been used to image the hydration of alite without sample treatment. In this
case, the densities and water contents of C-S-H gels were determined (da Silva et al., 2015). Another
recent use of PXCT in cements has been the study of aluminium hydroxide gels in ye’elimitecontaining pastes (Cuesta et al., 2017a; Cuesta et al., 2017b). The main outcome of these studies
was the mass density measurements of nano-gibbsite gels. In our previous work (Cuesta et al.,
2017a), it was reported the composition and mass density of two aluminium hydroxide gel
agglomerates: (CaO)0.04Al(OH)3·2.3H2O with 1.48(3) g∙cm -3 and (CaO)0.12Al(OH)3 with 2.05(3) g∙cm -3.
The calcium contents within the aluminium hydroxide gel agglomerates likely came from the very fine
intermixing of nano-gibbsite with Ca3Al2(OH)12 and other calcium aluminate hydrates (Cuesta et al.,
2017a). Moreover, an in-situ PXCT study of this paste was performed in order to characterize the
evolution of the dissolution of selected anhydrous ye'elimite particles with time (Cuesta et al., 2017b).
Finally, and very recently, PXCT was also employed (Cuesta et al., 2019) for obtaining spatiallyresolved information on three unaltered PC cement samples at 5 months of hydration: Portland paste,
Portland-calcite paste and Portland-fly ash paste. In that work, the combined use of electron density
and absorption tomograms was used for identifying components with quite similar electron densities
but different attenuation coefficients and chiefly in the segmentation procedure for obtaining accurate
analyses for these complex mixtures, for instance C-S-H gel and crystalline Ca(OH)2. The chemical
composition and mass density of the precipitated C-S-H gel was also determined. All the electron and
mass densities were experimentally determined for each phase including the Fe–Al siliceous
hydrogarnet gel. Moreover, the segmentation study allowed separating and quantifying the different
phases of each paste. An important result obtained in this work (Cuesta et al., 2019) was that the
smaller reaction degree for the Portland cement – calcite (PC-CC) blend paste allowed to distinguish
the inner product and outer product of C-S-H gel. Finally, for the Portland cement – Fly Ash (PC-FA)
blend paste, the measured FA reaction degree was also determined to be close to 30%.
This publication deals with the PXCT data for PC, PC-CC and PC-FA already analysed and reported
(Cuesta et al., 2019). Here, the attenuation tomograms neither with the segmentation procedures and
results are dealt with. This paper focused on a thorough analysis of the electron density profiles (very
much related to the mass densities) across selected particles/regions/volumes. A deep
characterization of the electron density spatial arrangement is carried out for a better microstructural
description of these Portland pastes.
2.
2.1

MATERIALS AND METHODS
Sample preparation

For this work, the following anhydrous samples were used: a commercial PC from FYM S.A. (Málaga,
Spain), Fly ash Class F obtained from power station of Lada (Spain) (García-Maté et al., 2013) and
CaCO3 from sigma Aldrich with a purity of 99.0%. Then, three pastes were used for performing the
PXCT studies. The preparation of these pastes has been already described (Cuesta et al., 2019) and
it is summarized here:
a) The commercial PC.
b) The PC-CC blend: a mixture of 80 wt% of PC and 20 wt% of CaCO3.
c) The PC-FA blend: a mixture of 70 wt% of PC and 30 wt% of FA.
Firstly, after milling all the samples, they were loaded inside capillaries using an ultrasound bath to
help the powder to reach the tip. Secondly, the capillary was filled up with distilled water and both
ends of the capillary were sealed with special UV-hardening glue. The prepared pastes were placed at
room temperature for 5 months of hydration and finally they were measured at the cSAXS beamline,
at the Swiss Light Source, Paul Scherrer Institute (Villigen, Switzerland).
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2.2

PXCT experiment and data processing

The three prepared pastes were measured at the cSAXS beamline at the Swiss Light Source, Paul
Scherrer Institute (Villigen, Switzerland) using an instrument described elsewhere (Holler et al., 2014)
which uses laser interferometry for accurate positioning of the specimen with respect to the beamdefining optics (Holler & Raabe, 2015). The photon energy was 6.2 keV. Diffraction patterns were
collected with an Eiger 500k detector placed 7.305 m downstream of the sample satisfying the
ptychography sampling conditions (da Silva & Menzel, 2015; Edo et al., 2013). From the experimental
conditions, the resulting pixel size in the reconstructed images was 38.95 nm. A total of 800
projections within the 0-180º angular range were acquired for the PC paste and 1300 for PC-FA and
PC-CC pastes. The total acquisition time for all diffraction patterns was between 17 and 22 h. This
time also included the time necessary for sample motion. Additional experimental details about the
measurements can be found elsewhere (Cuesta et al., 2019).
Ptychographic reconstructions were carried out with a few hundred iterations of a difference map
algorithm (Thibault et al., 2009) followed by a few hundred iterations of a maximum likelihood
optimization used as a refinement (Thibault & Guizar-Sicairos, 2012). The spatial resolution of the
tomograms was determined by Fourier Shell Correlation (FSC) with a threshold based on the half-bit
criterion (Holler et al., 2014; van Heel & Schatz, 2005) and the results were 80, 56 and 59 nm for neat
PC, PC-CC and PC-FA blends, respectively. Additional details about the tomographic reconstructions
(Guizar-Sicairos et al., 2011) of the samples can be found in the previous paper (Cuesta et al., 2019).
3.

RESULTS AND DISCUSSION

The water-to-cement (w/c) and water-to-binder (w/b) mass ratios of the scanned parts of the capillaries
were determined as previously described (Cuesta et al., 2019). Here, it is just summarize the final
results for easy reference. For the neat PC paste, the w/c ratio was 0.27. For the PC-CC blend paste,
the w/c and w/b ratios were 0.33 and 0.27, respectively. For the PC-FA blend paste, the w/c and w/b
ratios were 0.43 and 0.30, respectively.
Table 1 reports the chemical formula for all the material phases that were found in the three samples
and the corresponding numerical labels used in the figures and the abbreviations used in the text.
Moreover, the average electron and mass densities determined for each phase (Cuesta et al., 2019)
are also reported in Table 1.
Table 1. Chemical formula of the phases including abbreviation and the phase number used in
the figures. The electron and mass density values are also included (Cuesta et al., 2019).*
Phase
Phase
number abbreviation

Determined Theoretical Determined
Crystallogr.
electron den. electron den. mass density mass density
(e-·Å-3)
(e-·Å-3)
(g·cm-3)
(g·cm-3)
1
AFt
Ca6Al2(SO4)3(OH)12·26H2O
0.57(1)
0.56
1.80(1)
1.78
2
LD_C-S-H
~(CaO)1.8 (SiO2)(H2O)6
0.56(2)
~1.77
3
HD_C-S-H
~(CaO)1.8(SiO2)(H2O)4
0.65(1)
~2.10
4
CH
Ca(OH)2
0.69(1)
0.69
2.23(2)
2.23
Fe-Al-Si-Hg ~Ca3FeAl(SiO4)0.84(OH)8.64
5
0.77(1)
~2.50
6
FA
~SiO2
0.77(2)
~2.55
7
CC
CaCO3
0.83(1)
0.82
2.75(1)
2.71
8
C3S
Ca3SiO5
0.96(1)
0.95
3.20(1)
3.15
9
C2S
Ca2SiO4
1.00(1)
0.99
3.32(3)
3.30
10
MgO
MgO
1.07(1)
1.07
3.52(5)
3.58
11
C4AF
Ca2AlFeO5
1.07(1)
1.10
3.60(5)
3.73
* In this manuscript, hydrated component phases are depicted in orange and anhydrous phases in blue.

3.1

Chemical formula

PC paste

The PC sample was hydrated for 5 months at RT. After that time, the PXCT study determined that this
paste contained eight different phases, see Figure 1a. The electron density values for each
component were extracted from the electron density histogram and these data are given in Table 1.
These electron density values are averaged within the resolution volume ~100×100×100 nm3. On the
one hand, the sample contained four unreacted phases, C3S, C2S, C4AF and MgO that are labelled
with blue numbers in Figure 1a. On the other hand, the hydrated phases found for this sample were
AFt, portlandite, high-density HD_C-S-H gel and iron-siliceous hydrogarnet, labelled with orange
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numbers in Figure 1a.
In order to perform a deep study about the structural characterization of the PC pastes, the electron
densities profiles of different particles of the main phases were measured. This characterization was
carried out with ImageJ/Fiji shareware (Abràmoff et al., 2004; Schindelin et al., 2012). It is important
to highlight that the horizontal (blue or orange) lines in Figure 2 show the average values of the
electron densities obtained for the component phases using ten different volumes/particles (Cuesta et
al., 2019) which are reported in Table 1.
Figure 2a shows a dicalcium silicate particle with some fractures/defects. The electron density along
this C2S particle matches very well with the determined average value, 1.00 e-∙Å-3 (0.99 e-∙Å-3 is the
expected value from the crystal structure) and the profile is very regular. Moreover, the electron
density inside the small fracture is very close to that electron density determined for high density C-SH gel, 0.65 e-∙Å-3, showing the good resolution of the PXCT data and that the hydration process
advances along the defects if they are connected to the surface of the particle (see Figure 2a). Figure
2b shows another unreacted set of particles which is composed of C2S and MgO/C4AF. These two
phases cannot be easily distinguished because their electron densities are very similar, their
experimental values were determined to be close to 1.07 e -∙Å-3. The volume showed in Figure 2b, and
also in Figure 2e, presents an additional (high density) phase which is surrounding the anhydrous
particles. This additional phase has an electron density close to 0.77 e-∙Å-3, which was assigned to a
poorly crystalline Fe–Al siliceous hydrogarnet (Cuesta el al., 2019). Figure 2f shows the electron
density profile of this component, Fe-Al-Si-Hg, along a selected region. Moreover, this poorly
crystalline phase is usually found surrounding unreacted C4AF and it has a mass density of ~2.50
g∙cm-3. The electron density profile is not very homogenous along the particle likely due to the poor
crystallinity of this Fe-Al-Si-Hg phase. Figure 2c shows a tricalcium silicate particle with a uniform
density across the particle, close to 0.96 e-∙Å-3 (0.95 e-∙Å-3 is expected from the crystal structure). In
addition, the C-S-H gel surrounding the C3S particle presents a homogenous electron density close to
the average value, 0.65 e-∙Å-3. Figure 2d shows a region of crystalline portlandite in order to highlight
the homogeneity of the electron density of this component along the entire measured region and the
agreement with the expected value from its crystal structure, see Table 1. Finally, Figures 2g, 2h and
2i show three different regions randomly selected for the C-S-H gel in this PC paste. The electron
density profiles measured along the different regions show that the C-S-H gel presents here a high
degree of homogeneity and the electron density value is quite constant, 0.65 e-∙Å-3, which means that
the water content is also fairly constant, (CaO)1.80SiO2(H2O)4.0, as determined in the previous
publication (Cuesta et al., 2019). The density of this gel was determined to be ~2.10 g∙cm-3. Finally, it
is important to highlight that Figure 2i was selected also to show some small particles of AFt which are
intermixed with the gel. It can be observed that the density of AFt is quite close to its average
determined value, 0.57 e-∙Å-3 (0.56 e-∙Å-3 is expected from the crystal structure), which means that the
resolution of this PXCT data is very good and the partial volume effect is negligible here.
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Figure 1. Selected slices of the PXCT electron density tomograms for (a) PC paste, (b) PC-CC
paste and (c) PC-FA paste, after 5 months of hydration at room temperature.
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Figure 2. Nine selected regions in the electron density tomogram of the PC paste highlighting
different component phases. Selected lines (yellow) are drawn to show the variation of the
electron density values along the particles/regions (discontinuous black lines). Horizontal blue
lines show the average values of the electron densities obtained for the anhydrous phases and
the orange lines are used for the hydrated component phases (Cuesta et al., 2019). Electron
density values taken from Table 1 using ten different particles.
3.2

PC-CC paste

The PC-CC sample was also hydrated for 5 months. After that time, the PXCT study determined that
this paste contained eight component phases, see Figure 1b. The electron density values for each
phase were extracted from the electron density histogram as reported in Cuesta et al. (2019) and they
are summarized in Table 1. The sample contained five anhydrous (unreacted) phases C3S, C2S,
C4AF, MgO and CaCO3, labelled with blue numbers in Figure 1b (see Table 1). On the other hand, the
hydrated phases that could be properly distinguished for this sample were portlandite and HD_C-S-H
gel, indicated by orange numbers in Figure 1b. Moreover, a third hydrated phase was found and it was
identified as a mixture of phases such as AFt, AFm-type phases intermixed with additional water,
average electron density close to 0.45 e-∙Å-3.
The microstructure and electron density of the main components of this PC-CC paste have been
studied by using the electron density profiles of selected volumes/regions/particles. Firstly, Figure 3a
and 3b show two different CaCO3 particles which present a constant electron density profile across the
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different particles and very close to its determined average value, 0.83 e-∙Å-3 (0.82 e-∙Å-3 is expected
from the crystal structure). The morphologies of these particles are very well defined with sharp edges.
Furthermore, it can be observed that a very thin layer of hydrates (lower density component) is
deposited on the surfaces of the CaCO3 particles. Secondly, Figure 3c shows a C3S particle
surrounded by C-S-H gel. The electron density profile for the anhydrous particle matches quite well
with the average C3S value, 0.96 e-∙Å-3, in full agreement with the results for the previous pastes, see
Fig. 2c. Figure 3f shows the same particle as Figure 3c but in this case, the electron density is
displayed along the C-S-H gel. Moreover, as it has been previously reported (Cuesta et al., 2019), two
different C-S-H gels could be distinguished for the OPC-CC paste, the inner and the outer products. It
was determined that the electron density of the C-S-H gel that precipitated within the boundaries of the
pristine C3S particles, inner product (Ip-C-S-H), has lower electron density than that precipitated in the
capillary pore regions, outer product (Op-C-S-H). In this case, the gel surrounding the fraction of
unreacted C3S particles in Figures 3f and 3g is identified as Ip-C-S-H gel. It can be seen that its
electron density values are variable and normally slightly lower than the average value for the C-S-H
gel in this sample, 0.65 e-∙Å-3. It was reported (Cuesta et al., 2019) that the degree of variation of the
electron density in the inner product of the C-S-H can be as large as 25% with a minimum value of
0.53 e-∙Å-3. On the other hand Figures 3h and 3i show two different regions of the Op-C-S-H gel. It can
be observed that the electron density of the outer product of C-S-H gel is on average 0.65 e-∙Å-3
although this phase also presents a high degree of heterogeneity in comparison to the C-S-H gel
found in the PC paste, likely due to the presence of intermixing with some other minor phases
(monocarbonate, hemicarbonate, ettringite, etc.). Finally, Figures 3c and 3d show two large regions of
crystalline portlandite. The electron density along the selected line is quite homogenous and close to
expected value, 0.69 e-∙Å-3, so no further discussion is required.

Electron density (e-/Å3)

(a)

(b)

(c)

(e)

(f)

(h)

(i)

(d)

(g)

distance (µm)
Figure 3. Nine selected regions in the electron density tomogram of the PC-CC paste
highlighting different component phases. Details of the plots as in Figure 2.
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3.3

PC-FA paste

After 5 months of hydration, it was determined by PXCT that the PC-FA paste contained six
component phases (Cuesta et al., 2019). The anhydrous phases observed here were C2S, MgO and
FA as it is shown in Figure 1c. On the other hand, the hydrated component phases that could be
properly distinguished for this paste were Ca(OH)2 and LD_C-S-H gel (intermixed with AFt), see
Figure 1c. The electron (and mass) densities of each phase are gathered in Table 1.
Figure 4 shows the regions that have been selected to perform a study about the microstructure of the
PC-FA blend paste. Firstly, Figure 4a, 4b and 4c show three selected unreacted FA particles with
regular spherical morphology. The size of the FA particles can vary between ~2 m up to ~15 m as
shown in Figures 4a-c. The electron density across the FA particles is quite regular, being very close
to the average value, 0.77 e-∙Å-3. Moreover, it can be observed that in all the FA particles there is
some very small region of empty space surrounding the FA particles. For these and additional FA
particles, the average size for the empty space was measured and it was determined to be close to
200 nm. The electron densities in these regions reached values close to that of water, ne~0.33 e-∙Å-3,
so it can be water porosity (see Figures 4a-c). However, it cannot be ruled out air porosity with the
electron density values not reaching 0 due to the partial volume effect. These water/air filled spaces
are likely due to shrinking during the hydration process because the relatively large w/c ratio of 0.43.

Figure 4. Nine selected regions in the electron density tomogram of the PC-FA paste
highlighting different component phases. Details of the plots as in Figure 2.
Secondly, Figures 4d and 4e show two different regions of crystalline portlandite. As it was observed
in the previous two pastes, the electron density value is quite constant, 0.69 e-∙Å-3. In addition, Figure
4f shows the electron density profile of a region with portlandite, C-S-H gel and an empty pore. The
electron density of the C-S-H gel for this PC-FA paste was determined to be close to 0.56 e-∙Å-3. This
electron density value corresponds to a low density gel, LD_C-S-H, which includes more pore water
molecules, with a stoichiometry close to (CaO)1.80SiO2(H2O)6.0 (Cuesta et al., 2019). It is important to
point out that the electron density of the region determined as LD_C-S-H gel can also contain some
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amount of ettringite which cannot be separated of the C-S-H gel due to its similar electron density
value, 0.57 e-∙Å-3. For this reason, the electron density profiles for the measured C-S-H gels are quite
variable. Figure 4g, 4h and 4i show different selected regions of the C-S-H gel. It can be observed that
the average value of the electron density of this region is around 0.56 e -∙Å-3. Moreover, it is also
observed, see Figure 4f, that some small areas of the C-S-H gel are likely fine intermixed with water
which makes the electron density profile more variable reaching values smaller than 0.57 e-∙Å-3.
Finally, it is worth noting that a low degree, ~30%, of pozzolanic reaction was indirectly observed three
fold (Cuesta el at., 2019). I) the amount of Ca(OH)2 determined through segmentation was smaller
than that expected from the reaction degree of alite and belite. II) the amount of FA determined
through segmentation was smaller than that weighted in the sample preparation step. III) and very
importantly, plate-like empty volumes were observed, see Fig 1c and 4h. Moreover, in some case the
empty volumes had sharp straight edges/faces. These regions cannot come from the consumption of
water. It is hypothesized that the empty volumes with sharp straight surfaces originated from the
reaction of crystalline portlandite when the paste is set. The dissolution of Ca(OH)2, without
precipitation to C-S-H, will cause these peculiar unconnected empty regions that we denominate ‘air
crystals’ because of their flat surface. These ‘air crystals’ are the negative of the reacted (regular)
portlandite particles. It is underlined that portlandite can crystallise in these pastes with hexagonal
(regular) plate-like morphology but also with massive irregular shapes (Trtik et al., 2012).
4.

GENERAL DISCUSSION AND CONCLUSIONS

For the neat PC paste with w/c=0.27, the average electron density for C-S-H gel was 0.66(1) e-/Å3.
Assuming a Ca/Si ratio of 1.80, the mass density and water content compatible with this data is
=2.10 gcm-3 and (CaO)1.8SiO2(H2O)4.0. If an average Ca/Si ratio of 1.70 is assumed, PXCT data are
compatible with =2.06 gcm-3 and (CaO)1.70SiO2(H2O)3.7. It is underlined that the measured mass
density of C-S-H gel is averaged over the micrometer scale with a spatial resolution close to 100nm.
Therefore gel porosity is included but large capillary porosity is not. These density results for C-S-H
gel are in agreement with several other reports (Cuesta et al., 2018; Muller et al., 2013; Jennings,
2008) but they are in total disagreement with a recently used value of 2.44 gcm -3 (Deboodt et al.,
2019; Gastaldi et al., 2012) for imaging studies. The results of these two works should be revisited as
the used density for C-S-H gel is not in line with state-of-the-art knowledge. Density values for the
solid component of C-S-H gel (nanoglobules) range 2.50-2.60 gcm-3 (Thomas et al., 2010; Allen et al.,
2007) but with an average composition of (CaO) 1.75SiO2(H2O)1.8 (excluding gel porosity water content).
These nanoglobules have sizes ~5nm that cannot be resolved with current 3D imaging techniques.
For neat PC, a high-density phase surrounding unreacted Ca2AlFeO5 was also found. The electron
density of this hydrated phase was 0.77(2) e-/Å3, which for an assumed Ca3FeAl(SiO4)0.84(OH)8.64
stoichiometry, led to =2.52 gcm-3 for this poorly crystalline iron-siliceous hydrogarnet component.
For the PC-calcite blend paste, w/c=0.33, the partial alite reaction degree has allowed to distinguish
between inner product and outer product C-S-H gels. It is recalled that C-S-H gel growing in the volume
formerly occupied by an alite particle is called inner-product, meanwhile C-S-H gel growing in the water
pores or on other surfaces like calcite is termed outer-product. The density variations within inner product
C-S-H were observed to be large, ranging 0.53-0.68 e-/Å3. The density variations within outer product CS-H ranged 0.60-0.73 e-/Å3. Therefore, it is shown that inner product C-S-H cannot be directly related
with higher density C-S-H. Furthermore, the average electron density value for C-S-H gel was found to
be 0.64(1) e-/Å3. This value is compatible with a mass density of =2.05 gcm-3 for this high-density C-SH gel. It must also be highlighted that inner product C-S-H is firmly established as it surrounds
unhydrated alite particles. However, outer product C-S-H is always a choice based on the surrounding
environment as it cannot be totally ruled out a fully hydrated alite particle in that volume.
For the PC-FA blend paste, w/c=0.43, the average electron density for C-S-H gel is 0.56(1) e-/Å3. The
mass density and water content compatible with this value is =1.80 gcm-3 and (CaO)1.8SiO2(H2O)6.0
indicating a larger gel pore water content. Furthermore, empty spaces are found surrounding FA
particles with a thickness close to 200 nm. We hypothesize that this effect is originated by the
shrinking due to hydration. Finally, it is observed empty regions with flat surfaces are observed in
these pastes that it was termed ‘air crystals’. These (unconnected) regions could be the negative of
the reacted (regular) portlandite particles due to the pozzolanic reaction in a set matrix.
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ABSTRACT
Cementation has been proved to immobilize radioactive waste, since the cement matrix acts as
diffusion barrier. However, more research is required since these radioactive species would eventually
be released by leaching and the retention mechanisms are unclear.
In this work, we have employed molecular dynamics to study the capacity of C-(A-)S-H to retain
radiocesium. We have developed a C-S-H gel pore model of 1 nm with different Ca/Si ratios, in order
to select the best ratio to enhance the retention. We have studied the impact of aluminum incorporation
to form C-A-S-H on the diffusion properties and explored the effect of Cs concentration.
The results suggest an enhanced retention at low Cs concentrations and Ca/Si ratios and in presence
of aluminum. We have found low binding capacity of Cs to C-(A-)S-H surfaces in comparison with Ca.
Nevertheless, the diffusion coefficients obtained for confined Cs are few orders of magnitude smaller
than in bulk water due not only to interactions with charged C-(A-)S-H surfaces, but also to the
constrained motion of water induced by the nanoconfinement in the pore. The incorporation of
moderate amounts of aluminum provokes a remarkable decrease on the diffusivity of Cs, of up to 40%
with respect to C-S-H. We have also found that the cations have different properties according to their
interaction with the surface and can be classify into inner-sphere, outer-sphere and pore ones.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

Cementitious materials have been widely used by the nuclear industry to immobilize radioactive wastes
(Plecas et al. 1992; Rahman et al. 2014b). The large specific surface area of these materials provides
sorption and reaction sites in which the contaminants may be adsorbed, acting as a diffusion barrier that
avoid their release (Evans 2008; Papadokostaki et al. 2009; Volchek et al. 2011). This property, along
with the low cost, high durability and stability of the resulting wasteforms (Ojovan et al. 2013), makes
cement-based materials very attractive for the immobilization of nuclear wastes. Ordinary Portland
cement (OPC) is the most common cement-type used in immobilization (Glasser et al. 1994). Its main
constituent is calcium silicate hydrate (C-S-H) gel, which represents about 60-70% of fully hydrated
cement paste and determines many final properties, such as the strength and the stability of the cement.
Cementation technique has proven to safely isolate different radioisotopes, but due to the long life and
hazardousness of some of them, it is essential to understand and predict the transport process of these
species through the cement matrix in order to enhance the isolation. Radiocesium, 137Cs, is one of the
most harmful fission products for humans present in spent nuclear fuel and can be easily spread due to
its high volatility and water solubility (Ramalho et al. 1991; Jantunen et al. 1991). For that reason, there
are many experimental studies focus on Cs immobilization in cement and concrete. These studies point
out the high influence of the experimental conditions in the Cs uptake, with variations in the retention
distribution (Rd) of several orders of magnitude (Evans 2008; Crawford et al. 1984; Shi et al. 2006; Ochs
et al. 2015). For cement, they found that at basic pH, the higher calcium hydroxide concentration may
saturate the sorption sites, decreasing the binding capacity of Cs to surface and resulting in low Cs
retention (Ochs et al. 2015; Glasser 1993). In contrast, the presence of moderate amounts of Al in the
structure of C-S-H gel, low Ca/Si ratios and the incorporation of certain additives, such as clays or
zeolites, enhance the Cs uptake (Ochs et al. 2015; Bagosi et al. 1998; Shi et al. 2006; Rahman et al.
2014a). Despite the research done on this topic, the diffusive behavior of Cs ions throughout the cement
matrix and immobilization mechanisms are not fully elucidated.
In this work, we have employed molecular dynamics simulations to analyze at molecular scale how Cs
uptake in nanopores of C-S-H gel is affected by different parameters. First, we have considered the
effect of the concentration of Cs ions, building systems with a variable Cs content, between 0.01 and
0.26 Cs ions per mol of C-S-H. We have also studied the impact of Ca/Si ratio in Cs uptake by building
C-S-H gel with ratios ranging from 1.1 to 2.0. Finally, we have explored how the aluminum incorporation
into the C-S-H structure affects to the Cs adsorption, incorporating Al up to reach a Al/Si ratio of 0.15.
2.

SIMULATION DETAILS

For this study, we have developed realistic C-S-H gel models with Ca/Si ratios from 1.1 to 2.0 and Al/Si
ratios of 0.0 and 0.15, in which we have incorporated Cs ions at concentrations between 0.01 to 0.26
Cs per mol of C-S-H. These models are based on the procedure reported by Pellenq (Pellenq et al.
2009) and refined by Qomi (Qomi et al. 2014a). These models are built modifying the structure of
tobermorite 14 Å (Bonaccorsi et al. 2005) as it is shown schematically in Figure 1.

Figure 1. Schematic procedure of the construction of the C-S-H gel models.
First, the unit cell of the tobermorite mineral is replicated to obtain a simulation box with dimensions of
2.6 nm x 3.1 nm x 3.3 nm in the x, y and z directions respectively, applying periodic boundary conditions
to approximate to an infinite system. Then, the chemistry is modified to achieve the target composition
of the C-S-H and C-A-S-H models. All water molecules are removed and the Ca/Si ratio is increased
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from the 0.83 of tobermorite 14 Å minerals to values between 1.1 and 2.0, typical values for C-S-H gel,
by delating randomly bridging silicate groups, combined with the addition Ca to maintain the
electroneutrality of the system. In this way, no monomers are generated. Water is reintroduced in the
pore space using a geometry-based algorithm (Martínez et al. 2003) up to a density of 1g·cm 3. In the
following step, the C-S-H structures are equilibrated with an energy minimization and molecular
dynamics simulations using LAMMPS code (Plimpton 1995). These simulations are carried out in the
isobaric-isothermal ensemble (NPT) at room conditions (300K and 1 atm) for 5 ns with barostat and
thermostat coupling constants of 0.2 and 1 ps, respectively, using the reactive force field ReaxFF
(Chenoweth et al. 2008). This force field allows the relaxation of the structure and the dissociation of
water into hydroxyl groups in the Q1 sites formed by the bridging silicate deletion (Manzano et al. 2012).
Finally, a pore of 1 nm, considered the minimum size of gel pores in cement paste (Pinson et al. 2015),
is created expanding the interlaminar space. This pore is filled with water and the cation under study,
Cs, conveniently counterbalanced to maintain the electroneutrality. Since ReaxFF has not yet
implemented parameters for Cs ions, the equilibration is performed with a non-reactive force field called
CSHFF (Shahsavari et al. 2011). An initial relaxation is runned in the canonical ensemble (NVT) for 0.5
ns at 300K with thermostat coupling constant of 0.1 ps, followed by further equilibration in the isobaricisothermal ensemble (NPT) at room conditions (300K and 1 atm) with barostat and thermostat coupling
constants of 0.2 and 1 ps, respectively. A final molecular dynamics simulation, long enough to capture
the diffusion properly, is carried out in the canonical ensemble for 0.1 µs at 300K.The same procedure
has been followed to build the C-A-S-H systems. The only difference is that the bridging silicon atoms
are partially replaced by aluminum up to Al/Si ratios of 0.15. The excess of negative charge, caused by
the isomorphic substitution of Si4+ by Al3+, is balanced by adding the Cs ions without counterions.
These models have been validated by comparison with other systems reported (Qomi et al. 2014a;
Chen et al. 2004; Fujii et al. 1981; et al. 1996; Thomas et al. 2003; Dolado et al. 2007; Pellenq et al.
2009) in the literature in order to ensure that their structure is properly captured. This comparison is
shown in Table 1, in which it can be observed that there is good agreement between our models and
those reported by other authors. It must be noted that the mean chain length (MCL) and C-S-H
composition, expressed as Ca/Si and H/Ca ratios, have been chosen ad hoc to reproduce the
experimental values, while other parameters, such as Ca-OH/Ca or Si-OH/Si ratios, are the result of the
chemical relaxation provided by ReaxFF.
Table 1. Structural parameters of C-S-H gel of our models and reported by other authors
(shown in parenthesis)
Ca/Si ratio

1.1

1.3

1.67

2.0

MCL

5.67 (5.8-6.2)

3.0 (2.9-3.3)

2.4 (2.3-2.6)

2.2 (2.1)

H/Ca

1.67 (1.7)

2.30 (2.2)

2.47 (2.4)

2.76 (2.7)

Ca-OH/Ca

0.23 (0.13-0.19)

0.29 (0.23-0.25)

0.37 (0.29-0.44)

0.47 (0.36-0.62)

Si-OH/Si

0.32 (0.34)

0.25 (0.29)

0.15 (0.20)

0.10 (0.13)

3.

RESULTS AND DISCUSSION

3.1

Effect of Cs concentration

In order to explore the impact of the Cs concentration in his uptake, we have inserted a variable content
of CsOH, ranging from 0.01 to 0.26 Cs ions per mol of C-S-H, in a C-S-H model with Ca/Si ratio of 1.1
and Al/Si ratio of 0.0. It must be noted that in these models the amount of Ca is constant, 0.34 Ca per
mol of C-S-H, so the only difference between them is the CsOH concentration.
3.1.1 Cs arrangement in the nanopore
The C-S-H surface provides sorption sites in which the cations present in the nanopores can be
adsorbed. Depending on the intensity of the electrostatic and dispersive forces established between the
cations and the surface, we can distinguish inner-sphere complexes, which are strongly bonded to the
surface because they are located very close to the C-S-H surface, and outer-sphere complexes, placed
further from the surface, which results in weaker interactions (Duque-Redondo et al. 2018a, b, c). To
facilitate this classification, we have employed the Guggenheim convention (Guggenheim 1985), which
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defines three different regions (see Figure 2): the bulk solid region of C-S-H, located below the lower
interfacial limit, followed by an extended interphase and a region above the upper interfacial called bulk
liquid region. Inner-sphere complexes are located in the interfacial region, whereas outer-sphere
complexes are above the upper interfacial limit, but close to it. The rest of cations located in the bulk
liquid are considered to be desorbed.

Figure 2. Density profiles and snapshots of the MD simulations of C-S-H. In the density profiles
(left), the black dashed lines represent the lower and upper interfacial limits, while the profiles
of Cs, Ca, water and surface oxygen are plotted in light blue, yellow, dark blue and pink.
Figure 3 shows the atomic density profiles and snapshots, included for a better comprehension, of the
models at the concentrations under study. These profiles are computed to analyze the evolution of the
Cs distribution as its concentration rises. The density profiles show that there are no desorbed Ca ions
in the pore, since all their peaks correspond to inner- and outer-sphere surface complexes. For Cs ions,
at the lowest concentration, 0.01 Cs/mol C-S-H, all Cs is adsorbed, but as the Cs concentration grows,
the amount of desorbed Cs increases gradually. This indicates that the C-S-H gel with Ca/Si of 1.1 has
enough sorption sites to accommodate all Ca and Cs ions when the Cs concentration is lower, but as
the Cs amount rises, the cations cannot find stable enough sorption sites, becoming more favorable to
be solvated by water in the pore space rather than adsorbed in the surface.

Figure 3. Density profiles and snapshots of the C-S-H models with concentrations of (a) 0.01,
(b) 0.09, (c) 0.18 and (d) 0.26 Cs/mol of C-S-H. The color code is the same than in Figure 2.
It is remarkable that all Ca ions remain adsorbed despite the saturation of the sorption sites at high
cationic concentrations, indicating that Cs cannot displace Ca ions. The calculation of the adsorption
enthalpies for both cations reveals that this replacement is not energetically plausible because Ca ions
have a much more favorable adsorption enthalpy than Cs ions, -6.73 kcal/mol for Ca against 0.20
kcal/mol for Cs (Duque-Redondo et al. 2018a, b, c).
3.1.2 Adsorption configurations
The intensity of the interaction with the surface will determine the strength of the Cs retention and the
diffusive behavior. Therefore, quantifying the amount of Cs in each sorption configuration may give an
idea about the global performance of these cations as their concentration rises. Table 2 shows the
relative amount of Cs in each sorption configuration and for desorbed cations (labelled “Pore”) as a
function of Cs concentration.
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Table 2. Percentage Cs ions in each sorption configuration and desorbed.
Cs/mol

Inner

Outer

Pore

0.01

100%

0%

0%

0.09

33%

45%

22%

0.18

23%

50%

27%

0.26

16%

49%

35%

From these data, it can be drawn that Cs is completely adsorbed in inner-sphere sites at the lowest
studied concentration because the surface has enough sorption sites available to retain all Cs, besides
Ca. However, the inner-sphere sorption sites are quickly saturated, increasing progressively the
occupancy of outer-sphere sites and the desorption. Assuming that all sorption sites are saturated
(100% of occupancy) as soon as there are desorbed Cs ions, we can calculate the number of sorption
sites per area of the C-S-H surface from the displayed data. Thus, the average sorption sites available
for Cs are estimated in 1.1 per nm 2 of C-S-H surface.
3.1.3 Diffusivity
To study the impact of the sorption configuration in the diffusion coefficients of Cs, we have computed
these coefficients for each configuration and also for the average of all Cs ions in each C-S-H model,
as can be seen in Figure 4. The diffusion coefficients are obtained through the Einstein relationship
(Einstein 1905), which relates these coefficients with the mean square displacement (MSD) (Brehm et
al. 2011), computed from a molecular dynamics trajectory of 20 ns.

Figure 4. (a) Average diffusion coefficients for inner-, outer-sphere and pore Cs complexes. (b)
Average diffusion coefficients for all Cs ions as function of the Cs concentration.
One the one hand, the low diffusion coefficients of inner- and outer-sphere cations are due to the
constrained motion caused by the strong interactions with the C-S-H surface, while the desorbed Cs
can move freely through the pore solution. This results in diffusion coefficients two orders of magnitude
lower for adsorbed cations than for desorbed ones. On the other hand, it can be seen that the average
diffusion coefficient of Cs increases as its concentration is higher (Figure 4b). This is due to increasing
content of desorbed Cs, whose diffusivity is much higher, as the concentration rises. In any case, the
diffusion coefficients of Cs confined in C-S-H gel are in the low range of the coefficients reported for
clays, which ranges from 1·10-10 m2/s in the case of montmorillonites (Malikova et al. 2004; Marry et al.
2003) to 8·10-12 m2/s for Cs in bentonites (Sato et al. 1992). In addition, the diffusion coefficients of
desorbed Cs in C-S-H, the highest ones, are still one order of magnitude lower than in bulk water (2·109 m 2/s) (Yuan-Hui et al. 1974).
3.2

Effect of Ca/Si ratio

We have investigated the relationship between the Cs uptake and the Ca/Si ratio by building four C-SH gel systems with Ca/Si ratios of 1.1, 1.3, 1.67 and 2.0, in which CsOH has been incorporated with a
constant concentration of 0.26 Cs/mol of C-S-H. It is worth noting that the number of charge defects on
the C-S-H surface increases as the Ca/Si ratio grows due to the deletion of bridging silicates, but at the
same time the amount of Ca ions rises from 0.34 to 0.71 Ca ions per mol of C-S-H in order to maintain
the electroneutrality of the system. This extra Ca might saturate the available sorption sites and worsen
the retention of Cs.
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3.2.1 Cs arrangement in the nanopore
We have analyzed the arrangement of the different species located in the nanopores of the systems
under study by computing the atomic density profiles, shown in Figure 5 along with their corresponding
snapshots. These profiles and snapshots show that there are Cs ions desorbed at any Ca/Si ratio, but
at low Ca/Si ratio all Ca ions are adsorbed on the C-S-H surface, while the amount of desorbed Ca
increases with this ratio. It is also remarkable that the intensity of the peaks assigned to water above
and below the upper interfacial limit grows as the Ca/Si ratio becomes higher, suggesting an increasing
hydrophilicity of the C-S-H surface due to the higher amount of defects.

Figure 5. Atomic density profiles and their corresponding snapshots of the MD simulations of
C-S-H with Ca/Si ratios of (a) 1.1, (b) 1.3, (c) 1.67 and (d) 2.0 with a constant Cs concentration of
0.26 Cs/mol of C-S-H. The color code is the same than in Figure 2.
3.2.2 Adsorption configurations
To obtain more details about the effect of Ca/Si ratio in Cs uptake, we classified the cations according
to their sorption configurations, inner- and outer-sphere complexes, as well as pore (desorbed) Cs and
Ca, which can be seen in Table 3 as a function of the Ca/Si ratio. These data show that the total amount
of desorbed cations decreases as the Ca/Si ratio grows for both cations.
Table 3. Percentage Cs ions in each sorption configuration and desorbed.
Cs

Ca

Ca/Si

Inner

Outer

Pore

Inner

Outer

Pore

1.1

16%

49%

35%

36%

64%

0%

1.3

21%

41%

38%

31%

33%

36%

1.67

27%

19%

54%

32%

26%

42%

2.0

31%

4%

65%

33%

7%

60%

The loss of retention capability as the Ca/Si ratio increases can be estimated by assessing the number
of sorption sites per nm 2 of C-S-H, see Table 4. These data reveal that inner- and outer-sphere sorption
follows opposite directions; while number of outer-sphere sorption sites falls considerably as the Ca/Si
ratio increases, the number of inner-sphere sorption sites grows, but not enough to compensate the loss
of the formers. The decrease of outer-sphere sorption sites is caused by the deletion of bridging silicates
and their dangling oxygen atoms, the main responsible of interaction between cations and the C-S-H
surface in this sorption configuration. Therefore, the lower retention capability at high Ca/Si ratios is due
not only to the higher Ca content, but also to the reduction of the available sorption sites. This trend is
in good agreement with the findings reported by Glasser and Hong (Glasser 2002; Hong et al. 1999),
whose experiments indicated that the retention in C-S-H is enhanced at lower Ca/Si ratios.
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Table 4. Percentage Cs ions in each sorption configuration and desorbed.
Cs

Ca

Ca/Si

Inner

Outer

Pore

Inner

Outer

Pore

1.1

0.30

0.79

1.09

0.75

1.32

2.07

1.3

0.36

0.70

1.06

0.99

1.06

2.05

1.67

0.46

0.32

0.78

0.98

0.81

1.79

2.0

0.52

0.07

0.59

1.50

0.32

1.82

3.2.3

Diffusivity

In order to ascertain the transport properties in each sorption configuration, we have calculated the
diffusion coefficients of Cs and water molecules as a function of the distance from the C-S-H surface,
see Figure 6. For water, the plot shows that the diffusion of the molecules located in the interphase is
low, but increases progressively up to the bulk liquid region. Moreover, the water diffusivity is remarkably
increased at lower Ca/Si ratios. Nevertheless, the coefficients of water confined in C-S-H at any ratio is
much smaller than the values reported for bulk water (~2.4 10-9 m2/s) (Mahoney et al. 2001; Krynicki et
al. 1978) due to the structural and electrostatic confinement (Kalinichevet al. 2007; Manzano et al. 2012;
Qomi et al. 2014b). This decrease is the main responsible of the reduction of the diffusion coefficients
of Cs ions as the Ca/Si ratio increases. The Figure 6b also shows that the diffusion coefficients of the
desorbed Cs are two orders of magnitude higher than those of adsorbed Cs, in which there is also a
difference of one order of magnitude in the coefficients of inner- and outer-sphere complexes.

Figure 6. Average diffusion coefficients of (a) water and (b) Cs ions plotted as a function of the
distance from the C-S-H surface for Ca/Si ratios of 1.1, 1.3, 1.67 and 2.0, represented with red,
blue, yellow and green lines, respectively. The black dashed line is the upper interfacial limit.
3.2.4

Hydrophilicity of the nanopore

The increase of the intensity of the peaks assigned to water molecules around the upper interfacial limit
shown in the atomic density profiles (see Figure 6) suggests that the nanopore becomes more
hydrophilic as the Ca/Si ratio grows. The increase of this ratio implies more defects on the silicate chains
and a higher number of acceptor groups that facilitates the formation of a hydrogen bond network
between water and the C-S-H surface, contributing to increase the hydrophilicity and reduce the mobility
of water, especially in the vicinities of the hydrophilic surface (Youssef et al. 2011; Ockwig et al. 2009).
This may explain why the diffusion coefficients decreases at higher Ca/Si ratios, while the retention is
worsened.
We have computed the average dipole moments of water at low and high Ca/Si ratios to analyze if the
increase of electrostatic field in the nanopore at higher ratios induces a long-range ordering of the water
molecules and increases the water polarization. The average dipole moments for confined water in CS-H with Ca/Si ratio of 1.1 and 2.0 were 2.48 D and 2.52 D, respectively. This upshifting of the water
dipole moment confirms intensification of the hydrophilicity of the C-S-H gel as the Ca/Si ratio grows,
which results in higher ordering of water molecules and lower diffusion coefficients. Likewise, we have
also calculated dipole moments of bulk water, 2.44 D. Thus, the polarization induced by the C-S-H gel
upshifts the dipole moment of confined water to larger values than in bulk water (Coudert et al. 2006).
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3.3

Effect of aluminum incorporation

We have studied the impact of the incorporation of Al to the C-S-H structure in the retention of Cs. The
Al atoms have partially replaced the bridging Si to form C-A-S-H or calcium alumina silicate hydrate. In
this way, we have created a C-S-H and a C-A-S-H models with an Al/Si ratio of 0.0 and 0.15,
respectively, and a Ca/Si ratio of 1.1, in which Cs has been incorporated at a concentration of 0.26
Cs/mol of C-(A-)S-H.
3.3.1 Cs arrangement in the nanopore
The increase of the negative charge in the surface of C-A-S-H, caused by the aliovalent substitution of
Si4+ by Al3+, generates new high-affinity sites for the cations. This is reflected in the atomic density
profiles and snapshots of C-S-H and C-A-S-H, shown in Figure 8, in which the amount of desorbed Cs
in the bulk liquid region is lower in presence of Al. There are no significant differences in Ca adsorption
in C-S-H and C-A-S-H because it is completely adsorbed in both cases due to its more favorable
adsorption enthalpy.

Figure 7. Density profiles and their corresponding snapshots of (a) C-S-H and (b) C-A-S-H
models with Al/Si ratios of 0.0 and 0.15, respectively. The color code is described in Figure 2.
3.3.2 Adsorption configurations
The amount of Cs adsorbed and desorbed in C-S-H and C-A-S-H has been quantified in Table 5, in
which the number of sorption sites for Cs per unit area of C-(A-)S-H surface is also included. These data
facilitate the evaluation of the effect of aluminum incorporation in the retention of Cs, confirming that the
Cs uptake is enhanced in C-A-S-H with respect to C-S-H. Indeed, there are twice as many inner-sphere
complexes in C-A-S-H than in C-S-H, while the non-adsorbed Cs ions decreases up to 30%. Similarly,
the number of inner-sphere sorption sites per nm 2 of C-(A-)S-H is twice when aluminum is incorporated,
while there is a slight decrease of the number of outer-sphere sorption sites per nm2.
Table 5. Percentage Cs ions in each sorption configuration and desorbed.
C-S-H

C-A-S-H

Inner

Outer

Pore

Inner

Outer

Pore

Cs

16%

49%

35%

31%

42%

27%

Sorption sites/nm2

0.3

0.8

1.1

0.6

0.7

1.3

3.3.3 Diffusivity
We have studied the average diffusion coefficients of Cs ions confined in C-S-H and C-A-S-H, finding a
strong reduction of the Cs diffusivity of about 40%, from 5.2·10-9 m2/s to 3.0·10-9 m2/s, due to the higher
electrostatic interactions.
4.

SUMMARY AND CONCLUSIONS

In this work, the adsorption of Cs ions in C-S-H and C-A-S-H has been studied, exploring the contribution
to the Cs uptake of the Cs concentration, the Ca/Si ratio and the incorporation of aluminum in the C-SH structure.
First, we have characterized the nanopore and classified the cations according to their sorption
configurations in inner-sphere, outer-sphere and desorbed cations. Our simulations have shown that
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the inner- and outer-sphere complexes are strongly bounded to the C-S-H surface and exhibit very low
diffusion coefficient in comparison with the ones of desorbed cations, yet the diffusion coefficients are
still one order of magnitude lower than in bulk water due to the nanoconfinement effect. In addition, as
the Cs concentration rises, the sorption sites become to be saturated and the amount of desorbed Cs
ions rises, increasing the average diffusion coefficients for Cs.
Second, we have found that the retention of Cs ions is worsened as the Ca/Si ratio rises, while their
diffusion coefficients are reduced. The retention decreases at higher Ca/Si ratios due to loss of the
dangling oxygen atoms from bridging silicates, responsible of the formation of outer-sphere complexes.
On the other hand, the deletion of the bridging silicates increases the number of acceptor groups in the
C-S-H surface, inducing a long-range ordering of the water molecules that provokes a reduction of the
diffusivity of water and cations.
Finally, the aluminum incorporation into C-S-H to form C-A-S-H enhances remarkably the adsorption of
Cs. Indeed, amount of desorbed Cs in C-A-S-H is reduced up to 30% with respect to C-S-H. This better
retention implies a decrease of their diffusion coefficients in C-A-S-H of about a 40%.
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ABSTRACT
The analysis of nanocrystalline and amorphous components within cement pastes that contain high
amounts of crystalline phases is very challenging. Synchrotron powder diffraction jointly with the pair
distribution function (PDF) methodology is very useful to characterize complex cement pastes. PDF
data can give information about the local structure and bonding environments of the non-crystalline
components such as aluminate hydrate and calcium-(aluminum)-silicate-hydrate gels. The main goal of
this work is to characterize amorphous and nanocrystalline gels which are present in cementitious
pastes by total scattering PDF analyses in selected real-space ranges. Moreover, the PDF approach
also allows quantitatively determining the nanocrystalline and microcrystalline contents.
Several sets of tricalcium silicate pastes have been studied and the results are reported: (i) pastes from
different tricalcium silicate polymorphs, such as monoclinic and triclinic; and (ii) the influence of
selected parameters in triclinic tricalcium silicate pastes. For all the PDF analyses, a multi r-range
approach was followed: the higher r-range (≈40 – 70 Å) is used to determine the microcrystalline
phase contents, portlandite and unreactive alite; then, the intermedium r-range (≈10 – 25 Å) allows
characterizing the atomic ordering in the nanocrystalline fraction of the C-S-H gel; and finally, the low rrange, below ≈10 Å, gives insight about the chemical nature of the additional amorphous component.
It was concluded that for all the untreated tricalcium silicate pastes, the crystal structure of tobermorite11 Å fits the nanocrystalline contribution of the C-S-H gel in the 10 – 25 Å r-region much better than
tobermorite-14 Å.
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1.

INTRODUCTION

The hydration reactions of cement samples lead to the precipitation of crystalline materials jointly with
nanocrystalline and amorphous gels (Taylor, 1997). The characterization of the
nanocrystalline/amorphous gels is very challenging but the presence of large amounts of crystalline
phases in the mixtures makes this type of analysis even more complicated.
Rietveld methodology allows to study the crystal structures of microcrystalline phases and also to
quantitatively determine their contents. The overall amount of amorphous and non-crystalline content
can also be estimated by using the Rietveld method jointly with the internal (De La Torre et al., 2001)
or external (Jansen et al., 2011) standard methodologies, although these methodologies do not
provide information about the atomic ordering in these non-crystalline phases. High-energy
synchrotron X-ray scattering jointly with the pair distribution function (PDF) methodology is very useful
to deeply study complex cement pastes. PDF data provide information about the local structure and
bonding environments of the nanocrystalline and amorphous components such as cement gels
(Cuesta et al. 2017a, b; Cuesta et al., 2018) .
The PDF function, G(r), shows the probability of finding pairs of atoms separated by a distance r. G(r)
can be obtained by a Fourier transform of the total scattering powder diffraction pattern, see equation
(1) (Billinge & Kanatzidis 2004; Skinner et al. 2010).
𝟐

∞

𝑮(𝒓) = 𝟒𝛑𝐫[𝝆(𝒓) − 𝝆𝟎 ] = ∫𝟎 𝑸[𝑺(𝑸) − 𝟏] 𝐬𝐢𝐧(𝑸𝒓)𝒅𝑸
𝝅

(1)

where ρ(r) is the microscopic atomic pair density, ρ 0 is the average atomic number density, S(Q) is the
total scattering structure function and Q is the momentum transfer (Billinge & Kanatzidis 2004),
Q=4sin(). The quality of the PDF pattern is directly related with the Q-range, which has to be
large enough to solve the low-r region peaks. This is the reason why it is needed to use a short
wavelength and high 2θ diffracting angles with good signal-to-noise ratio and free from systematic
errors (White et al. 2015).
This PDF approach, using synchrotron radiation (Proffen et al., 2005), has been applied in the
characterization of different cement samples (Aranda, 2016). Firstly, the local structure of the main gel
present in OPC cement, C-S-H, has been thoroughly studied. Some authors have hydrated tricalcium
silicate to study the C-S-H gel precipitated in this reaction (Skinner et al., 2010; White, 2016; White et
al., 2015). However, directly synthesized pure C-S-H gel have also been widely studied by PDF
(Grangeon et al., 2017; Morandeau & White, 2015; Soyer-Uzun et al., 2012) in order to avoid/minimize
the contribution of crystalline phases such as unreacted tricalcium silicate and crystalline portlandite.
The main conclusion of these studies is that the C-S-H gel has a nanocrystalline nature with an atomic
ordering close to 4 nm (Skinner et al., 2010; White, 2016; White et al., 2015). At this point it is
important to highlight that the C-S-H gel obtained from the hydration of alite is reported to contain at
least two components: a nanocrystalline defective clinotobermorite, Ca11Si9O28(OH)2·8.5H2O and an
amorphous component which seems to be monolayers of calcium hydroxide (Cuesta et al. 2018;
Grangeon et al. 2017). The strategy followed to analyse the cement pastes was the multi r-range
analysis approach. For the tricalcium silicate hydrated samples, the ~4-7 nm r-range allowed
determining the crystalline phase contents, then, the ~1-2.5 nm r-range was used to characterize the
atomic ordering in the nanocrystalline gel; and the ~0.2-1.0 nm r-range gives information about
amorphous components (Cuesta et al. 2017b; Cuesta et al. 2018). Recently, the PDF study of
C-A-S-H and C-(N)-A-S-H gels (White et al. 2015) have been carried out to highlight the differences
between nanocrystalline C-A-S-H gel and amorphous C-(N)-A-S-H gel.
Aluminium hydroxide (A-H) gels resulting from ye'elimite-containing pastes were also studied by the
PDF methodology. It was found that the aluminium hydroxide gel had a gibbsite-type local structure
with a particle size close to 3 nm (Cuesta et al. 2017b). A similar A-H gel was characterized in calcium
aluminate-containing pastes and in this system the A-H gel presented larger particle sizes, between 57 nm (Cuesta et al., 2017a; Cuesta et al., 2017b). Finally, other amorphous cement systems were also
characterized by this methodology, for instance, geopolymers (Meral et al. 2011; White et al. 2013)
and fly ash (Natali et al., 2016).
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The main aim of this study is to use total scattering synchrotron data analysed by PDF methodology in
order to study the local structures of the different component in alite pastes. For instance, triclinic and
monoclinic tricalcium silicates were hydrated under a range of conditions.
2.

MATERIALS AND METHODS

2.1

Sample preparation

Monoclinic and triclinic tricalcium silicates, C3S, have been purchased from Mineral Research
Processing (M.R.PRO). Alite samples have been hydrated using two different methodologies:
- In-situ hydration: pastes were made by hand-mixing the corresponding sample with the adequate
amount of twice boiled demineralised water in a small plastic beaker for 2 min with a spatula and then
immediately loaded into glass capillaries of 0.7 mm of diameter with a syringe. The capillaries were
sealed with grease to avoid water loss. The capillaries were rotated for one day. Finally, capillaries
were kept inside closed plastic containers for about two months. It is highlighted that the hydration
reactions were not arrested. Three samples were prepared by using this methodology:


Monoclinic C3S hydrated at RT using a water-to-solid mass (w/s) ratio of 0.5. This sample is
labelled as: C3Sm_050_RT.



Triclinic C3S hydrated at RT using a w/s ratio of 0.5. This sample is labelled as: C3St_050_RT.



Triclinic C3S hydrated at 35ºC using a w/s ratio of 0.5. This sample is labelled as:
C3St_050_35ºC

- Ex-situ hydration: pastes, prepared as previously described, were poured into hermetically closed
Teflon® cylinder shaped moulds for three days (García-Maté et al., 2015). Then, samples were taken
out and stored within demineralised and twice boiled water. Pieces were extracted after approximately
two months of hydration. At this stage, the pastes were milled to fine powder in an agate mortar. To
remove the unreacted water and to arrest the hydration reaction, samples were filtered in a Whatman
system (90 mm diameter Whatman filter with a pore size of 2.5 μm on a Teflon support) and washed
twice with isopropanol and finally once with ether. Then, the glass capillaries were filled with these
powders. Two samples were prepared by using this methodology:

2.2



Triclinic C3S hydrated at RT using a w/s ratio of 0.5. This sample is labelled as:
C3St_050_RT_stop



Triclinic C3S hydrated at 50ºC using a w/s ratio of 0.5. This sample is labelled as:
C3St_050_50ºC_stop
Synchrotron X-ray scattering

High-energy synchrotron X-ray scattering data were collected at the ID15A beamline at the ESRF,
Grenoble (France). The selected beam energy was 65.341 keV, =0.18972(1) Å. The beam was
monochromatised by a double bent Laue monochromator resulting in an energy band pass of ca.
4×10-3 ΔE/E. The used detector was a CdTe Pilatus-2M with 172 m of pixel size. The beamsize was
100m horizontal and 100m vertical. The detector was off-centred with respect to the incident beam
and located very close to the sample, to access up to Qinst = 30 Å-1 to calculate the pair distribution
function G(r) with very good resolution. CeO2 standard was used to calibrate the sample-detector
distance that was found to be 181.59 mm. The intensity profiles were corrected for the background
contribution, polarization of the X-rays and detector geometry, response, and transparency with local
software. For each sample, eight frames were collected with acquisition time of 8 s each. So, the total
acquisition time was close to 1 minute per sample. The diameter of the glass capillaries was 0.7 mm
and they were rotated during data collection to improve diffracting particle statistics.
2.3

Laboratory X-ray powder diffraction (LXRPD)

LXRPD data for selected pastes within capillaries were collected on a D8 ADVANCE (Bruker AXS)
diffractometer (SCAI – Universidad de Malaga) equipped with a Johansson monochromator, using
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strictly monochromatic Mo-Kα1 radiation, λ=0.7093 Å, in transmission geometry (θ/θ). An overall
measurement time of  13h per pattern was selected over the angular range 2.8 - 30.0° (2) with a
0.020° step size.
2.4

Pair distribution function data analysis

PDF experimental data, G(r), were obtained by using PDFgetX3 (Juhas et al., 2013) with Qmax = 24
Å-1. Structural and quantitative phase analysis information was obtained from the PDF data by using
the PDFgui software (Farrow et al., 2007). The global optimized parameters were the scale factors,
unit cell parameters and atomic displacement parameters (ADPs). The instrumental parameters were
obtained by measuring a similar data set for crystalline nickel. In the nickel PDF data analysis, the
refined parameters converged to Qdamp = 0.022 Å-1 and Qbroad = 0.014 Å-1.

2.5

Particle Size Distribution (PSD)

Average particle size and particle size distribution for the alite samples were measured using a laser
analyzer (Mastersizer S, Malvern, UK)
3.
3.1

RESULTS AND DISCUSSION
In-situ hydration: effect of polymorphism of tricalcium silicate on hydration at RT

The particle size distribution (PSD) was measured by using a laser diffraction analyser. For triclinic
C3S, the following values were obtained: dv,10=0.8 µm, dv,50=4.6 µm and dv,90=11.0 µm. For monoclinic
C3S, the obtained values were dv,10=0.9 µm, dv,50=6.3 µm and dv,90=25.6 µm.
Firstly, PDF data for anhydrous triclinic and monoclinic C3S were collected in identical experimental
conditions than hydrated samples. These data were refined over a large r region, i.e. 2 to 50 Å. The
resulting structural description was used to fit its contribution in the hydrated pastes (unreacted
fraction). For the triclinic sample, the final RW value was 11.1%. The unit cell values converged to
a=11.611 Å, b=14.182 Å, c=13.625 Å, =104.8º, =94.5º and =90.1. The final ADPs values were
0.0054, 0.0050 and 0.0155 Å2 for Ca, Si and O, respectively. For the monoclinic sample, the final RW
value was 18.2%. The unit cell values converged to a=12.224 Å, b=7.041 Å, c=9.257 Å and =115.9º
and the final ADPs values were 0.0175, 0.0112, and 0.0647 Å2 for Ca, Si and O, respectively. The
positional parameters were not optimized.
The full PDF data for alite pastes are very complex due to the presence of different phases of different
natures: crystalline (e.g. portlandite and unreacted C3S), nanocrystalline (e.g. C-S-H gel) and possibly
amorphous phase(s). So, after a first inspection, see Figure 1, all the PDF patterns for the hydrated
samples were analysed using the previously reported strategy (Cuesta et al. 2017b, Cuesta et al.
2018). In summary, this methodology consists on analysing the large interatomic distance range, here
40-70 Å, for establishing the crystalline phase contents, mainly alite and portlandite, and then to
analyse the medium interatomic distance range, here 10-25 Å, for establishing the nanocrystalline
phase contents, i.e. the nanocrystalline contribution of the C-S-H gel.
For the hydrated triclinic C3S, C3St_050_RT as an example, the PDF data were taken at 56 days of
hydration. As it was previously reported (Cuesta et al. 2017b, Cuesta et al. 2018), the 40-70 Å region
was used to fit the contributions to the PDF pattern of portlandite and unreacted alite, see Figure 2a.
The final RW value converged to 26.7%. Only the scale factor was refined for the unreacted alite. The
unit cell values for portlandite converged to a=3.587 Å and c=4.903 Å and the final anisotropic ADP
values were u11=u22=0.0043, u33=0.0999 and u12=0.0021 for Ca and u11=u22=0.0091, u33=0.0117
and u12=0.0045 for O. Then, all parameters for crystalline portlandite were kept fixed and the r-region,
10-25 Å, was used to fit the nanocrystalline contribution of C-S-H gel, see Figure 2b. As in previous
reports (Cuesta et al. 2017b, Cuesta et al. 2018), two different crystal structures were tested to fit the
PDF signal of the gel in this region. Table 1 gives the RW values for each PDF fit using the selected
structural descriptions for the nanocrystalline gel and also includes the quantitative phase analysis
results for the different phases. Here, the aim was to distinguish which structure, tobermorite-14 Å
(Bonaccorsi et al. 2005) or tobermorite-11 Å (Hamid 1981) gave the best fit for this paste. Jennite was
discarded as it was previously reported that jennite yielded poorer fits (Cuesta et al., 2017b). Only a
crystal structure for tobermorite-11 Å has been tested here as it was previously reported (Cuesta et al.
2017b) that just small changes can be found between the different crystal structures published for
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clinotobermorite or tobermorite-11 Å. As it can be observed in Table 1, the tobermorite-11 Å fits the
structure of the nanocrystalline part of the C-S-H gel better than tobermorite-14 Å (i.e. lower RW
factors). In a previous work (Cuesta et al. 2018), it was reported that the scattering misfit of the low rregion, 2 to 10 Å, corresponds to the theoretical PDF trace of isolated monolayers of Ca(OH)2.
Consequently, in this work, this low r-region has not thoroughly modelled but it is displayed in Figure
2c.

C3St_050_RT

G (r) (Å-2)

C3Sm_050_RT

C3St_050_35ºC

C3St_050_RT_stop

C3St_050_50ºC_stop

5

10

15

20

25

30

r (Å)
Figure 1. Experimental synchrotron PDF patterns from 1 to 30 Å for the five tricalcium silicate
pastes
Table 1. Quantitative phase analysis results obtained by PDF using different crystal structures
for the nanocrystalline C-S-H gel. RW values are also included
Rw
(%)

Ca3SiO5
(wt%)

CaCO3
(wt%)

CrystCa(OH)2
(wt%)

C-S-H
(wt%)

C3St_050_RT
Tobermorite-11 (o), ICSD #100405
Tobermorite-14 (m), ICSD #152489

31.0
34.4

30.2
28.9

2.2
2.1

25.4
24.3

42.3
44.7

C3Sm_050_RT
Tobermorite-11 (o), ICSD #100405
Tobermorite-14 (m), ICSD #152489

37.4
46.1

26.2
36.4

-

25.9
36.0

47.9
27.6

C3St_050_35ºC
Tobermorite-11 (o), ICSD #100405
Tobermorite-14 (m), ICSD #152489

33.5
40.7

10.4
9.8

3.2
3.0

32.1
30.2

54.3
57.1

C3St_050_RT_stop
Tobermorite-11 (o), ICSD #100405
Tobermorite-14 (m), ICSD #152489

32.7
35.9

14.7
14.0

3.5
3.3

31.6
30.1

50.1
52.6

-

-

42.3
41.9

57.6
58.1

sample

C3St_050_50ºC_stop
Tobermorite-11 (o), ICSD #100405
29.8
Tobermorite-14 (m), ICSD #152489 37.8
*(m) stand for monoclinic and (o) for orthorhombic
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Figure 2. Experimental (blue circles), fitted (red lines) and difference (grey lines) PDF patterns
for C3St_050_RT (a) from 40 to 70 Å; (b) from 10 to 25 Å; and (c) from 2 to 10 Å.
The same strategy was carried out for hydrated monoclinic C3S, C3Sm_050_RT. The PDF data were
also taken at 56 days of hydration. The contributions to the PDF pattern of portlandite and unreacted
alite were studied in the 40-70 Å r-region. The final RW value in this region converged to 33.5%. The
unit cell values for portlandite converged to a=3.587 Å and c=4.904 Å and the final anisotropic ADPs
values were u11=u22=0.0071, u33=0.0063 and u12=0.035 for Ca and u11=u22=0.0078, u33=0.0097
and u12=0.0039 for O. Then, the r-region, 10-25 Å, was used to fit the nanocrystalline contribution of
C-S-H gel. Table 1 shows the RW values for each PDF fit using the selected structural descriptions for
the nanocrystalline gel and also includes the quantitative phase analysis results for the different
phases. Again, for the monoclinic sample, the crystal structure of tobermorite-11 Å fits the
nanocrystalline contribution of the C-S-H gel better than tobermorite-14 Å. Figure 3 shows the PDF fit
in the 10-25 Å r-region to compare both tobermorites. It is clear that some peaks are worst fitted by
using the crystal structure of tobermorite 14 Å (arrows in Figure 3-right).
It can be observed that the crystal structure of tobermorite-11 Å is the best option to fit the
nanocrystalline contribution of the C-S-H gel for both C3S pastes, triclinic and monoclinic (hydrated
with the in-situ procedure at RT and w/s=0.50). So, it can be derived that there is not a significant
influence in the nanocrystalline part of the precipitated gel with the alite polymorphism. However, it is
also important to point out that the degree of hydration of the alite samples hydrated inside the
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capillaries is low. At 56 days of hydration, there is a considerable amount of unreacted alite in both
capillaries.
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It is also worth to highlight that in previous works (Cuesta et al. 2017b, Cuesta et al. 2018), different
monoclinic C3S samples were also hydrated by using different procedures, and then studied by the
PDF. Two main differences can be found when comparing the results obtained here and the previous
reports: (i) the dopants of previous C3S samples were different, f.i. they contained an important
amount of iron oxide and (ii) although the previous pastes were also analysed by the PDF
methodology, these data were collected in a different beamline (MSPD beamline at ALBA
synchrotron) by using a smaller energy and a higher data acquisition time, close to 3 hours. The
Qbroad parameter obtained by using the experimental configuration here is higher than that obtained
in the ALBA synchrotron experiments. This fact leads to broader peaks and consequently, a slightly
less precise quantitative phase analysis results. A deep study on the comparison of the PDF data
acquired at different facilities is out of the scope of this work and will be published elsewhere.
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Figure 3. Experimental (blue circles), fitted (red lines) and difference (grey lines) PDF patterns
for C3Sm_050_RT (left) using tobermorite-11 Å and (right) using tobermorite-14Å.
3.2

In-situ hydration: effect of temperature on hydration of triclinic tricalcium silicate

The influence of the temperature on the hydration mechanism of triclinic tricalcium silicate was also
followed by studying the PDF data. The results for the sample at RT have been described in the
previous section. For the C3St_050_35ºC sample, the PDF data were taken at 63 days of hydration.
The final RW value in the 40-70 Å r-region converged to 28.6%. The unit cell values for portlandite and
the final anisotropic ADPs values were similar to that reported for the previous triclinic sample. After
keeping fixed the refined parameters for crystalline portlandite and the scale factor for unreacted alite,
the nanocrystalline contribution of C-S-H gel was refined in the r-region, 10-25 Å, as previously
described. Table 1 also shows the RW values for each PDF fit by using the two selected structural
descriptions for the nanocrystalline gel and also includes the quantitative phase analysis results for the
different phases. Again, for C3St_050_35ºC sample, the crystal structure of tobermorite-11 Å fits the
nanocrystalline contribution of the C-S-H gel better than tobermorite-14 Å.
It can be observed that tobermorite-11 Å fits better for both triclinic C3S pastes, so, there is no
significant influence in the local structure of the precipitated C-S-H gel within this temperature range.
However, and as expected, the reaction degree in the C3St_050_35ºC sample is higher than that of
the hydrated sample at RT, C3St_050_RT. This is observed when comparing the amounts of
unreacted alite for both pastes, see Table 1.
3.3

Effect of hydration procedure on hydration of triclinic tricalcium silicate at RT

As it was previously described in the materials and methods section, the triclinic C3S was also
hydrated in a cylinder mould and the hydration reaction was stopped after 47 days of hydration. After
this step, the hydration-arrested paste was filled within the capillary. This sample was labelled as
C3St_050_RT_stop.
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The 40-70 Å region was used to fit the contributions to the PDF pattern of the crystalline phases. The
final RW value in in this r-region converged to 26.0%. The unit cell values for portlandite and the final
anisotropic ADPs values were similar to that reported above. Then, the 10-25 Å r-region was used to
fit the contribution of the nanocrystalline gel. Again, the crystal structures of tobermorites, 11 Å and 14
Å, were tested, see Table 1. Figure 4 (left) shows the final PDF fit for C3St_050_RT_stop sample in
the 10-25 Å r-region.
It can be observed that for this stopped hydration paste, which was prepared by the ex-situ procedure,
tobermorite 11 Å fits better the crystal structure of the gel as it was previously observed for the same
paste prepared by the in-situ procedure. So, it seems that this slightly different hydration procedure
and more important, the arresting of the hydration, does not have a significant influence in the local
atomic order of the precipitated C-S-H gel.
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An important difference between both samples is the degree of reaction, for C3St_050_RT_stop is
larger than that of C3St_050_RT. This is very likely due to the different hydration methodology. For the
in-situ hydration, the volume of the paste inside the capillary is much smaller than that inside the
cylinder (ex-situ hydration). We speculate that in the small capillary, the hydration products which
precipitate with time can create passive layers, i.e. hinder the diffusion of ions and water to anhydrous
particles, that can avoid the progress of the hydration. In addition, it is not possible to guarantee that
all the water which is injected with the syringe is introduced as a whole (and homogenously
distributed) inside the capillary. Issues related with inhomogeneous water distribution within small
capillaries have been already reported (Gallucci at al., 2007).
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Figure 4. Experimental (blue circles), fitted (red lines) and difference (grey lines) PDF patterns
for (left) C3S_050_RT_stop and (right) C3S_050_50ºC_stop.
3.4

Ex-situ hydration: effect of temperature on the hydration of triclinic tricalcium silicate.

The influence of the temperature in the hydration mechanism of triclinic C3S prepared by the ex-situ
procedure can be also followed by studying the PDF data. The results for the sample hydrated at 50ºC
are hereby compared with the sample described above, C3St_050_RT_stop. For the
C3St_050_50ºC_stop sample, the PDF data were taken at 48 days of hydration. The final RW value in
the 40-70 Å r-region converged to 28.8 %. Table 1 shows the RW values in the 10-25 Å r-region for
each PDF fit using the two selected crystal structures of tobermorite for the fitting of the
nanocrystalline gel.
For this sample, there is no unreacted alite because of the high temperature employed in the hydration
process. Moreover, the absence of additional unreacted phases leads to a lower RW value in the 10-25
Å r-region, see Figure 4 (right). It can be also concluded here that the temperature does not
significantly affects the local atomic order of the precipitated gel in this temperature range.
3.5

LXRPD study of selected samples.

LXRPD study has been also carried out to double-check the main results derived from the PDF study.
Specifically, the LXRPD powder patterns can highlight the presence of tobermorite-11 Å (and even the

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
absence of tobermorite-14 Å) in these samples. The main difference between both structures can be
found in the d-spacing of the (002) reflection of each crystal structure.

I (a.u.)

The LXRPD patterns for three samples, C3St_050_RT, C3St_050_RT_stop and C3St_050_50ºC_stop,
are shown in Figure 5. The low angle region (high d-spacing) allows identifying tobermorite-11 Å and
tobermorite-14 Å. The tinny reflection observed at d-spacing 11.48 Å in all the patterns corresponds to
tobermorite-11 Å. However, there is no presence of any diffraction signal close to 14.0 Å. So, the
LXRPD study also seems to discard the presence of tobermorite-14 Å in the hydration pastes of
tricalcium silicate.
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Figure 5. LXRPD patterns for (top) C3St_050_RT, (medium) C3St_050_RT_stop and
(bottom) C3St_050_50ºC_stop.

4.

CONCLUSIONS

The total scattering synchrotron data analysed by the PDF approach has allowed studying the local
atomic order of the C-S-H gel for different tricalcium silicate pastes, prepared by two methodologies.
Firstly, it was found that the precipitated C-S-H gel by hydrating two tricalcium silicate polymorphs,
monoclinic and triclinic, with the in-situ methodology, had very similar atomic local order. The structural
description that better fits the PDF data, in the 10-25 Å r-region, is tobermorite 11 Å. Moreover, the
presence of tobermorite 14 Å was discarded in the pastes from both polymorphs. It is noted that
hydration was not arrested and there is no evidence of high crystallizing water content in tobermorite
(that it should lead to tobermorite 14 Å).
Additionally, it was checked that the local atomic order of the nanocrystalline part of the precipitated CS-H gel, was not depend on the temperature (in the studied temperature range). This conclusion was
drawn as for C3St_050_35ºC paste, the atomic ordering of tobermorite-11 fits better its PDF data. As
expected, the reaction degree for the sample hydrated at 35ºC was higher than that of the hydrated
sample at RT.
The samples that were hydrated by the ex-situ procedure, C3St_050_RT_stop and
C3St_050_50ºC_stop, were also studied. It can also be concluded that the hydration procedure and
hydration arresting step did not have a significant influence on the local atomic order of the C-S-H gel.
For both pastes, tobermorite 11 Å fitted the PDF data of the C-S-H gel better than tobermorite 14 Å.
The reaction degree for the sample hydrated at 50ºC was 100% as no unreacted C3S was identified in
the synchrotron total scattering powder pattern.
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ABSTRACT
Cement aging comprises unwanted reactions with water vapor and CO2 before the intended hydration
at the job site. The main causes are water injection during clinker grinding and exposure to moisture
and atmospheric air. Aging negatively impacts flowability, set behavior and strength development of
binders and changes their interaction with admixtures.
Investigations on retarder performance in fresh and aged CEM I 52.5 N using heat flow calorimetry
revealed that sodium gluconate and potassium pyrophosphate influence different stages of cement
hydration. Ettringite formation in aged cement was more strongly retarded by gluconate, whereas
pyrophosphate proved superior in retarding C-S-H formation of fresh cement.
To gain a mechanistic understanding of these observations, the clinker phases C3S and C3A, the latter
as a binary mixture with gypsum, were investigated individually with heat flow calorimetry.
Ettringite formation in aged CEM I 52.5 N and C3A was significantly delayed compared to fresh
material. This effect essentially developed within the first 3 days of aging. By contrast, C-S-H formation
from pure C3S was unaffected by aging. We conclude from these findings that aging has greatest
effect on early-hydration properties like processing periods and stiffening time.
Regarding retarder performance in aged clinker, pyrophosphate effectiveness in C3A was greatly
enhanced by aging, while gluconate accelerated both fresh and aged C3A instead of retarding. In C3S,
retardation of C-S-H formation was also generally increased after aging. However, an exceptionally
strong retarding effect of 0.1 % bwob gluconate in fresh C3S did not carry over to the aged samples.
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1.

INTRODUCTION

Cementitious building materials are not inert during the period between manufacture and application at
the job site. They possess significant hygroscopy and chemical reaction potential with moisture and
air. Partial preliminary hydration, often referred to as prehydration, comprises unwanted reactions of
cementitious materials with water prior to application. It can occur as early as during clinker grinding
whereby water is injected into the mill for cooling. Furthermore, added setting regulators gypsum and
hemihydrate release H2O due to the elevated temperature and pressure in the mill.
Humidity from the Earth’s atmosphere is another source of H 2O. Interactions of cementitious materials
with atmospheric components such as H2O and CO2 are collectively called “cement aging”. The aging
process is owed to the cement’s hygroscopic properties and often the result of improper storage and
handling of building materials. High temperature and high humidity conditions prevalent in tropical and
subtropical climate zones further facilitate aging.
The negative effects of prehydration and cement aging are unpredictable workability, set behavior and
strength development of the binder [1-3], as well as significant changes in the interaction with
admixtures, compared to fresh cement. Studies on superplasticizers [4-6] revealed that their
performance can be affected positively or negatively, depending on the duration of aging and chemical
composition of the admixture. Moreover, it has been reported [5] that in aged cement accelerators
calcium formate and amorphous alumina almost lost their accelerating effect, suggesting they may
even turn into retarders with increasing aging time.
These different performances in fresh and aged binder are caused by the formation of aging products
on the surface of cement particles resulting from exposure to moisture and CO2. In prehydration, the
various clinker phases exhibit different reactivities, water sorption by aluminates is significantly higher
than by silicates [7]. This means that aging behavior of a cement depends on its clinker composition.
Thus, in order to assess prehydration of a cement it is useful to investigate its clinker phases
individually.
This study deals with aging of tricalcium silicate Ca3SiO5 / C3S, also known as alite, and of tricalcium
aluminate Ca3Al2O6 / C3A. The results will be compared to those of Portland cement CEM I 52.5 N.
Furthermore, the effect of aging on the interaction between these compounds and retarders sodium
gluconate (Na+ C6H11O7-) and potassium pyrophosphate (K4P2O7) was investigated. Gluconate is
known to adsorb on clinker phases, thus slowing down their dissolution, and also to adsorb on
hydration products, which inhibits their crystal growth. Pyrophosphate on the other hand removes
calcium ions from the pore solution and thus prevents the formation of hydration products. The overall
goal of this study was to elucidate the performance of retarders in cement hydration and to uncover
the mechanisms underlying the differences in their effectiveness.
2.

EXPERIMENTAL PROCEDURES

2.1

Preparation of Clinker Phases

C3S was produced from CaCO3 (Merck EMSURE®, Germany) and SiO2 (Quarzwerke Millisil W12®,
Germany), C3A from CaCO3 und Al2O3 (Nabaltec NABALOX NO 325®, Germany) at 3 to 1 molar
ratios. Synthesis was carried out via high temperature solid state reaction in chamber furnaces
Nabertherm LH 15/14 and LHT 08/16 using crucibles made from a platinum alloy containing 10 %
rhodium. Reaction temperatures were 1600 °C for C3S and 1400 °C for C3A.
Apart from pure, triclinic C3S, doped, monoclinic C3S containing 1.1 wt.% MgO and 0.7 wt.% Al2O3
was also prepared. Likewise, orthorhombic C3A doped with 10.6 wt.% Na2O was synthesized next to
undoped, cubic C3A. It is necessary to use an excess of doping agent to account for Na2O losses
during sintering due to partial sublimation above 1275 °C. Final Na2O content in C3Ao ranges from
3.7 to 4.6 wt.% [8].
The clinker phases were ground in a planetary ball mill (Fritsch Pulverisette 6, Germany) to a particle
size similar to that of reference CEM I 52.5 N Milke® (d50 = 16 µm, d90 = 46 µm) provided by
HeidelbergCement. Phase purity was confirmed by powder XRD using a D8 Advance ® instrument by
Bruker AXS, Germany.
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2.2

Aging Conditions

CEM I and clinker phases were aged for 3 and 14 days in a custom built climate box at 35 ± 2 °C and
90 ± 5 % relative humidity (RH). These conditions allow the simulation of long-term exposure to less
harsh climate conditions and provide results on moisture / CO 2 uptake. C3Ac and C3Ao were drymixed
with gypsum at a 1 : 1 weight ratio to enable the formation of ettringite (C 3A · 3 CaSO4 · 32 H2O). The
fresh samples were thinly spread out (layer thickness < 1 mm) on 135 x 60 cm Plexiglas® plates in
portions of 50 g to maximize the exposed surface area. Additionally, filled XRD sample holders were
similarly aged and subjected to measurement after 3 and 14 days to monitor the aging process.
2.3

Heat Flow Calorimetry

Hydration behavior of aged cement and clinker phases was investigated with heat flow calorimetry
using TAM Air® 3114/3236 and 3116-2/3239 isothermal calorimeters (Thermometric AB, Sweden). In
all measurements the retarders sodium gluconate and potassium pyrophosphate were dissolved in the
mixing water. Due to the high reactivity of C3A, ettringite formation starts immediately after adding
water. For this reason, water addition and mixing had to be performed in situ with the powder samples
being put inside the measuring chambers of the calorimeter first. Water was then added via an Admix
Ampoule, a mount with two 1 mL syringes and a hand-operated stirring mechanism with a L-shaped
blade. Cement and the C3S samples were always mixed with water outside the calorimeter.
3.
3.1

RESULTS OF AGING CEM I 52.5 N AND CLINKER PHASES
Formation of Aging Products

XRD analysis of the CEM I 52.5 N sample after 3 days of aging revealed formation of calcite (trigonal
CaCO3), which increased quantitatively over 14 days.
C3Sm behaved similar to the CEM I sample, whereas C3St remained largely unchanged during the first
3 days of aging. However, after 14 days strong calcite and, to a much lesser degree, aragonite
(orthorhombic CaCO3) formation were observed.
The mixture of C3Ao and gypsum was by far the most reactive compound during aging. The sample
showed significant ettringite formation after 3 days of aging. (Figure 1). After 14 days however, the
ettringite completely disappeared, having decomposed to calcite, aragonite and bayerite (monoclinic
Al(OH)3). This is owed to the reaction of ettringite with atmospheric CO 2 [9]. Ettringite decomposition
involves release of gypsum which is marked by an increase in the latter’s signal intensities. In
comparison, the mixture of C3Ac and gypsum (not shown) only displayed minor ettringite and aragonite
formation over the same period of time, thus indicating its lower reactivity as has been shown in earlier
investigations [10].
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Figure 1. X-ray diffraction diagrams of a freshly prepared binary mixture of C 3Ao and gypsum
(black), after 3 days aging (blue) and after 14 days aging (red) at 35 ˚C and 90 % RH
3.2

Moisture and CO2 Uptake

The aged samples were weighed and the percentage weight change against the initial 50 g
determined. All samples underwent a weight increase during aging (Figure 2) which was not linear.
Apparently, most of the water and CO2 uptake occurred within the first 3 days. For example, aging of
C3Sm resulted in a weight increase of almost 12 % after 3 days, but after 14 days it was just over
16 %. C3St, CEM I 52.5 N and C3Ac mixed with gypsum showed a similar trend. Owing to its
exceptionally high reactivity to form ettringite, C3Ao mixed with gypsum had a weight increase of no
less than 47 % after 3 days because ettringite incorporates large amounts of water into its crystal
structure. However, between 3 and 14 days aging the sample weight decreased. This is caused by the
degradation of ettringite whereby substantial amounts of crystal water are released again.

Figure 2. Mass change (in percent) of CEM I 52.5 N and individual clinker phases after 3 and
14 days of aging at 35 °C and 90 % RH
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4.

ANALYSIS OF HYDRATION PROCESSES

4.1

Hydration of CEM I 52.5 N

In fresh cement, the ettringite formation starts immediately after adding water and before the sample
has fully dissolved. The heat released from ettringite formation therefore overlaps with the heat of
dissolution which renders the two processes indistinguishable in a time-resolved heat flow diagram.
In 3 days aged CEM I 52.5 N however, the aging was found to cause a retarding effect on ettringite
formation. It did not start until 2 hours after the addition of water, thus separating the heat of ettringite
formation from the heat of dissolution in the heat flow diagram shown on the left in Figure 3. Following
the addition of retarders to the mixing water, the ettringite formation was delayed by a further 12 hours
with 0.40 % bwoc pyrophosphate and by 17 hours with 0.10 % gluconate.
In comparison to the 3 days aged cement on the left side of Figure 3, on the right a heat flow diagram
of the hydration of fresh CEM I 52.5 N is shown. As stated earlier, ettringite formation in fresh cement
occurs right after addition of water and is therefore not displayed in the diagram. The signals in the
diagram instead show C-S-H formation, clearly identifiable from the characteristic twin peaks. Contrary
to ettringite in aged cement, C-S-H formation in fresh cement is stronger retarded by 0.40 %
pyrophosphate (26 hours) than 0.10 % gluconate (9 hours).
Unfortunately, it is not possible to make a direct comparison between ettringite and C-S-H formation in
either the fresh or the aged cement. Apart from the ettringite formation in fresh cement overlapping
with the dissolution heat, in aged cement the C-S-H formation does not appear in the heat flow
diagram at all. It can be assumed that the overgrowth of the cement particles with aging products
limits water access to the particle surfaces. This prolongs C-S-H crystal growth and therefore lowers
its heat release maximum. Thus, in the heat flow diagram of aged cement on the left in Figure 3 C-S-H
peaks cannot be observed since their signal intensity is too low to stand out against the background.

2h
9h
26 h
12 h
17 h

Figure 3. Ettringite formation in 3 days aged (left) and C-S-H formation in fresh (right) CEM I
52.5 N (w/c ratio = 0.6) with retarders sodium gluconate and potassium pyrophosphate
Aging for 14 days (not shown) lowered maximum heat release of ettringite formation but only
increased retardation from 2 to 3 hours compared to 3 days aging. Therefore, a major part of the
retardation effect of aging is already apparent after 3 days. This corresponds to the weight changes
over time presented earlier in Figure 2, indicating that the retardation effect of aging is proportional to
the formation of aging products on the particle surface. Furthermore, addition of retarders to the
hydration of 14 days aged cement resulted in the absence of any measurable heat release during
hydration. For this reason, 14 days aged samples of clinker phases were omitted from calorimetry
investigations.
In conclusion, performance of sodium gluconate and potassium pyrophosphate varied between
hydration stages. Gluconate was more effective in retarding the ettringite formation in aged cement,
while pyrophosphate had a stronger effect on C-S-H formation in fresh cement. This raised the
question whether the primary working mechanisms involved – adsorption for gluconate and removing
calcium ions from pore solution for pyrophosphate – vary in effectiveness and importance throughout
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the hydration process. To find out which mechanism has the biggest impact on ettringite and C-S-H
formation respectively, focus was shifted from cement to the individual clinker phases. The hydration
reactions of the essential clinker phases, C3A for ettringite formation and C3S for C-S-H formation,
were investigated separately.
4.2

Hydration of Clinker Phase C3A

4.2.1 Hydration of Cubic C3A with Potassium Pyrophosphate
Heat flow calorimetry of the 3 days aged mixture of cubic C3A and gypsum showed a delay in ettringite
formation of approximately 30 minutes compared to fresh C3Ac (Figure 4). This is similar to
CEM I 52.5 N, however the delay between fresh and aged cement was significantly higher at 2 hours
(Figure 3).
Regarding retarders, pyrophosphate retarded ettringite formation in both fresh and aged mixtures of
C3Ac and gypsum. Its impact in fresh aluminate was limited to a slight decrease in maximum heat
release, whereas aging increased the retarding effect of pyrophosphate significantly (Figure 4, left).
Moreover, a second distinctive signal just under 96 hours after start of hydration (Figure 4, right) in
fresh C3Ac was also delayed by pyrophosphate. By comparison, in aged C3Ac not one, but a pair of
additional signals appeared within 24 hours after the start of hydration and thus far earlier than in fresh
C3Ac. This pair was also retarded by pyrophosphate. To identify the phase transitions behind the
observed signals, the calorimeter samples were investigated with XRD 120 hours after the start of
hydration.
In the samples prepared from fresh C3Ac, only ettringite and monosulfate appeared in the X-ray
diffractograms, which means the C3A and the gypsum had fully dissolved. The late second signal
observed in heat flow calorimetry could therefore originate from a late burst of ettringite formation due
to sulfate depletion [11]. On the other hand, it could also mark the phase transformation from ettringite
to monosulfate due to sulfate concentration in the pore solution falling below the threshold for ettringite
stability.
XRD of aged C3Ac samples revealed the presence of mono- and hemicarbonate next to ettringite and
monosulfate. This indicates that part of the signal pair in heat flow calorimetry stems from the reaction
of C3Ac and the aging product aragonite to these carbonate phases.

30 min

Figure 4. Ettringite formation in fresh and 3 days aged C3Ac + gypsum (w/b ratio = 2.0) with
potassium pyrophosphate at the start of hydration (left) and over 5 days (right)
4.2.2 Hydration of Cubic C3A with Sodium Gluconate
Addition of gluconate had the polar opposite effect on C3Ac hydration compared to pyrophosphate.
Ettringite formation was accelerated both in fresh and aged aluminate (Figure 5, left). The second
signal in fresh was also affected, but the signal pair in aged C3Ac was not (Figure 5, right). It is not
uncommon that carboxylic acid-based retarders turn into accelerators. However the observed
accelerating effect of gluconate stands in direct contrast to Cheung et al. [12], who showed that C3Ahemihydrate mixtures can be effectively retarded with gluconate. Further investigations, particularly on
the influence of the individual sulphate agents, are required.
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Figure 5. Ettringite formation in fresh and 3 days aged C3Ac + gypsum (w/b ratio = 2.0) with
sodium gluconate at the start of hydration (left) and over 5 days (right)
4.2.3 Hydration of Orthorhombic C3A
In fresh orthorhombic C3A the accelerating effect of gluconate was observed as well, while
pyrophosphate had little impact on hydration (Figure 6). Similar to cubic C3A, a second signal
appeared after 96 hours and was likewise retarded by pyrophosphate and accelerated by gluconate.
No distinctive heat release was detected in the 3 days aged mixture of C3Ao and gypsum. In this case,
most of the hydration had already taken place during aging as evidenced in the X-ray diffractograms in
Figure 1.

Figure 6. Ettringite formation in fresh C3Ao + gypsum (w/b ratio = 2.0) with sodium gluconate
and potassium pyrophosphate
4.3

Hydration of Clinker Phase C3S

4.3.1 Hydration of Fresh C3S
In fresh triclinic C3S the period from start of hydration to maximum heat release of C-S-H formation
was 12 hours (Figure 7). This value corresponds well to fresh CEM I 52.5 N (Figure 3, left).
Dosages of 0.05 % bwob of gluconate and 0.20 % bwob of pyrophosphate had a similar retarding
effect on fresh C3St, both doubling the time to maximum heat release to 24 hours (Figure 7). This
result confirms that using quadruple dosage of pyrophosphate to approximate gluconate performances
in this study is appropriate.
Increasing pyrophosphate to 0.40 % only slightly shifted maximum heat release, whereas increasing
gluconate to 0.10 % led to a very strong retarding effect compared to the other samples. In this case,
the C-S-H formation was extremely protracted with small heat release maxima at on- and offset.
Comparative measurements in fresh monoclinic C3S (not shown) revealed an even stronger retarding
effect. With 0.10 % gluconate no distinctive heat release could be detected for the whole
measurement duration of 6 days, indicating that hydration had been completely inhibited. This
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behavior is therefore not unique to the C3St which, having none or very limited foreign ion content, is
only found in small quantities in technical grade cement.

Figure 7. C-S-H formation in fresh C3St (w/b ratio = 0.6) with sodium gluconate and potassium
pyrophosphate
To rule out water demand of fresh C3S or insufficient mixing as causes for this protracted hydration,
additional samples with increased water to binder ratio of 1.0 were left hydrating for one week at room
temperature. As Figure 8 shows, fresh C3S without retarder and with 0.40 % K4P2O7 visibly hydrated
with only a small layer of surplus water remaining. On the other hand, the sample containing 0.10 %
gluconate segregated without water consumption and the powder showed no caking at all. This
confirmed the observations from heat flow calorimetry.
In conclusion, gluconate retarder performance significantly exceeded that of pyrophosphate at higher
dosages in fresh C3S. This stands in direct contrast to fresh CEM I 52.5 N (Figure 3, left) where
pyrophosphate had superior retarding effect on C-S-H formation.

Figure 8. Hydration of fresh C3Sm (w/b ratio = 1.0) without retarder (left), with 0.40 % bwob
pyrophosphate (center) and with 0.10 % bwob gluconate (right)
4.3.2 Hydration of Aged C3S
After 3 days aging, maximum heat release of C-S-H formation in pure C3S was much lower than
before aging, but still measurable (Figure 9). By comparison, aging of CEM I 52.5 N for 3 days had led
to a complete disappearance of the respective signals in heat flow calorimetry. For C3S, this enabled
direct comparison of the C-S-H formation between fresh (Figure 7) and aged clinker (Figure 9).
This comparison showed that, unlike ettringite formation, the aging process does not delay C-S-H
formation. Both in fresh and aged C3S without retarders maximum heat release was reached
approximately 12 hours after the start of hydration. Furthermore, heat flow calorimetry suggests that
the onset of C-S-H formation in aged C3S actually occurs earlier than in fresh C3S. This is because
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heat release of aged C3S does not reach zero during the induction period, signalling that C-S-H
formation is already in progress. However, aging also extends the duration of C-S-H formation
considerably, visible in the significant peak tailing all aged C 3S samples displayed in the heat flow
diagram. Apparently the aging products that overgrow the C3S surface act as seeding materials for
C-S-H crystal growth, but also limit water access to the C3S below, therefore prolonging the hydration
process.
Regarding retarder performance, 0.05 % bwob gluconate had a similar impact in fresh (Figure 7) and
aged (Figure 9, left) C3S. The exceptionally strong retarding effect of 0.10 % gluconate in fresh C3S
could not be observed in the aged clinker. Figure 9 shows that gluconate also affects the C-S-H
formation during the induction period with heat release getting lower as gluconate dosage increases.
With pyrophosphate retarder there is less of a dose-effect relation (Figure 9, right), especially during
the induction period. The retarding effect of pyrophosphate is based on removing calcium ions from
pore solution. The overgrowth of particle surfaces with aging products slows calcium release from
C3S, thus an increased pyrophosphate dosage does not enhance retardation as much as increasing
dosage of the adsorbing gluconate.
Overall, in 3 days aged C3S pyrophosphate was more effective than gluconate, especially at the lower
concentrations (Figure 9), which had displayed almost identical performance in fresh C3S (Figure 7).

Figure 9. C-S-H formation in 3 days aged C3Sm (w/c ratio = 0.6) with sodium gluconate (left) and
potassium pyrophosphate (right)
5.

CONCLUSION

In this study, performance of retarders sodium gluconate and potassium pyrophosphate was
compared between fresh and aged CEM I 52.5 N, C3S and C3A. The aim of the research was to get a
better understanding of the primary retarder mechanisms in the hydration process.
C3S and C3A were each synthesized in a pure and a doped modification. Along with CEM I, they were
subjected to 35 °C / 90% relative humidity for 3 and 14 days. C3A samples had previously been
drymixed with gypsum at a 1 : 1 weight ratio to account for ettringite formation during prehydration.
Changes in the composition of particle surfaces during aging were monitored by XRD. Following these
preparatory steps, hydration of fresh and aged samples was investigated with heat calorimetry,
whereby gluconate and pyrophosphate were added to the mixing water.
Regarding CEM I, aging had a retarding effect on ettringite formation. This effect was strongest during
the first days of aging, indicating that even short periods of prehydration during the job have a
significant impact on binder properties. Addition of gluconate and pyrophosphate yielded different
results in individual hydration stages. Ettringite formation in aged CEM I was more strongly retarded by
gluconate, whereas pyrophosphate proved superior in retarding C-S-H formation of fresh cement. To
find an explanation for this difference, the main clinker phases involved in the two hydration stages,
C3A and C3S, were investigated individually.
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Aging did retard ettringite formation of C3A with gypsum, albeit not as strongly as in CEM I. In fresh
C3A a second distinctive heat release after 96 hours of hydration signalled either a late burst of
ettringite formation or a phase transition from ettringite to monosulfate. Having partly taken place
during aging already, hydration of aged C3A samples was completed much earlier, within
approximately 24 hours. During this time, aging products reacted with remaining C3A to mono- and
hemicarbonate.
Regarding retarders, pyrophosphate had a marginal effect on fresh C3A, but significantly delayed
ettringite formation in aged C3A. Instead of retarding, gluconate accelerated both fresh and aged C 3A.
In fresh C3S, retarding performance of pyrophosphate was comparable to fresh cement while
gluconate was exceptionally effective at a dosage of 0.10 % bwob. It showed potential to completely
block hydration for at least six days depending on C3S polymorph.
Aging the C3S did not delay the onset of C-S-H formation but significantly increased duration. Unlike
fresh clinker and cement, C-S-H formation was observed as early as the induction period due to
seeding effects of the aging products. The exceptional retardation effect of 0.10 % gluconate was not
observed after aging, however retardation increased with dosage still. By contrast, increasing
pyrophosphate dosage was less effective, indicating its retardation potential is limited by the slow
calcium ion release of C3S particles overgrown with aging products.
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ABSTRACT
Chloride salts are used as cement hydration accelerators in mortar or concrete since decades. Sodium
and calcium chlorides are traditionally the most widespread, mainly due to their limited cost and vast
availability. However, no thorough studies of the effect of the cation on the hydration kinetics and
strength increase effect were carried out. The present study concentrates on the comparison of the
effect of different cations at the same level of chloride ion dosage. Dosage efficiency, heat of hydration,
strength development profiles are some of the parameters to judge the effect of the addition. The study
is performed on several Portland cements prepared in the laboratory with different clinkers, which are
analysed for their chemistry and mineralogy.
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1.

INTRODUCTION

In cement production, the use of chemical additives to lower manufacturing costs has become normal
practice worldwide. These additives can be simple grinding aids (providing decreased energy costs for
grinding) or hydration activators, able to influence the reaction of cement with water. In the latter case,
higher potential for savings is given by the possibility to substitute clinker with secondary cementitious
materials, as for example pozzolanas, blastfurnace slag, fly ash and limestone. The use of chloride salts
(traditionally, sodium and calcium chloride), often coupled with alkanolamines (as for example
triethanolamine), is well-known to impart grinding effect together with early strength enhancement of
cement mortars. However, most of the scientific (or even systematic) studies have regarded either the
effect on concrete and have been made at such high dosages of chemicals so to be insignificant for the
grinding stage addition point of view (e.g. Rapp 1935, Dodson 1990). Particular care has been given to
the effect of chlorides on concrete reinforcement bars (e.g. MJ Kim et al 2016). A few studies
concentrated on proposed mechanisms (Ramachandran 1971) and chloride migration (Wowra & Setzer
1997), but again at very high dosages (in the order of magnitude of units of weight %).
Other studies have been carried out on the effect of chemical activators in cement at typical cement
additive dosages, but they were not specifically focused on different sources of chlorides (e.g. Huang &
Shen 2011, Huang et al 2010, Katsioti 2009).
Basically though, no agreement exists on the actual mechanism of action of chlorides, apart from the
common acceptance that it is a catalytic type of mechanism, due to the very low amounts of chemicals
required and their absent/minimal consumption.
At this stage, it was not the purpose of this study to inquire further about these mechanisms. On the
other hand, the focus has been to verify the effect of different forms of chlorides at the typical dosages
used in the cement grinding stage.
2.
2.1

EXPERIMENTAL
Materials

The following materials were selected for the investigation:
•
eight Portland cement clinkers (coded C6673, C6412, C5827, C6546, C6328, C6158, C6483
and C5927)
•
two sources of calcium sulfate (synthetic/industrial by-product, coded C6364, and natural
gypsum, coded C6547)
Criteria followed in choosing were to avoid any very particular material, trying to select a wide range of
clinkers with “typical” characteristics, so to be closer to the field of application. Clinkers come from
different geographical areas.
Calcium sulfates selected are examples of sources typically available in the market: a natural stone
mainly based on dihydrate calcium sulfate and also containing calcium carbonate (C6547), and a socalled “chemical gypsum”, i.e. a by-product of chemical industry mainly composed of hemihydrate
calcium sulfate (C6364).
2.2

Preparation and analysis methods

Clinker and gypsum were ground together in a steel-ball laboratory mill for a standard time, in the w/w
ratio of 95:5. Four of the clinkers were ground with natural gypsum (C6546, C6328, C6158, C6483), the
other four with synthetic gypsum (C5927, C6673, C6412, C5827). Fineness of the finished cements so
prepared is comparable to the one of commercial Ordinary Portland Cements (OPCs).
Finished cements were analysed for their chemical composition by X-Ray fluorescence (XRF), and for
their mineralogical composition by quantitative X-Ray diffraction with Rietveld method. For XRF, a
Bruker AXS S8 Tiger instrument was used. For QXRD, powder diffraction data were collected with a
PANalytical X’pertPro MPD diffractometer with theta–theta geometry, equipped with an X’Celerator
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detector working with the CuKα radiation (1.54184 Å) in the 2 theta range 5–80°, a step size of 0.017°
2 theta and a scan step time (s) of 102,1. All data collections were performed at room temperature with
back-loading sample holders to avoid preferred orientation of crystallites. Data were analysed by the
Rietveld method (Rietveld 1969) using the Bruker AXS software package TOPAS 4.2 operated in the
fundamental parameters mode (Cheary et al. 1992, Coelho 2000, BRUKER AXS 2003).
Compressive strength was measured according to standard EN-196/1, so with fixed water/cement ratio
of 0.5 and standard sand/cement ratio of 3:1. Siliceous sand was used according to the norm. For the
determination of strengths in the presence of chemicals, the latter were added directly in the mixing
water by weighing the appropriate amount of each.
Setting time determination was carried out according to standards EN-196/3. Standard consistency was
determined for each cement without chemical additions, and the water/cement ratio obtained was kept
constant for all determinations with different chemicals on that specific cement. Again, chemicals were
added directly in the mixing water by weighing the appropriate amount of each.
Calorimetry data was collected by a TAM Air isothermal calorimeter, working on cement paste at a fixed
water/cement ratio of 0.3. Measurements up to 24 hours were taken. As for the previous determinations,
chemicals were added directly in the mixing water by weighing the appropriate amount of each.
2.3

Chemical additions

As for chemical additions, on each cement the following compositions were added (dosages refer to
cement amount):
- triethanolamine (TEA) 5% and sodium chloride 17%, dissolved in demineralised water
- triethanolamine (TEA) 5% and calcium chloride 16%, dissolved in demineralised water
- triethanolamine (TEA) 5% and potassium chloride 21%, dissolved in demineralised water
The concentration of the different chloride salts is such to always have 10% chloride ion (w/w) in the
solutions.
Elected dosage was 3000 ppm for all compositions and all cements. This was dictated by the average
actual use of these chemicals in practical use.
Analytical grade of all chemicals was used.
3.

RESULTS

3.1

Analytical data

XRF compositions and QXRD data are reported in the following tables.
Table 1 – XRF data and loss on ignition (LOI), %
C6673

C6412

C5827

C6546

C6328

C6158

C6483

C5927

LOI (oven)

1.23

0.84

1.10

1.91

1.46

1.39

1.17

1.07

Na2O

0,61

0,33

0,79

0,21

0,26

0,31

0,26

0,41

MgO

1,88

1,23

1,18

1,85

1,16

1,08

2,04

2,2

Al2O3

4,52

5,38

4,65

4,98

4,65

5,16

4,92

4,82

SiO2

21,21

20,68

19,63

19,83

20,93

21,53

20,72

21,14

SO3

3,81

3,46

3,75

3,57

3,16

2,55

3,19

3,36

K2O

0,91

0,49

0,78

1,30

0,78

0,46

1,14

0,89
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CaO

64,15

65,60

64,74

65,20

66,26

66,15

64,00

65,7

Fe2O3

2,91

2,83

4,48

3,06

2,80

2,76

3,74

3,41

Na2O equiv

1,21

0,66

1,31

1,06

0,77

0,62

1,01

1,00

Total sum of the oxides is normalized to 100%, excluding LOI and minor elements

Table 2 – QXRD data, %
Phase

C6673

C6412

C5827

C6546

C6328

C6158

C6483

C5927

C3S M3

29.1

24.4

43.4

45.6

44.9

35.1

38.5

35.1

C3S M1

29.2

38.3

21.3

22.1

23.1

25.3

22.1

27.0

C3S total

58.3

62.7

64.7

67.7

68.0

60.4

60.6

62.1

C2S

19.7

14.2

8.7

5.0

8.4

14.8

11.9

12.4

C3 A c

4.8

6.5

1.9

4.1

6.6

8.5

3.0

2.8

C3 A o

0.2

0.3

2.1

0

0.4

3.1

1.7

2.7

C3A total

5.0

6.8

4.0

4.1

7.0

11.6

4.7

5.5

C4AF

7.7

8.5

12.9

11.4

6.9

4.9

11.9

10.1

CaO

0.6

0.3

0.6

0.3

0.2

0.3

0.2

0.4

MgO

0.6

0

0.2

0.6

0.1

0.2

0.8

1.0

quartz

0

0

0.1

0

0

0

0

0

arcanite

0.6

0.3

0.3

0.4

0

0.4

0.5

0.6

gypsum

1.0

0

0.1

2.1

1.4

2.3

1.3

0

bassanite

3.3

5.1

5.1

0.5

1.4

0.8

0

5.0

anhydrite

0

0

0

0

0

0

0

0

calcite

0.8

0.9

0.9

0.9

1.2

0.3

0.8

0.3

portlandite

1.3

0.1

0.7

1.9

1.5

1.9

1.7

0.2

Calangbeinite

0.1

0.5

0.1

0.3

0

0.2

0.2

0.1

aphthitalite

0.8

0.2

0.6

0.6

0.2

0.1

0.5

0.5

dolomite

0.2

0

0.8

0.2

0.3

0.1

0

0

syngenite

0

0

0

3.9

2.9

1.6

4.0

1.5

3.2

Compressive strengths and setting time data

Compressive strengths values (at 1, 2 and 28 days, in MPa), relevant prisms weights (in grams) and
setting time data (IST, initial setting time, and FST, final setting time, in minutes) are reported in the
following tables.
Table 3 – compressive strengths (MPa), prisms weights (g) and setting times (mins)
clinker C6546
1D

2D

28D

w1

w2 w28

IST

FST

blank

27,1

40,7

53,1

570 574 573

140

240

TEA + NaCl

29,5

39,2

53,3

569 569 575

150

200
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TEA + CaCl2

28,9

40,7

52,7

567 568 574

120

260

TEA + KCl

28,8

39,7

51,6

570 568 573

160

210

1D

2D

28D

w1

w2 w28

IST

FST

blank

28,6

40,6

58,2

567 567 573

140

230

TEA + NaCl

29,9

40,0

55,6

568 570 574

140

190

TEA + CaCl2

29,2

39,6

55,5

569 570 576

120

220

TEA + KCl

29,0

39,8

53,8

574 572 572

150

220

1D

2D

28D

w1

w2 w28

IST

FST

blank

20,0

33,3

60,0

574 574 579

100

210

TEA + NaCl

22,5

34,3

56,1

568 572 573

100

150

TEA + CaCl2

22,5

34,5

56,0

571 572 578

60

140

TEA + KCl

22,4

34,2

55,1

569 575 578

70

130

1D

2D

28D

w1

w2 w28

IST

FST

blank

18,4

29,4

50,0

572 569 571

130

290

TEA + NaCl

19,4

28,4

49,8

566 566 570

130

210

TEA + CaCl2

20,8

30,8

49,4

568 569 577

130

230

TEA + KCl

20,1

29,6

48,8

567 571 576

120

200

1D

2D

28D

w1

w2 w28

IST

FST

blank

17,5

29,2

55,7

561 564 567

100

170

TEA + NaCl

19,9

28,4

51,8

562 564 566

100

160

TEA + CaCl2

19,6

30,1

50,9

562 564 567

100

160

TEA + KCl

18,5

28,8

48,1

562 564 568

100

160

1D

2D

28D

w1

w2 w28

IST

FST

blank

19,9

30,1

50,1

558 562 565

130

170

TEA + NaCl

19,0

29,9

47,8

559 563 566

120

180

TEA + CaCl2

23,2

33,4

56,7

563 567 570

120

190

TEA + KCl

22,7

31,7

53,6

564 569 571

110

160

1D

2D

28D

w1

w2 w28

IST

FST

13,4

25,0

54,1

556 558 564

160

220

clinker C6328

clinker C6158

clinker C6483

clinker C5927

clinker C6673

clinker C6412

blank
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TEA + NaCl

13,1

24,1

51,9

558 561 564

150

250

TEA + CaCl2

12,9

23,6

51,3

561 563 564

150

200

TEA + KCl

12,6

23,9

51,0

556 558 560

140

200

1D

2D

28D

w1

w2 w28

IST

FST

blank

20,4

33,3

46,6

554 557 559

80

130

TEA + NaCl

22,2

34,8

45,4

553 556 558

100

170

TEA + CaCl2

20,9

32,3

45,2

556 558 560

90

140

TEA + KCl

19,0

29,6

42,4

552 555 557

100

150

clinker C5827

3.3

Calorimetry data

Isothermal calorimetry data (total heat of hydration after 12 hours and 24 hours, in j/g) are reported in
the following tables.
Table 4 – heat of hydration data (j/g)
clinker C6546
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

138
146
146
147

H24

234
236
238
239

clinker C6328
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

144
158
158
155

H24

232
238
238
235

clinker C6158
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

143
152
156
152

H24

205
215
220
214

clinker C6483
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

108
116
108
118

H24

196
200
196
200
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clinker C5927
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

124
133
133
132

H24

204
213
217
210

clinker C6673
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

124
154
153
149

H24

204
233
233
227

clinker C6412
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

129
139
141
138

H24

186
198
200
197

clinker C5827
H12

blank
TEA + NaCl
TEA + CaCl2
TEA + KCl

4.

145
150
150
148

H24

214
216
217
214

DISCUSSION

XRF analysis shows a significant difference between the cements ground with the two qualities of
calcium sulfate source. Natural gypsum provides a lower total amount of SO 3, and during grinding
undergoes a limited extent of dehydration. Apparently, some water loss happens later, as shown by the
formation of portlandite and especially syngenite in all the samples. Cement ground with synthetic
gypsum gives much less prehydration, and syngenite is present in only one sample. Based on these
results, the presence of portlandite and syngenite does not affect the reactivity of the additive tested:
there is no correlation between the two and the strengths increases. Figure 1 shows as an example the
plot of syngenite content vs 1d strength % increase with TEA + NaCl.
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Syngenite content %

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

-5

0

5

10

15

1d strength % increase

Figure 1 – plot of syngenite content vs 1d strength % increase with TEA + NaCl
Mineralogy of the clinkers is quite varied: total C3S is always >58-60%, with C2S under 20%. This is in
accordance with the good level of compressive strengths and reactivity found for all the cements. Total
C3A is within the range 4÷7%, with one exception at 11.6%. Some samples contain a significant amount
of orthorhombic aluminate. C4AF content is quite varied, ranging from 5 to 13%.
All cements tested (with one notable exception, C6412) yielded significant strength increases at 1 day
with all the formulations tested. Sodium and calcium mixes gave very good average gains (see table 5).
It is to be noted that values for NaCl on C6673 (see table 3) were not considered in the average
calculation since they seem to be clear outliers (considering the setting time and calorimetry data as
well). Potassium chloride seems to be less effective than the other salts. At 2 days, the strength
enhancing effect flats out, with average dropping to ±1%. Late strength tends to decrease, with calcium
chloride being the best and potassium showing the lower values.
Table 5 - % average strengths effect
1d

2d

28d

TEA + NaCl

7,4

-1,1

-3,5

TEA + CaCl2

7,7

1,4

-2,1

TEA + KCl

4,5

-1,6

-5,3

Effect on setting time is neutral for sodium and potassium chloride mixes (see table 6); calcium, on the
other hand, decreases initial setting time by 8.8%. A general shortening of the final setting time is
noticed, with potassium chloride being the more effective (-11.4%).
Table 6 - % average setting time effect
IST

FST

TEA + NaCl

2,3

-5,7

TEA + CaCl2

-8,8

-5,7

TEA + KCl

-2,4

-11,4

Calorimetry confirms strength data with a good correlation between 1d strengths and hydration heat
after 24 hours. Table 7 reports the % average effect on heat of hydration of the different formulations.
Values for CaCl2 on C6483 (see table 4) were not considered in the average calculation (the obtained
strange value possibly due to a determination mistake). After 12 hours, all the additives give significant
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increases in heat development; after 24 hours, the effect decreases, but it’s still present, with calcium
chloride being the more effective.
Table 7 - % average heat of hydration effect
H12

H24

TEA + NaCl

9,0

4,5

TEA + CaCl2

9,7

5,9

TEA + KCl

8,2

3,7

5.

CONCLUSIONS

Summarising the results obtained, the well-known early strength effect of these chemicals is confirmed.
However, at least at the dosages tested (typical of their addition during the grinding stage), this seems
to be limited to 24 hours, flattening out after this period of time, even as early as 2 days. The cation for
sure plays a role in the mechanism, since there are clear differences in the effect of the different
formulations. Overall, calcium and sodium are the most effective on strength development (and heat of
hydration), but only calcium is able to decrease initial setting time. Its effect on the latter is in any case
at best limited to 12 minutes on average.
Considering the possible correlations with chemistry and mineralogy, the picture appears very complex
with no evident patterns. Generally, for the lowest values of Na2Oeq, the effect of additives appears
lower. However, the correlation is very weak: as an example, the relation between NaCl 1d strength with
Na2Oeq is shown in figure 2.
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0.80
0.60
0.40

y = 0.0192x + 0.8155
R² = 0.1589

0.20
0.00
-5

0

5

10

15

1d strength % increase
Figure 2 – plot of % 1d strengths increase vs Na2Oeq
Additional investigation would be needed to better understand dosage efficiency on one side and what
is the real contribution of the cation in the hydration stages. It will be very interesting to continue to
inquire about the effect of these chemicals in these range of dosages, widely used in cement
manufacturing practice, to complete the picture and add to the studies at much higher dosages, more
typical of concrete applications.
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ABSTRACT
The mineral-water interface and the role it plays during cement hydration is currently receiving a lot of
attention. Due to the relevant processes taking place at the nanoscale, the ways to experimentally
access this interface are limited. Laser pulsed atom probe tomography (APT) is a prime technique to
image nanoscale samples at atomic resolution. The APT measurement roughly consist of the two
steps (a) field evaporation of individual atoms on the sample surface and (b) position sensitive time-offlight mass spectrometric detection of the atom identity. For decades, field evaporation has only been
possible by applying voltage pulses, which limited atom probe tomography to electrically conducting
samples. Through the development of laser pulse field evaporation techniques in recent years, this
method has been made accessible for non-conducting samples like cement clinker.
In this study, we investigate the possibilities of this novel technique for imaging cement-water
interfaces. We develop a measurement routine for the analysis of tricalcium silicate (C3S) and analyze
the restrictions that occur during measurements of the C3S main hydration product calcium-silicatehydrate (C-S-H). A nanoscale characterization of C3S is possible by carefully controlling various
measurement parameters. Analysis of C-S-H revealed, that sample treatment conditions, especially
the high vacuum and energy input during focused ion beam preparation, are harmful to the structure of
hydrate phases. Cryogenic sample preparation techniques that are being developed at the moment
should lead to a conservation of hydrate phases. We conclude that APT is a suitable tool for the
investigation of cement phases at the nanoscale.
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1.

INTRODUCTION

The hydration of cement is a dissolution-precipitation process where the dissolution of the cement
phases delivers ions to the pore solution and the precipitation of hydrate phases consumes said ions.
Both processes take place at the solid-liquid interface. The detachment of ions during dissolution
proceeds at the surface of the cement grains while the attachment of ions occurs at the surface of the
forming hydrates. This renders the study of the hydrating surface of cement particles particularly
interesting.
This work evaluates the potential of atom probe tomography (APT) for the analysis of cement phases.
More precisely, anhydrous tricalcium silicate (C 3S) as well as the tricalcium silicate – water interface
are investigated. Atom probe tomography (Müller et al., 1968) is a quickly evolving microscopy
technique providing three-dimensional images at nanoscale resolution. Since the result of an APT
measurement consists of three-dimensional coordinates and the corresponding atomic identities of
individual atoms in the investigated sample volume, not only the nanostructure, but also the chemical
composition of the sample region can be investigated. This makes APT particularly useful for the
investigation of interfaces (Gault et al., 2012). The basic experimental setup is described in this work
together with a synthesis method leading to large monocrystalline C 3S grains suitable for APT
analysis.
2.
2.1

MATERIALS AND METHODS
Synthesis of monocrystalline C3S grains

For this work, samples of monoclinic and triclinic C 3S with a large crystallite (coherently scattering
domain) size (>500 µm) were produced following a recently published synthesis method (Naber et al.,
2016). A large crystallite size and a densely sintered compound is required for the APT sample
preparation described in section 2.3. To this end, triclinic C3S powder was synthesized by
homogenizing the stoichiometric amounts of CaO (in form of CaCO3) and SiO2. The mixture was
calcined at 1000 °C for 16 h and then sintered two times for 16 h at 1550 °C. Between the different
burning steps, the mixture was milled in a vibratory disc mill. Likewise, monoclinic C 3S powder was
obtained by homogenizing 71.7 wt% CaO, 25.9 wt% SiO2, 1.8 wt% MgO and 0.6 wt% Al2O3, calcining
at 1000 °C for 16 h and sintering three times at 1400 °C for 5 h.

Figure 1. Schematic illustration of the optical floating zone furnace (OFZF) setup employed in
this work. a) Front view of the OFZF with sample rod in the hot zone of the furnace. b) Top view
with the four ellipsoidal mirrors visible.
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The powders were pressed isostatically at 70 MPa into rod-like shapes. The rods were subsequently
annealed inside an optical floating zone furnace (FZ-T-10000-H-VI-FAS, Crystal Systems Inc., Japan)
consisting of four 1000 W halogen spotlights. The radiation of the halogen spots is focused in one
central point of the furnace employing ellipsoidic mirrors as shown in Figure 1 b). Annealing was
performed by lifting and lowering the rotating polycrystalline sample rod in the hot zone of the furnace
(Figure 1 a). In preliminary experiments the lamp power where first melting of the rods occurs was
checked by optical investigation with the integrated video camera. The sample rods were
subsequently annealed just below the melting point of the individual phases monoclinic and triclinic
C3S.
This synthesis method yielded polycrystalline C 3S samples with large grains (>500 µm) having a
homogeneous chemical composition and a uniform crystallographic orientation. For details of the
sample characterization by electron probe microanalysis (EPMA) and electron backscatter diffraction
(EBSD) the reader is referred to a recent publication (Naber et al., 2016).
2.2

Synthesis of C3S hydration product C-S-H

A polished sample of the main hydrate phase of C3S hydration, Calcium-Silicate-Hydrate (C-S-H), was
prepared in order to analyze the stability of this phase during the whole sample preparation and atom
probe tomography measurement. To this end part of the monoclinic C3S synthesized as described
above was ground in a planetary ball mill following the method published by Bergold et al. (Bergold et
al., 2015). This led to a highly reactive C3S powder, that was hydrated with D2O at a water to solid
ratio of 1 in polyethylene containers. Due to the high reactivity, complete hydration was reached after
24 hours and the sample only contained portlandite (CH) and C-S-H. The sample was demolded and
embedded in resin for further analysis.
2.3

Hydration and sample preparation

A new hydration technique suitable for polished samples has recently been developed (Sowoidnich et
al., 2018). As shown in Figure 2 a) the C3S samples are hydrated inside a beaker flushed with argon
gas to avoid carbonation. A 5 µl drop of D218O is applied on the C3S surface. In order to yield a better
distinction in the resulting mass spectrum between the oxygen from C 3S (99.76 at.% 16O) and from
hydration, 18O enriched water (95 at.% 18O) is used. As recently reported (Sowoidnich et al., 2018),
hydration progress is strongly increased with this setup due to the polished surface and the large
water to solid ratio. In Figure 2 b), the region where the water droplet was placed for 40 minutes of
hydration is clearly visible by the coverage of the C 3S surface with the hydration product C-S-H and
CH. A short hydration time of 5 minutes was chosen in order to avoid C-S-H precipitation for the
investigated sample. After hydration, the sample was rinsed with isopropanol and quickly dried under
an Ar gas flow. A protective Cr metal cap was deposited onto the hydrated sample in order to shield
the hydrated surface from the environment and to aid in recognition of the surface region in the further
analysis steps.
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Figure 2. a) Schematic illustration of the sample hydration setup inside a beaker flushed with
argon gas. A drop of D218O (blue) is applied on top of the polished sample. b) Exemplary SEM
image of a C3S sample after 40 min of hydration with a clearly visible difference between the
unhydrated C3S surface and the hydrated surface covered in hydration product C-S-H and CH.
Specimens for atom probe tomography need to be needle-shaped with a diameter of 200 nm or less in
order to allow field evaporation of ions, the main prerequisite for APT image formation and chemical
analysis. In order to attain this shape, samples of semiconductor or insulator materials are usually
prepared by focused ion beam (FIB) milling. In this work, the samples were covered with a 100 nm
thick protective metal coating in order to shield the sample surface from potential focused ion beam
damage. The samples are then cut and milled inside a dual beam focused ion beam/ scanning
electron microscope (FIB/SEM) (FEI Helios Nanolab) following established protocols (Miller et al.,
2007, 2005; Thompson et al., 2007). Details of the sample preparation can also be found in a recent
publication (Naber et al., 2018).
2.4

Atom probe tomography

Atom probe tomography (APT) is a microscopic technique that is capable of imaging nanoscale
samples at near atomic resolution. It yields both structural and chemical information of the sample and
is thus particularly promising for the study of material interfaces such as the tricalcium silicate – water
interface. The basic measurement principle of an atom probe consists of the steps i) field evaporation
of surface ions, ii) acceleration of the ions away from the sample towards an electrode and iii) field
free drift of the ions towards a position-sensitive detector. A schematic illustration of the main
components of a laser pulsed local electrode atom probe as used in this work is shown in Figure 3.
The specimen is mounted to a cryogenically cooled stage and an electric field is applied between the
sample and the local electrode. Laser pulses are applied on the apex of the needle shaped sample in
order to induce field evaporation of individual surface ions. The ions are accelerated by the electric
field towards the local electrode. The time of flight of the individual ions during the field free drift
between electrode and detector is used to obtain the ions chemical identity. For the spatial
reconstruction, the initial x and y position of the ions in the sample is determined by the hit position on
the position sensitive detector. As only surface ions are field evaporated, the spatial reconstruction of
the z coordinate of the sample is gained from the temporal order of the ion detections.
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Figure 3. Schematic illustration of the main components of a laser pulsed local electrode atom
probe. As indicated by the length specifications, the depicted components are not to scale.
In order to control the evaporation rate and the resulting overall quality of the measurement there are
four basic experimental settings that need to be considered, i) the laser pulse energy, ii) the laser
pulse frequency, iii) the specimen base temperature and iv) the detection rate of ions per pulse.
3.
3.1

RESULTS AND DISCUSSION
Measurement of anhydrous C3S

An exemplary mass spectrum of the measurement of monoclinic C 3S is shown in Figure 4. The main
peaks can be ascribed to the single or double charged ions of H at 1 and 2 Da, the dopant elements Al
and Mg at 12 to 13.5 Da, Si at 14 and 28 Da, O at 16 to 18 Da and at 32 Da, and the most abundant
element in this sample, Ca, at 20 and 40 Da. The resulting chemical composition of this measurement
is presented in Table 1. Note that the quantitative determination of oxygen is challenging in atom
probe tomography due to the formation of several oxygen ions indistinguishable in the spectrum (e.g.
O+ and O22+ both at 16 Da). Thus, the atomic O concentration presented is 30 % lower than expected.
The ions Mg and Al, incorporated in the C3S in order to stabilize the monoclinic polymorph, can be
detected by atom probe tomography. Their determined quantities are lower than expected from the
mass fractions used for the C3S synthesis, which might be due to peak overlap issues inherent to the
mass spectral decomposition. The H detected in this case obviously stems from hydrogen
contamination inside the atom probe measurement chamber, an issue common to a lot of high
vacuum experimental setups. The Ca and Si are detected in the expected molar ratio of 3. This is a
consequence of the conducted analysis for optimum laser pulse energy and frequency settings. As
shown in Figure 5, the detected calcium to silicon ratio (C/S) decreases with increasing laser pulse
energy from a value of 6 to 2.5. For the laser pulse energies greater than 200 pJ, the laser pulse
frequency was lowered from 250 to 200 kHz in order to allow energy dissipation within the sample
during the pulses. As inferred from Figure 5, the optimum measurement conditions for C3S are 350 pJ
laser pulse energy and 200 kHz laser pulse frequency. Such high laser pulse energies have already
been reported for the measurement of silicates by Valley et al. (Valley et al., 2014), where the authors
measured ZrSiO4 with APT at 400 pJ and 200 kHz.
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Figure 4. Logarithmically scaled mass spectrum of monoclinic C 3S measured by laser pulsed
atom probe tomography at 350 pJ laser pulse energy and 200 kHz laser pulse frequency.
Table 1. Chemical composition of a monoclinic C3S sample from an evaluation of the mass
spectrum shown in Figure 4 compared to the expected chemical composition based on the
synthesis mixture.
Element

Measured concentration [at.%]

Expected concentration [at.%]

Ca

41.95

32.21

Si

14.38

10.86

O

38.33

55.50

Mg

1.11

1.13

Al

0.19

0.30

H

3.49

-
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Figure 5. Change in calcium to silicon ratio (C/S) in dependence of the chosen laser pulse
energy during laser pulsed atom probe tomography acquisition of monoclinic C 3S.

3.2

Measurement of hydrated C3S and C-S-H

Figure 6 shows an exemplary mass spectrum of C-S-H measured by atom probe tomography and
prepared as described in section 2.2. The measurement was conducted at 40 pJ laser pulse energy
and 250 kHz laser pulse frequency. The low laser pulse energy was chosen in order to avoid
disintegration of the seemingly fragile sample tip. The highest peak at 20 Da can be ascribed to 40Ca2+
and Si can be detected mainly at 14 and 28 Da. Furthermore, an incorporation of the dopant elements
from the hydrated monoclinic C3S, Mg and Al into the C-S-H can be detected at 12 to 13.5 Da. As the
Ca and Si was distributed evenly in the sample it can be excluded that CH was intermixed with C-S-H
in this measured region of interest.
Table 2 shows the chemical composition of the measured C-S-H as evaluated from the mass
spectrum in Figure 6. The C/S-ratio of the C-S-H is 1.5 which is close to values frequently reported for
C-S-H from C3S hydration. From a comparison to the listed atomic concentrations of an exemplary
C1.7SH4 it is however quite clear, that the measured C-S-H lacks a huge amount of H. To simplify the
discussion, all hydrogen species present (1H and 2H/D) are summed up as H in this case. The lack of
H indicates that the employed sample preparation might not be able to conserve the initial C-S-H
structure. Especially the high vacuum conditions inside the FIB/SEM and the atom probe chamber as
well as the energy input during FIB milling might cause dehydration of the sample.
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Figure 6. Mass spectrum of C-S-H measured by laser pulsed atom probe tomography at 40 pJ
laser pulse energy and 250 kHz laser pulse frequency.
Table 2. Chemical composition of the main elements of the measured C-S-H from an evaluation
of the mass spectrum shown in Figure 6. For comparison the expected atomic concentrations
for C1.7SH4 are also shown.
Element

Concentration [at.%]

Expected concentration C1.7SH4 [at.%]

Ca

28.6

9.24

Si

19.2

5.43

O

32.1

41.85

H
11.7
43.48
Figure 7 shows a local proximity histogram (proxygram) of a hydrated C3S surface. This is a onedimensional concentration profile along the reconstructed sample perpendicular to the C3S surface.
The concentration is plotted against the distance from an isoconcentration surface of 20 at.% Cr which
was used as a protective metal cap, as described in section 2.3. The transition between the oxidized
Cr layer on the left side and the bulk C3S on the right side is clearly visible. Inside the C 3S, the Ca, Si
and O concentrations are constant. The transition zone is only around 5 nm thick and shows a slight
increase in the H concentration. As already presented for the measured C-S-H, this maximum H
concentration is very small with a maximum of 3.4 at.% H. Rather than from a postulated separate
hydrate phase at the surface of the C3S (Stein and Stevels, 1964), this increase in H might as well
stem from the change of the evaporation field during the transition from the metal cap to the bulk C 3S
and the contaminant H present in the atom probe analysis chamber.
These findings again indicate that the sample preparation conditions employed are harmful to cement
hydrate phases. These harmful conditions might be avoided by maintaining cryogenic conditions
during the whole preparation process from FIB cutting and milling to storage in the atom probe before
the measurement. The measurement itself is in any case conducted under cryo conditions, as
described in section 2.4. This was not possible with the instrumentation available for this study.
However, a cryogenically cooled transfer system specifically designed for APT analysis is currently
being developed (Gerstl and Wepf, 2015; Moody et al., 2016; Perea et al., 2017). It could be shown
that this approach allows the measurement of frozen aqueous solutions (Moody et al., 2016). This
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demonstrates its usefulness for the measurement of the cement-water interface as well as cement
hydrates, once the method is established.

Figure 7. Local proxygram at 20 at.% Cr of the hydrated surface of triclinic C 3S. The deposited
protective CrO cap is at high z (lateral) values and the C3S surface appears at smaller z values.
4.

5.

CONCLUSION
-

Samples of large monocrystalline C3S grains synthesized by the optical floating zone method
are suitable for atom probe tomography analysis.

-

APT is capable of measuring anhydrous C3S by carefully controlling the measurement
conditions, especially the laser pule energy and frequency.

-

The conditions during FIB processing and the high vacuum conditions inside the APT seem to
be destructive to cement hydrate phases such as C-S-H and a potential hydrate layer formed
on cement grains.

-

A combination of cryo FIB processing with a cryogenically cooled sample transport system to
the APT might be capable of immobilizing the structural water of the hydrate phases in the
future.
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ABSTRACT
Calcium Silicate Hydrate (C-S-H) is one of most important phases in cementitious materials as
engineered barrier in radioactive nuclear facilities. Generally, there are several possibilities for
adsorption mechanisms of between radioactive nuclide and C-S-H thus to clarify the mechanisms are
important to evaluate long-term durability of engineered barrier. 2D 29Si{1H} heteronuclear correlation
solid state NMR is performed to understand the adsorption mechanism of C-S-H in this study. The
spectrum of synthesized C-S-H shows chemical environment of 29Si and 1H. Si in C-S-H bond two
types 1H, one is -OH group which can be adsorption site and the other is -OHCa group which can not
be the site. The various fraction of -OH group/ -OHCa group differs depending on Ca/Si of C-S-H, i.e.
low Ca/Si C-S-H, which adsorb more cation than high Ca/Si C-S-H, has larger number of -OH group.
Adsorption for -OH group should be one possible mechanism and the number of -OH group, which is
calculated by this NMR method, is a good index to show adsorptive capacity.
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1.

BACKGROUND

Concrete is a composite material composed of aggregate, hardened cement paste and voids, and
since its physical properties are expressed as the sum of the performance of elements including the
interaction between these constituent elements, they behave very complicated behaviour. The
aggregate is chemically and physically relatively stable, and the physicochemical properties of hardened
cement paste dominate for resistance to long term performance degradation. 60% of the volume of
hardened cement paste is occupied with calcium silicate hydrate (C - S - H) when the cement has almost
completely hydrated. Therefore, it is no doubt that the durability of cementitious materials is largely
dependent on the properties of C - S - H. In Japan, low-level radioactive waste disposal facilities expect
cement-based materials as an engineered barrier and a long-term migration inhibiting function of
radionuclides. The evaluation period may be several hundred years in the pit dispersal, more than
100,000 years in the subsurface disposal. One of the most important function expected for cementitious
materials as an engineered barrier is sorption of nuclides. Several possibilities for adsorption
mechanisms of radioactive nuclide for C-S-H are studied and proposed because to clarify the
mechanisms are important to evaluate long-term durability of engineered barrier. There are some papers
that tried to explain the sorption characteristics of nuclides for C-S-H by measuring the specific surface
area calculated by BET method. However, the specific surface area of cementitious materials calculated
by BET method is different depending on types of gas1). What is more, sometimes specific surface area
and adsorption amount of nuclide are not proportional2). Thus, focusing on the microstructure of C-S-H,
it is necessary to evaluate where the nuclide becomes sorptive. NMR (Nuclear Magnetic Resonance) is
one of the most powerful method to understand microstructure of C- S-H. So many papers indicated
sorption site of C-S-H by using NMR. Richardson proposed C-S-H model like tobermorite/jennite and OH group existing at the edge of C-S-H structure can be a sorption site by using 29SI and 27Al NMR3).
This is one of the main C-S-H models to understand of microstructure of C-S-H. However, existence of
-OH group in C-S-H is predicted by the result of 29SI and 27 Al NMR, which do not indicate direct
information of existence of -OH group. In this study 2D 29Si{1H} heteronuclear correlation solid state
NMR is performed for synthesized C-S-H to understand the adsorption mechanism of C-S-H in this
study. Direct information about existence of -OH group in C-S-H can be achieved by this method.
2.
2.1

EXPERIMENTAL METHODOLOGY
C-S-H synthesis

Four Ca/Si ratio C-S-H were synthesized by 2 methods. The first method is a suspension method using
CaO (purity 99.99 %) & AEROSIL. 2 types of AEROSIL, which are named C-S-H 200 (specific surface
area: 200 m2/g) and C-S-H 380 (specific surface area: 380 m 2/g) were used. The second is a alkoxide
method using TEOS (Tetraethyl orthosilicate) & Ca(OH)2, which is named C-S-H TEOS. Liquid/solid,
Ca/Si, agitating period, curing temperature, synthesized pH and D-dried period are shown in Table 1.
Higher Ca/Si is supposed to be a representation of sound C-S-H and lower Ca/Si is supposed to be
representation of altered C-S-H.
Table 1 synthesizing conditions of C-S-H

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
2.2

measurement conditions

2.2.1

XRD

The X'Pert pro (malvern-panalytical) was used for the X-ray diffraction (XRD) of the mineral phases
and amorphous phase. The measurement conditions of the XRD with the target CuKα, were tube voltage
40 kV, tube current 40 mA, scanned field 5-70 deg. 2 θ, sampling width 0.02 °, and the scanning step 2
seconds.
2.2.2

H2O adsorption (BET)

The Belsorb Max 2 (Microtrac-bel) was used to measure water vapor adsorption isotherm by Constant
Volume Method (permissible pressure difference of 0.05 mmHg, equilibration time of 300 sec). Vacuum
degassing drying was carried out for 24 hours in a temperature environment of 105 ° C by a mantle
heater As pre-treatment. The specific surface area by water vapor adsorption was calculated using BET
theory. At that time, we used a value of 0.114 nm 2 occupying water molecule4).
2.2.3 Distribution coefficient (Kd) of C-S-H
Kd of C-S-H was measured by using 133Cs as tracer (cold test). The test solution was an equilibrium of
each C-S-H. 133Cs was input as 10 mmol / ℓ of CsI. Equilibrium solution / C-S-H ratio, agitating priod are
80 and 28 days. The solid phase and solid phase were separated by using a 0.45 μm membrane filter.
The 7800 ICP-MS was used to measure concentration of 133Cs in liquid phase. Kd was calculated by
formula 1. Kd measurement was performed for 1.0, 1.2 and 1.4 of C/Si.

(1)
2.2.4

NMR

The JEOL JNM-ECA Ⅱ was used to measure 2D 29Si{1H} heteronuclear correlation NMR
measurements. Magnetic field intensity of magnet, spin rate of magic angle, time of waiting and number
of scanning are 11.7 T, 12 kHz, 5 s and 128600 times, respectively. The measurements were conducted
at room temperature using a MAS probe with 3.2mm sample tube. The spectrum was measured by
HETCOR pulse sequence6).
3.
3.1

RESULTS
XRD

The XRD profiles of C-S-H 200 (Ca/Si:1.4,1.2,1.0 and 0.8), C-S-H 380 (Ca/Si:1.4,1.2,1.0 and 0.8) and
C-S-H TEOS (Ca/Si:1.4,1.2,1.0 and 0.8) are shown in Fig. 1,Fig. 2 and Fig. 3, respectively. Typical
peaks for synthesized C-S-H were obtained from all samples at around 30, 32, 50, 55 and 67 °5). CS-H synthesized by suspension method such as C-S-H 200 and C-S-H showed XRD peaks at around
6 - 8 °which indicate that these C-S-Hs have regular crystal structures of 1.1 nm to 1.4 nm. On the
other hand, C-S-H TEOS show Small broad XRD peaks at around 6 - 8 °. The result showed that micro
structure of synthesised C-S-H is slightly different depending on synthesized method. C-S-H 380 and
C-S-H TEOS of Ca/Si 1.4 showed small peaks at around 18, 34 and 48 °which belongs to Ca(OH)2
as impurity. The hydration of these 2 samples have not completed.
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Fig. 1 The XRD profiles of C-S-H 200
(Ca/Si:1.4,1.2,1.0 and 0.8)

Fig. 2 The XRD profiles of C-S-H 380
(Ca/Si:1.4,1.2,1.0 and 0.8)

Fig. 3 The XRD profiles of C-S-H TEOS
(Ca/Si:1.4,1.2,1.0 and 0.8)

3.2

H2O adsorption (BET)

The water vapor adsorption isotherm profiles of C-S-H 200 (Ca/Si:1.4,1.2,1.0 and 0.8), C-S-H 380
(Ca/Si:1.4,1.2,1.0 and 0.8) and C-S-H TEOS (Ca/Si:1.4,1.2,1.0 and 0.8) are shown in Fig. 4, Fig. 5 and
Fig. 6.Typical profiles for synthesized C-S-H were also obtained. The shape of the profile is roughly
similar, and the difference by the synthesis method is small. On the other hand, the hysteresis differs
depending on the synthesis method, C-S-H TEOS has the biggest difference between the amount of
adsorbed water and desorbed water at around RH (relative humidity) 60 %. C-S-H of 0.8 Ca/Si
commonly showed the maximum amount of adsorbed water in all synthesis methods. Especially, the
maximum amount of adsorbed water of C-S-H TEOS is almost 1.5 times higher than C-S-H 380. The
relationship between the maximum adsorbed water amount and Ca / Si varies depending on the
synthesis method. For instance, C-S-H TEOS of 1.4 Ca/Si showed the lowest amount of adsorbed water,
but C-S-H 200 of 1.4 Ca/Si showed the highest amount of adsorbed water. Same as the maximum
amount of adsorbed water, C-S-H of 0.8 Ca/Si commonly showed the maximum specific surface area
calculated by BET method in all synthesis methods. The Ca/Si which shows second maximum specific
surface area is varies depending on the synthesis method. C-S-H 200 of Ca/Si 1.0 shows the second
maximum specific surface area but in case of C-S-H 380 and C-S-H TEOS, C-S-H 1.2 Ca/Si is the
second.
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Fig. 4 The vapor adsorption profiles of C-S-H
200 (Ca/Si:1.4,1.2,1.0 and 0.8)

Fig. 5 The vapor adsorption profiles of C-S-H
380 (Ca/Si:1.4,1.2,1.0 and 0.8)

Fig. 6 The vapor adsorption profiles of C-S-H
TEOS (Ca/Si:1.4,1.2,1.0 and 0.8)

3.3

Distribution coefficient (Kd) of C-S-H

Distribution coefficient (Kd) of all synthesized C-S-H are shown in Fig. 7. Difference of Kd due to
synthesized methods is not predominant. Kd of 133Cs for C-S-H has strong relationship with Ca/Si.
Higher Ca/SI C-S-H samples indicate lower Kd for 133Cs.
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Fig. 7 Distribution coefficient (Kd) of C-S-H
3.4

NMR

Fig. 8 The spectrum of synthesized C-S-H 200
(Ca/Si:1.0)

Fig. 9 The spectrum of synthesized C-S-H 200
(Ca/Si:1.2)

The 29Si spectrum achieved by HETOCOR is almost same as the spectrum measured by CP-MAS (CP
= Cross Polarization). In the CP-MAS measurement, the intensity of the signal belonging to Si near 1H
(in many cases they have chemical bond) is emphasized. Microstructure of C-S-H especially about
relationship between 1H and 29Si can be observed in HETOCOR. The spectrum of C-S-H 200 of Ca/Si
1.0 and C-S-H 200 of Ca/Si 1.2 are shown in Fig. 8 and Fig. 9 as a measurement example of all
measurement. 2 types of 29Si signals were observed in this study (X axis) : Q1 (at around -78 ppm)
representing a chain end of SiO4 and Q2 (at around -82 to -86 ppm) representing a chain centre of
SiO43). Roughly saying, 3 types 1H signals were observed in this study (Y axis): 1H belonging -OH group
(at around 5 ppm), H2O (at around 8 to 12 ppm) and -OH group (at around 12 to 20 ppm) 7)8) . The OH group can be adsorption site and H2O can not be the site. The area fraction of -OH group/ H2O
differs depending on Ca/Si of C-S-H. C-S-H 200 of Ca/Si 1.0, which adsorb more 133Cs (refer 3.3) than
C-S-H 200 of Ca/Si 1.2, has larger area fraction of -OH group/H2O. The tendency that a sample having
many OH groups adsorbs more 133Cs is common for all samples. Adsorption for -OH group should be
one of main mechanisms for cation adsorption for C-S-H.
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4.

DISCUSSION

area fraction of -OH group/ H2O
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Fig. 10 The relationship between specific
surface area calculated by BET method and
Ca/Si

Fig. 11 The estimated -OH site density of C-SH (CSH 200)

The relationship between specific surface area calculated by BET method and Ca/Si is shown Fig. 10.
There is no clear correlation between them. Ca/Si does not relate to specific surface area of C-S-H. It
means that specific surface area can not be an index of Kd of C-S-H because Kd has strong relationship
to Ca/Si. The relationship between area fraction of -OH group/ H2O and Ca/Si is shown in Fig. 11. There
is clear correlation between them. The calculated area fraction of -OH group/ H2O by result of
HETOCOR can be a good index of sorbability of univalent cation. It is estimated that Ca/Si of C-S-H in
cementitious materials becomes lower by Long term alteration. The results of this study show that lower
Ca/Si of C-S-H due to alteration might be desirable to some nuclides because lower Ca/Si of C-S-H has
larger density of -OH group.

5.

CONCLUSIONS

2D 29Si{1H} heteronuclear correlation solid state NMR is performed to understand the adsorption
mechanism of C-S-H in this study. The spectrum of synthesized C-S-H shows chemical environment of
29Si and 1H. Si in C-S-H bond two types 1H, one is -OH group which can be adsorption site and the other
is -OHCa group which can not be the site. The various fraction of -OH group/ -OHCa group differs
depending on Ca/Si of C-S-H, i.e. low Ca/Si C-S-H, which adsorb more cation than high Ca/Si C-S-H,
has larger number of -OH group. Adsorption for -OH group should be one possible mechanism and the
number of -OH group, which is calculated by this NMR method, is a good index to show sorbability.
6.
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ABSTRACT
One source of kaolinite-rich wastes is from mine tailings and the generation of enormous volumes of
mine tailings waste is standard practice in this industry. These volumes of waste are, at present,
dumped, provoking significant environmental impact and transforming the environment. The present
investigation has the objective of expanding the knowledge on the behavior of new siliceous-aluminum
minerals with pozzolanic activity, of added value in the manufacture of similar cements.
We have proceeded to XRD and SEM/EDX analysis of the phases after temperature activation
600ºC/2 hours of the coal (kaolinite and micas) from the tailings waste and react, after 1 to 360 days,
with a fixed amount of lime.
Predominant phases are: hydrated monosulfoaluminate (from 1 day as a consequence of the reaction
between the reactive alumina of the pozzolan, the sulfate ions of the coal waste and portlandite);
tetracalcium hydrated aluminate (as traces at short reaction times increasing slightly, at 28 and 90
days); LDH compounds (from the beginning reaction and are the predominant phase at 7 days);
stratlingite from 7 days and is the major phase to old ages of pozzolanic reaction.
Laminated silica-rich microaggregates with very porous surfaces are detected, on which sponge-like
C-S-H gels type I are deposited. The hydrated phases have laminar forms with a wide range of sizes,
and are intergrown with the gels forming aggregates.
The authors are grateful to MINECO/FEDER by the financial support (BIA 2015-65558-C3-1/2/3-R)
and S.A. Hullera Vasco-Leonesa (Spain) and the IECA for their support in this research.
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1.

INTRODUCTION

The increasing need for cement and concrete in the last decades has raised the necessity to enhance
the efficiency of precursors and find less damaging alternatives in order to contribute to a sustainable
balance.
Cleaner processes are not exclusive to air pollution; industry procedures include the generation of great
quantities of waste, which has been the focus of material recycling and reutilization. While strong efforts
have been made in recent years towards a better waste disposal with variable yet considerable success,
the use of discarded subproducts as new, viable sources has become one of the most important paths
to explore in order to diminish their negative impact.
Numerous waste resources can be employed in different steps of cement production, such as
combustion of solvents, plastics, sawdust and mineral oils –among many others- during pyroprocessing,
or the inclusion of pozzolans that, additionally, allows the manufacture and tailoring of diverse types of
concrete with specific propertiesOne of the most widely used additives is kaolinite (K), a phyllosilicate
mineral whose thermal treatment generates the dehydoxylated metakaolin (MK), well known for its high
reactivity and usefulness as a pozzolan (Murat 1983; Schüller 1984; Bjørkum et al. 1990) and currently
incorporated in international norms for cement manufacture.
Mineralogically, coal mining wastes consist primarily of inorganic compounds such as kaolinite and illite.
Controlled thermal activation of kaolinite yields metakaolin, a highly pozzolanic product. Variables such
as origin, kaolinite content, activation temperature, presence of other compounds and rate of the
pozzolanic reaction play an important role in the activation of this waste for subsequent use in
cementitious matrices.

This research contemplates the possibility of avoiding overexploitation by the adoption of kaolinite-rich
mining waste, following the investigations with similar residues (Sabir et al. 2001; Dinakar et al. 2013;
Frías et al. 2014; Gandoman and Kokabi 2015; Juenger and Siddique 2015). These investigators
studying its viability and attempting to replicate its activating enhancement by the use of ZnO, as occurs
with the naturally existing mineral (Taylor-Lange et al. 2012). The pozzolan behaviour of mixtures with
1.00% of ZnO and 600ºC/2 hours of calcination have been considered after several accelerated aging
times via chemical method.
2.

MATERIALS AND METHODS

2.1 Materials
Mining coal waste with kaolinite content from La Robla (Santa Lucía, León, Spain) was mixed with 1.00%
of commercial ZnO (1 CC samples),and they have been calcined at 600ºC for two hours (CC 600
samples), also the samples. The untreated coal mining coal waste (UCC) is the start material.
2.2 Methods
a) Pozzolanic activity
The pozzolanic activity is the capacity to fix lime. The method used in this determination consists of
weighing 1g of sample and added to a saturated calcium hydroxide solution (extra pure Ph. Eur., USP,
BP chemical reagent) for an accelerated chemical aging (Frias et al. 2013). The pozzolan/lime system
was studied for 1 (CC 1), 7 (CC 7), 28 (CC 28), 90 (CC90) and 360 (CC 360) days, after which the
hydration reaction was discontinued and impeded by thoroughly washing the filtered powder with
ethanol. The solid samples were subsequently dried in an electric oven at 60ºC for another 24 hours,
and stored in a desiccator to avoid handling-induced carbonatation.
b) Mineralogical composition
The mineralogical composition of samples are identified by powder X-ray diffraction (XRD) on a
PANalytical X`Pert PRO X-ray diffractometer fitted with a Cu anode. Their operating conditions were 40
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mA, 45 kV, divergence slit of 0.5º, and 0.5 mm reception slits. The samples were scanned with a step
size of 0.0167º (2θ) and 150 ms per step. The characterization of samples was carried out using the
random power method operating from 5º to 80º (2θ) (Moore and Reynolds 1997). Measured patterns
were qualitatively and quantitatively analyzed using Match v.3 and Fullprof software for Rietveld
analysis, respectively (Young 1995; Putz and Brandenburg 1997). Crystallography Open Database
(COD) reference patterns have been used to identify the different phases. In all samples, rutile (TiO2)
as internal standard has been added.
An Inspect FEI Company Electron Microscopy (Hillsboro, OR) was used for structural and morphological
examination, where its coupled energy dispersive X-ray analyzer (W source, DX4i analyzer and Si/Li
detector) hindered microanalysis chemical data as the mean value of ten analyses per sample.
3.

RESULTS

3.1

Pozzolanic activity

Figure 1 shows the evolution of the lime contents set by the mining coal waste activated thermally
(600ºC/2h) with and without the incorporation of chemical activator, ZnO, in an amount of 1.00% at 1,
7, 28, 90 and 360 days of the pozzolanic reaction.
In the system is an increase in the pozzolanicity of the thermally activated waste during the first 90 days,
until the year the reaction stabilizes. However, when thermal activation is combined with chemistry
activation (1.00% ZnO), the amount of lime set, are the same during the first 90 days of reaction. After
a year, the value obtained from the pozzolanic activity in this double activation (thermal + chemical) is
equal to the result obtained when the chemical activator is not used.
This inhibitory effect of the chemical activator on the reactivity of the thermally activated waste seems
to coincide with the behavior described by Yousuf et al. (1995) for Portland cement mixtures, where
ZnO is an inhibiting agent in hydration by creating a barrier on the surface of CSH gels that prevents
pozzolanic reaction. The addition of ZnO inhibits the waste reactivity during the first 90 days, activating
the pozzolanic reaction for longer ages. The situation described is opposite to that observed by TaylorLange et al. (2012), which show the good behavior of the chemical activator in the mechanical
performance of natural MK blended cement mortars.
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Fixed lime (%)

70
60
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20
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ZnO (%)
0.00

1.00

Figure 1. Pozzolanic activity for samples calcined at 600°C for 2 hours without addition and
with 1.00% ZnO addition
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3.2

X-Ray Diffraction

Mineralogical evolution of the phases was studied for all samples, both in the system with ZnO 0.00%
and that ZnO 1.00% at the different ages of the pozzolanic activity.
The hydrated phases detected in the pozzolanic reaction were: tricalcium aluminate hydrate (C4AH13)
at 7.90 Å (11.18° 2θ), 2.88 Å (31.02° 2θ), 2.86 Å (31.27° 2θ) and 2.45 Å (36.64° 2θ); stratlingite (C2ASH8)
at 12.61 Å (7.00° 2θ), 6.28 Å (14.08° 2θ), 4.15 Å (21.38° 2θ) and 2.87 Å (31.14° 2θ); monosulfoaluminate
hydrate (C4AS̅H12) at 8.92 Å (9.91° 2θ) and 2.87 Å (31.16° 2θ); and LDH at 7.60 Å (11.64° 2θ), 7.41 Å
(11.94° 2θ) and 3.78 Å (23.52° 2θ) (Silva et al. 2014), (Figures 2, 3, and Table 1) in addition plus t from
those already present in the raw material such as quartz (Q), calcite (Ca), kaolinite (K, only in the initial
sample), mica (M) and rutile (R, when is added for the quantification) (Figure 2).
Mineralogically, the mining coal waste is formed by 2:1 phyllosilicates (25% micas), 1:1 phyllosilicates
(14% kaolinite), quartz (37%), and calcite (17%) (Garcia et al., 2015). The calcination at 600ºC/2h of the
mining coal waste originates, by structural K dehydroxylation, an amorphous material MK, which is the
reactive phase of the pozzolanic reaction and the rest of the present minerals in the mining coal waste
(M, Q and Ca) is maintained.
The pozzolanic reaction MK/calcium hydroxide in aqueous medium produces cementitious materials of
an amorphous nature, or with a degree of crystallinity not detectable by XRD, called gels (CSH and
CSAH), together with crystalline materials, whose nature is conditioned by the MK/CH ratio, the reaction
temperature and the pH. The high pH values, together with the increase of calcium ions in the solution,
favor the dissolution of structural aluminum and the formation of C 3AH6. As the reaction continues, the
structural silicon dissolution occurs, SiO44- ions react with C3AH6 to give the stable phase C2ASH8. LDH
compounds (phyllosilicate/carbonate) formation is explained by the presence of partially dehydroxylated
tetrahedral and octahedral layers from the mica that remains at 600°C. LDH compounds are formed as
a metastable phase that evolves towards the formation of C 2ASH8 with the reaction time change (Vigil
et al., 2007; Frías et al., 2012). While the formation of C 4AH13 depends on the abundance of calcium
ions in the solution, the low concentration of MK and the abundant presence of calcite in the reaction
medium.
Table 1. Mineralogical analysis by XRD for studied samples.
Age
(days)

ZnO
(%)

Ca
(%)

Q
(%)

M
(%)

LDH
(%)

Mo
(%)

St
(%)

C4AH13
(%)

AM
(%)

RB

X2

0

0

5

30

16

nd

nd

nd

nd

49

10.21

5.80

0

1

5

30

16

nd

nd

nd

nd

49

13.27

6.42

1

0

6

28

9

5

8

nd

2

42

9.46

5.94

1

1

6

29

17

nd

nd

nd

nd

48

11.27

5.53

7

0

7

33

15

2

nd

6

4

33

10.12

6.25

7

1

5

36

20

nd

nd

nd

nd

39

9.56

4.32

28

0

8

34

12

3

nd

10

4

29

12.94

5.61

28

1

6

35

26

nd

nd

nd

nd

33

12.11

8.49

90

0

6

34

11

2

nd

8

nd

40

11.47

7.32

90

1

5

35

28

2

nd

nd

nd

30

15.43

9.61

360

0

6

35

10

traces

nd

6

nd

44

12.73

8.36

360

1

6

35

12

traces

nd

6

13

28

13.62

9.47

Ca: calcite; Q: quartz; M: mica; MO: monosulfoaluminate; St: stratlingite; AM: amorphous material; nd
= not detected
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The crystalline phases hydrated formed during the pozzolanic reaction, without ZnO, were C 4AH13,
C2ASH8, C4ASH12 and LDH compounds (phyllosilicate/carbonate) (Figure 2 and Table 1). After 1 day of
reaction, C4ASH12 is observed as a metastable phase; its presence is explained by the reaction between
the reactive alumina of the pozzolan, sulphate ions from the waste and portlandite. This phase could
evolve towards the formation of ettringite, depending on the presence of sulfate ions and the reaction
time. LDH compounds (phyllosilicate/carbonate) are presented up to 90 days of reaction, in proportions
that decrease, as the reaction time is long; this behavior may indicate its metastable phase nature that
becomes C2ASH8 as a stable phase, given that it is the final stable phase of the MK/CH reaction. These
compounds are present at all ages studied (Vigil de la Villa et al., 2017). C4AH13 formation is favored by
the presence of calcite in proportions greater than 6% and the MK minor concentration.
The results obtained during the pozzolanic activation, highlight the ZnO inhibitory effect on the waste
reactivity that will have a very negative effect on the kinetics reaction and on the formation and evolution
of hydrated phases with hydraulic properties. ZnO inhibits the pozzolanic reaction up to 28 days; At 90
days appears the metastable phase LDH compounds (phyllosilicate/carbonate), but at 360 days is
C2ASH8 the stable phase. This phase together with C 4AH13 are the crystalline materials observed after
360 days of reaction (Figure 3).
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Figure 2. XRD patterns samples calcined at 600ºC/2 hours in the pozzolanic reaction without
ZnO addition
Using rutile as internal standard allowed calculating the amount of amorphous phase, which was of
roughly 40% (Table 1).
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Figure 3. XRD patterns samples calcined at 600ºC/2 hours in the pozzolanic reaction with 1.00%
ZnO addition
3.3

SEM/EDX analysis

By SEM/EDX, silicon and aluminum aggregates are observed, mainly, with spongy appearance and
squamous surfaces and cavities that indicate the dehydroxylation process of the phyllosilicates. The
aggregates are composed by a growth substrate for the reaction products (epitaxy). On these materials,
CSH gels are developed with wrinkled and spongy shapes (Figure 4A) and compositions with Ca/Si
ratios (CaO/SiO2) that conform to Taylor type I gels (spongy type). At the expense of these gels, sheets
are formed that have a wide range of sizes and compositions. Analyzes are adjusted to compounds type
LDH (phyllosilicate/carbonate) (Figure 4B), stratlingite C 2ASH8 (Figure 4C, E and F),
monosulfoaluminate tetracalcium hydrate (C3A.SO4Ca.12H2O) (Figure 4D) and hydrated tetracalcium
aluminate (C4AH13). ZnO is dispersed on the surfaces and no formed any compound (Figure 4D).
The addition of 1.00% ZnO difficult the spongy gels formation on the clay aggregates; appearing
compact gels. The products of the reaction that grow at the expense of these aggregates acquire narrow
and elongated fiber forms in bunches (Figure 4B). Their compositions contain Zn and variable
proportions with respect to silicon, aluminum, sulfur and calcium.
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Figure 4. SEM/EDX analysis. A) LDH compounds and CSH gels. B) CSH gels and fibers. C)
Fiber and stratlingite. D) Stratlingite and monosulfoaluminate. E) Stratlingite and F) Stratlingite
cluster
The evolution of the chemical compositions obtained by EDX analysis of the CSH gel without (white
spot) and with 1.00% ZnO (black spot) is represented in Figure 5, where the relationships are not
determinant and it is only the morphologies that differentiate the gels in relation to the presence of
chemical activator in the system (García-Giménez et al., 2018). In the same figure, the relationships
obtained for the fibers have been represented. These fibers appearing at all ages when 1.00% of
chemical activator is used. It is appreciated (gray spot) that, at early ages, 1 day, and long time, 1 year,
the compositions are different, with the intermediate composition ones coming from the spongy gels.
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Figure 5. Si/Al, Ca/Si and Ca/Al ratios by EDX analysis from the CSH gels without and with
chemical activator and fibers

4.

CONCLUSIONS

The mining coal waste consists mainly of phyllosilicates (kaolinite and mica), with quartz and calcite.
Calcination at 600ºC/2 hours results in the total dehydroxylation of the kaolinite and the partial
dehydroxylation of the mica, giving rise to spongy aggregates and squamous surfaces with abundant
zones voids.
The product obtained from the thermal activation at 600ºC/2hours of the mining coal waste has a high
pozzolanic activity. Kaolinite-rich coal waste can be used as a successful cement precursor due to its
high pozzolanic activity.
The incorporation of 1.00% ZnO produces an inhibitory effect on the reactivity of MK in the
metakaolin/lime system at ages less than 90 days. In times of more than one year, pozzolanic activity
is equalized in systems with and without chemical activator.
In the present system the addition of chemical activator generates an inhibitory effect on the products
of the reaction. CSH gels, hydrated tetracalcium aluminate (C 4AH13), stratlingite (C2ASH8), LDH
compounds (phyllosilicate/carbonate) and hydrated calcium monosulfoaluminate (C 3A.SO4Ca.12H2O)
are the products of the pozzolanic reaction in the mining coal waste system at 600ºC/2 hours.
The addition of 1.00% zinc oxide inhibits the formation of the reaction products until 28 days. At 90 days,
the reaction begins with the formation of the metastable phase LDH compounds
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(phyllosilicate/carbonate) that is transformed at one year into C2ASH8 as a stable phase; this together
with C4AH13 are the crystalline products observed after this time.
By SEM / EDX it is detected, at all ages, the formation of spongy CSH gels over which the rest of the
reaction products with the thermally activated residue are to be developed. The presence of ZnO inhibits
the formation of spongy CSH gels, the fibers now being the substrate, which in some points are grouped
to form bunches. Their compositions contain Zn and are varied concentrations of Si, Al, S and Ca
5.
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ABSTRACT
The mineralogical characterization of autoclaved aerated concrete (AAC) has always been a subject of
research, since mechanical and thermal properties strongly depend on content and morphology of the
forming mineral phases. Several studies focus on the influencing factors of the crystallization of
tobermorite, as it is the main phase in AAC.
XRD is among the common methods used to investigate the crystallinity of tobermorite, however it
shows anisotropic peak broadening due to anisotropic domain morphology. A new approach [1] to
calculate anisotropic domain sizes is implemented in Rietveld refinement of tobermorite, which leads to
a better fit and consequently to a more accurate phase quantification and characterization. Here a
triaxial cylinder model is used to approximate tobermorite domain morphology. In addition, the effect of
variations in the chemical composition of raw materials on the domain size morphology/crystal
morphology of tobermorite is investigated. Thus, a new way to analyse the link between mechanical
and thermal properties of AAC and phase content is provided.

[1] D. Ectors, J. Neubauer, F. Goetz-Neunhoeffer, A generalized geometric approach to anisotropic
peak broadening due to anisotropic domain morphology, Journal of applied Crystallography, 48 (2015)
189-194
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1.

INTRODUCTION

Autoclaved aerated concrete (AAC) is a low density masonry material providing good thermal insulation,
heat resistance and multiple additional properties. Especially the mineralogical characterization of AAC
is a major subject of research, since mechanical and thermal properties highly depend on morphology
and content of the forming mineral phases.
Tobermorite (C5S6H5) is by far the most abundant mineral phase in AAC. The most common methods
in order to investigate tobermorite are SEM and XRD analysis (Mostafa et al. 2009, Skawinska et al.
2017). Especially the effect of foreign ions on the morphology of tobermorite is analysed by use of SEM.
The influence of Al3+ and (SO4)2- is very interesting when it comes to AAC production, as both, aluminium
and sulfate content are frequently varied in order to get different properties of AAC (Mostafa 2005,
Mostafa et al. 2009).
In the present work, an advanced approach in order to investigate the effect of Al 3+ and (SO4)2- on
structural properties of tobermorite is provided. A recently published method (Ectors et al. 2015,
Schreiner et al. 2018) is applied to calculate the dimensions of tobermorite domains and linked with the
influence of Al3+ and (SO4)2- content. Moreover, the suitability of SEM analysis for investigation of effects
of variations in the chemical composition of raw materials is discussed.
2.

MATERIALS AND METHODS

Samples of different chemical compositions were prepared by use of different raw materials. Green AAC
blocks were prepared on a laboratory scale and later autoclaved within a commercial production (190
°C, saturated steam pressure 12 bar). Because of the various chemical composition of raw materials,
the resulting Al2O3 contents (calculated from XRF data) in the bulk raw mixtures range from 1 wt.-% to
5.75 wt.-%. As for SO3 (calculated from XRF data), the contents range from 0.7 wt.-% to 2.3 wt.-%. The
autoclaved samples were dried at 60 °C and then ground for powder XRD.
For XRF analysis a tube voltage from 20 to 50 kV and current from 0.8 to 2.0 mA were used for different
targets for energy dispersive XRF (Spectro Xepos).
The powders were also prepared into front loading sample holders for XRD measurements. At 23 °C
the measurements were done at a Bruker D8 diffractometer with a step width of 0.0236° 2θ, a time per
step of 0.54 s and an angular range from 6 - 80° 2θ (Cu Kα radiation). An external standard was recorded
with equal instrument and measurement parameters (G-factor) (Jansen et al. 2011) in order to calculate
correct absolute phase quantities. Rietveld refinement (Rietveld 1969) was done by use of TOPAS 5.0
(Bruker AXS).
3.

RESULTS AND DISCUSSION
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Figure 1. SEM micrograph of commercial AAC sample
In this work, the suitability of SEM analysis in order to investigate tobermorite in AAC is discussed. In
Figure 1 a SEM micrograph of a commercial AAC sample is shown. It can be seen that the sample is
characterized by a heterogeneous appearance. The major amount by volume of AAC are pores (up to
85 %) and a minor amount is the dense solid skeleton. However, the main volume of mineral phases is
located in these dense sections, so that only an investigation of the dense parts can lead to a proper
characterization. Referring to Figure 1, the morphology of tobermorite can hardly be depicted in the
dense parts. Only in the pores the morphology of tobermorite can be seen clearer and yet, the
observations can only account for a very small and local volume of tobermorite. With SEM we can solely
observe the sample surface and pores. As a consequence, it is hardly possible to receive a reliable and
true representative result for the investigation of tobermorite morphology in AAC by SEM analysis.

Figure 2. Triaxial cylinder model used for approximation of tobermorite domain morphology
during Rietveld refinement (Schreiner et al. 2018).

Figure 3. Quantification of tobermorite in statistical AAC samples with and without the use of
the macro for refinement of anisotropic peak broadening.
For comparison, a structural investigation of tobermorite is done based on XRD data. In Figure 2 a
recent study of the authors (Schreiner et al. 2018), a triaxial cylinder model was used to approximate
tobermorite domain morphology and leading to an improved Rietveld refinement. The better refinement
reflects in a more accurate quantification, which can be seen in Figure 3. In addition, in some samples
there is a stronger effect of anisotropy (#1 and #4) on the quantification, while in some samples there is
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nearly no effect (#2). As a result, there must be other influencing factors. This is why in this work different
Al3+ and (SO4)2- contents in the raw mix are linked with the dimensions of the calculated triaxial cylinder.
The domain sizes in a, b and c direction are described by the radii x, y and z by the model. In Figures 4
and 5 the influence of variations of the chemistry of raw materials on the relative domain sizes of
tobermorite is shown. The effect of Al3+ can be seen very clearly. Up to an amount of 3.5 wt.-% Al2O3 in
the dry mix, a linear effect on tobermorite growth can be observed. With increasing substitution by Al 3+
in tobermorite structure, increased growth in b direction (greater y) occurs. In addition to this trend, the
relative cylinder height increases (greater z) at elevated Al 2O3 content. An additional minor phase,
hydrogarnet (katoite), occurs, in samples containing more than 3.5 wt.-% Al2O3 in the dry mix, which
indicates a limitation of substitution by Al3+ in tobermorite structure. This finding is supported by that fact
that an influence of Al3+ on structural properties of tobermorite has been suggested repeatedly by
literature (Koutný et al. 2014, Mostafa et al. 2009, Skawinska et al. 2017). In addition, increased katoite
formation in Al-rich AAC has been observed in a different study (Skawinska et al. 2017).
In contrast, no influence by sulfate incorporation can be established in Figure 5. This finding has been
suggested by Sauman in 1972, whereas in different studies a clear effect of sulfate on tobermorite
structure was suggested (Mostafa et al. 2009). Less data compared to Figure 4 are plotted because
sulfate content was only changed in few raw mixes.
Compared to SEM analysis, a more statistical measurement is achieved by powder XRD, as the whole
bulk material is analysed. Keeping in mind that domain morphology does not necessarily equate with
observed morphology (SEM), the calculated domain sizes do not comply with sizes of observed
tobermorite crystals. Still, the only reliable value is the domain morphology calculated from the powder
XRD pattern for reasons we have outlined in this work.

Figure 4. Influence of Al2O3 content on tobermorite domain morphology
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Figure 5. Influence of SO3 content on tobermorite domain morphology
4.

CONCLUSIONS

The limits of investigating tobermorite in AAC by SEM were discussed. As it is not possible to observe
the major amount of tobermorite in the dense skeletal material, a proper description of overall
morphology of tobermorite by SEM is not achievable. By contrast, powder XRD analysis includes the
bulk sample, so that a more representative and reliable investigation is possible. For the first time the
influence of foreign ions on structural properties of tobermorite was investigated by use of the
approach to anisotropic peak broadening. We were successful to observe a link between tobermorite
domain morphology and Al3+ content in the bulk sample. We did not find any influence of sulfate
content in the raw mixture on structural properties of tobermorite.
A new and promising approach to investigate tobermorite in AAC samples was given. As structural
properties of the most abundant phase are certainly relevant for the mechanical properties of the
product, a new perspective in order to improve quality control of AAC was created.
5.
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ABSTRACT
The crystallographic structure of calcium-silicate-hydrate (C-S-H) and possible positions of Al ions in
the structure (C-A-S-H) has been studied by applying atomistic simulations using ReaxFF force field.
Large number of crystallographycally
equivalent structures were used to account for the disordered nature of C-S-H and C-A-S-H. An
extensive set of
periodic structures of C-S-H (with a variation of chemical composition) and C-A-S-H has been
generated, and it is
available as on-line resource. The main focus, comparing to our previous study, was to design
representative structures
that are small enough (but still disordered) to facilitate future study by applying more precise methods
for computing
the atomistic and the electronic structure. The obtained results have been compared with previous
theoretical studies
and experimental data.
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1.

INTRODUCTION

The atomistic structure of concrete (in a form of Calcium-Silicate-Hydrate, C-S-H) is a controversial
subject due to the complexity of the material. C-S-H crystallises in the form of nanometer sized
crystallites (Powers 1958, Thomas et al 1998, Gauffinet et al 1998, Nonat 2004). Hardening of the
Portland cement is a result of their crystallisation from the solution of tricalcium-silicate (Nonat 2004,
Groves et al 1984, Scrivener et al 2011). As the C-S-H crystallites crystallise, the chemical
composition of surrounding solution changes, which affects the stoichiometry of crystallites that
emerged at the later phase of crystallisation. That results in the C-S-H with variable stoichiometry
((CaO)x(SiO2)y(H2O)z) in the hardened cement even in a chemically pure solution of tricalcium-silicate.
Molar ratio of CaO and SiO2 (C/S) can vary between 0.4 and more than 2 (Nonat 2004, Taylor 1950,
Cong et al 1996, Beaudoin et al 2009). Industrially produced Portland cement can contain various
admixtures such as aluminium, magnesium or iron. The most important admixture of the C-S-H is
aluminium as it can constitute a considerable percentage of the compound and can contribute to the
structural strength of the concrete. Phases with large amount of aluminium are referred as calciumsilicate-aluminium-hydrate (C-A-S-H).
Size, chemical variability and poor crystallinity of the
crystallites, prevented determination of their exact atomic structure with conventional crystallographic
methods (Nonat 2004). X-ray power diffraction revealed that C-S-H has a general structure similar to
the 14.6Å tobermorite, however it could not probe into fine structural details (Nonat 2004, Cong et al
1996, Hamid 1981, Richardson 2004).
The tobermorite has layered structure with inter-layer separation 9.6Å, 11.3Å or 14.6Å, depending on
a hydration level (Hamid 1981, Merlino et al 2001, McConnel 1954). Each layer consists of a sheet of
calcium atoms that are flanked by infinite silica chains ( Hamid 1981, Merlino et al 2001). In
Bonaccorsi definition of tobermorite, silicate is in the form of Dreierketten structure: a chain of dimeric
silicate tetrahedra, linked by a bridging silicate. Hamid definition consists of infinite silica chains
without any connections between them (Figure 1). Since the interaction between layers is weak, it is
common to ignore the difference between these models. Water molecules are organised between the
layers, in the, so called, inter-layer.

Figure 1. The structure of mineral tobermorite in Hamid definition. Tetrahedra in silica chains are
highlighted. Bridging tetrahedra are coloured in blue. Calcium atoms are shown in green colour. The
layer with the bridging tetrahedra (blue) contains crystal water (not shown for clarity) and is called
inter-layer.
More data about C-S-H structures were obtained with 29Si NMR (Nonat 2004, Beaudoin et al
2009,Komarneni et al 1985). From the NMR, it was found that unlike the tobermorite, silica chains in
C-S-H and C-A-S-H have limited size (Garrault et al 2005). The exact size of the chains could not be
determined, however from the ratio of 29Si NMR signals, the ratio of terminating and non-terminating
silica monomers can be determined. The ratio is found to be dependent on the content of Ca in C-S-H
(Cong et al 1996, Beaudoin et al 2009). As the content of Ca increases, the ratio of polymerterminating silica units also increases, indicating shortening of silica chains (Klur et al 1998, Brunet
2004). For the calcium to silicon molar ratio (C/S) of 1.6 (the value that close to typical C-S-H
composition), there are about five times as much of terminating silica monomers than non-terminating.
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Such a large ratio gave a conclusion that the most abundant oligomer in C-S-H is dimer (Nonat 2004,
Cong et al 1996).
Another way of probing the structure of C-S-H is with atomistic modelling (Pellenq et al 2009,
Kovacevic et al 2015, Kovacevic et al 2016). Atomistic modelling enabled creation of a realistic model
of the C-S-H structure, whose structural features are in complete accordance with experimental
results.
It is impossible to present the actual structure of C-S-H in the same way as an ordinary crystal
structure with well-defined position of atoms. As C-S-H has a very disordered structure, both in
macroscopic and atomistic level (Allen et al 2007, Bullard et al 2011, Mehta 2006), any attempt to
present it with by a single ``optimal'' structure would be flawed. The structure of C-S-H can be
presented as a set of periodic crystal structures with relatively large size of the unit cell in order to
preserve the disordered nature of the material. Each of the periodic crystal structures has silica
oligomers that are randomly permutated and each of the crystal structures has all the experimentally
accepted structural features of C-S-H. Such description has been proposed in our previous research
(Kovacevic et al 2015), where possible crystallographic models of C-S-H were investigated, and
ranked according to the results of the theoretical calculations of the total energy of the corresponding
structure.
Different crystallographic models for C-S-H were investigated (Kovacevic et al 2015) with high ratio of
C/S, and as a result, the model, suggested in (Nonat 2004) was supported. The model is based on
tobermorite structure with simultaneous removal of bridging silica tetrahedra and on addition of Ca
ions. However, the proposed structures contain about one thousand atoms in the unit cell, which is too
large for practical purposes. For example, a calculation of the electronic structure of a system with the
periodic boundary conditions and density functional theory is restricted by several hundreds atoms in
the unit cell.
In the current study the algorithms used in (Kovacevic et al 2016) are applied for a smaller large unit
cell. The intrinsic disorder of the material is the main obstacle for theoretical description of concrete.
Simplification of the model by reducing the size of the unit cell reduces the number of structural
elements, responsible for the disorder and thus, enforces the order of the structural elements. Our
preliminary studies with generated structures of C-S-H shows that it is not possible to maintain
disordered character of C-S-H, if the number of atoms in the unit cell is less than 250 atoms.
Enlarging the size of the unit cell solves the problems with disordered structures, however, it increases
computational demand for their optimisation.
Here, we are investigating the possibility for the reduction of the sizes of the C-S-H unit cells. Such
reduction is necessary in order to apply quantum chemical methods to the system, to obtain more
reliable and more stable structures.
The important criteria for consistency and compatibility of the structures of C-S-H with the different unit
cell parameters is the distribution of silica chains with a certain size. For example, if the unit cell is
chosen to be too small, the crystal will become too regular and large sized chains will vanish. The
distribution of silicon atoms in previous (larger) model (Kovacevic et al 2016) : 86.9% in dimers,
12.0% in pentamers, and less that 1% in octamers. In the current model the distribution is 85.7%,
14.3% and 0%, respectively. The current (small) model can not reproduce the existence of octamers,
but the distribution of silica dimers and pentamers is similar.
2. MODELS AND METHODS
2.1
Generation of structures for C-S-H and C-A-S-H
Since C-S-H is similar to a mineral known as tobermorite, the tobermorite structure was used as the
template, from which structures of C-S-H and C-A-S-H were generated (Nonan 2014, Richardson
2004).
In order to fit additional calcium and water in C-S-H and C-A-S-H structures, Hamid- based
tobermorite unit cells were expanded along the crystallographic axis, parallel to their layers by 0.9Å .
Water molecules are temporarily removed from the structure, but they will be added later after the
construction of Si and Ca skeleton of C-S-H. Number of calcium atoms in water layer were doubled in
order to account for larger calcium to silicon ratio in C-S-H. There are two different positions of silicon
atoms in C-S-H structure: i) two thirds of silicon atoms are layered around calcium atom sheets
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(yellow tetrahedra in Figure 2 ), ii) every third silicon atom in a silica chain is in a different position
relative to the calcium layer (blue tetrahedra in Figure 2).

Figure 2: C-(A)-S-H structures, created by modification of tobermorite structures by increasing number
of calcium atoms (green spheres) and deleting bridging silica units. Bridging silica units are shown in
blue colour and deleted silica units in transparent red. C-(A)-S-H structure derived from Hamid
tobermorite structure.
C-S-H/C-A-S-H structures were created by randomly removed silicon atoms from bridging positions in
the Bonaccorsi structure. After removal of these atoms, infinite silica chains are broken down into
dimers and pentamers. This is consistent with 29Si NMR of C-S-H (Klur 1998, Brunet et al 2004). In
this procedure 29.2 % of silicon atoms are removed from the initial tobermorite template unit cells.
Oxygen atoms that are left without a bond with a silicon atom are also removed. In order to achieve
desired lower C/S ratio (from 1.6 till 1.2), the number of Ca atoms, added into the structure is reduced.
Oxygen atoms from silica oligomers, that are not in van-der-Waals contact with calcium atoms are
protonated in order to make entire system charge neutral. Water molecules were introduced in
resulted unit cells (to maintain one of three chosen H/S ratios: 1.2, 1.4 and 1.6), by using Packmol
(Martinez et al 2009) software.
In the case of C-A-S-H unit cells, the procedure is identical to described above, however one silicon or
calcium atom is replaced by the aluminium atom. Special care was paid for the position for such
replacement: a) bridging silicon atoms; b) non-bridging silicon atoms; and c) inter-layer calcium atoms.
The procedure of generating the C-S-H and C-A-S-H structures is in accordance with the rules that
were described in our previous publications (Kovacevic 2015, 2016).
2.2. Optimisation of atomistic structures
When a structure is generated by removing and adding atoms, as a result, it suffers from unnatural
cavities. Another drawback of randomly inserted molecules and ions into the unit cell are in their
energetically unfavourable orientation. Thus a scheme for optimising and relaxing is required to
achieve a realistic structure. The aim of this scheme is to combine energy minimisation (EM) and
classical molecular dynamics (MD) to minimise the total energy of the unit-cell with EM and utilise MD
to get out of local minima and overcome potential energy barriers. This scheme consists of 10 steps
and utilises the conjugate gradient algorithm for the EM and MD in the NPT ensemble for the heating
and cooling of the system. The scheme is preformed in the LAMMPS simulation package with the
ReaxFF force field (van Duin. 2003) and the Nose-Hoover thermostat and barostat. The milestones of
the scheme are:
1. EM of the Ca, H2O and OH in the inter-layer
2. MD of the Ca, H2O and OH in the inter-layer with heating up for 2.5 ps
3. EM of the Ca, H2O and OH in the inter-layer
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4. EM of all atoms in the unit cell
5. Low temperature MD of the whole system for 2.5 ps
6. EM of the entire system
7. MD with increasing the temperature to 300K 2.5 ps
8. MD while maintaining 300K 2.5 ps
9. MD decreasing the temperature to 0.1K 12 ps
10. Final EM of the whole system
The procedure described above allows optimisation of weakly or ionically connected parts of C-S-H,
but at the same time preserves the key elements of the original structure, such as length and
connectivity of silica chains. The similar procedure was also used for relaxing C-A-S-H structures. As
the position of Al atom is unknown, several series of C-A-S-H structures, each with different Al position
was relaxed.
The algorithm for construction of C-S-H and C-A-S-H structures contains several, randomly taken,
parameters and thus, for the same chemical composition it produces thousands of structures. Some of
these structures can be eliminated (e.g. based on the energy criteria), but still the set of possible
crystal structures for chosen chemical composition is too large, and it can be only handled by scripts,
which have been developed within this project. Since ReaxFF force field belongs to the class of
reactive force fields, the optimisation procedure, might re-arrange the bonding, and thus it can
influence the quality of the result. Bonding within optimised structures was determined by defining a
bonding cutoff value for every pair of atomic species. Atoms were considered bonded if their
internuclear distance was less than the cutoff value: Si-O 2.0Å, Al-O 2.0Å (in chain)/2.3 Å (otherwise),
Ca-O 3.0Å, H-O 1.2Å.

3. RESULTS
3.1
Repository of structures
All the computed structures have been compiled into a repository that can be accessed online
(http://www.molcas.org/CSH/). In contrary to online database (Kumar et al, 2017), which is focused on
various force field potentials, our repository focus on selected force field, such as ReaxFF, and or
semiempirical Hamiltonians, but instead provides an extensive set of coordinates and outputs from
computations. The repository is divided into a C-S-H and a C-A-S-H part with the latter also divided by
the placement of the Al atom within the structures. Since the C/S and H/S ratios are taken as 1.2, 1.4
and 1.6 there are 9 different chemical compositions for each division. There are about 1000 raw
structures produced for each composition, making the total number of raw starting structures in all the
divisions 72 thousand. Some structures ended up with noticeable chemical defects and were
discarded. The structure files are in XYZ format with direction vectors for a triclinic periodic box
included as comments at the end of the file. The repository also contains the simulation log and input
files as well as the force field parameters which were used for the ReaxFF calculations.
After ReaxFF (and/or PM6) optimization of structures, the total energies are obtained, and so the
structures can be ranked according to these values. A structure with the lowest value for total energy
is not necessarily the best for the description of the crystal structure of C-S-H. It is also important to
know the ’weight’ of this particular structure in the distribution of various structures of C-S-H.
3.2
Variation of C/S and H/S ratio and the effects on the structures
3.2.1

Structure of C-S-H

As discussed in section 3.1 the calculation scheme results in a distribution of unit cell energies. This
distribution for all C/S and H/S ratios can bee seen in Figure 3. One should note here that the Figure
represents the average results and the error-bars.
There is indication that the change in energy is linear with respect ti both: C/S ratio and H/S ratio,
however the definite conclusion can not be made, since the energy differences within the precision of
the ReaxFF force field.
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Figure 3: Energy range for C-S-H between the highest and lowest total unit-cell energy for a given C/S
ratio. The colours represent the different H/S ratios with cyan=1.2 red=1.4 and yellow=1.6.

3.3.2. Crystal structure of C-A-S-H
The amount of aluminium atoms in C-A-S-H structure is lower than the amount of Si and Ca atoms.
Ionic exchange between low-calcium C-S-H and Ca3Al2O6 solution leads to C-A-S-H with Al/Si ratio up
to 0.19 (Pardal et al 2012). That corresponds to the structure in which 1/6 of silicon atoms are
replaced with aluminium atoms. Unfortunately, Al/Si ratio in high-calcium C-A-S-H could not be
determined due to presence of several phases. 29Si and 27Al NMR spectra (Komarneri et al 1985,
Pardal et al 2012, Faucon et al 1998, Sun 2006) indicate that aluminium atom substitutes silicon
atoms, however some samples have shown an indication of aluminium in octeaheral coordination as
substituent of calcium, either in the layer between silica (intra-layer), or in the hydrated layer (interlayer). Atomic modelling can provide insight about coordination of aluminium atoms in C-A-S-H in
terms of energy stability.
Three possible coordination sites are considered: bridging position in silica chains (Figure 5a), nonbridging position in silica chains (Figure 5b) and the position of a calcium atom in hydrated layer (interlayer) (Figure 5c).

a)

b)
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c)
Figure 5: Possible aluminium occupation sites in C-S-H structure. a) Aluminium atom is in silicon
bridging site (model A1); b) Aluminium atom is in silicon non-bridging site (model A2); c) Aluminium
atom is in the place of calcium atom, exposed to water layer (model A3). Tetrahedra with aluminium
atoms in silica chains are shown in light blue.
To determine which position of Al is most favourable, the total unit-cell energies are computed and
compared. Calculations performed using ReaxFF simulations (using the computational protocol,
described in sec. 2.2, and with geometry minimization with PM6 Hamiltonian, using MOPAC code.

Figure 6. Difference between the expectation values for the total unit-cell energies of the A1 and A2
models (left) and A1 and A3 (right) computed with ReaxFF force field. See the text for the explanation.
Figure 6 shows the difference between energies in different models for positions of Al. Negative
values shows the preference for A1 model, where Al atoms are in the bridging positions. The colours
represents different H/S ration: cyan circle =1.2, red star =1.4 and yellow diamond= 1.6.
There is no significant difference between variation of the composition in respect to H/S and C/S ratio.
And model A1 for most of the structures is more favourite energetically in agreement with Reanaudin
et al 2009.
The results, obtained by minimization using PM6 Hamiltonian (see Figure 7), are similar to results
obtained by force field simulations: there is a small energetic preference for model A1.
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Figure 7. Difference between the expectation values for the total unit-cell energies of the A1 and A2
models (left) and A1 and A3 (right) computed with PM6 Hamiltonian. See the text for the explanation
4. Conclusions
A repository with periodic structures representing C-S-H and C-A-S-H is established. The repository
contains all the structure files and simulation logs, enabling one to preform studies with existing
structures. Possible positions of Al atom in C-A-S-H structure were examined. Three possible
positions are considered: substitution of Si atom in bridging position in the silicate chain, Si
substitution in non-bridging position in the silicate chain and Ca atom substitution in inter-layer. The
preference of Al atom in the bridging position is supported by both the energy comparison and the
coordination number analysis.
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ABSTRACT
Current UK policy for the management of hazardous intermediate level waste (ILW) streams involves
encapsulation in cementitious grouts prior to storage and disposal. The grouts are typically blends of
Portland cement (PC) with high volumes of blast furnace slag (BFS), which are subjected to high levels
of ionising radiation exposure throughout service; ILW can comprise materials containing >4 GBq / t
alpha and >12 GBq / t beta/gamma, but the effects of this on the grouts are not well understood.
Experimental investigation of gamma and alpha exposure has been undertaken in order to assess the
extent of damage through atomic displacement within unreacted solids or cement hydrates, and/or
radiolysis of water within the system. These processes may induce alterations in physical properties
(e.g. strength, elastic properties, density) via chemical and microstructural variations. Samples with
varying volume replacements of PC by BFS have been subjected to bulk gamma irradiation up to 20
MGy and then characterised to determine changes in the phase assemblage and microstructure; nondestructive ultrasonic pulse velocity testing was used to identify any radiation-induced discontinuities
and to estimate mechanical properties. As the grouts provide both physical and chemical barriers to
radionuclide migration, leachate testing provides information on how exposure impacts sorption
capacity. This paper outlines the main findings from this experimental programme, and assesses the
impact of radiation damage on the prediction of cementitious wasteform performance.
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1.

INTRODUCTION

Disposal of hazardous intermediate and high level waste (ILW, HLW) via long term isolation in a
geological disposal facility (GDF) is the UK’s favoured strategy for removal of harmful radionuclides from
the surface environment. Conditioning of the estimated 290,000 m 3 ILW (NDA, 2016) prior to disposal
currently involves encapsulation in cementitious grouts composed of Portland cement (PC) with high
volume replacement by supplementary materials such as blast furnace slag (BFS). These grouts have
very different chemical and microstructural characteristics from more calcium-rich plain PC matrices,
and the resulting wasteforms provide physical and chemical barriers that prevent the release of harmful
radionuclides to the environment. However, they can also be subjected to high levels of ionising radiation
exposure throughout their service life (UK ILW can comprise materials containing >4 GBq / t alpha and
>12 GBq / t beta/gamma, but not significantly heat-generating), and the effects of radiation on the
structure and performance of cementitious materials is not well understood.
Although there are similarities in hydrate assemblages for pure PC and blended systems, higher levels
of Al, Mg, and low oxidation states of S within BFS can result in substitution of Ca by Al in C-S-H to
produce C-(A)-S-H, the formation of a Mg-rich hydrotalcite-like phase (Bernal et al., 2014; Lothenbach
et al., 2011) and the contribution of sulfide to the pore solution which can reduce the redox potential
(Glasser, 2011). These chemical and microstructural variations are expected to result in a different
response to radiation.
Radiolysis of water within encapsulation grouts is a primary concern for wasteform performance due to
the high water content of cementitious materials. Radiolysis can lead to the production of reactive
species and increased internal pressure through gas generation, causing cracking that damages
wasteform performance. Increased CaCO3 formation observed in many gamma irradiation studies has
been attributed in part to an increase in O2 from radiolytic decomposition (Bouniol & Aspart, 1998; Vodák
et al., 2005). Although the mechanism by which this occurs is not clear, microcracking has been
observed in several studies and postulated as a mechanism for the CO 2 ingress required for CaCO3
formation (Vodák et al., 2010). Increased ettringite formation has been noted in BFS:PC systems after
gamma exposure, attributed to oxidation of sulfide from the BFS (Richardson et al., 1990). Changes in
microstructure, including the breakdown of hydrate phases, have been observed at higher dose
(Łowińska-Kluge & Piszora, 2008).
Radiolytic dehydration has been linked with compressive strength variations in grouts, and a threshold
exposure limit suggested for the onset of strength reduction; no consensus on this value has been
reached. Conversely, strength increase in irradiated grouts has been reported, linked to the formation
of vaterite on C-S-H (Maruyama et al., 2017). Non-destructive testing techniques have been employed
to further investigate this relationship in this work.
As cementitious wasteforms are intended to form both a physical and chemical barrier to prevent the
release of radionuclides to the environment, the effect of radiation on the sorption capacity of these
materials is of interest (RWM & NDA, 2016). The high alkalinity of the system together with sorption of
radionuclides are key functions that suppress radionuclide solubility, and the radiation induced changes
outlined above may have implications for these properties. Chemical conditioning can be achieved via
sorption/diffusion and co-precipitation mechanisms, with C-S-H providing significant proportion of sites
for sorption of various species (Evans, 2008; Glasser, 2001). Variations in C-S-H composition and
structure as they age have been shown to have little effect on the bulk sorption capacity of cementitious
materials (Baston et al., 2012), however this may be altered due to irradiation effects on the system.
The purpose of this study is to further investigate the effects of gamma irradiation in BFS:PC systems
to improve understanding of wasteform performance.
2.

MATERIALS AND METHODOLOGY

Ground granulated blast furnace slag from Scunthorpe and Ketton CEM I Portland cement were supplied
by Hanson Cements, according to the current UK nuclear industry specifications. The cement paste
formulation (Table 1) was chosen as typical of the range of blends considered for current Sellafield
encapsulation practice. A second batch of grout contained 0.5 wt% CeO 2 powder as a surrogate for
radionuclides such as PuO 2, and these samples were subject to dynamic leaching tests subsequent to
irradiation.
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Table 1. Grout formulations and gamma irradiation summary
BFS:PC

w/cm

Diameter
(mm)

Average
gamma dose
(kGy/hr)

Total dose
(MGy)
7 (±0.002)
14 (±0.15)
20 (±0.17)

35

1.2 (±0.02)

50

3.44:1

0.35

30

15.9
13.4
12.5

3.44:1 + CeO2

0.35

15

23.0

Irradiation
temperature
(°C)

Sample monoliths were cut into sections approximately 25-30 mm in length and wrapped in aluminium
foil to prevent moisture loss. Half the samples were irradiated at the University of Manchester Dalton
Cumbrian Facility (UoM-DCF) using a Foss Therapy Services Model 812 60Co irradiator in noncontinuous batch sessions, and the remaining samples were retained as control samples, which were
exposed to heating conditions similar to those which are experienced inside the irradiator.
Sample monoliths measuring 15 mm x 15 mm were cut for dynamic leaching tests, and the ends of the
cylinders were sealed with epoxy resin to allow only radial diffusion of groundwater. The monoliths were
placed in contact with 50 mL of simulant granitic groundwater (Gascoyne, 2002) in 60 mL Teflon vessels.
Testing was completed in duplicate for monoliths and ‘blanks’ (groundwater without cement monoliths)
at 50°C in a controlled nitrogen environment to represent the post closure conditions within a GDF (RWM
& NDA, 2016). Sampling and replacement of the groundwater was completed at 1, 3, 7, 14, 21, 28 and
35 days in a controlled oxygen and nitrogen environment to exclude CO2. Analysis of the sampled
leachate was performed using a Thermofisher Scientific iCAP Duo6300 Inductively Coupled PlasmaOptical Emission Spectrometer, operating using a gold internal standard and ceramic torch. Samples
were filtered (0.22 μm), diluted and acidified with 20 μL of concentrated HNO3 (99.999% purity) prior to
analysis.
Powder X-ray diffraction (XRD) was conducted using a Bruker D2 Phaser with Cu K (λ = 1.54184 Å)
radiation, operating between 5 ° < 2θ < 50° with a step size of 0.02° 2 and a dwell time of 4 seconds.
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1 TGA 4000. Samples
were heated (without treatment to artificially stop hydration) from 0 – 1000°C at 10 °C/min under a
flowing (40 mL/min) nitrogen atmosphere. Scanning electron microscopy (SEM) analysis was completed
using a Hitachi TM3030 SEM at a 15 kV accelerating voltage and a working distance of 8.5 to 9 mm.
Energy dispersive X-ray spectrometry (EDX) was conducted using a Bruker Quantax 70 detector to
provide elemental maps. Ultrasonic pulse velocity (UPV) testing was completed using Pundit Lab
equipment and 250 kHz transducers in accordance with ASTM C597-16. Solid state 27Al and 29Si magic
angle spinning nuclear magnetic resonance (MAS NMR) spectra were collected on a Bruker AVIIIHD
500 MHz instrument with a 12.5 kHz spinning speed, using 5 and 40 second relaxation delays
respectively.
3.

RESULTS AND DISCUSSION

3.1

Gamma irradiated BFS:PC

The results of the XRD analysis (Figure 1), and also TGA (results not shown), show that the hydrate
assemblage had not varied significantly with gamma irradiation, however a 55% reduction in free water
in the irradiated sample indicates that radiation induced dehydration had occurred. Quantification of the
proportions of Ca(OH)2 and CaCO3 from the TGA indicated a 1.9 wt % increase in CaCO 3 and minor
reduction in Ca(OH)2. The phase assemblage comprised AFm (monosulfoaluminate (Ms),
hemicarboaluminate (Hc), monocarboaluminate(Mc)), hydrotalcite (HT), portlandite (P), C-A-S-H and
CaCO3; calcite (C) is present in both assemblages, with the additional vaterite (V) polymorph present in
the irradiated sample (Figure 1). This is supported by the increase in CaCO3 in the 20 MGy irradiated
sample observed from quantification of the TGA data. Variations in the peak intensities for portlandite,
monocarboaluminate and monosulfoaluminate are present in the irradiated sample XRD pattern, which
may indicate different proportions of phases, and no significant increase in the calcite peak intensities
was observed.
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Figure 1. XRD results for 20 MGy and control samples at 80 weeks of age.
SEM analysis showed textural similarities in the BSE images of the 20 MGy irradiated and control
samples, and EDX mapping enabled identification of unreacted BFS, areas of portlandite and zones of
‘inner’ and ‘outer’ matrix product (Figure 2). Distribution of Al indicated it had been incorporated into the
C-S-H matrix. The matrix texture in the 20 MGy sample appears slightly less dense than in the control,
with more porosity present.

Figure 2. SEM micrographs showing 20 MGy and control sample microstructures. Red area
denotes EDX mapping region in the control sample.
UPV testing showed slower average transit times for 20 MGy samples, indicating an increase in
discontinuities in the bulk matrix (Table 2) This may provide ingress pathways for CO2 to allow the
increased carbonation present in the irradiated samples. The UPV was used to calculate the stiffness
constant (K) and dynamic modulus of elasticity (Ed) using equations (1) and (2):
𝐾 = 𝜌𝑐 2
𝐸𝑑 = 𝜌𝑐 2

(1 + 𝑣)(1 − 2𝑣)
(1 − 𝑣)

(1)
(2)

where c = pulse velocity (m/s), ρ = density (kg/m 3) and 𝑣 = Poisson’s ratio (Nilsen & Aitcin, 1992). The
results are shown in Table 3, and decreases in both K and Ed are observed as the total absorbed gamma

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
dose increases, indicating an increase in the potential capacity for deformation within the material.
Average UPV is reduced with increased total absorbed dose, and no corresponding trend with similar
heating is seen in the control samples, indicating that heating affects are unlikely to be responsible for
the increase in discontinuities observed. Estimation of compressive strength was achieved via
correlation of pulse velocity with destructive compressive strength testing on triplicate 50 mm cubes,
and indicates a strength reduction of 20% in 20 MGy samples (Table 2).
Table 2. Summary of average change in material properties from UPV measurements. Density
of 2000 kg/m3 and Poisson’s ratio of 0.28 were assumed.
Sample

UPV change (%)

Compressive
strength change (%)

K change
(%)

Ed change
(%)

7 MGy

-0.29

-2 (±5)

-0.3

-0.3

14 MGy

-3.39

-17 (±5)

-6.6

-6.7

20 MGy

-4.29

-20 (±5)

-8.4

-8.4

These results indicate that although the effects of gamma exposure are similar to those of heating and
drying, the impact is greater than corresponding exposure to heating/drying cycles. The potential
beneficial effects of carbonation on the mechanical properties of irradiated samples cannot be assessed
from the current testing methodology and presents an avenue for further investigation.
The multinuclear MAS NMR data show distinct changes in the binder nanostructure with irradiation, in
both the 27Al and 29Si spectra (Figures 3-4).

Figure 3. 27Al MAS NMR spectra for irradiated and control (CTRL) grouts.
The 27Al spectra display broad resonances centred at 64 ppm due to the contribution of the BFS fraction
in the Al(IV) coordination state; this peak becomes less defined with increasing gamma dose, suggesting
increased hydration of the BFS phase as these samples were aged. The presence of Al substituted into
C-S-H silicate chains is shown by the presence of the peak centred at 71 ppm. Interlayer charge
balancing Al is observed in the Al(V) coordination region in all samples. Variations in the spectra with
increasing dose can be seen in the Al(VI) coordination environment. Notably, there is no strong
resonance observed at 13 ppm, indicating that ettringite is not present in any of the samples; this
suggests that oxidation of sulfide released from the BFS has not led to later age ettringite formation
(Richardson et al., 1990). The resonances associated with AFm phases and hydrotalcite strongly
overlap, but identification via XRD indicates that they all contribute to this peak at 11.3 ppm. The
shoulder present on the right of this peak represents the third aluminate hydrate (TAH), which becomes
less defined with total gamma exposure; this effect was not noted in the control samples. Anderson et
al. (Andersen et al., 2006) found that the stability of TAH was affected by temperatures >70 °C and the
presence of sulfate ions, which may form ettringite with the Al at the expense of TAH; neither of these
factors provides an appropriate mechanism for the TAH reduction observed here.
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Figure 4. 29Si MAS NMR spectra for irradiated and control grouts.
The 29Si spectra show variations with increasing total gamma dose; peak resonances become more
defined, likely from a decreased contribution of resonance from BFS in the system. Increased definition
of the Q1, Q2 and Q3 sites may also represent a loss of some interlayer water from the C-A-S-H,
producing a more rigid structure. The formation of TAH requires the presence of a C-S-H-type phase;
its proposed structure is a disordered hydrous aluminate that forms as a surface precipitate on the C-SH-type phase (Andersen et al., 2006). Deconvolution of the spectra was completed in order to ascertain
the structural characteristics of the C-A-S-H phase (Figure 5), and the peak positions associated with
the Q species were constrained to within ±0.5 ppm of the values given in Table 3.
Table 3. Site allocations for silicon environments (±0.5 ppm) in 29Si MAS NMR spectra.
Silicon site

Chemical shift (ppm)

Q0

-74.1

Q1(I)

-77.3

Q1(II)

-79.6

Q2(1Al)

-81.2

Q2

-84.3

Q3(1Al)

-88.0

Q3

-96.0

Due to the presence of both monovalent and divalent charge balancing ions, two distinct Q1 species
resonances were allocated to allow for the different field strengths (Bernal et al., 2013; Prentice et al.,
2017). Systematic variations in the proportions of Q species were observed in the irradiated samples;
the Q2:Q1 ratio increased with increasing total dose, and the Q 3(1Al) proportion increased in the
irradiated samples comparative to the control samples.
Table 4. Structural characteristics of C-A-S-H based on deconvolution of 29Si MAS NMR results.
Ca/Si

Al/Si

Mean chain length

Irradiated

Control

Irradiated

Control

Irradiated

Control

7 MGy

1.06

1.07

0.13

0.13

7.20

6.25

14 MGy

1.04

1.07

0.13

0.11

7.75

6.99

20 MGy

1.05

1.09

0.11

0.12

7.05

5.59
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Figure 5. Deconvolution of 29Si MAS NMR spectra for 20 MGy irradiated and control samples.
Estimation of the Ca/Si, Al/Si and mean chain length (MCL) was completed according to the
methodology of Richardson (2014), and results are shown in Table 4. No systematic variation in Ca/Si
or Al/Si ratio was observed between the irradiated samples and the control, or with increasing total
absorbed gamma dose. The MCL was higher in all the irradiated samples, although no distinct trend
with total absorbed dose was observed. The longer MCL can be linked to the increased hydration of the
BFS fraction seen in both 27Al and 29Si spectra, and the observed increase in Q3(1Al) species indicates
that the silicate chains have becoming increasingly cross linked as total absorbed dose increases.
The structural characteristics estimated here are comparable with those found by Prentice et al. for
similar grouts (Prentice et al., 2017). It should be noted that Ca/Si estimations using this method typically
underestimate the values comparative to direct measurements (Richardson, 2014); this is due to the
overlapping nature of resonances for several Q species and anhydrous materials.
3.2

CeO2 doped BFS:PC

The characterisation of the 0.5 wt% CeO2 doped samples shows the same phase assemblage as
identified in section 3.1; the CeO2 does not appear to be react with the cement grout. TGA results are
shown in Figure 6, and similar trends to those identified in section 3.1 between the irradiated and control
samples were observed: a 48% reduction in free water in the irradiated sample and 2.3 wt% increase in
CaCO3. The gamma irradiated sample showed increased weight loss from hydrate decomposition
between 100 - 450°C with a significant peak at 370°C representative of brucite, and an overall weight
loss increase of 0.5 wt.% is observed in the sample indicating a potential increase in the proportion of
hydrates present, which may be due to increased reaction driven by radiolytically formed radicals
(Maruyama et al., 2017). Hydration was stopped in the leached sample, and so the initial weight loss
below 80°C does not represent the total free water in the sample, but likely indicates an increase in
hydration forming more C-A-S-H together with more water retention in small pores that were not
removed via solvent exchange (Lothenbach et al., 2016). Exposure to groundwater reduced the weight
loss associated with brucite, and also increased the carbonate content with non-calcite polymorphs of
CaCO3 identified between 600 – 700°C (Collier, 2016).
XRD results (Figure 7) show little variation between the control and irradiated samples, with reflections
corresponding with CeO2 present in both indicating that it has not reacted. Post leaching, the CeO2 was
still present in the grout, and a small reflection at 9.1°2θ was observed indicative of ettringite formation;
this was not present in the leached control sample (results not shown). The reflections associated with
calcite in the control sample have more intense and defined peaks signifying an increase in the
crystallinity proportion, but the gamma irradiated samples also have the vaterite polymorph of CaCO3
present, indicating different carbonation drivers in the samples. The reflections associated with the
hydrotalcite-like phase increase in intensity in the leached sample, and this may be due to increased
hydration of the BFS/PC and uptake of Mg from the groundwater.
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Figure 6. TGA results for 1.2 MGy irradiated samples pre- and post leaching and control preleaching.

Figure 7. XRD results for 1.2MGy irradiated samples pre- and post leaching and control preleaching.
Analysis of the leachate solutions using ICP-OES (Figure 9) showed initial rapid uptake of Mg from the
groundwater (Figure 9D); this is a product of the initial high pH of the system causing precipitation of
Mg-rich phases at the interface (Snellings et al., 2014). The pH in all the samples is buffered to higher
values than observed in the blanks (Figure 9A), however it is noteworthy that the gamma irradiated
samples display lower mean pH values at all sampling points.
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Figure 8. A) pH measurements of leachate and blank groundwater solution and B), C), D) ICPOES results for Ca, S and Mg respectively from 1.2 MGy irradiated and control samples. All
ICP-OES results have had blank groundwater concentrations subtracted.
The pH is initially buffered by leaching of alkali hydroxides and dissolution of Ca(OH)2 (NDA, 2010).
Despite the overall drop in the pH of the leachate over time, Ca(OH)2 is observed to persist in all the
systems, which might indicate that leaching was limited to the outer zone of the samples. The lower
observed pH in the irradiated samples may be due to several factors, such as the initial quantity of
Ca(OH)2 decomposing being lower due to an increase in surface carbonation, or reduced alkali
concentration in the pore solution (NDA, 2010). The increase in MCL and Q3(1Al) sites in the irradiated
samples (section 3.1) may provide a mechanism for the increased sorption of alkali elements
comparative to the controls (Hong & Glasser, 2002). As the difference in pH remains fairly stable
throughout the testing, the variation may be a residual effect from initial decalcification. The
concentration of S taken up from the solution is small, but does support the ettringite formation observed
by XRD. The limited uptake may indicate that ettringite is formed heterogeneously in the bulk, perhaps
as part of a texturally distinct rim resulting from either initial decalcification or a barrier-type feature of
Mg-rich phases; future SEM-EDX analysis will provide further data to clarify this. The concentration of
Ce in all the leachate solutions was below the limit of detection.
4.

CONCLUSION

Analysis of gamma irradiated BFS:PC grouts was been completed to improve understanding of
wasteform performance. Progressive radiolytic dehydration and minor phase assemblage variations
were observed with increased total absorbed dose; variations in portlandite, monosulfoaluminate and
monocarbonate content, together with an increase in calcium carbonates was identified. Microstructural
analysis via SEM showed that the microstructure of the irradiated samples was less dense with
increased visible pores/voids, and this was in agreement with UPV analysis that suggested an increase
in discontinuities present within the bulk. The fall in UPV also indicated a reduction in the estimated
physical properties including compressive strength, stiffness constant (K) and dynamic modulus of
elasticity (Ed). Although the effects are similar to those of heating and drying, they are more pronounced
than in corresponding exposure to heating/drying cycles; however, it is considered that the grouts
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display good bulk physio-chemical stability as encapsulation materials. Further to this, potential
beneficial effects of carbonation on the mechanical properties of irradiated samples presents an avenue
for further investigation
Changes in the structural characteristics of C-A-S-H were observed in the irradiated samples via MASNMR analysis. The irradiated samples had increased MCL, likely a result of increased hydration within
the samples; the increased proportion of cross linking of the silicate chains is also likely a product of
this. A progressive reduction in the TAH resonance with increasing total absorbed dose was observed,
however the mechanism responsible for this is unknown. TAH stability can be affected by pH variations
and interactions with CO32- which given the slight increase in carbonates and the presence of the vaterite
CaCO3 polymorph in the 20 MGy irradiated samples presents viable mechanisms for future
investigation. As TAH forms on the surface of the C-A-S-H, the decrease in TAH may impact the physiochemical characteristics of C-A-S-H by increasing the available surface area and sorption capacity.
Characterisation of irradiated CeO2 doped samples indicated similar trends to those observed for the
non-CeO2 containing samples. The CeO2 was incorporated into the matrix and did not react extensively.
Results from the irradiated sample indicate a higher proportion of hydrates were formed; and this is
considered to be a product of increased hydration driven by radiolytically formed radicals. Dynamic
leaching testing was completed, after which the carbonate content of the system shifted from a calcite
dominant assemblage to an aragonite/vaterite system. Ettringite formation was noted in the irradiated
sample after leaching together with an increase in hydrotalcite peak intensities, and this may be due to
increased hydration of the BFS/PC and uptake of Mg and S from the groundwater. Systematically lower
pH readings were obtained from the leachate of the irradiated samples, suggesting a reduction in the
buffering capacity of Ca(OH)2 or soluble alkalis. This may be due to leaching being limited to a surface
zone, but further investigation is required to establish the cause of this variation.
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ABSTRACT
The use of fly ash to improve concrete performance has increased around the world in recent
decades. Considerable researches pointed out that cement hydration was retarded by pozzolanic
reaction of fly ash. However, current information is insufficient to understand the retarded behaviour
and to model its effect in cement systems. In this study, two series of fly ash blended-cement were
prepared under sealed curing conditions at 20 °C and 60 °C, respectively. The hydration process was
further determined by X-ray diffraction coupled with Rietveld refinement analysis. Experiment result
shows that the pozzolanic reaction suppresses the cement hydration, especially on belite at hightemperature curing. The reason is believed because of variations of C-S-H morphology in blendedcement paste. A modified hydration model considering C-S-H gel morphology effect is therefore
proposed to predict the cement hydration of blended-cement paste. The model was finally validated by
the experimental results.
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1.

INTRODUCTIONS

Fly ash is a kind of cementitious residue from fire power plants. It has significant potential to improve
the performance of concrete in many aspects (Thomas 2007; Mehta et al. 2005). However, considerable
researches pointed out that, besides filler and dilute effect, pozzolanic reactions of fly ash may suppress
cement hydration. Sakai et al. (2005) found that although cement hydration was promoted by filler and
dilute effect of fly ash at early age, the hydration process was retarded by fly ash at later age. Similar
results are also observed by Sagawa et al (2006) in slag blended-cement paste. Recently, Kawabata et
al. (2015) further found that the retarded effect on belite hydration was more significantly at high
temperature curing. However, it is interesting to find that the belite hydration was promoted in Class C
fly ash blended-cement paste (Durdziński et al. 2015). Therefore, the cement hydrations were studied
in this paper by preparing blended-cement pastes with low-heat cement under sealed curing conditions
at 20 °C and 60 °C, respectively. Experiment results show that the cement hydration is retarded by
pozzolanic reaction of fly ash because of variations of C-S-H gel morphology. A modified hydration
model considering C-S-H gel morphology variances was proposed to predict the cement hydrations of
fly ash blended-cement paste at various temperatures. The model was finally validated by the
experimental results.
2.

EXPERIMENTAL PROCEDURES

2.1

Material properties

Low heat cement (LPC) and two different types of low-calcium (Class F) fly ashes were used in this
experiment. Table 1 lists material properties of of fly ash and cement, including bulk chemical
composition, density, specific surface area (SSA) and mineralogical phase composition.
Table 1. Material properties of cement and fly ash
Density
(g/cm3)

SSA
(cm2/g)

SiO2
(%)

Al2O3
(%)

CaO
(%)

C2S
(%)

C3S
(%)

Mullite
(%)

Quartz
(%)

Glass
(%)

LPC

3.240

3750

–

–

–

62.53

26.33

––

––

––

FA-a

2.283

7802

64.10

20.23

2.19

––

––

10.92

7.21

81.15

FA-b

2.339

5380

63.78

19.78

4.65

––

––

14.18

10.28

74.09

2.2

Blended-cement paste tests

Two series of fly ash cement pastes with the water to cementitious materials ratio of 0.4 and the fly ash
replacement ratio by mass of 0.3 were prepared for sealed curing at 20 °C and 60 °C, respectively. To
ensure the consistency of pastes, fly ashes and cement were first blended using a paint mixer for 1 min
at 200 rpm and then mixed with water in a laboratory mixer for 2 min at 1600 rpm. The pastes were
cured at 20 °C and 60 °C in polypropylene petri dishes (40 × 13 mm) until testing after 7, 14, 28, 56, 91
and 182 days. At the designated times, samples were unmolded from the petri dishes and immersed in
isopropanol to stop hydration by solvent exchange. The samples were then stored in a desiccator with
silica gel beads and dried under vacuum for another 7 days to completely evacuate the isopropanol.
The cement paste was manually grounded into powders and then passed through a sieved of 0.1 mm
for further tests.
The hydration degrees of cement clinkers were determined by X-ray diffraction (XRD) coupled with
Rietveld refinement analysis. The cement paste powder was mixed with 10 mass % corundum as
internal standard material. The XRD was subsequently conducted by X-ray diffractometer of Shimadzu
XRD 6100 under these conditions: Cu-Kα X-ray source, 40 kv tube voltage, 30 mA tube current, 2θ = 5
~ 70° scanning range, 0.02° step width and 2 second step measurement speed. Rietveld analysis was
carried out after measurement by commercial software Siroquant version 3.
The thermogravimetric analysis (TGA) was conducted using a TGA analyser of Thermo plus EVO2
Rigaku. Tested sample was first degassing for 1 hour at 30 °C under a N2 flow of 50 mL/min to evacuate
the remained isopropanol and physically absorbed water. After that, heating from 30 to 1000 °C at a
heating rate of 15 °C/min was carried out under a protective 50 mL/min N2 protective gas flow to
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minimize sample carbonation. The calcium hydroxide (CH) content was determined by a modified
tangential method proposed by Wang (2017), which considers both effects of decomposition of C-S-H
gel and carbonation during sample preparations. More details can be found from Wang (2017). The
pozzolanic reaction degree of fly ash was determined by the selective dissolution method with EDTA
(Wang & Ishida, 2019).
3.
3.1

EXPERIMENTAL RESULTS
Fly ash reaction degree and calcium hydroxide content

Figure 1 shows the reaction degrees of FA-a and FA-b. It can be seen that the reactivity of FA-a is
higher than FA-b, which is probably because of variations of SSA and glass crystallinity. More detailed
discussion can be found from reference Wang & Ishida (2019). The variations of reactivity can be further
confirmed by TGA results. Figure 2 shows the calcium hydroxide contents of FA-b cement paste are
both higher than FA-a at 20 °C and 60 °C, respectively.

Figure 1. Fly ash reaction degree of cement pastes

Figure 2. calcium hydroxide content of cement pastes
3.2

Hydration degrees of cement clinkers

Figure 3 and Figure 4 show the hydration degrees of cement clinkers at 20 °C and 60 °C, respectively.
The low-heat cement paste has similar alite hydration degrees of fly ash blended-cement paste at 20
°C (Figure 3 (a)). However, at high temperature of 60 °C, the alite hydration degrees of fly ash blendedcement paste is lower than low-heat cement paste. This phenomenon is more clearly observed on belite.
The belite hydration degrees of fly ash blended-cement pastes are higher than low heat cement pastes
at 20 °C due to the filler effect and dilution effect. However, the results show an inverse trend at 60 °C,
where the belite hydration degrees of fly ash cement paste are lower than low-heat cement paste. These
results coincident with previous research that pozzolanic reaction of fly ash retards the hydration of
cement paste. The mechanism will be discussed in next section.
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Figure 3. Alite hydration degree of cement pastes

Figure 4. Belite hydration degree of cement pastes
4.

INTERACTION BETWEEN POZZOLANIC REACTION AND HYDRATION

Experiment results show that the cement hydration is promoted by fly ash at 20 °C but retarded at 60
°C. Such phenomena are believed as the result of the competition between filler effect and dilute effect
and the C-S-H gel morphology effect induced by consumption of calcium hydroxide. This section is going
to study the mechanism of the interaction between cement clinkers and fly ash at length.
4.1

C-S-H gel morphology effect

It is well known that the hydration rate of cement clinkers significantly decreases at later age because
C-S-H gel grows on the surface of anhydrous cement grains and builds a diffusion barrier between
cement grains and pore solutions. Garrault & Nonat (2001) studied the effect of C-S-H gel morphology
on cement hydration processes by investigating the hydration rate of synthetized tricalcium and
dicalcium silicate (i.e. synthetized C3S and C2S) in prepared solutions with different calcium hydroxide
concentrations. Although the calcium hydroxide suppressed the dissolution of synthetized cements at
early age, it is interesting to find that the hydration rate of synthetized cements increased as calcium
hydroxide concentration increased at later age, as shown in Figure 5 (Garrault et al. 2005).
The reason is that morphology of C-S-H gel precipitated on the surface of anhydrous synthetized grains
varies with calcium hydroxide concentrations. Figure 6 showed the C-S-H gel tends to growth parallel
to the surface of anhydrous cement grains at low calcium hydroxide content but perpendicular to the
surface at high calcium hydroxide content (Garrault & Nonat 2001). Plassard et al. (2005) pointed out
the varication of morphology of C-S-H gel was induced by the complicate interaction of C-S-H gel in
nano-scale. They measured the nano-interaction between C-S-H gel by atomic force microscope in
different solutions. Experiment result (Figure 7 (a)) showed that the interaction is purely repulsive at
lowest calcium hydroxide concentration of 3.15 mmol/L and attraction-repulsion interactions appeared
when the calcium hydroxide concentration was over than 3.15 mmol/L. In the highest calcium hydroxide
concentration of 19.10 mmol/L, the nano-interaction become purely attractive (Plassard et al. 2005).
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The maximum adhesion force increases as the concentration of calcium hydroxide concertation
increases (Figure 7 (b)). This such variation is because the nano-interaction is a resultant force of born
repulsion, van der Walls attraction, electrostatic repulsion and DLVO potential (Loannidou 2014).

Figure 5. Hydration processes of synthetized cements in different CH concentrations.
Reproduced from Garrault et al. (2001).
(a) High pH

(b) Low pH

Figure 6. Hydration processes of synthetized cements in different CH concentrations.
Reproduced from Garrault et al. (2005).

Figure 7. Hydration processes of synthetized cements in different CH concentrations.
Reproduced from Plassard et al. (2005)
4.2

Hypothesis for interaction between pozzolanic reaction of fly ash and cement hydration

Based on previous discussion, the influence of fly ash on cement hydration is believed as the result of
the competition between filler effect and dilute effect and the morphology effect. The cement hydration
in blended-cement paste is first promoted by fly ash due to the dilute effect (i.e. water-cement ratio
increases under same water-binder ratio) and filler effect (i.e. fly ash particles provide additional
precipitate sites for hydration products). As the calcium hydroxide is continuously consumed by fly ash,
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the pH and calcium concentration of pore solution decreases and C-S-H gel then prefers to growth
parallel to the surface of anhydrous cement grains and cover more densely, which finally results in a
slower hydration rate of inner cement grains. Therefore, whether cement hydration is accelerated or
retarded, it depends on which effect is dominated in the hydration kinetics.
With this hypothesis, we could more reasonably explain the experiment results of Figure 3 and Figure
4. At high temperature curing, the fly ash reaction is significant promoted and calcium hydroxide is
consumed much from the beginning. It results in a dense cover of C-S-H over the surface of anhydrous
cement grains at the beginning. Therefore, the retarded effect induced by C-S-H gel is dominated and
the hydration of cement clinkers decelerates at high temperature. At normal temperature, the reaction
rate of fly ash is much slower and calcium hydroxide is abundant. The morphology of C-S-H gel on the
surface of anhydrous cement grains is consequently loose and the filler and dilute effect of fly ash is
dominated. Therefore, the hydration rate is accelerated at normal temperature. Because the reactivity
of alite is significantly higher than belite, the retarded effect induced by fly ash is less significant.
5.
5.1

MODELLING INTERACTION BETWEEN POZZOLANIC REACTION AND HYDRATION
Original cement hydration model

At the Concrete Lab of the University of Tokyo, a computational system called DuCOM, which couples
thermo–hygro–physical information of cementitious composites with a multi-scale constitutive model,
has been developed by Maekawa et al (2008). The cement hydration and pozzolanic reaction in DuCOM
are simulated with the multicomponent heat generation model. In this model, the total heat-generation
rate of the cementitious components Hc, including alite (C3S), belite (C2S), aluminate (C3A), ferrite
(C4AF), supplementary cementitious materials (SCMs, including fly ash, slag etc.), are determined (1):
𝐻𝑐 = ∑ 𝑃𝑖 𝐻𝑖
= 𝑃𝐶3 𝐴 (𝐻𝐶3 𝐴𝐸𝑇 + 𝐻𝐶3𝐴 ) + 𝑃𝐶4𝐴𝐹 (𝐻𝐶4 𝐴𝐹𝐸𝑇 + 𝐻𝐶4𝐴𝐹 ) + 𝑃𝐶3 𝑆 𝐻𝐶3 𝑆 + 𝑃𝐶2 𝑆 𝐻𝐶2 𝑆 + 𝑃𝑆𝐶𝑀𝑠 𝐻𝑆𝐶𝑀𝑠 … …

(1)

where Hi is the heat-generation rate of cement components i per unit mass (J/g), pi is the mass fraction
ratio of cement components i and 𝐻𝐶3 𝐴𝐸𝑇 and 𝐻𝐶4 𝐴𝐹𝐸𝑇 are the heat-generation rates of ettringite
produced from aluminate (C3A) and ferrite (C4AF) (J/g), respectively.
In cement hydration model, the heat-generation rate Hi was expressed by an exothermic equation with
considering mutual interactions as follows:
𝐻𝑖 = 𝛾𝑖 𝛽𝑖 𝜇𝑖 𝐻𝑖,𝑇0 (𝑄𝑖 , 𝑟𝑖 )𝑒𝑥𝑝[−𝑍𝑖 (1⁄𝑇 − 1⁄𝑇0 )]

(2)

where Qi is the accumulated heat released from hydrated cement components i; Zi is the thermal active
energy of cement components i ; 𝑇0 is the referenced temperature of 20 °C; T is the environment
temperature of concrete element; 𝛾𝑖 is a coefficient considering delaying effect of chemical admixture;
𝛽𝑖 is a coefficient considering delaying effect due to lack of free water; 𝑟𝑖 is a coefficient considering the
filler effect of supplementary cementitious materials; and 𝜇𝑖 is a coefficient considering considering
interactions of alite and belite. According to (2), the hydration degree of cement component i at the time
of interest t can be determined by (3):
𝑡

𝑡𝑖 = ∫0 𝐻𝑖 /𝑑𝑡⁄𝑄𝑖,∞ = 𝑄𝑖 ⁄𝑄𝑖,∞

(3)

where 𝑄𝑖,∞ is the total heat of component i (alite and belite are assumed to be 120 J/g and 62 J/g in the
current model).
Free water is essential for continuous hydration and provides available space for the precipitation of the
hydrated product. As the free water is continuously consumed by various reactions, the hydration rate
of cement gradually slows down. The hydration reduction factor 𝛽𝑖 of cement component i due to the
insufficiency of free water 𝑤𝑓𝑟𝑒𝑒 was determined the thickness of hydrated layer 𝜂𝑖 on cement grains as
follows:
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2.5

𝛽𝑖 = 1 − 𝑒𝑥𝑝 {−2.0 [(𝑤𝑓𝑟𝑒𝑒 ⁄100 𝜂𝑖 )/√𝑆𝑆𝐴𝑁
𝐶𝐸,𝑖 ]
𝜂𝑖 = 1.0 − (1.0 − 𝑄𝑖 ⁄𝑄𝑖,∞ )

1⁄3

}

(4)

(5)

where 𝑆𝑆𝐴𝑁
𝐶𝐸,𝑖 is the normalized specific surface area of cement components i. Under sealed condition,
the free water 𝑤𝑓𝑟𝑒𝑒 can be determined by
𝑤𝑓𝑟𝑒𝑒 = (𝑊𝐼𝑛𝑖𝑡𝑖𝑎𝑙 − ∑ 𝑊𝑖 )⁄𝐶

(6)

where 𝑊𝐼𝑛𝑖𝑡𝑖𝑎𝑙 is the initial water mass amount; and 𝑊𝑖 is the mass amount of water consumed by
various components in the cementitious binder and C is the unit mass of cement in the paste. More
details can be found from Maekawa et al. (2008).
Recently, a two-phase reaction model, silicate glass and Al-silicate glass, was proposed to simulate the
temperature-dependent reaction of fly ash in cement systems. Numerical analysis results showed that
this two-phase reaction model could predict the temperature-dependent reaction of fly ash. More details
can be found from Wang & Ishida (2019).

Figure 8. Comparison between current model predictions and cement hydration degrees at 20
°C

Figure 9. Comparison between current model predictions and cement hydration degrees at 60
°C
Coupling with two-phase reaction model, Figure 8 and Figure 9 compare the predictions of current
cement hydration model with experimental results. It can be seen that current model captures the
general extent of alite and belite hydration degrees and filler effect of fly ash at normal temperature.
However, at high temperature, current model fails to capture the retarded hydration induced by fly ash
because it did not take the effect of C-S-H gel morphology into account.
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5.2

Modified cement hydration model

As disused before, the morphology of C-S-H gel varied with calcium hydroxide contents. The C-S-H gel
prefers to growth parallel to the surface of anhydrous cement grains at low calcium hydroxide content
but to perpendicularly at high calcium hydroxide content. Therefore, the calcium hydroxide content of fly
ash blended-cement paste seems a good index to describe the morphology effect. Considering the
solubility of calcium hydroxide decreases as temperature increases (Fu 2006), the temperaturedependent effect is also taken into account. Because the extent of cement hydration degrees can be
properly simulated at room temperature of 20 °C (see Figure 8) in current model, the calcium hydroxide
content of the cement matrix at 20 °C is used a reference value to describe the morphology effect. At
last, a C-S-H morphology parameter 𝜒𝑚𝑜𝑟 is tentatively proposed to modify the hydrated layer thickness
model 𝛽𝑖 (i.e. (4)) as follows:
2.5

𝛽𝑖 = {1 − 𝑒𝑥𝑝 {−2.0 [(𝑤𝑓𝑟𝑒𝑒 ⁄100 𝜂𝑖 )/√𝑆𝑆𝐴𝑁
𝐶𝐸,𝑖 ] }} 𝜒𝑚𝑜𝑟

(7)

𝜒𝑚𝑜𝑟 = 𝑒𝑥𝑝[−4.0(𝜂𝐶𝐻 )6.0 ]

(8)

𝐶𝐻
𝜂𝐶𝐻 = 1.0 − (𝑅𝑝𝑎𝑠𝑡𝑒
)

𝑇 ⁄15

𝑟𝑒𝑓

(9)

𝐶𝐻
𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝑅𝑝𝑎𝑠𝑡𝑒
= 𝐶𝐻𝑝𝑎𝑠𝑡𝑒
⁄𝐶𝐻𝑝𝑎𝑠𝑡𝑒

(10)

𝐶𝐻𝑝𝑎𝑠𝑡𝑒 = (𝛼𝐶3 𝑆 × 𝑃𝐶3 𝑆 × 𝐶𝐻𝐶20°𝐶
+ 𝛼𝐶2 𝑆 × 𝑃𝐶2 𝑆 × 𝐶𝐻𝐶20°𝐶
) × 𝑃𝐶𝐸
3𝑆
2𝑆

(11)

𝑟𝑒𝑓

where 𝜂𝐶𝐻 is a temperature-dependent factor to describe the influence of calcium hydroxide content on
𝐶𝐻
C-S-H gel morphology; T is the temperature of concrete element; and 𝑅𝑝𝑎𝑠𝑡𝑒
is the relative ratio of
calcium hydroxide content, which compares the calcium hydroxide content in current cement paste
𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝐶𝐻𝑝𝑎𝑠𝑡𝑒
to the calcium hydroxide content of referenced cement matrix under same hydration degrees
𝑟𝑒𝑓
at 20 °C, i.e. 𝐶𝐻𝑝𝑎𝑠𝑡𝑒 ; 𝑃𝐶𝐸 is the mass fraction of cement in blended-cement paste. The relationship
𝐶𝐻
between C-S-H gel morphology factor 𝜒𝑚𝑜𝑟 and relative ratio of calcium hydroxide content 𝑅𝑝𝑎𝑠𝑡𝑒
at
different temperatures were shown in Figure 10.

Figure 10. Relationship between 𝝌𝒎𝒐𝒓 and 𝑹𝑪𝑯
𝒑𝒂𝒔𝒕𝒆
5.3

Verification on modified cement hydration model

Figure 11 and Figure 12 show the comparisons between predictions of modified model and experiment
results on fly ash reaction degrees and calcium hydroxide contents, respectively. It can be seen that the
modified model provides satisfactory agreements with experimental results. Therefore, we could further
verify the modified factor parameter 𝜒𝑚𝑜𝑟 on cement hydration based on these results.
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Figure 13 shows the comparison of hydration between predictions of modified model and experiment
results at 20 °C. It can be seen that modified model gives similar results with original model at normal
temperature. Figure 14 shows the analysis results at 60 °C. Because calcium hydroxide contents were
quickly consumed at the beginning, the hydration processes were also retarded at the beginning. The
modified model gives a satisfactory result on belite hydration process at 60 °C.

Figure 11. Comparison of fly ash reaction degrees between modified model and test results

Figure 12. Comparison of fly ash reaction degrees between modified model and test results

Figure 13. Comparison of hydration degrees between modified model and test results at 20 °C
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Figure 14. Comparison of hydration degrees between modified model and test results at 60 °C
6.

SUMMARY AND CONCLUSIONS

This paper studied the retarded effect of pozzolanic reaction of fly ash on cement hydration in fly ash
blended-cement paste. This retarded effect because C-S-H gel prefers to parallelly grow on surface of
anhydrous cement grains at low-calcium hydroxide conditions. The water transport between anhydrous
cement grains and pore solutions become more difficult at later age in fly ash blended-cement paste
because the pozzolanic reaction of fly ash consumes the calcium hydroxide content. Therefore, this
paper proposed a C-S-H gel morphology model based on calcium hydroxide content to simulate the
hydration process in blended-cement paste. Numerical result shows that this model can predict the
hydration process both at normal temperature and high temperature.
However, this paper still has serval limitations. First, the C-S-H gel morphology effect on cement
hydration should be more intensively investigated in broader types of cement and various curing
conditions. Second, this paper discussed the nano-mechanism on variations of C-S-H gel morphology.
Direct observation on variations of C-S-H gel morphology should be conducted to further confirm this
hypothesis. Third, the modified hydration model should be further verified in a broader range of
experiments.
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ABSTRACT
Concrete structural components are exposed to numerous substances which can reduce service life
and result in high costs for restoration or replacement. Dissolution and precipitation processes due to
changes in the phase composition of the hardened binder lead to changes in the microstructure. Here
the properties of the strength-giving C-S-H phases are of primary importance regarding concrete
durability.
The current trend towards higher proportions of aluminium-rich supplementary cementitious materials
(SCM), such as fly ash, ground granulated blast-furnace slag and metakaolin, is environmentally
beneficial because less CO2 is released by concrete production as a whole. However, this results in an
increased aluminium content of the binder and thus in the C-A-S-H phases compared to concrete made
with pure Portland cement. Changes in the nanostructure and chemical composition of the C-A-S-H
phases due to the reaction of aluminium with deicing salt and/or the incorporation of alkalis into the CA-S-H nanostructure modifies the phase composition of concrete and consequently its chemical
resistance.
New findings are presented on changes in the C-A-S-H nanostructure and the stability of aluminium
based on the results of storage tests with NaCl solutions.
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1.

INTRODUCTION

De-icing agents are used in winter to prevent ice forming on roads. If alkali salts are used, alkalis can
penetrate into concrete structural components, thus increasing the risk of a damaging alkali-silica
reaction (ASR) or even accelerating it (Chatterji et al. 1986; Nixon et al. 1988; Bérubé & Frenette
1994; Dressler 2013; Kawamura et al. 1994; Larbi & Hudec 1990; Katayama et al. 2004). ASR is a
chemical reaction between reactive, silicon-containing constituents of the aggregate with alkali
hydroxides dissolved in the pore solution of concrete. A product of this reaction is an alkali silica gel
which swells on water uptake (Sims & Brown 1998). The swelling pressure can lead to expansion
stresses and ultimately cracks in concrete components (Locher 2000; Wigum et al. 2006; Dressler
2013; Bokern 2008). In addition to alkalis, chloride ions are also introduced into concrete if NaCl is
used as a de-icing agent. This can increase considerably the risk of steel corrosion in reinforced
concrete.
Both alkalis and chlorides can be bound in the strength-giving C-S-H phases which are the main
constituents of hardened ordinary Portland cement. Consequently, alkali and chloride binding in C-S-H
plays an important role in terms of the durability of concrete components. Concrete made with cement
containing aluminium-rich supplementary cementitious materials contains C-A-S-H phases with a
higher Al/Si ratio rather than just C-S-H from Portland cement. Some studies report an increased alkali
binding in C-A-S-H with higher aluminium content (Hong & Glasser 2002; Yang et al. 2009). Hong and
Glasser explain this by the adsorption of alkalis in order to compensate of the negative net charge due
to the substitution of silicon by aluminium in the tetrahedral sites in C-A-S-H.
The present study focuses mainly on the changes in the C-A-S-H nanostructure upon exposure to
NaCl. Special attention is paid to the role of aluminium in C-A-S-H with respect to alkali binding and its
availability as a reaction partner. Synthetic C-A-S-H phases were stored in NaCl solutions and the
reaction products investigated. C-K-A-S-H phases synthesised in KOH solutions were also
considered.
2.

MATERIALS AND METHODS

The chemical composition of solid and liquid samples was measured with an ICP-OES mass
spectrometer Jobin Yvon Ultima, Horiba. The mineralogical composition of powdered samples was
determined using an X-ray powder diffractometer Seifert XRD TT 3003, GE Sensing. The
measurements were performed in a 2θ range of 5 - 70° with a step size of 0.02° and a measurement
time of 6s/step. NMR spectra for 29Si and 27Al were recorded with a Bruker Avance 300 spectrometer
(magnetic field strength 7.0455 T) operating in MAS mode (Magic Angle Spinning) using the single
pulse technique. Zirconia rotors were used. Table 1 summarizes the measurement conditions.
Table 1. Settings used for NMR measurements
Rotor
diameter

Resonance
frequency

Rotation
speed

Repetition
time

[mm]

[MHz]

[kHz]

[s]

29Si

7

59.63

5

27Al

4

78.21

15

Type

Number
of scans

Shifts
relative to

45

>5000

Si(CH3)4

0.5

3000

[Al(H2O)6]3+

The C-(K)-(A)-S-H samples (brackets denote with and without) for the storage experiments were
synthesized as described in (Irbe et al. 2019). Table 2 summarizes the chemical composition of the
samples with respect to the dry solid weight. The pH of the equilibrium solutions is also presented.
Table 2. Chemical composition of the initial C-(K)-(A)-S-H samples
Samples
References

pH

Ca

Al

Si
mmol/g

K

Al/Si

Ca/Si

K/Si
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C1 (C-A-S-H)

11.8

6.81

0.34

7.39

--

0.05

0.92

--

C2 (C-K-A-S-H)

12.7

6.74

0.33

6.96

0.96

0.05

0.97

0.14

C3 (C-A-S-H)

11.6

6.62

0.66

7.2

--

0.09

0.92

--

C4 (C-K-A-S-H)

12.8

6.57

0.62

6.44

1.49

0.1

1.02

0.23

C5 (C-S-H)

11.8

7.33

--

7.65

--

--

0.96

--

C6 (C-K-S-H)

12.8

6.42

--

6.71

1.34

--

0.96

0.2

The storage experiments were divided into two series: without (Series 1) and with (Series 2)
portlandite addition to the NaCl storage solutions, Table 3. Portlandite was added in order to avoid the
decalcification of C-A-S-H and simulate the chemical conditions inside concrete. Series 1 focussed on
alkali binding and release in C-(K)-A-S-H on exposure to dissolved NaCl. In Series 2, particular
attention was paid to the availability of structural aluminium in C-A-S-H for the formation of Friedel's
salt on contact of the samples with the de-icing salt.
The initial C-(K)-(A)-S-H samples were added to the solutions at a solid/solution ratio of 45 to 1 by
weight and the suspensions stirred for a period of 7 days using a magnetic agitator. The suspensions
were then placed in a glove box filled with argon where they were filtered in a Büchner funnel. The
residuals were rinsed with methanol in order to remove any excess NaCl.
Table 3. Samples used in test series and the composition of the storage solutions
Samples

Portlandite addition

NaCl concentration [wt.%]

Series 1

C1-C6

--

1.5%

Series 2

C3, C4

90 mmol/L

3% and 10%

3.
3.1

RESULTS AND DISCUSSION
Series 1, without portlandite addition

According to the results of analogous experiments with Na2SO4 solutions in (Irbe et al. 2019), no
formation of additional phases and thus no effect of them on alkali binding in C-(K)-(A)-S-H were
expected in this series.
The chemical composition of the filtrates and the corresponding element ratios in the solid products
after storage in the 1.5% NaCl solution are shown in the Table 4. Sodium was incorporated in all solids
in different proportions which certainly indicates a general reduction of ASR risk in concrete due to
alkali binding in the C-(K)-(A)-H phases. However, there is no clear evidence for a higher alkali-binding
capacity in C-A-S-H with increasing Al/Si ratio, as was reported by (Hong & Glasser 2002; Yang et al.
2009), Figure 1a. Thus the experimental data reveal a negligible role of structural aluminium in C-A-SH with respect to alkali binding which is rather in keeping with the findings of (L'Hôpital et al. 2016b;
Chappex & Scrivener 2012).
Table 4. Chemical composition of storage solutions and solids in Series 1
Filtrates
Samples

Ca

Si

Al

Solid products
Na

K

Na*

Cl

pH

Ca/Si

Na/Si

K**

Cl/Si

mmol/L

mmol/g

NaCl solution

6.0

--

--

--

261.8

0.77

259.8

--

--

--

--

C1 (C-A-S-H)

11.6

6.28

0.39

0.03

217.1

0.17

233.6

0.89

0.27

0.16

2.01

C2 (C-K-A-S-H) 12.2

1.78

0.35

0.05

216.1

18.4

234.7

0.96

0.30

0.16

2.06 0.83

5.70

0.44

0.05

218.7

0.29

237.0

0.89

0.27

0.14

1.94

C3 (C-A-S-H)

11.6

--
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C4 (C-K-A-S-H) 12.2

1.63

0.75

0.12

215.9

22.6

230.7

1.01

0.32

0.20

2.07 1.02

C5 (C-S-H)

11.3

5.88

0.33

--

217.6

0.12

234.7

0.93

0.26

0.15

1.99

C6 (C-K-S-H)

12.1

2.01

0.56

--

215.5

25.1

237.0

0.95

0.31

0.15

2.08 1.13

*Amount of bound sodium per gram of initial C-(K)-(A)-H sample.
** Amount of released potassium per gram of initial C-(K)-(A)-H sample.

Figure 1. Series 1, a): Na/Si and Al/Si ratios in C-(K)-(A)-S-H after storage in 1.5 wt.% NaCl
solution ; b): Na/Si in C-(K)-(A)-S-H vs. calcium concentration in the solution.
In view of the significantly higher Na/Si ratios in the potassium-containing (more alkaline) solid/solution
systems in Figure 1a, there is a relationship between the pH of the solution and the sodium bound in
C-A-S-H. This relationship is more evident in a direct comparison of Na/Si ratios in solid products with
the pH of the solutions, as shown by the correlation matrix in Figure 2. More sodium is bound in the
solids at higher pH.
Another factor related to the alkali binding capacity of the samples is the concentration of calcium in
the solution, Figure 1b. The Na/Si ratio in C-(K)-(A)-S-H decreases with increasing calcium
concentration in the solution. This is apparently linked to the decalcification of C-(K)-(A)-S-H. During
storage, the Ca/Si ratio of C-(A)-S-H decreases by, on average, 0.03 as opposed to C-K-(A)-S-H
which decreases by only 0.01, Table 2, Table 4. These findings are consistent with the observations
made by (Kawabata & Yamada 2015; Stade 1989; Yang et al. 2009; Hong & Glasser 1999; Bhatty &
Greening 1978; Rayment 1982; L'Hôpital et al. 2016). Both alkali and calcium ions can compensate
the negative charge on deprotonated silanol groups in C-(A)-S-H to form ≡Si-ONa0, ≡Si-OK0 or ≡SiOCa+, but divalent Ca2+ ions known to be preferentially adsorbed compared to monovalent K+ or Na+
ions due to stronger electrostatic interactions (Labbez et al. 2006; Lowke & Gehlen 2017; L'Hôpital et
al. 2016b). Thus higher calcium concentrations tend to inhibit sodium adsorption.
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Figure 2. Correlation matrix for different parameters of the chemical composition in the
products of Series 1
During the storage tests, potassium incorporated in C-K-(A)-S-H is released independently of the
aluminium content in the initial samples, Table 4. As a result, the ASR risk would, in theory, increase,
but on the other hand it is overcompensated by a disproportionate sodium uptake (compare Na* and
K** in Table 4). Hence, the sodium ions are probably bound to sites originally occupied by K+ in the
interlayer space of C-K-(A)-S-H (L'Hôpital et al. 2016b) and to the deprotonated silanol groups as ≡SiONa0 (Irbe et al. 2019).
In terms of the chloride binding in C-(K)-(A)-S-H, no clear trends can be observed in the present
experimental data. The lowest scatter of the data in the correlation matrix is for the comparison of Cl/Si
with Ca/Si ratios in the solid products. This can be explained with the help of the following equilibrium
reactions
≡ 𝑆𝑖𝑂𝐻 + 𝑁𝑎+ ↔ ≡ 𝑆𝑖𝑂𝑁𝑎0 + 𝐻 +
≡ 𝑆𝑖𝑂𝐻 + 𝐶𝑎2+ ↔ ≡ 𝑆𝑖𝑂𝐶𝑎 + + 𝐻 +
≡ 𝑆𝑖𝑂𝐶𝑎+ + 𝐻 + + 𝐶𝑙 − ↔ ≡ 𝑆𝑖𝑂𝐶𝑎𝐶𝑙 + 𝐻 + ,
where ≡Si-ONa0 sites in the C-(A)-S-H phases are neutrally charged. Thus chloride ions are
preferentially adsorbed on ≡Si-OCa+ sites.
3.2

Series 2, with portlandite addition

Due to portlandite addition to the storage solutions, the filtrates generally have a higher pH and
calcium concentration, Table 5. The analysis of the solid products by XRD revealed the formation of
Friedel's salt in all samples, Figure 3. This result proves directly the availability of aluminium in C-A-SH for chemical reactions in concrete exposed to NaCl as a de-icing salt. This is in disagreement with
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the findings of (Paul et al. 2015) who concluded that in the absence of AFm phases in hydrated
cements no Friedel's salt forms.
Table 5. Chemical composition of storage solutions in Series 2

Samples

NaCl
[%]

NaCl

pH

Ca

Si

Al

Na

K

Cl

mmol/l

7.0

0.0

0.00

0.000

531.9

0.96

526.9

12.7

22.6

0.28

0.000

499.5

0.69

502.1

C4

12.8

16.5

0.14

0.000

507.8

26.7

513.4

NaCl

7.2

0.0

0.00

0.000

1805.7

0.51

1839.2

12.7

24.3

0.13

0.009

1766.2

1.53

1822.3

12.8

16.4

0.13

0.039

1775.0

24.8

1830.7

C3

C3
C4

3

10

The diffractograms recorded for C4 (C-K-A-S-H) in both NaCl solutions reveal the presence of
unreacted portlandite. This corresponds to the lower Friedel's salt contents in these samples in
comparison with the C3 (C-A-S-H) samples which contain less or no portlandite.

Figure 3. Series 2, mineralogical phase composition in the solid products. C: C-(K)-A-S-H; F:
Friedel‘s salt; P: portlandite; V: vaterite; Ref: reference sample
The 27Al NMR measurements reveal the structural coordination of the aluminium atoms in the
samples. Figure 4 shows the 27Al NMR spectra of the initial C-(K)-A-S-H samples (references)
together with the corresponding spectra after storage. The largest area fraction in the reference
spectra is from a broad peak in the range of 80 to 50 ppm. It can be assigned to fourfold-coordinated
aluminium (Al[4]) in the bridging tetrahedral sites in C-K-A-S-H dreierketten (Renaudin et al. 2009). In
addition, a signal is present at 35 ppm which is derived from Al[5] sites. Another peak occurs at a
chemical shift of 9 ppm and is associated with calcium aluminate hydrates as minor phases. Thus,
some aluminium was not incorporated in the C-(K)-A-S-H structure of the initial samples. Friedel's salt
can be identified in the solids following exposure to NaCl at a chemical shift around 8 ppm. Compared
with the references, a decrease of the amount of aluminium in fourfold-coordination is also visible.
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Figure 4. Series 2, 27Al-NMR spectra of the solid products. Ref: reference sample
These findings are consistent with the results of the 29Si NMR measurements which show a strong
decrease in the Al[4]/Si ratio of C-(K)-A-S-H after storage in the NaCl solutions, Table 6 and Figure 5.
The removal of aluminium from C-(K)-A-S-H also shortens the mean chain length of the dreierketten,
as also observed in earlier work during the storage of C-(K)-A-S-H in sulfate solutions (Irbe et al.
2019). Similar results obtained with hardened cement pastes stored in NaCl solutions are described by
(Dressler 2013).
Table 6. Series 2, 29Si NMR deconvolution results

Proben

Q1

Q2(1Al)

Q2b

Q2p

Al[4]/Si MCL

[ppm]

[%]

[ppm]

[%]

[ppm]

[%]

[ppm]

[%]

C3, Ref.

-79.5

26.2

-81.8

16.8

-83.7

3.4

-85.1

53.6

0.084

8.3

C3, 3% NaCl

-79.9

46.4

-82.1

10.1

-83.9

3.5

-85.2

40.0

0.051

4.5

C3, 10% NaCl

-79.3

50.0

-81.7

8.3

-83.1

2.8

-84.9

38.9

0.042

4.2

C4, Ref.

-79.1

28.9

-82

19.3

-83.3

5.3

-85.2

46.5

0.096

7.6

C4, 3% NaCl

-79.8

46.2

-81.5

11.2

-83.8

4.0

-84.7

38.6

0.056

4.6

C4. 10% NaCl

-79.2

48.6

-81.5

10.5

-83.3

4.5

-84.6

36.4

0.053

4.3
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Figure 5. Series 2, 29Si NMR spectra of the solid products
The amounts of Friedel's salt (FS) can be calculated by using the total aluminium content in the
products (GAl) as determined with ICP-OES, and the proportion of signal at 8 ppm in the 27Al NMR
spectra (A8ppm), Equation 1.
FS = GAl ∙ A8ppm

.

(1)

The results of the calculations are shown in Table 7 and Figure 6. Apparently, an increase in NaCl
concentration has no significant effect on the precipitation of Friedel's salt; its amount in the products
and the pH of the corresponding filtrates, Table 5, hardly change.
However, for both NaCl concentrations, a significant difference in the amount of Friedel’s salt can be
seen between the C-A-S-H and C-K-A-S-H samples. In the samples with potassium, about one third
less Friedel's salt formed. This is reflected by the significantly lower calcium concentrations in the
filtrates of C-K-A-S-H (C4) compared with C-A-S-H (C3), Table 5, which is also consistent with the
lower consumption of portlandite added to the C-K-A-S-H samples compared with C-A-S-H, as
mentioned above in the discussion of the XRD results. Estimations of the solubility equilibria of
portlandite and Friedel’s salt at high pH confirm that a lower calcium concentration is to be expected
for C-K-A-S-H due to the observed increase in pH of 0.1. Although the solubility of Friedel salt
increases with pH, this increase is not sufficient to explain the different amounts of Friedel's salt
formed with C-A-S-H and C-K-A-S-H. Similar observations were also made for ettringite precipitation
by (Irbe et al. 2019) for storage tests with C-(K)-A-S-H samples in Na2SO4 solutions. The authors
concluded that the rapid dissolution of potassium from C-K-A-S-H affected the rate of ettringite
formation.
Table 7. Friedel’s salt content in the solid products in Series 2. The total amount of aluminium,
GAl, was determined by ICP-OES

Samples

C3 (C-A-S-H)

C4 (C-K-A-S-H)

NaCl

ICP-OES

27

Al NMR

Friedel’s salt

GAl

A8ppm

FS

%

mmol/g

%

mmol/g

3

0.66

60.8

0.401

10

0.66

61.9

0.408

3

0.62

43.0

0.267

10

0.62

45.1

0.280
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Figure 6. Series 2, amount of Friedel‘s salt in the samples after storage in NaCl solutions
4.

CONCLUSIONS





5.

In the presence of portlandite and dissolved NaCl, aluminium is available in C-(K)-A-S-H
phases for the formation of Friedel's salt. This leads to a decrease in Al[4]/Si ratio and
shortening of the mean chain length of the C-(K)-A-S-H dreierketten.
The formation of Friedel's salt is not dependent on the presence of AFm phases. The C-AS-H phases in concrete can contribute to chemical chloride binding during exposure to deicing salt.
Alkali binding in C-A-S-H is controlled by the pH and calcium concentration of the pore
solution. Potassium bound in C-K-A-S-H dissolves independently of the amount of
aluminium in the C-K-A-S-H phases.
The adsorption of chloride on the C-(K)-(A)-S-H probably occurs preferentially on ≡SiOCa+
sites.
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ABSTRACT
Calcium (alumino)silicate hydrate, or in cement chemistry notation C-(A-)S-H, is the principal binding
phase in modern Portland cement (PC) -based composites. Understanding its structure-property
correlation is critical to model and optimize the performance of PC concrete. Conventional lab methods
are often incapable of addressing such problem, mainly due to the poorly-crystalline and multi-scale
porous nature of C-(A-)S-H. Here we report a novel approach to the molecular scale property of C-(A)S-H using high-brilliance synchrotron-radiation-based x-ray diffraction. Coupled with Rietveld
refinement, the size of the coherent domain, i.e. the structurally ordered domain in C-(A-)S-H are
estimated, as a function of the chemical composition (Ca/Si from 0.7 to 1.3 and Al/Si from 0 to 0.1) and
synthesizing temperature (from 7° to 80°). The key crystalline characters of C-(A-)S-H needed to be
accounted in the refinement are summarized. To investigate the anisotropic incompressibility of C-(A)S-H, the crystal structural deformation of C-(A-)S-H nano grains were studied, using a high-pressure
diamond anvil cell that creates hydrostatic pressure up to 10 GPa. The elasticity along each crystal
axis, as well as the bulk modulus were then quantified. This reported method provides the first
direction validation to existing molecular modeling of C-(A-)S-H. It also demonstrates possible
application on studying other poorly-crystalline phase in concrete, such as Alkali-Silica-Reaction
product.
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1.

INTRODUCTION

Concrete is a composite material. Its mechanical properties are determined by the geometry, volume
fraction and assemblage of each component, together with a significant amount of porous space. In
Portland cement-based matrix, the most abundant phases are calcium silicate hydrates (C-S-H),
calcium hydroxide, calcium (sulfo/carbo) aluminate hydrates, and the clinker minerals that remain
unhydrated (e.g. C3S, C2S, C3A, etc). 1 Understanding the mechanical property of each phase is
essential to predict the macro-scale mechanical performance of the cement-based composites. Due to
the limited crystallite size, however, experimental data of most of these phases (especially C-S-H) are
not easily obtained via macroscale measurements. Such information is often-times not available even
from micro-/nano-indentation measurements, since nano-pores of C-S-H are treated intrinsic in these
experiments.
Recently, we have developed a methodology to probe the anisotropic mechanical property of
cementitious phases, using synchrotron-based high pressure X-ray diffraction (HP-XRD) (Geng et al.
2017a,b, 2018a,b). This experiment measures the lattice constants of (nano)crystalline phases as a
function of applied pressure. Such data are intrinsic properties, which can be directly used to validate
the atomistic simulation. Here, we briefly summarize the methodology and highlight the results.
2.

METHODOLOGY

The HP-XRD was developed initially to study the geochemistry and geophysics of earth minerals
subjected to increased pressure and temperature (Prewitt & Downs, 1998). The synchrotron-radiation
X-ray allows probing the lattice-parameter-change of small quantities of (nano)crystalline material
(under external load), since its brightness is ~1010 times the brightness of a typical lab X-ray source.
Figure 1a is a typical design of HP-XRD beamline in a synchrotron. The X-ray in the storage ring is
introduced to the beamline first through a plane parabolic collimating mirror (M1), followed by a pair of
flat crystals monochromator. The beam is then focused by a toroidal mirror (M2) and then introduced
to the sample chamber that sits on a multi-motor sample stage. The diffraction pattern is recorded on
area detectors. HP-XRD measures samples in solid shape (powder or single crystal). Here, samples
are anhydrous clinker phases and their hydration products.

Figure 1. HP-XRD experimental conditions. (a) A typical HP-XRD beamline setup. (b) A close view of
the gasket in a DAC. The cylindrical hole (chamber) on the gasket is closed with two diamond anvils.
A diamond anvil cell (DAC) is often used in HP-XRD experiment, which is mainly composed of a pair
of diamond anvils with their culets being precisely aligned. The sample is placed in a cylindrical hole
(sample chamber) on a piece of gasket, which is closed by the diamond culets from both sides (Figure
1b). By applying external load to the diamond, a hydrostatic pressure will be generated up to several
tens of GPa. In the current work, a maximum pressure of ~10 GPa is typically used. The diamond
culet is of ~300 µm in diameter. A typical incident beam energy is ~25 keV (wavelength ~0.5 Å).

1

In cement chemistry notation, C=CaO, S=SiO2, H=H2O, A=Al2O3, s=SO3 and c=CO2.
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Gaskets are made of stainless steel pre-indented to thickness ~100 µm. A sample chamber of ~150
µm in diameter is drilled by laser. Solution of methanol/ethanol (volume ratio= 4:1) is used as the
pressure medium. Pressure is calibrated using the fluorescence signal of ruby (Cr-doped Al2O3)
powder intermixed with the sample. The image data collected by the detector were integrated to
diffractograms using Dioptas software (Prescher & Prakapenka, 2015). Lattice parameters were
refined using the MAUD software package (Lutterotti, Matthies & Wenk, 1999).
3.
3.1

RESULTS
Densification of the interlayer stiffens C-S-H

As the most important binder in modern concrete, the C-S-H was subjected to intensive study over the
past decades. It has been confirmed to resemble the layer structure of Tobermorite minerals, mainly
through 29Si Nuclear Magnetic Resonance (NMR) (Richardson et al. 1994, L’Hôpital et al. 2016) and
X-ray diffraction (XRD) evidences (Merlino, Bonaccorsi & Armbruster 2001). Each layer is composed
of a Ca-O sheet, with infinite SiO4 tetrahedral chains attached on both sides that run along the b-axis.
The layers stack along the c-axis, separated by a water and Ca rich interlayer region (Figure 2a). The
Ca-to-Si ratio (Ca/Si) of Tobermorite is ~0.7. The cement hydration solution is so rich in Ca that the
silicate chain of C-S-H is much less continuous than in Tobermorite. With the omission of the bridging
site silicate and the enrichment of interlayer Ca, the C-S-H in concrete has a much higher Ca/Si (in
average ~1.7). This Ca-enrichment mechanism has been validated even for C-S-H of Ca/Si ~ 2.0
(Kumar et al. 2017).

Figure 2. (a) The tobermorite-like layer structure of C-S-H. (b) A typical X-ray diffractogram of C-S-H
synthesized in laboratory. The shortening along (c) a and b-axes, and (d) c-axis, as a function of
applied hydrostatic pressure. (e) The bulk modulus of C-S-H as a function of the basal spacing.
The lab-synthesized C-S-H usually exhibit limited number of broad diffraction peaks (p1 – p5 in Figure
2b), which can be assigned to certain Miller indices of tobermorite structure. P1 is the only peak that
relates to the lattice constant along c-axis, while the rest peaks are related to the ab-planar structure.
Such phenomena indicates that C-S-H has disordered layer stacking along the c-axis. Considering
this anisotropic nanocrystallinity, Rietveld refinement can be conducted which yield the lattice edge
lengths as a function of applied pressure (Figure 2c and d). Similar results can be obtained directly
from reading the peak positions and their dependence on pressure, which therefore validate the
assignment of Miller indices.
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Through investigating tobermorite minerals and C-S-H with difference Ca/Si ratio, it is found that the
incompressibility along a- and b- axes are similar, indicating a transversely isotropic behaviour of C-SH. The incompressibility along the b-axis is independent of the Ca/Si and the amount of bridging SiO 4
omission. The bulk modulus of C-S-H is mainly controlled by the densification of the interlayer region.
Under the consistent drying condition, when Ca/Si increases from 0.8 to 1.3, the accompanied
enrichment of the interlayer Ca and the shortening of the interlayer distance significantly stiffen C-S-H
along the c-axis, which increase the bulk modulus of C-S-H from ~60 GPa to ~ 80 GPa. This provides
the first experimental data of bulk modulus of the C-S-H solid domain (Geng et al. 2017a,b).
3.2

Deviatoric stress initiate preferred orientation of C-S-H

The mechanical property of C-S-H depends not only on the property of the nano-sized solid domain,
but also the way they assemble at mesoscale. So far the multiscale modeling of C-S-H has always
assumed the random orientation of C-S-H layer structure, which exclusively leads to an isotropic
behaviour of C-S-H at macroscale. HP-XRD allows investigating the mesoscale structure of C-S-H via
quantifying the preferred orientation (also termed “texture”) of the layers as a function of external load.

Figure 3. The 2D diffraction pattern of C-A-S-H under (a) ambient condition and (b) uniaxial
compression with lateral confinement. The Miller indices of the diffraction rings are labelled with red
arrows. Two orientation cases are illustrated in (b), where the c-axis in each orientation is indicated
with green arrow. (c) An illustration of the texture development under uniaxial loading, compared with
the random orientation under hydrostatic load. (d) The shortening (εc) along c-axis as a function of the
equivalent uniaxial compression with no lateral confinement.
Our experiments indicate that the lab-synthesized C-S-H is always randomly oriented, i.e. the intensity
of the diffraction ring is uniform at all azimuthal angles, as shown in Figure 3a. Such random
orientation is maintained when C-S-H is loaded under hydrostatic condition (Geng et al. 2017a,b).
Recently we investigated C-A-S-H samples loaded by uniaxial compression (P+2S), with lateral
confinement (P-S), where P and S are the hydrostatic and deviatoric stress components which can be
calibrated using the diffraction of Pt intermixed with the sample (Geng et al. 2018b). With the

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
deviatoric stress component, the sample readily develops preferred orientation (Figure 3b). The C-AS-H layer tends to align perpendicular to the primary compression, i.e. to take orientation_2 rather
than orientation_1 in Figure 3b. Such tendency increases as the primary compression load increases
(Figure 3c). The orientation distribution function can be described by a standard “fiber model” of
Gaussian distribution (Matthies, Vinel & Helming 1987). By applying the superposition principal to the
C-A-S-H nano platelets that are in orientation_2, the shortening of the c-axis contributed merely by the
uniaxial compression (3S) can be derived, as shown in Figure 3d. The elastic modulus along the caxis of this C-A-S-H sample is estimated to be 120±30 GPa, which is in line with atomistic simulation
results.
This phenomenon may impact the interpretation of nano-indentation results, as the C-S-H near the
indenter may very likely develop a texture. When the C-S-H sample is not isotropic, for example when
the interlayer is wide and Ca-poor, the indentation modulus may not represent the real property of the
un-textured bulk C-S-H.
4.

CONCLUSION AND PERSPECTIVE

The HP-XRD experiment is able to probe the mechanical property of C-S-H at the atomistic scale and
the texture change at the mesoscale. Such information provides direct input for multiscale mechanical
property modeling, as well as for validating the existing molecular simulation scheme. The future work
may involve the following aspects: 1) influence of Na/K and Al uptake to the mechanical property of CS-H, 2) the anisotropic mechanical behaviour of C-S-H with Ca/Si>1.5, and 3) texture development of
C-S-H with different morphology, e.g. foil-like and fibrillar, under deviatoric stress.
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ABSTRACT
Foamed concrete is a versatile lightweight material which is mainly used to enhance the insulation.
Likewise other types of concrete, foamed concrete is a heterogeneous material and contains
numerous pores inside the material. Although 30-60% of the volume of foamed concrete is a solid
(binder) phase, only a few studies have been performed on the binder materials. Because of its
advanced insulation and absorption characteristics, the use of foamed concrete is increasing, and the
development of advanced materials with better strength and insulation performance is needed.
Therefore, in addition to the study of pore characteristics, it is important to investigate the effect of
binder materials on the foamed concrete properties. The binder of foamed concrete can be composed
of different components by following mix proportions, and its characteristics affect the material
properties. Here, the effects of binder types on the mechanical properties of foamed concrete are
investigated using experimental and numerical approaches. A set of foamed concrete specimens with
different binders are produced, and the heterogeneity characteristics of the binder phases are
investigated using synchrotron X-ray micro-computed tomography (micro-CT). Microstructures of each
specimen are generated, and the mechanical properties of the foamed concrete specimens, such as
stiffness and strength, are computed using the crack phase field model. The result can be used to
describe the binder effect of concrete materials.
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1.

INTRODUCTION

Concrete is a representative multi-phase and heterogeneous material. In particular, lightweight
foamed concrete is a concrete material mainly designed to reduce the material weight and to enhance
the insulation effect. Foamed concrete is a highly porous material, and pores in the concrete are
dominant in determining the material properties, such as density, strength, and thermal conductivity.
Several studies have been performed related to the pore characteristics of foamed concrete to
develop advanced foamed materials and their effects on the material properties have been
demonstrated (Ramamurthy el al., 2009, Chung et al., 2016).
On the contrary, although large portion of the volume of foamed concrete is a solid (binder) phase,
only a few studies have been performed on the binder structures of foamed concrete. It is well known
that 30-60% of the volume of foamed concrete is composed of solid phases; therefore, it is also
important to investigate the effect of the characteristics of the solid structures on the material
performance. In foamed concrete, the solid phase is composed of several components such as
calcium silicate hydrates (C-S-H) and calcium hydroxide (CH) as well as anhydrous cement particles,
and each component in the solid phase has different properties (Mehta and Monteiro, 2013). However,
those different solid phases are being considered as a homogenized phase for simplicity in many
numerical and analytical investigations.
In this study, the effect of homogeneity of solid phases on the mechanical properties of foamed
concrete is investigated. For the purpose, a series of foamed concrete specimen with a specific
density was produced, and the heterogeneities of the solid structures were confirmed using microcomputed tomography (micro-CT). A set of virtual specimens with different degrees of homogenization
was generated by considering the relationship between the material density and the linear attenuation
coefficients (LACs) of micro-CT images, and their mechanical behavior were evaluated using the
phase field fracture simulation. Then, the relationship between the mechanical properties and the
material characteristics were discussed.

2.

FOAMED CONCRETE SPECIMENS AND THEIR MICRO-CT IMAGES

Here, three different foamed concrete mixtures with intended densities of 500, 750, and 1000 kg/m3,
which are denoted as FC 500, FC 750, and FC 1000, were designed and prepared, respectively. The
proportions of all mixes are presented in Table 1
A foam generator SG S9 provided by Sika Deutschland GmbH was used to produce the foam. The
dosage of the foaming agent was 2 vol.-% of the water, and the applied water pressure was 3 bar. The
foam was produced accordingly, and the required volume was measured simultaneously. The fresh
properties including the flow table test were measured according to EN 206-1. A standardized
container was used to measure the fresh density of concrete. The 10×10×10 cm3 cubic molds were
filed without compaction. After 24 hours, the samples were demolded and cured in a climate chamber
with controlled relative humidity and temperature of 95% and 21 °C, respectively.

Figure 1. CT imaging of the foamed concrete specimen (Note: the 1st figure is the original 8-bit
CT image. The 2nd figure is a 2D binarized image, and the 3rd image is the image of classified
pores. The 4th image is the 3D image of the specimen. In the 2D and 3D binary images, the
white represents solid part, and the black represents pores inside the specimen.)
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Table 1: Mix composition of foamed concrete
Specimen

Cement
(kg/m3)

Silica
fume
(kg/m3)

Water
(kg/m3)

Super
plasticizer
(kg/m3)

Stabilizer
(kg/m3)

Foam
(l/m3)

Fresh
density
(kg/m3)

Flow
diameter
(cm)

FC500

333

37

168

3.77

0.75

700

586

52

FC750

450

50

223

2.58

2.5

600

762

53

FC1000

450

50

235

2.63

2.5

500

1004

17

(a)

(b)

Figure 2. Sample of foamed concrete from micro-CT. (a) original CT image, (b) solid structure
of foamed concrete
X-ray micro-CT was applied to examine the microstructure characteristics of the foamed concrete
specimens nondestructively. Figure 1 presents the imaging process for pores and solid matrix
examination in order to obtain the material characteristics of higher accuracy. In this procedure, the
original 8-bit image described in grayscale [1st Figure] was converted to the binary image in the 2nd
figure. In the binary image, the white regions are solid part, and the black parts are pores. For the
binarization, the Otsu’s method was applied to select a proper threshold, and the image processing
toolbox in MATLAB was used to conduct the image conversion. Then, the watershed segmentation
algorithm (Meyer, 1994) was adopted to classify each pore in the specimen, as shown in the 3rd
image of Figure 1. All the 2D images in Figure 1 were composed of 800×800 pixels with 16 μm pixel
size. The 3D image in the 4th image of Figure 1 was then obtained by stacking a series of binary
images, and the detailed pore size distribution of the specimen was evaluated using this 3D structure.
Figure 2 shows the 3D microstructure of FC500 specimen. The left image is the original 3D image of
the foamed concrete specimen, and the right image shows the solid structure of foamed concrete.
Based on the obtained 3D segmented image, the mechanical behavior of foamed concrete specimens
with different densities and heterogeneity was evaluated.
For numerical analysis of cementitious materials, the solid phases are considered as a single phase
by homogenizing the different phases for simplicity. However, a homogenized phase is insufficient to
characterize the heterogeneous characteristics of cementitious materials. To overcome this problem,
the solid phase of the foamed concrete specimens was described in multi-phases. Here, the solid
phase of the foamed concrete specimen was classified into 1, 3, and 5 phases based on the
histogram information of the solid structure, and the effect of the level of classification was examined
using numerical analysis.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
3.

PHASE FIELD FRACTURE SIMULATION

To correlate the material characteristics and properties from the virtual experiment, the phase field
fracture model (Miehe et al., 2015, Kim et al., 2018) was used for evaluating the material properties.
The mechanical properties of the foamed concrete, such as stiffness and (tensile) strength, were
obtained from simulations. To apply the phase field fracture model, virtual specimens with single or
multiple solid phase in addition pore phase need to be prepared from the micro-CT images. The
characteristics of solid phase are correlated with the microscale material properties (e.g., input
modelling parameters), and the pore phase characteristics are correlated with macroscale properties.
For the phase field fracture model, several input modelling parameters are required, such as Young’s
modulus, Poisson’s ratio, tensile failure strength, and crack length parameter. In general, the crack
length parameter has to be larger than twice of element size (Miehe et al., 2015); in this study, the
parameter was selected as 96 μm, which is the minimum required by the constraint because the
element size of the virtual specimens is 48 μm. The Poisson’s ratio was assumed as 0.2 for the solid
phase. Young’s modulus and tensile failure strength were calibrated to match the macroscale
properties from experiments. Equation to predict Young’s modulus as a function of macroscale
material density of a foamed concrete proposed by Hajek et al. (2018) was used to calibrate Young’s
modulus of the solid phase at the microscale. The tensile failure strength for the phase field fracture
model was calibrated to reproduce the flexural strength from real experiments using the virtual
specimens. The microscale input parameters calibrated to the macroscale properties of the foamed
concrete of three different densities are listed in Table 2.

(a)

(b)

(c)

Figure 3. Crack patterns of foamed concrete with different density. Note that the crack pattern
is shown in red at the bottom row. (a) FC500, (b) FC750, (c) FC1000
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The phase field fracture model predicted the multiple crack patterns. The crack patterns of foamed
concrete specimens with different density are shown in Figure 3. As shown in the bottom row of Figure
3, multiple cracks propagate. The responses of each specimen are correlated to microstructure
characteristics.
Table 2: Microscale input modeling parameters calibrated to macroscale properties of foamed
concrete with different densities
Microscale properties
(Input modelling parameters)

4.

Macroscale properties
(Experiments)

Specimen

Tensile failure
strength (MPa)

Young’s modulus
(GPa)

Tensile strength
(MPa)

Stiffness
(GPa)

FC500

1.5

4.5

0.30

1.58

FC750

3.0

5.5

0.51

2.25

FC1000

4.0

6.5

0.76

3.26

RESULT AND DISCUSSIONS

The responses of FC500, FC750, and FC1000 from the phase field fracture model simulations are
shown in Figure 4.

Figure 4. Stress vs. strain curves of FC500, FC750, and FC1000.

The LAC distribution curve shown in Figure 5(a) is well fitted by more than three Gaussian curves, and
each phase is divided using each curve’s intersection point which is selected as the threshold for the
phase separation. For instance, the foamed concrete with three solid phases is presented in Figure
5(b), and different material input modelling parameters can be assigned in each solid phase. However,
since the exact values for each phase cannot be determined easily without additional information,
virtual experiments with multiple solid phase mesh are deferred to a further study.
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(a)

(b)

Figure 5. Generation of the multi-phases foamed concrete (three solid phases as an example).
(a) LAC distribution of foamed concrete (FC750), (b) 3D virtual sample with multiple solid
phases (Note: The distribution of LAC values for the foamed concrete is separated to multiple
Gaussian curves, and each intersection of Gaussian curves is selected as the threshold value
between pore and multiple solid phases. )

5.

CONCLUSIONS

In this study, a set of foamed concrete specimens with different densities was produced, and the
heterogeneities of their solid structures were confirmed using X-ray micro-CT. The tensile behaviors of
the foamed concrete specimens were computed using the phase field fracture model, and their crack
propagations were presented. From the micro-CT images, virtual specimens with different degrees of
solid phase homogenization were generated. The homogenized single solid phase model was used to
simulated using the phase field fracture model, and the input model identification procedure is
presented. The multiple solid phase specimen could be constructed from the micro-CT images, but the
property evaluation through virtual experiments is deferred as a future study as additional information
is available to determine input modeling parameters at the microscale. .
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ABSTRACT
Ettringite, Ca6Al2(SO4)3(OH)12.26H2O is a hydrate, key compound of cement chemistry, but despite
its importance very few studies concerning the laws governing its formation are available. First focus
of this work was to study specifically, in diluted conditions, the nucleation and growth processes. It
was observed that ettringite nucleation follows the classical homogeneous nucleation theory and its
interfacial crystal-solution energy was determined. It was proved that nucleation of ettringite is easy
and fast as it requires few energy and that after this initial nucleation, precipitation of ettringite is
pursuing via secondary nucleation and growth processes without any slowdown. Then, ettringite
formation from tricalcium aluminate C3A and calcium sulfate was investigated. Experiments were
conducted in diluted conditions with constant ionic concentrations and in paste with different liquid to
solid (L/S) ratios. Precipitation rate of ettringite was observed to be higher when the deviation from its
solubility equilibrium was increased. Results obtained suggests that ettringite precipitation is the motor
of the hydration reaction of C3A in the presence of calcium sulfate.
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1.

INTRODUCTION

Among building materials concrete is inevitable and irreplaceable, as it is a cheap and easy to produce
material with exceptional characteristics. During cement hydration, ettringite Ca6Al2(SO4)3(OH)12.26H2O
(C6A𝑆̅3H32 in cementitious notation) is one of the major hydrates formed. The structure of ettringite is
based on columns which runs parallel to the c or needle axis (Moore, A & Taylor, H.F, 1968). Its unitcell is hexagonal, space group P31c, with a=b=11.167 Å and c = 21.354 Å according to a neutron powder
diffraction technique to investigate the structure (Hartman, M & Berliner, R, 2006). More recently a
Raman study allowed a refinement of lattice parameter that were found to be a=b=11.254 Å and
c=21.488 Å (Renaudin, G, et al., 2007). Compounds responsible for the formation of ettringite in Portland
cements are the tricalcium aluminate Ca3Al2O6 (C3A in cementitious notation) and calcium sulfate. In a
cement, hydration reactions happen through dissolution-precipitation processes. Solid reagents
decompose into ions and hydrate compounds precipitate from these released ions. Formation of
ettringite in Portland cements happens through these coupled reactions:

{

Ca3Al2O6 → 3Ca2+ + 2Al(OH)4- + 4HO-

(1)

CaSO4 → Ca2+ + SO42-

(2)

6Ca2+ + 2Al(OH)4- + 3SO42- + 4HO- + 26H2O → Ca6Al2(SO4)3(OH)12.26H2O

(3)

Precipitation of hydrates and dissolution of anhydrous species are simultaneous processes. As the
consumption of ionic species to form hydrates is compensated by the dissolution of reagents, the
composition of the pore solution is globally constant at the time of ettringite formation.
Reaction of C3A alone with water is a fast process resulting in a fast setting of the cement paste and a
loss of workability. To slow down and control this reaction, calcium sulfate is added to the cement mix
(Taylor, H.F.W, 1997). Through the combination of calcium and aluminate ions coming from C3A and
sulfate ions coming from the calcium sulfate, ettringite is going to form via a much slower reaction. Why
the reaction of C3A +CaSO4 to form ettringite is much slower than the hydration of C3A alone is still a
discussed issue. Concerning the parameter limiting the reaction of C3A with calcium sulfate two main
hypotheses are available in the literature. First hypothesis describes the inhibition via the formation of a
"diffusion barrier" composed of hydrates around the C3A grains (Collepardi, M, Baldini, G, & Pauri, M,
1978) (Brown, P, Liberman, L, & Frohnsdorff, G, 1984) (Scrivener, K & Pratt, P, 1984). This "diffusion
barrier" said to be composed of ettringite and/or calcium hydro aluminate (AFm) phases is supposed to
physically block the contact between C3A surface and aqueous phase. In recent years the cement
research community has however rallied the second hypothesis explaining the inhibition of C3A
hydration via the adsorption of sulfate and/or calcium ions complexes at the surface (Skalny, J & Tadros,
M, 1977) (Minard, H, Garrault, S, & Regnaud, L, 2007) (Feldman, R & Ramachandran, V, 1966)
(Pourchet, S, Regnaud, L, & Perez, J, 2009) (Myers, Geng, G, & Li, J, 2016). These adsorptions on the
active surface sites of C3A will limit its dissolution rate and consequently its hydration rate. These two
hypotheses suggest that the dissolution of C3A (1) is the limiting step of the ettringite formation reaction.
There is however no clear evidence in the literature that limitation could not also be partially attributed
to the precipitation reaction of ettringite (3).
Hydration reactions taking place in a cement paste are very complex, they are the result of dissolutionprecipitation processes and are submitted to various interactions. In the first part of the present work the
nucleation-growth processes of ettringite alone were specifically studied. Experiments were conducted
in supersaturated diluted ionic solutions in order to only study ettringite formation via equation (3).
Ettringite formation was studied with different but controlled initial conditions, reactions were followed
by conductivity monitoring. Ettringite precipitation rate was determined and related to the
supersaturation degree β. To study the changes on size and morphology of ettringite crystals
synthetized with different conditions, BET measurements and SEM observations on collected crystals
were also realized. Then the precipitation of ettringite from C3A and calcium sulfate was studied in the
second part of this work, in diluted conditions with constant supersaturation degree and in paste with
different liquid to solid ratios and different hydration solution.
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Reactions happening in cements are complex, understand the formation process of a phase alone, here
ettringite, can be seen as a first step in the global understanding of cement hydration. This study is
therefore valuable for the comprehension of early cement hydration and physical behaviour.
2.

NUCLEATION AND GROWTH OF ETTRINGITE IN DILUTED CONDITIONS

2.1

Nucleation process of ettringite from supersaturated solutions

Different supersaturated solutions were used to study the ettringite primary homogeneous nucleation.
Two stable and undersaturated solutions of calcium hydroxide and aluminum sulfate were mixed
together to obtain these solutions supersaturated with respect to ettringite. These two undersaturated
solutions were prepared at different concentrations (deducted from weighing) to obtain different
supersaturation degrees with respect to ettringite in the final solutions. The activities product of the
constituents of the ettringite phase was used to express the degree of supersaturation with respect to
ettringite:
Ksuper 1/15
β=(
)
Ksolubility
where Ksuper is the activities product in the supersaturated solution expressed as:
Ksuper = (Ca2+)6(Al(OH)4- )2(SO42-)3(HO-)4

(4)

and Ksolubility = 2.8.10-45 at 25°C (Damidot & Glasser, 1993) is the solubility product of ettringite.
Supersaturation degrees were calculated using the Debye-Hückel model by means of the computer
program PHREEQC (Parkhurst, 1980). In the experiments conducted β was going from 1.82 to 3.23.
Time necessary before observing ettringite nucleation, tind, is determined by following the electrical
conductivity of the solutions with a conductivity probe Radiometer Analytical CDM210 calibrated with a
0.1 mol/L KCl solution at 23°C. The ionic concentration of the solution is indeed correlated to the
electrical conductivity. The moment when conductivity starts to drop is defined as the start of ettringite
precipitation. All experiments were conducted at 23°C, with a 400 rpm magnetic stirring, in a 400mLcapacity jacketed glass reactor containing a plastic Nalgene surface on the inside. The environment
was kept CO2-free by bubbling nitrogen into the closed reactor in order to prevent calcium carbonate
formation. XRD analysis were realized on the obtained crystals to make sure it was ettringite and that
no by-product had been formed. Concentrations of the pre-solutions of calcium hydroxide and calcium
sulfate used, as well as the supersaturation degree β in the resulting solutions are presented in Table
1.
Table 1. Compositions of the pre-solutions used, supersaturation degrees, pH and induction
times associated
Al2(SO4)3 solution (100mL)

Ca(OH)2 solution
(100mL)

β in the
supersaturated
solution (200mL)

pH

Induction
time (min)

[Al] (mmol/L)

[S] (mmol/L)

[Ca] (mmol/L)

0.9

1.35

12

1.82

11.93

47

1.06

1.59

14

2.06

11.99

29

1.2

1.8

16

2.29

12.04

12.7

1.28

1.92

17

2.40

12.06

14.3

1.36

2.04

18

2.51

12.09

7.8

1.42

2.13

19

2.61

12.11

8.3

1.5

2.25

20

2.71

12.13

7.5

3

4.5

20

3.23

12.04

4
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The evolution of the conductivity during ettringite precipitation is presented in Figure 1. For more clarity
only three experiments were presented here. The drop of the solution conductivity corresponds to the
consumption of ions due to the precipitation of ettringite. The moment when conductivity starts to drop,
represented by a diamond in Figure 1, is defined as the induction time tind of the ettringite precipitation
reaction. The initial supersaturation degree used has an influence on the induction time, the higher β is
the longer is the induction time. Induction times are given in Table 1.

Figure 1. Evolution of electrical conductivity during ettringite precipitation with different initial
supersaturation degrees, induction times are represented by diamonds
In this work, doing an isotropic approximation, assumption was made that initial precipitation of ettringite
could be described by the primary homogeneous classical nucleation theory (CNT). This theory
establishes a relation between the induction time, defined as the inverse of the nucleation frequency,
and the supersaturation degree of the solution according to (5) (Boistelle, 1985) (Boistelle, R & Astier,
J-P, 1988) (Flaten, E, Seiersten, M, & Andreassen, J.P, 2010):
fΩ2 γ3

𝑁

ln(t ind ) = (kT)3 ln2 (β) − ln 𝐴

(5)

Ω is the molecular volume of ettringite. The crystal data used for its calculation are a=b=1.123 nm and
c=2.150 nm (Taylor, H.F.W, 1997). As there are two molecules in the considered pseudo-cell, the
molecular volume is 1.35nm3. f is the shape factor of the crystal, a value of 32 was chosen under the
presumption that the nucleus is a cube. k is the Boltzmann constant, T is the temperature (298K), N is
the number of nuclei formed in 1 m 3 during the induction time and A is the kinetic constant.

Figure 2. Evolution of ln(tind) as a function of 1/(lnβ)2 in deionized water
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Figure 2 presents the evolution of ln(tind) as a function of 1/(lnβ)2 in deionized water. First observation is
that the linear behavior of this plot justifies the use of the primary homogeneous nucleation theory.
According to equation (5), the interfacial crystal-solution energy of ettringite γ was determined in water:
γ = 1.1 mJ/m2. Needs to be kept in mind that this value of γ, according to the isotropic approximation of
CNT, is an average on the different crystal faces. This interfacial energy of ettringite determined is low
compared to the ones of other hydrates determined with the same experimental procedure as for
example calcium hydrosilicate C-S-H, γ = 10 mJ/m2 (Garrault-Gauffinet, S & Nonat, A, 1999) and very
low compared to the one of calcite, γ = 32 mJ/m2 at 25°C in pure water (Flaten, E, Seiersten, M, &
Andreassen, J.P, 2010). As soon as a supersaturation is obtained ettringite will form quickly and easily,
its formation requires very few energy.
2.2

Ettringite precipitation rate during initial stage of formation

The drop of conductivity in Figure 1 is proportional to the quantity of ettringite formed. A decrease of the
ionic concentrations will indeed results in a drop of electrical conductivity, by quantifying these drops it
becomes possible to determine the associated amount of ettringite precipitated at different time during
reaction. As the concentrations of ions remaining in the solution are always known, the current
supersaturation degree with regard to ettringite can therefore be determined at all times during
precipitation reaction. It becomes possible to establish a relation between the ettringite precipitation rate
Rtotal in mmol/min at a certain point of reaction and the current supersaturation degree of the solution at
this same point. The results obtained from precipitation reactions conducted with initial supersaturation
degrees going from 2.06 to 3.23 are reported in Figure 3. Although the amount of ettringite already
present in the solution is not the same for the different experiments, Rtotal seems to increase with β
following a master curve for this period of formation.

Figure 3. Ettringite precipitation rate Rtotal, deduced from curves of Figure 1, as a function of
the supersaturation degree β
2.3

Growth process of ettringite

A step-by-step crystallization process was made to study the growth process of ettringite crystals. In
order to obtain enough ettringite crystals, first synthesis was performed in deionized and boiled water
with high initial ionic concentrations corresponding to a β = 2.71. Suspension was then filtered through
a 0.3 µm filter and ettringite crystals were collected and put again as is in a β = 2.06 supersaturated
solution to carry on crystallization. This lower supersaturation degree was chosen for the next steps in
order to promote the growth of existing crystals. This process was repeated five times. Conductivity
measurement was used to follow each step of crystallization, that were conducted under nitrogen
atmosphere and stopped after 50 min when a pseudo-equilibrium had been reached. To be able to
characterize ettringite crystals after each step, the same experiments were realized several times.
Characterization consisted in XRD analysis, in SEM observations with a SEM JEOL JSM76000F and
measurement of about 100 crystals and in BET specific surface area measurements with a Micromeritics
TriStar II. Sample preparation before BET analysis consisted in ettringite crystals to be rinsed with
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acetone after filtration and dried during 12h in an oven at 40°C. BET analysis were realized with krypton
gas after a degassing under vacuum at 40°C during 18h. Figure 4 presents the conductivity curves
associated to the first three steps of crystallization, following ones are not represented here for more
clarity.

Figure 4. Evolution of conductivity as a function of time for the first three steps of ettringite
step-by-step crystallization process, diamond represents the induction time
For the first crystallization step conducted with an initial β = 2.71 an induction period exists before
detection of ettringite formation. For the next steps conducted with an initial β = 2.06 there is no such
induction period, ettringite precipitation is immediately detected. This observation proves that there is
growth of ettringite crystals already present in the solution and/or secondary nucleation. BET
measurements realized on crystals collected at the end of every step confirmed this assumption, results
are presented in Table 2.
Table 2. Specific surface area, average length and diameter of ettringite crystals after every
step
Steps

1st

2d

3d

4th

5th

SSABET (m²/g)

50±1

22±1

18±1

20±1

15±1

Average length
estimation (µm)

0.6

1.1

2.1

1.9

2.3

Average diameter
estimation (nm)

93

206

225

216

218

From the first to the second crystallization step, the specific surface area of ettringite crystals decreases
by more than half. This result suggests that ettringite crystals collected after the first step and
reintroduced at the beginning of the second one have developed. For the next crystallization steps
specific surface areas of formed crystals are not noticeably evolving anymore, this stagnation will be
discussed later on. An estimation of the average diameter and length of ettringite needles for every step
was obtained through analysis of SEM images, results are presented in Table 2 and Figure 5 shows an
example of ettringite crystals observed after the first and the fourth steps.
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Figure 5. SEM observations of ettringite crystals collected after one (leftside) and four
(rightside) crystallization steps
Values of diameter and length are increasing over the steps, these average values however hide the
disparity in size. Figure 6 presents the distribution in length and diameter of ettringite crystals obtained
after the different crystallization steps.

Figure 6. Distribution in length and diameter of ettringite needles after every step of the stepby-step crystallization process
It is obvious that ettringite needles always present a broad distribution in length and in diameter, samples
are not homogeneous. From the second step, crystals with the smallest diameters, between 30 and 100
nm, present during the first step have almost completely disappeared. Then on one hand the fraction of
the smallest crystals is relatively constant over the next steps and on the other hand the overall trend is
a shift of the distributions to bigger length and diameter through the crystallization steps. These
experiments unambiguously show that both secondary nucleation and growth processes are
simultaneous.
2.4

Discussion about ettringite precipitation process

This work allowed the determination of the precipitation rate of ettringite Rtotal, see Figure 3, which is the
sum of several contributions: the homogeneous nucleation rate R homo, which only depends on β, the
secondary nucleation rate Rsec depending on β, the number of crystals N and their surface S and the
growth rate Rgrowth varying with β and S.
Rtotal = Rhomo + Rsec + Rgrowth

(6)
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In addition, the shape of ettringite and its crystal structure make an isotropic growth rate very unlikely.
The growth along the ab direction has to be different from the ac and bc directions. Two different
interfacial growth rates Rab and R(a,b)c should exist :
Rgrowth = Rab * Sab + R(a,b)c* S(a,b)c

(7)

At the early beginning of ettringite precipitation process, the primary homogeneous nucleation obviously
dominates and for that the rate can be at first approximated by the Classical Nucleation Theory.
Precipitation rates measured in the nucleation experiments and presented in Figure 3, after the first
nucleation, are increasing with β following a master curve. This observation suggests that precipitation
rate practically does not depend on the number of particles present in the solution and their surface. In
the beginning of crystallization process, when N and S are still very small, the precipitation rate of
ettringite depends mainly on β.
During the step-by-step crystallization process, between the first and second crystallization step, the
specific surface area of ettringite crystals decreased by more than two. The specific surface area of a
cylinder (approximative shape of ettringite crystals) depends almost exclusively on its diameter. An
increase of needle diameter was therefore expected and confirmed by SEM observations. It could
correspond to some secondary nucleation on the lateral faces of ettringite. The lengthwise growth has
a small influence on the specific surface area but occurs nevertheless simultaneously according to the
SEM images. When the number and surface of crystals in suspension get bigger, secondary nucleation
and growth are happening, the precipitation rate increases significantly and becomes surfacedependent.
3.
3.1

ETTRINGITE PRECIPITATION FROM C3A/CASO4 SYSTEMS
Hydration with regulated concentrations

In order to see if results obtained about ettringite precipitation processes in diluted conditions and from
supersaturated solutions were also valid in more complex systems, the hydration of a C 3A/hemihydrate
(CaSO4.0.5H2O) mix in diluted conditions was studied. The hydration was studied with constant ionic
concentrations in solution, in order to get closer to real hydration conditions of a cement paste. For that,
an automatic titration device with tiamoTM software from Metrohm was used. It is composed of a
distribution unit that contained a CaSO4/Ca(OH)2 solution. The initial solution was a 250 mL Ca(OH)2 =
19 mmol/L solution in which was introduced a mix of 1.25 g of C3A and 0.55 g of hemihydrate. Hydration
reaction was followed by conductivity monitoring and regulation was initiated at different times during
the reaction in order to have different target concentrations for regulation. When the conductivity,
proportional to ionic concentrations, was decreasing below the target value, a small volume of reservoir
solution was added into the reactor.
If it is considered that only ettringite was formed during hydration, the quantity precipitated can be
deduced from the volume of CaSO4 solution added into the reactor during regulation. Figure 7 presents
the quantity of ettringite formed as a function of time during regulation, for regulations initiated after 400,
500 and 850 min of hydration reaction.
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Figure 7. Quantity of ettringite precipitated as a function of time for regulation initiated after
400, 500 and 850 min of hydration
The more the regulation is initiated earlier, the more the precipitation of ettringite is fast. Table 3 presents
the average precipitation rate of ettringite as well as the average calcium and sulfate concentrations in
solution, determined by ICP-OES, during the different regulations conducted. Aluminum concentration
in solution was always below detection limit.
Table 3. Average precipitation rate of ettringite and average concentrations of calcium and
sulfate in solution during regulations initiated at different times
Regulation
initiated at (min)

Average precipitation
rate of ettringite
(mmol/min)

Average [Ca]
(mmol/L)

Average [S]
(mmol/L)

400

0.0103

26.9

8.2

500

0.0096

26.6

8.0

850

0.0054

24.5

6.0

When regulation is initiated later, and ionic concentrations are therefore lower, precipitation rate of
ettringite decreases. Higher ionic concentrations in solution, synonym of a higher supersaturation
degree with respect to ettringite, means the system is further away from solubility equilibrium of
ettringite. The deviation from ettringite equilibrium seems to be the motor of C 3A hydration reaction in
the presence of calcium sulfate.
3.2

Reactivity of C3A/gypsum system in paste and influence of the L/S ratio

Hydration of a mix of C3A and gypsum CaSO4.2H2O was studied in pastes with different liquid to solid
ratios (L/S) going from 0.6 to 5, in demineralized water and in a saturated calcium hydroxide solution.
Isothermal calorimetry measurements, with a Thermometric TAM Air, were used to follow the reactions.
It records the heat flow in mW/gC3A released during the hydration process. Proportions used of
C3A/gypsum were 0.89 wt%/0.11 wt% and 0.2 g of the resulting mix were used for every experiment.
These proportions of C3A and gypsum were chosen as they are classically the ones observed in a
Portland cement. The two powders were mixed together in a mortar to obtain a better homogeneity.
Solids and liquid were put in contact and mixed during 30 s, then the cell was immediately introduced
into the calorimeter. Figure 8 presents the evolution of the heat flow as a function of time for different
L/S in demineralized water and in the saturated calcium hydroxide solution.
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Figure 8. Evolution of the heat flow as a function of time during the hydration of a C3A/gypsum
mix, with different L/S ratios, in demineralized water and in saturated calcium hydroxyde
The heat flow during the hydration of C3A presents two exothermic peaks. The first one, very brief,
corresponds mainly to the initial dissolution of the solids. It is followed by a period of very low thermic
activity which corresponds to the period of ettringite formation. The depletion of solid gypsum and sulfate
ions in solution coincide with the apparition of the second exothermic peak (Minard, H, Garrault, S, &
Regnaud, L, 2007). In all experiments conducted and presented in Figure 8, the initial quantity of C3A
and gypsum are identical, the amount of ettringite formed is the same. Table 4 presents the times of
apparition of the second exothermic peak for the different L/S ratios in water and in saturated calcium
hydroxide.
Table 4. Time of occurrence of the second exothermic peak for the different L/S ratios, in water
and in saturated calcium hydroxide solution
L/S
0.6
0.8
1
2
3
5

In pure water
(min)
145
155
163
163
166
169

In Ca(OH)2 sat
(min)
146
172
150
166
174
177

A first conclusion is that with the increase of L/S ratio, and therefore with the increase of available volume
for crystallization, ettringite precipitation rate is slower. Gypsum being in excess in all experiments, it will
initially dissolve up to its solubility, but a solid tank will remain. Table 5 presents the quantity of gypsum
initially dissolved depending on the L/S ratio and the nature of the hydration solution used.
Table 5. Quantity of gypsum initially dissolved depending of the L/S ratio, in pure water and in
saturated calcium hydroxide solution
L/S
0.6
0.8
1
2
3
5

In pure water
1.5 %
2.0 %
2.4 %
4.9 %
7.3 %
12.2 %

In Ca(OH)2 sat
1.1 %
1.5 %
1.9 %
3.8 %
5.6 %
9.4 %
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The bigger the L/S ratio is, the smaller is the solid tank of gypsum after its initial dissolution. Sulfate ions
are consumed to form ettringite and the dissolution of the solid gypsum tank compensates this
consumption. However, with a high L/S ratio the initial gypsum tank is smaller and therefore sooner
depleted. After this depletion of gypsum, the concentration of sulfate ions into the solution decreases
gradually to zero and the apparition of the second exothermic peak. With high L/S ratio, decreasing
concentrations of sulfate and calcium ions are therefore sooner observed.
At the end of the previous paragraph, it was suggested that the deviation from ettringite equilibrium was
the motor of the hydration reaction. Previous observations made during the hydration in diluted
conditions with regulated concentrations can explain the fact that ettringite formation rate in C3A/gypsum
system is lower with higher L/S ratio. Indeed the deviation from equilibrium is sooner reduced when L/S
is high than when it is low.
4.

CONCLUSION

Formation of ettringite, in diluted conditions, separating the nucleation in one part and the growth in the
other was investigated in this work. Through experiments of ettringite precipitation in supersaturated
solutions, its nucleation was proved to follow the primary homogeneous nucleation theory and its
interfacial energy of formation was found to be 1.1 mJ/m 2. This is a low value consistent with a
precipitation of ettringite fast and easy when conditions of supersaturation are encountered. Because
the same proportion of small crystals was always observed by SEM, a primary nucleation of new crystals
was proved to happen during all precipitation process in parallel to secondary nucleation and growth
processes. However, right after the first primary homogeneous nucleation, the ettringite precipitation
rate almost depends exclusively on the supersaturation degree and not on the number or surface of
crystals already formed. Crystallization process must go further before seeing a secondary nucleation
process, responsible for an increase of ettringite needle diameter. When the number and surface of
crystals gets higher, the ettringite precipitation rate starts to depend on it and increases significantly.
Experiments of ettringite formation from the hydration of system C 3A/CaSO4, in diluted conditions or in
paste, proved that the precipitation of ettringite was the motor of the hydration. Being the hydration motor
does not mean that ettringite precipitation is the kinetic limiting factor, indeed ettringite was proven to
precipitate very easily even with low β. Moreover, the very small concentration of aluminum ions during
hydration, below detection limit of ICP, seems to prove that ettringite precipitation consumes more ions
that the dissolution of C3A is able to give. We can therefore think that the dissolution of C 3A in the
presence of calcium sulfate is slowed down, via adsorption phenomena or else, and that this is the
ettringite precipitation that “forces” the system reactivity.
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ABSTRACT
Cement production accounts for approximately 5% of man-made CO2 emissions. To reduce these
emissions, the Portland cement is partially replaced by supplementary cementitious materials (SCM)
such as blast furnace slag, fly ash or calcined clay. Due to the reaction of these SCM with Portland
cement during hydration, additional calcium silicate hydrates (C-S-H) are formed [1]. The high Al2O3
and SiO2 content of the SCMs results in C-S-H compositions with more silicon and aluminium than in
Portland cement which affects stability and durability of such cements as well as the sorption behavior
of toxic heavy metals which might be present in SCM [2]. Therefore, it is crucial to determine the role of
aluminium on C-S-H properties to predict the formed hydrate phase assemblages and their effects on
durability. In this study, aluminium sorption isotherms including very low Al concentrations have been
determined for C-S-H with different Ca/Si ratios. Sorption isotherms at different Ca/Si and Al/Si ratios
enable us to determine the relative stability and capacity of different sorption sites in C-S-H. Moreover,
the effect of alkali hydroxides on the aluminium uptake is investigated by ICP-MS and IC.
References:
[1] Lothenbach, B., Nonat, A. Calcium silicate hydrates: Solid and liquid phase composition. Cement
and Concrete Research, (2015) 57–70.
[2] Chen, Q.Y., Tyrer, M., Hills, C.D., Yang, X.M., Carey, P. Immobilisation of heavy metal in cementbased solidification/stabilisation: A review. Waste Management 29 (2009) 390–403.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTIONS

Concrete is one of the world’s most affordable, reliable, durable and readily available construction
materials. However, cement production, the key binding element in concrete, accounts for
approximately 5-7% of CO2 emissions. Reducing these CO2 emissions is currently one of the most
important and urgent research topics within the cement community (Gartner 2004). To reduce the CO2
emission, Portland cement can be replaced partially with limestone or supplementary cementitious
materials (SCM) such as blast furnace slags, by-products from steel production, fly ash from coal
combustion, or calcined clays. The reaction of Portland cement with different SCM, which have
different chemical compositions leads to changes in the amount and composition of the hydrates
(Lothenbach et al. 2011). The most important hydrate formed during the reaction of Portland cement is
calcium silicate hydrate (C-S-H). In the presence of SCM, C-S-H can have different composition
compared to the C-S-H in Portland cements. The Ca/Si ratio of the C-S-H present in Portland cement
is in the range of 1.5 - 1.9, however, in SCM blends it is in the range of 0.6 – 1.9 (Antoni et al. 2012).
The high silica concentration in SCM such as fly ash or silica fume lowers the Ca/Si ratio of C-S-H
which modifies the structure of C-S-H phases. These low Ca/Si C-S-H phases are able to take up
more aluminium and alkalis, but less chloride and sulphates. Because of that the performance of
concrete can be affected in terms of mechanical properties and durability.
The structure and aluminium uptake of C-S-H with low Ca/Si ratio and their impact on hydration is still
not completely understood. The comparison of the few available datasets (Pardal et al. 2012; L’Hopital
et al. 2015; L’Hopital et al. 2016a, b), however, revealed the dependency of aluminium uptake on the
reaction time and/or synthesis method used. Most data in these have been measured by ion
chromatography with a limit of detection of 0.004 mM Al, which is only little below the aluminium
concentration (0.01 to 0.05 mM), where stratlingite and aluminium hydroxide start to precipitate. Thus,
very little information is available on the effect of aluminium concentrations on the different binding
sites in the C-S-H structure, and on how the different aluminium binding sites influence each other,
(L’Hopital et al. 2016); this information proved to be crucial for the thermodynamic models
development. One of the main focuses of this work is on the experimental investigation of the uptake
of aluminium by C-S-H at very low concentrations to obtain an overview of the different relations
between solid and aqueous phase composition at different pH values.
For the further development of thermodynamic models for C-S-H containing aluminium, it is needed to
have a comprehensive knowledge about the differences in short- and long-term experimental stability,
chemical evolution, and mechanical properties of such C-A-S-H phases. Furthermore, these
information will help to mitigate the implementation of new cements with lower CO2 emission during
cement manufacturing. In this work the effect of aluminium uptake in the C-S-H structure is
investigated in depth by combining the solubility measurements using ICP-MS, to be able to determine
sorption isotherms including also very low dissolved aluminium concentrations.
2.

EXPERIMENTAL DETAIL

In this study the uptake/sorption isotherms including measurements of very low aluminium
concentrations are investigated at different Ca/Si ratios with and without alkali hydroxide. In the
synthesis, calcium oxide (CaO), silica fume (SiO 2) and calcium aluminate (CA:CaO·Al2O3) were added
to Milli-Q water or sodium hydroxide (NaOH) solutions to obtain C-A-S-H with different compositions.
The proportions of CaO, SiO2 and CA were varied to obtain C-A-S-H with different Ca/Si and Al/Si
ratios as summarized in Table 1. Synthesis of samples was made in a nitrogen filled glovebox to
minimize carbonation. The samples were stored in 100 mL PE-HD containers placed on a horizontal
shaker moving at 100 rpm and equilibrated at 20°C. After equilibration for 3 months, the samples were
filtrated inside the glove box and solid and liquid phases were separated. The elemental
concentrations of calcium, silica and aluminum in the filtrates were determined with inductively
coupled plasma mass spectrometry (ICP-MS) (with detection limit for Al of 1 ppb (ng/mL)). Also, pH
measurements were made at room temperature with a Knick pH meter (pH-Meter 766) equipped with
a Knick SE100 electrode. Furthermore, the zeta potential was measured with an acoustophoresis
electroacoustic method using a Zeta Probe from Colloid dynamics. The calibration was made with
potassium tungstosilicates, KSiW. First measurement of zeta potential was made on unfiltered C-A-SH samples prior to filtration inside the glovebox. Then, a second measurement was carried out on the
filtrated solution to determine any interferences due to ions present in the solution which is considered
as background and thus deducted from the initial measurement. Moreover, in order to get the Al/Si
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ratio in C-S-H, mass balance calculations were performed considering also the fraction of Al in the
solution. Also, the secondary phases which are present in the solid samples were quantified for the
weight loss in TGA. TGA data were measured with a TGA/SDTA851e Mettler Toledo device using
approximately 30 mg of sample.
Table 1. Ca/Si, Al/Si and alkali concentrations used to prepare CASH samples
Ca/Si

Al/Si

NaOH (mol/L)

0
0.001
0.8

0.003
0.01
0.03

0
0.1
0.5
1

0.1
0.2

3.

RESULTS

Figure 1 shows the influence of increasing pH on Al uptake in C-S-H as well as the dissolved Al
concentration at Ca/Si ratio of 0.8. The molar Al/Si ratio in C-S-H was calculated from mass balance
taking into account the initial quantities, the amount of Al- in secondary phases and the fraction of Al in
solution. The Al uptake on C-S-H increases strongly with the Al concentrations in solution and no
obvious sorption plateau is reached even at higher aluminium concentrations, although. For the
sample at pH 10.5, where no NaOH had been added, the presence of a low amount of katoite (C3AH6)
and aluminium hydroxide (AH3) is observed at the highest Al/Si ratios. Thus, at higher Al/Si ratios, the
Al/Si ratio on C-S-H is less than the total Al/Si ratio in solid (initial value) which is due to the presence
of katoite and AH3. However, at lower Al/Si ratios, no other phases are observed such that Al/Si ratio
in C-S-H is the same as the initial ratio in solid.
The sorption isotherms in Figure 1 show that the presence of alkali hydroxide leads to much higher
dissolved Al concentration but to less aluminium in the solid phases at the same Al concentrations.
The addition of alkali hydroxide increases the pH values and preventes stratlingite and aluminium
hydroxide formation.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Figure 1. The effect of pH on Al uptake in C-S-H at Ca/Si ratio of 0.8 after 3 months (pH 10.5: no
NaOH; pH 12.5: 0.1 M NaOH; pH 13.2: 0.5 M NaOH and pH 13.5: 1 M NaOH). The Al/Si in C-S-H
was obtained from mass balance.
The zeta potential measurements are shown in Figure 2. The zeta potential measures the charge of a
particle not directly at the surface but in some distance; such that cations near the surface and even
some in the diffuse layer, contribute to the measured charge (James et al. 1992 and Giese et al.
1996). The zeta potential measurements show a negative charge for C-S-H. Increasing the pH by
adding 0.1 M NaOH increases the negative charge on C-S-H surface, in agreement with the
observation reported by L’Hopital et al. 2015. At very high alkali hydroxide concentrations, however,
the zeta potential measurements are affected by the increase in ionic strength which moves the
distance where the zeta potential is measured such that the measured values appear higher.
The zeta potential measurements illustrate that at higher pH values, the C-S-H surface will be more
negatively charged due to the ongoing deprotonation of the silanol sites (Churakov et al. 2014). This
negative surface charge suppresses Al uptake, as the main hydroxide complex of aluminium above
pH of 7, Al (OH)4- is also negatively charged.
This increase in negative charge together with increasing predominance of negatively charged
Al(OH)4- at high pH values is expected to be responsible for the lower effect of high pH on Al uptake
as shown in Fig. 1.

Figure 2. Zeta potential data for C-S-H samples (Ca/SI = 0.8) in the absence and presence of
NaOH. Note that the values at 0.5 M NaOH (shaded area) are affect by the increase in ionic
strength.
4.

CONCLUSIONS

In this study, the effect of aluminium uptake in the C-S-H is investigated using ICP-MS and zeta
potential measurements; to be able to determine sorption isotherms including also very low dissolved
aluminium concentrations. The uptake of aluminium increases its concentration in solution. It is
revealed that high pH values decrease the Al uptake in C-S-H at the same Al concentrations in
solution. However, high pH values prevent the formation of other Al-containing phases such as katoite
or aluminium hydroxide, which increases the dissolved concentration of aluminium in solution and thus
directly the amount of aluminium in C-S-H. The zeta potential measurements have shown that high pH
increases the negative charge on C-S-H surface which suppresses together with the predominance of
Al(OH)4- at high pH values, the Al uptake in C-S-H.
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ABSTRACT
Tobermorite, a natural mineral, belongs to a group of calcium silicate hydrates. This group of minerals
attracts the attention of many scientists thanks to its resemblance with products formed during
hydration processes of cement materials. Until now, many efforts to synthesise a pure well-crystallized
tobermorite was made. The quite poor repeatability of hydrothermal synthesis is the overall problem
regardless of synthesis conditions. It is probably caused by the fact that the reaction conditions are
influenced by many factors: purity and type of the starting materials, reaction temperature and
pressure, water-to-solid ratio and others. In this study, the influence of different starting materials,
especially the silica source was studied. Hydrothermal reactions were performed at 180 °C under
saturated steam pressure, while the reaction time was three days and C/S ratio of the starting mixture
was set to 0.83. For the synthesis of tobermorite, the crystalline silica source with finer particles is
favourable. After three days of reaction using silica sand Dorsilit (d50 = 5.3 µm) and w/s ratio in the
range 2–5 ml/g tobermorite is the main detected phase in the samples. When amorphous silica
sources (industrially prepared micro silica and self-synthesised SixOyOHz from TEOS) were used as
starting materials, other C–S–H phases like gyrolite, hillebrandite and clinotobermorite were prepared.
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1.

INTRODUCTION

Calcium silicate hydrates also called C–S–H phases are minerals very rarely occurred in nature, but
playing a significant role in the cement hydration processes. Nowadays the main scope of the
research is focused on an exact description of C–S–H formation during hydration of ordinary Portland
cement (OPC) mainly in an autoclaved aerated concrete system (AAC). There are over than 30
crystalline phases in this system, but only a few are of greater importance. Richardson (2008)
summarized the known crystalline C–S–H phases and other high-temperature phases related to OPC
cement. Two phases from this list, tobermorite and jennite, are used as structural models for shortrange order in C–S–H gels formed during the hydration process of OPC (Taylor 1997).
The tobermorite group of minerals consist of three main phases differing in their hydration state
closely related with the basal spacing. 14 Å, 11.3 Å and 9 Å structures are distinguished.
The denomination of phases is related by their characteristic d002 values in the powder diffraction
pattern. Biagioni et al. (2015) provided a detailed description of the tobermorite group. A most
significant member of the group is 11.3 Å tobermorite with chemical formula Ca5Si6O17·5H2O. It was
firstly described by Heddle (1880) and the crystal structure was firstly depicted by Megaw & Kelsey
(1956). The actually used crystal structure was solved at the turn of the century by Merlino et al.
(2001) and is based on two polytypic modification of orthorhombic or monoclinic symmetry leading to
a disordered structure. The basic structure is build up by central CaO-octahedra layer parallel to (001)
attached from both sides with infinite silicate double chains composed of condensed dreierketten
units. The dreierketten unit consists of three repeating silicon tetrahedra, two of them are paired and
pointing towards to calcium layer, the third one is bridging tetrahedron oriented to the interlayer. This
structure is common for the whole tobermorite group. In 11.3 Å tobermorite, the composite layers (one
calcium and two silicate layers) are connected together by an interlayer composed of calcium ions and
water molecules. The 11.3 Å tobermorite has a monoclinic dimorph called clinotobermorite. This
mineral has the same chemical formula as tobermorite, but the diffraction pattern differs. It was found
in 1992 and the structure was solved by Merlino et al (2000).
Various preparation methods of C–S–H based compounds have been described in the literature.
The most common synthesis route is the pozzolanic reaction between calcium hydroxide, silicon
dioxide and water according to (1) (John et al. 2018).

xCa(OH ) 2  ySiO2  zH 2O  xCaO ySiO2  ( x  z) H 2O

(1)

The final product of the reaction depends on the reaction conditions, mainly on the CaO to SiO 2 ratio
(C/S) of starting materials. For tobermorite formation, the ideal C/S ratio lies between 0.83–1.
The reaction proceeds at room temperature, but the complete turnover to the final product could take
weeks or even months. The other disadvantage is the semicrystalline nature of reaction products.
For a synthesis of pure crystalline C–S–H phases, the hydrothermal conditions are mainly preferable
(Hong & Glasser 2004). The reaction takes place in a sealed autoclave, where the saturated steam
atmosphere during heating up to 100 °C is formed. The silicon dioxide used as a starting material is
poorly soluble in water, but its solubility increase with increasing reaction temperature and pressure.
Because the dissolution of the calcium hydroxide, which is the product of hydration of CaO, is
exothermic, so its solubility decreases with the increasing temperature. For the ideal reaction
conditions the proper reaction temperature should be found. In the case of 11.3 Å tobermorite
synthesis, the ideal temperature range between 140–195 °C seemed to be found by Hong & Glasser
(2004) and Hartmann et al. (2015). Also it was discovered that the acceleration of the 11.3 Å
tobermorite to mineral xonotlite (Ca6Si6O17(OH)2) conversion took place within the reaction
temperatures above 180 °C and the C/S ratio close to 1 (El-Hemaly et al. 1977).
Besides the C/S ratio and the temperature of the hydrothermal reaction, the formation of tobermorite is
affected by the grain size and the crystallinity of the starting silicon dioxide (Bernstein & Fehr 2012,
Klimesh et al. 1996). Among all the above mentioned factors, it was found that the amount of water in
the reaction system strongly affects the reaction conditions (Kikuma et al. 2011, Galvánková et al.
2018). Despite the high number of studies focused on the hydrothermal synthesis of tobermorite, there
are still some unresolved questions. The main aim of this investigation was to describe the influence
of the crystallinity and the particle size distribution of silicon dioxide to the synthesis of tobermorite and
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other C–S–H phases. Besides the normal source of Si4+ like micro-sized milled quartz, the amorphous
industrial nano-sized micro silica and self-synthesised Si4+ nano source from teraethyl orthosilicate
(TEOS) was used. The influence of w/s ratio to a phase composition of synthesised products was
studied as well.
2.

EXPERIMENTAL

2.1

Starting materials

CaO was freshly calcinated from the grounded CaCO 3 at 1000 °C for 1 hour and stored in a
desiccator. The amount of CaO in calcinated limestone was determined to be higher than 97 %. Silica
sand Dorsilit, especially crushed silica sand SUK, industrially prepared micro silica Grace Davison and
self-prepared SixOyOHz were used as sources of silica. First two was used as the crystalline sources;
second ones had an amorphous nature. The self-synthesised SixOyOHz was prepared from tetraethyl
orthosilicate (TEOS) via base-catalysed sol-gel reaction. Prepared silica gel was dried and calcinated
at 600 °C for 2 hours. The physical properties, distribution of particle size and specific surface area of
used sources are listed in Table 1. The phase composition of used silica sources is shown on Figure
1-2. The XRD analysis given on Figure 2 confirmed the amorphous nature of the micro silica Grace
Davison and synthesised SixOyOHz and their morphology observed by scanning electron microscope
are shown in Figures 3-4. Decarbonated deionized water was used as a liquid reactant.

Figure 1. XRD patterns of crystalline sources
of silica (Q = quartz)

Figure 2. XRD patterns of amorphous
sources of silica

Figure 3. SEM image of micro silica Grace
Davison

Figure 4. SEM image of self-synthesised
SixOyOHz from TEOS
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Table 1. Characterization of starting materials

Material

2.2

Distribution of particle size

BET - Surface area

d50 [µm]

d90 [µm]

d99 [µm]

m2/g

SUK

20.2

72.1

118.7

0.642

Dorsilit

5.3

24.6

45.3

1.965

Grace Davison

4.3

6.9

9.4

169.411

Si-O from TEOS

8.2

22.5

40.9

6.744

28.4

79.2

160.4

17.298

CaO
Sample preparation

The amount of starting materials was calculated with the respect of C/S ratio - 0.83. Firstly the CaO,
as a source of calcium, was mixed with water and stirred for 3 minutes under the laboratory
temperature and velocity of 250 rpm. The corresponding amount of silica source was added to the
mixture. The stirring of the mixture continued for 5 more minutes. The w/s (i.e. water-to-solid) ratio was
varied in the range from 1.5 ml/g to 15 ml/g. Homogenously stirred reaction suspensions were
autoclaved at 180 ° C under the condition of saturated steam pressure. After 3 days of reaction,
autoclaves were cooled down and the synthesized products dried at 50 °C for 12 hours.
For characterization purposes the dried products were crushed and milled in agate mortar.
2.3

Methods of analysis of prepared samples

Phase composition of all products were examined by X-ray powder diffraction (XRD) using X-ray
diffractometer Empyrean (Pananalytical) with Cu Kα radiation from 5 to 90° 2θ and the step 0,013°.
A thermogravimetric and differential thermal analysis (TG-DTA) was used to study the thermal
behaviour of prepared products. The TG-DTA instrument Q 600 (TA Instruments) was used to study
the behaviour under the higher temperature, the applied heating rate was 10 °C/min from 20 °C to
1000 °C and experiments were carried out under the Ar atmosphere. The morphology of prepared
powdered samples was observed by scanning electron microscopy (SEM) using the microscope
ZEISS EVO LS 10.
3.
3.1

RESULTS
X-ray diffraction

As was mentioned above, four different silica sources with different particle size distribution, specific
surface area and crystallinity were used for the synthesis. The different used w/s ratio for syntheses
was tested - 1.5, 2, 3, 5, 10 and 15 ml/g. Although the micro silica Grace Davison has a height specific
surface area, only synthesis with w/s ratio higher than 3 ml/g could be proceeded, the other sources
proceeded with all w/s ratios. XRD diffractograms of prepared products are shown in Figure 5-8. When
SUK, a source with d50 around 20 µm, was used as a starting material, crystalline tobermorite and
xonotlite was formed. The unreacted quartz was detected in all samples without the w/s ratio
dependence. With increasing w/s ratio the amount of unreacted quartz was increased and the amount
of newly formed phases decreased. The characteristic peak for tobermorite around 29° reached a
maximum in the sample with w/s=2 ml/g. When the crystalline silica source with d50 around 5 µm, silica
sand Dorsilit, was used as a starting material, the reactivity was higher, tobermorite and xonotlite were
the main crystalline phases detected in samples with w/s ratio from 1.5 to 5 ml/g. With higher water
content (w/s=10 and 15 ml/g) the reactivity of C–S–H system seemed to be decreased. When
amorphous micro silica Grace Davison was used as a starting material, besides the tobermorite and
xonotlite the new phase clinotobermorite was formed. As was observed in previous samples with
higher w/s ratio the reactivity of the system decreased. When the amorphous source self-synthesised
SixOyOHz from TEOS was used as a starting material, the mixture of different C–S–H phases was
prepared. Besides the tobermorite and xonotlite, gyrolite and hillebrandite structures were detected.
Gyrolite with chemical formula Ca16Si24O60(OH)8·(14+x)H2O, where x = 0–3, is a mineral which
crystallizes from C–S–H gel system with C/S ratio ranging from 0.5 to 0.66 (Merlino 1988). To prepare
hillebrandite (Ca2SiO3(OH)2) the higher C/S ratio, around 2, is needed (Richardson 2008).
The morphology of self-prepared SixOyOHz probably contributes to faster dissolution of the silica
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source, so the C/S ratio in the reaction system decrease to values around 0.6 and gyrolite could be
formed. The increase in the w/s ratio up to 5 ml/g favours the formation of hillebrandite instead of
tobermorite and xonotlite. When w/s ratio higher than 10 ml/g is used unreacted portlandite (Ca(OH) 2)
remains in the samples. In all samples prepared with amorphous silica sources, the high background
was observed, which indicate the presence of the amorphous phase. Besides the mentioned phases
all samples contained calcite and in minor quantities mineral scawtite (Ca7(Si6O18)(CO3)·2H2O). These
phases are the result of the carbonation of C–S–H system thanks to a presence of CO2 in the air
(Kaprálik et al. 1984).

Figure 5. XRD patterns of samples prepared
using especially crushed quartz sand SUK
(T=tobermorite, Q=quartz, X=xonotlite)

Figure 6. XRD patterns of samples prepared
using silica sand Dorsilit (T=tobermorite,
Q=quartz, X=xonotlite, P=portlandite)

Figure 7. XRD patterns of samples prepared
using micro silica Grace Davison
(T=tobermorite, C=clinotobermorite,
X=xonotlite, K= calcite)

Figure 8. XRD patterns of samples prepared
using self-synthesised SixOyOHz from TEOS
(T=tobermorite, G=gyrolite, X=xonotlite, K=
calcite, H=hillebrandite, P=portlandite)

3.2

Thermogravimetric and differential thermal analysis

Thermal behaviour of prepared samples was studied by TG/DTA analysis. The results are given in
Figure 9-16. The main weight lost between 50 °C and 250 °C accompanied by the broad endothermic
hump presumably resulted from the loss of loosely bound molecular water present in the structure of
tobermorite. The weight decrease was about 10 % and was highest in the case of the samples
prepared using silica sand Dorsilit. The gradual weight loss up to 750 °C supposed to be a result of
dehydroxylation of remaining OH groups in tobermorite structure. In samples with higher w/s ratio
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(10 and 15 ml/g), in the case of Grace Davison series in all samples, was another weight decrease at
about 600–750 °C which corresponds to the decomposition of calcite. In series prepared from SUK,
Dorsilit and Grace Davison there was weight loss between about 750 °C and 800 °C that corresponds
with the loss of structural hydroxyls from xonotlite and formation of wollastonite (Shaw et al. 2000).
The another weight decrease in TG curves of samples prepared using self-synthesised SixOyOHz with
w/s higher than 5 ml/g in a temperature range 500–550 °C was observed. This weight loss was
probably caused by the dehydroxylation of hillebrandite together with the dehydration of portlandite.
Besides the endothermic hump on the DTA curves, an exothermic peak around 850 °C is detected
indicating the recrystallization of tobermorite into wollastonite.

Figure 9. TG curves of samples prepared
using especially crushed quartz sand SUK

Figure 10. DTA curves of samples prepared
using especially crushed quartz sand SUK

Figure 11. TG curves of samples prepared
using silica sand Dorsilit

Figure 12. DTA curves of samples prepared
using silica sand Dorsilit

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 13. TG curves of samples prepared
using micro silica Grace Davison

Figure 14. DTA curves of samples prepared
using micro silica Grace Davison

Figure 15. TG curves of samples prepared
using self-synthesised SixOyOHz from TEOS

Figure 16. DTA curves of samples prepared
using self-synthesised SixOyOHz from TEOS

3.3

Scanning electron microscopy

For a description of the influence of the distribution of particle size and crystallinity of silica source
to the tobermorite morphology, the samples containing the highest amount of tobermorite according to
the XRD analysis was chosen for morphology study. Samples from the SUK series prepared using the
w/s=2 ml/g, from Dorsilit series the sample with w/s=3 ml/g, from Grace Davison series the sample
with w/s=5 ml/g and for a self-synthesised SixOyOHz series the sample prepared using w/s=3 ml/g
were chosen. The SEM images are given in Figure 17-20. According to SEM images, the tobermorite
morphology strongly depended on the silica source. When using the crystalline sources, SUK and
Dorsilit, tobermorite crystals seemed to be platelet-like with diameter around 1 µm. In SUK sample
also xonotlite fibres are clearly observed. On the contrary, in the sample prepared using amorphous
micro silica Grace Davison, the tobermorite particles were less crystalline; it was more like the small
aggregates without a precise crystalline structure. The morphology of the sample prepared from selfsynthesised SixOyOHz corresponded to XRD results, the multiple types of structures were observed.
The long fibres could probably be xonotlite crystals, platelets gyrolite crystals and tobermorite probably
crystallized in the form of the small platelet-like and needle-like crystals with a diameter smaller than
1 µm.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 17. SEM image of sample prepared
using SUK as a silica source and the w/s ratio
2 ml/g

Figure 18. SEM image of sample prepared
using Dorsilit as a silica source and the w/s
ratio 3 ml/g

Figure 19. SEM image of sample prepared
using micro silica Grace Davison as a silica
source and the w/s ratio 5 ml/g

Figure 20. SEM image of sample prepared
using self-synthesised SixOyOHz from TEOS
as a silica source and the w/s ratio 3 ml/g

4.
4.1

DISCUSSION
The influence of particle size and crystallinity of the silica source on the tobermorite
formation and its morphology

For the synthesis of C–S–H phases under hydrothermal conditions, the dissolution rate of SiO2 is
essential. It is mainly influenced by particle size distribution and crystallinity of the starting silica
source. The presented results indicate that using crystalline silica source (especially milled quartz
sand and silica sand Dorsilit) as a starting material resulted in producing well-crystallized tobermorite
in higher amounts than with using the amorphous sources. These findings are in a good agreement
with the previous studies reported by El-Hemaly et al. (1977) and Sato & Grutzeck (1992). El-Hemaly
et al. (1977) stated that while using the amorphous silica as a starting material the initial reaction to
C–S–H is faster, but the subsequent crystallization of tobermorite is slower than with the crystalline
silica. On the contrary, when preparing the C–S–H phases in laboratory conditions (20 °C and 100 %
humidity) the amorphous silica sources are more reactive than the crystalline one (Baltakys et al.
2007). When using finer crystalline silica source the dissolution rate increase so the reactivity of the
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system is higher which results in the creation of tobermorite, which crystallized in small well defined
platelet-like crystals. When using the coarser silica source (d 50=20.2 µm, i.e. SUK), xonotlite was more
stable phase than tobermorite what corresponded with author´s previous study (Galvánková et al.
2018), where the same crystalline silica sources autoclaved for 1 and 5 days were used as a starting
material. When an amorphous silica source is used as a starting material, its morphology and high
surface area have a significant influence on a phase composition and morphology of hydrothermally
prepared samples. The used micro silica Grace Davison had about an order higher specific surface
area than self-synthesised SixOyOHz, which results in a better reactivity. Besides 11.3 Å tobermorite,
the monoclinic dimorph of tobermorite, clinotobermorite could be found in prepared samples. The
morphology of other amorphous silica source, self-synthesised SixOyOHz, is shown on Figure 4 and
consisted of small round particles that form agglomerates. This morphology could contribute to
a higher solubility of the silica source and probably result in the formation of new C–S–H phases,
gyrolite and hillebrandite. The formation of gyrolite during the preparation of aerated autoclaved
concrete using quartz with specific surface area 1.65 m2/g was described by Isu et al. (1995).
According to them, quartz with higher specific surface area dissolute faster, so the Si4+ concentration
is locally increased and the C/S ratio is reduced to values ideal for the crystallization of gyrolite. The
preparation of hillebrandite in C–C–H system with C/S ratio lower than 1.5 was not yet described.
Generally, hillebrandite crystallizes from C–S–H system with C/S around 2 at temperatures higher
than 180 °C under saturated steam pressure (Hong & Glasser 2004).
The influence of different silica source used as a starting material had no effect to the thermal
behaviour of prepared samples. Upon heating, the dehydroxylation of the tobermorite at temperature
ranging from 50 ° C to 250 ° C occurred, followed by a gradual release of the remaining OH groups up
to 800 ° C. The recrystallization of tobermorite into wollastonite took place at about 850 °C; the
temperature of the recrystallization is independent of the chosen silica source. The behaviour of
prepared tobermorite at elevated temperatures corresponded to results published by Shaw et al.
(2000), which used the natural tobermorite for conducted research.
4.2

The influence of water-to-solid ratio on the tobermorite formation

The C–S–H system's reactivity is also significantly influenced by the amount of water present in the
system. The presented results show that, independently of the silica source, the system's reactivity
decreases with increasing water-to-solid ratio. In samples with a w/s ratio of more than 10 ml/g, the
system reactivity is significantly reduced. The prepared samples contain primarily unreacted starting
materials (silica and portlandite) and product of carbonation of portlandite, calcite. The effect of w/s
ratio on the synthesis of tobermorite using crystalline silica sources was examined by Kikuma et al.
(2011). For the preparation of the samples, Kikuma et al. (2011) used w/s ratio of 1.7, 3, 6 and 9 ml/g
and they did not report a significant influence of w/s ratio to the amount of prepared tobermorite.
Different results were presented by Houston et al. (2009), which used the amorphous silica source for
the hydrothermal reaction and w/s=5 and 10 ml/g. The synthesis was made in an autoclave at 150 ° C.
The rate of tobermorite formation was 2 times greater with w/s= 5 ml/g.
5.

CONCLUSIONS

Hydrothermal formation of tobermorite from CaO–SiO2–H2O system was here studied. The influence
of the silica sources differing in the distribution of particle size and crystallinity was examined. As well
as the influence of water-to-solid ratio to final phase composition of prepared samples was observed.
Generally after the 3 days of reaction at 180 °C under the saturated steam conditions, mineral
tobermorite could be prepared. Summarizing the given result of presented work the following
conclusions can be made:





The using of crystalline silica source with finer particles as a starting material enhanced the
reactivity of the system and the phase pure tobermorite could be prepared, while the
coarser particles led to the formation of xonotlite;
When the amorphous silica sources were used the reactivity of the system increased and
besides tobermorite others C–S–H phases were formed – in the case of micro silica Grace
Davison the presence of clinotobermorite was observed, using self-synthesised SixOyOHz
from TEOS minerals gyrolite and hillebrandite were synthesised;
For hydrothermal synthesis of tobermorite the silica sand Dorsilit with d 50=5.3 µm and
specific surface area 1.965 m 2/g was found to be the most favourable source;
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6.

With increasing water-to-solid ratio the reactivity of the system decreased, so the ideal w/s
ratio was in the range of 2–5 ml/g independently on the type of silica source;
The thermal behaviour of prepared tobermorite was the same for all samples and does not
depend on the silica source or the w/s ratio.
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ABSTRACT
Carbon nanostructure materials (CNMs) have great potential to promote the electric and mechanic
properties of cementitious materials. To avoid heterogenization during mixing due to the extreme
surface energy of CNMs, this paper reports the in-situ growth of CNMs on clinker using chemical vapor
deposition (CVD) in the atmosphere of acetylene and Ar at 600 oC for 1 hour, X-ray photoelectron
spectroscopy (XPS) and transmission electron microscope (TEM) were used to analyze the
coregulations on the structure of CNMs and its bonding with the clinker. Results show that clinker is
ideal substrate to realize one-step and in-situ growth of CNMs without catalyst because of the
existence of CaO Fe2O3 and Al2O3 where the CNMs favor to grow. In this case yarn structure of
stacked graphite nanosheets grow on the interfere phases of clinker. The C 1S spectrum shows the
domain bonds of carbon are sp2 and CaCO3 which is consistent with the image results.
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1.

INTRODUCTION

Cement and concrete are the largest construction materials used in the fields concerning to
citizens’ daily life. Modifying and designing cementitious material from macro, meso to nano
scale by combining steel, fibres and nano materials are essential to improve their structure
and properties and to prolong their service life.
Carbon nanostructure materials (CNMs), are widely applied in varied fields such as
electronics, mechanics, thermotics and biomedicine due to their excellent properties
(Novoselov, 2004). In comparison to silicate and calcite nanomaterials, CNMs have lower
specific gravity leading to remarkable strengthening and toughening effects (Parveen, 2015).
However, it is not easy to reach these effects by simply mixing CNMs with cementitious
materials: homogenizing and bonding with the base arises. This problem limits the CNMs’
effect on the property improvement. Mudimela (2009) and Ghaharpour (2016) introduced
CVD methods of carbon nanotubes (CNTs) deposition on the iron catalytically treated cement
particles. However, the introduction of iron into clinker through dissolution of cement particles
in ethanol-base iron nitrate solution with the subsequent drying or sintering the mixture would
definitely influence the composition and hydration property of clinkers. As a result, it is
practical to introduce the CNMs into clinker without catalytical procedures. Lianchang (2011)
and Sun (2015) studied non-catalytic conditions for the growth of graphene directly on silicon
glass. Nasibulina (2010) reports that silicate clinker contains an iron phase and calcium
silicon oxide that act as catalyst and substrate of carbon decomposition, respectively. He
introduces a direct synthesis method of hybrid of cement-carbon nanofibers (CNFs) by CVD.
But the microstructure of the CNFs and its combination with the substrate is not explained
clearly.
This paper reports the in-situ growth of CNMs on clinker using the chemical vapour deposition
(CVD) method. The morphology and microstructure of CNMs along with their combination
with clinker substrate is analysed by microscopic and bonding analysis. The results give
insight into the mechanism of in-situ growth of clinker-CNMs hybrid using greenhouse gas,
and eventually will provide clues for the new method to nano-scale control of cement
hydration process.
2.
2.1

METERIALS AND METHODS
Sample preparation

Ordinary Portland cement clinker (PI) from China United Cement Corp. (Nanjing, China) are
used as deposition substrate. Clinker nodules were crushed to pieces to achieve diameters of
less than 0.5 cm and grinded using a vibration grinding mill (ZM-1, Tungsten carbide
pulverising mill Bowl) for 20 seconds.
The chemical vapour deposition (CVD) method was used to synthesize the clinker and carbon
nano-structure hybrid (PI-C). The CVD system is composed of a gas controller, a tube
furnace and exhaustion parts. Acetylene (C2H2, with 99.9% purity), hydrogen (H2, with 99.9%
purity) and argon (Ar, with 99.9% purity) were chosen as carbon supply, deoxidation and gas
carriers, respectively. About 3 grams of PI powders were evenly distributed in a combustion
boat and allocated in the centre of a quartz tube (with an internal diameter of 50 mm and
1000 mm length) within the furnace heating zone (with a heating length of 50 mm). First, fast
flow of Ar was introduced into the chamber for 5 min and vacuumed away. This process was
repeated for a second time to replace all the air in the tube. The Ar flow rate was reduced to
stabilize at 50 standard cubic centimetres per minute (sccm) during the reaction process.
Then the temperature of the chamber was increased from room temperature to the required
reaction temperature of 600℃. To start the deposition procedure, 15 sccm C 2H2 and 50 sccm
H2 were flown through the reactor for 1 hour. Then the furnace and C2H2 were turned off.
Samples were left in the tube to reach room temperature and afterwards the products were
collected. Ar and H2 gas remained flowing throughout the synthesis and cooling process to
avoid oxidizing of carbon products. Figure 1 shows the clinker powders before and after
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carbon deposition. The colour of PI-C is much darker than the PI’s indicating the formation of
CNMs on the surface of clinker powders.

Figure 1. Clinker particles before (PI) and after (PI-C) carbon deposition.
2.2

Material Characterisation

The particle size distribution was measured using laser diffractometry in a Microtrac S3500SI.
The oxide composition and loss of ignition (LOI) of clinker was determined by X-ray
florescence (XRF) on a PANalytical Axios MAX instrument. The result of the XRF
measurement is shown in Table 1. Mineral contents were examined using a Rigaku Miniflex
X-ray diffractometer (XRD) with Cu-Ka radiation (λ= 0.154nm). The accelerate voltage,
accelerate current, step size of the tests were 40 kV, 20 mA, and 0.02°, respectively. Data
collection ranged from 10° to 60°(2θ) in 10 minutes. The weight fraction of phase α by Gfactor method was calculated according to:

𝑊𝛼 = 𝑆𝛼

𝜌𝛼 𝑉𝛼2 𝜇𝛼
𝐺

where ρα represents the density of phase α, Vα the volume, Sα the scale factor, which was
calculated from Rietveld analysis by GSAS-EXPGUI software, and μα the mass attenuation
coefficient that was calculated from XRF data. G is a constant related to the measurement
conditions, which was confirmed from an external standard sample (NIST Al2O3)
measurement (Hu, 2018). GSAS-EXPGUI software was used for refining the scale factors.
Final global optimized parameters were as follows: global variables, background, scale factor
preferred orientation, B overall, cell parameters, phase fraction and peak shape parameters.
The refinements were performed based on the following structures: C 3S (ICSD 81100), C2S
(ICSD 79553), C3A (ICSD 1841), C4AF (ICSD 2841), f-CaO (ICSD 52783), anhydrite (ICSD
1956).
The morphology and structure of PI-C was investigated by transmission electron microscopy
(TEM) using a JEOL JEM-2100 instrument (JEOL Ltd, Tokyo, Japan) operating at the
acceleration voltage of 200 kV at Nanjing Tech University and ScanModel JSMe6510, (JEOL
Ltd, Tokyo, Japan) equipped with energy dispersive spectroscopy (EDS) operating at an
acceleration voltage of 20 kV at the University of Bremen, Germany.
X–ray photoelectron spectroscopy (XPS) spectra were obtained using a Theta Probe Thermo
Fisher Scientific spectrometer with a monochromatic Al Ka X–ray source (1486.6 eV). Survey
scans were collected from 0 to 1100 eV.

(1)
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3.

RESULTS AND DISCUSSION

3.1

Particle size and mineral composition

The particle size distribution curves of the ordinary Portland cement clinker (PI) and the
carbon nano-structure hybrid (PI-C) are presented in Figure 2. The curve is concentrated after
carbon deposition without any shift indicating that the carbon coating leads to more uniform
particle size distribution.
The chemical composition and mineral content of PI and PI-C are shown in Table 1. The XRD
patterns of the two materials is presented in Figure 3. The investigation of PI-C via XRD and
Rietveld analysis shows no detectable amount of CNMs. The curing process of carbon
deposition does not lead to mineral changes. However, the C3S content slightly decreases
from 65.2% to 64.1% and increase of C2S and f-CaO. The molar ratio of Ca/Si in PI powder is
3.19. According to Taylor (1997), with this Ca/Si ratio and a curing temperature of 600℃, C2S
and calcium oxide are more stable than C3S what could have resulted in the slight
compositional changes. According to the results in this part, the condition of PI-C hybrid
synthesis does not change the particle size distribution and mineral composition of clinker
significantly. Consequently, the production could be easily dispersed in mortar in future
applications.

Figure 2. Particle size distribution of untreated and treated PI particles
Table 1. Chemical composition of PI powder and mineral content by XRD analysis
(mass percentage)
Oxide

SiO2

Al2O3

Fe2O3

TiO2

CaO

MgO

SO3

K2O

Na2O

LOI

PI %

22.19

5.54

3.54

0.3

66.27

0.92

0.45

0.54

0.24

0.49

Minerals*

C3S

C2S

C3 A

C4AF

f-CaO

CH

Rwp

PI %

65.2

14.8

10.1

9.4

0.3

0.1

7.19

PI -C %

64.1

15.8

10.7

8.3

0.8

0.3

7.68
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* Abbreviation of the minerals: C3S for Alite, C2S for belite, C3A for calcium aluminate, C4AF
for ferrite, f-CaO for free calcium oxide and CH for anhydrite.

Figure 3. XRD patterns of PI and PI-C. Characters on the peaks A, B, C3A and F
represent Alite(C3S), Belite(C2S), Calcite aluminate(C3A) and Ferrite(C4AF) respectively.
3.2

Morphology and structure analysis

A secondary electron microscopy (SEM) image combined with EDS plots at two different
spots of a PI-C particle is displayed in Figure 4. It evidences that on the clinker surface, floc
structures form on specific regions rather than evenly distributed. According to the EDS
results, elements at spot a containing C, Fe and Al indicates that the floc is a carbon
nanostructure deposition and the substrate mineral consist of C4AF. In comparison, only trace
amounts of the three elements above are detected at the smooth area b, evidencing that
CNMs are more likely to deposit in areas that contain iron, which is corresponding to their
growth habit (Kumar 2010). Fe as a transition metal could decompose hydrocarbons by the
interaction between 3d e- in metal and π e- in carbon (Dupuis 2005). Therefore, CNMs most
likely grow on C4AF mineral in the clinker surface.
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Figure 4. SEM image and EDS results of PI-C
Figure 5 presents the TEM image of PI-C at the carbon growth region. The EDS plots of
substrate edge A and spiral fibres B are also illustrated. The diameter of carbon fibres ranges
from 10 nm to 50 nm. According to the insert image in Figure 5, the morphology of CNMs are
solid fibres assembled by nano sheet particles. The EDS result of region A shows no silicon
content but detectable Al and Fe, which is in line with the previous interpretation.

Figure 5. TEM and EDS image of PI-C
3.3

XPS analysis

XPS analysis is an efficient method to identify the surface composition and functional groups
of solid materials. Figure 6, shows a XPS spectrum of the grown CNMs on clinker powder.
Figure 6a represents the full range XPS spectrum of PI-C, revealing the presence of O 1s
(532.1 eV), Ca 2s (439.1 eV), Ca 2p (348.1 eV) and C 1s (285.1 eV). In Figure 6b, C 1s
spectrum was fitted with four peaks assigned as sp2 carbon (284.7 eV), C–H (285.2 eV), C–O
(287eV) and CaCO3(289.8 eV). The dominant peak is the sp2 feature, indicating the content
of graphite structure of the as-grown material. The C–H and C–O groups originate from the
edges. CaCO3 group demonstrates that the carbon nanostructure growth on the clinker is
associated with calcium oxide.
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Figure 6. XPS spectrum of the PI-C. a. Overall spectrum. b. C 1s XPS spectrum
showing the featured signals of graphite with a sp2 carbon peak (284.7 eV), a C-H peak
(285.2 eV), a C-O peak (287eV) and CaCO3 peak (289.8 eV), indicative of carbon growth
in connection with calcium
4.

CONCLUSION

The main conclusions drawn from this experiment are:







5.

CNMs can grow on clinker particles without the aid of a catalyst by the CVD
method in an atmosphere consisted of acetylene, hydrogen and argon due to the
aid of Fe that work as catalysts for C2H2 decomposition and Ca that works as
substrate for CNMs growth.
After CNMs growth by the curing method, on the one hand, the particle size
presents more concentrated distribution. On the other hand, the phases of
minerals in the clinker does not change only along with a small decrease of C3S
content.
SEM, EDS and TEM observations indicate that CNMs grow on the C4AF rather
than the silicate phases.
According to XPS data and microscope images, the structure of CNMs is
composed of twisted carbon fibres assembled by nano graphite sheets.
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ABSTRACT
Ultra-high performance concrete (UHPC) represents a unique material which combines ultra-high
strength, high ductility and excellent durability, enabling new construction possibilities of light
structures with extended service life. Nevertheless, the high cost of conventional UHPC as well as its
resource intensiveness prompts the development of alternative mix designs. UHPGC represents a
promising alternative in which the different constituents (quartz sand, quartz powder, cement and silica
fume) can be partially replaced by different fineness of post-consumption ground glass powder.
Following previous work on the optimization of the particle packing density of different types of
UHPGC, this study aims at understanding the microstructure signature of hardened UHPGC. The
latest NI-QEDS technique (coupled NanoIndentation and Quantitative Energy-Dispersive
Spectroscopy) is here employed to investigate the microstructure phases in terms of mechanical and
chemical properties at the micrometer scale. More specifically, the microstructure of a conventional
UHPC is compared with a UHPGC in which 30% of cement was replaced by glass powder without
strength reduction at 91 days. The results illustrate that partially reacting glass powder particles can
efficiently replace anhydrous residual clinker in the densely packed UHPGC microstructure, even if
their stiffness is significantly lower than that of clinker grains. Moreover, a limited contribution of glass
powder to the hydrates was observed at 7 days, but ongoing reactions enable strength gains at later
ages. Overall, this work evinces microstructure features responsible for the outstanding properties of
UHPGC, which opens new research avenues for optimizing UHPC performance while reducing its cost
and environmental footprint.
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1.

INTRODUCTION

Ultra-high performance concrete (UHPC) can reach compressive strengths above 150 MPa by
combining the removal of aggregates (max particle size ~0.6 mm), the optimization of the packing
density of reactive and non-reactive powders (fine quartz, cement and silica fume) and the reduction of
the water-to-binder ratio (below 0.20, using efficient superplasticizers) (Richard and Cheyrezy 1995).
However, replacing the inexpensive part of concrete (the aggregates) by specialized powders in UHPC
results in very high costs and environmental footprint. Thus, several researchers developed alternative
UHPC in which the constituents were replaced by cheaper, less resource-intensive materials such as
fly ash, slag, limestone, natural pozzolans, conventional quartz sand or post-consumption glass powder
(Ahmad et al. 2014, Hernández Carrillo et al. 2016, Hou et al. 2014, Huang et al. 2017, Nguyen et al.
2011, Omran et al. 2018, Soliman and Tagnit-Hamou 2017, Tagnit-Hamou et al. 2015, Yazici et al.
2008). Notably, Soliman et al. (2016) optimised different types of ultra-high performance glass concrete
(UHPGC) and showed that cement replacement by glass powder up to 50% would result in increased
91-day strengths. Moreover, because of the lower reactivity and the lower water absorption of GP
compared to cement, increasing replacement levels resulted in increased workability but lower earlyage strengths (Soliman and Tagnit-Hamou 2016).
In the quest for further developing efficient alternative UHPC, macro-scale optimization could benefit
from an improved quantitative microstructure understanding of UHPC. Although this represents a
challenge due to the densely packed UHPC microstructure, recent developments in micro-chemomechanical coupling of NanoIndentation and Quantitative Energy-Dispersive Spectroscopy (NI-QEDS)
provide a means of investigating the microstructure features responsible for the macro-scale properties
(Wilson et al. 2017; Wilson et al. 2018a, b).
This study applies such latest characterization method to foster the understanding of UHPC and the role
of GP in UHPGC. More specifically, a typical UHPC microstructure is compared with a UHPGC
incorporating GP to replace 30% of the cement content. By applying the NI-QEDS method to these two
systems after 7-day moist curing, this works investigates the contribution of GP particles both to the
hydrates and to the densely packed skeleton of anhydrous hard inclusions.
2.

METHODS

A reference UHPC mixture was produced using a high-energy shear mixer by combining quartz sand
(d50 = 250 m), quartz powder (d50 = 13 m), sulfate-resistant cement (d50 = 11 m, low alite and
aluminate contents), silica fume (d50 = 0.15 m) and a high-range water-reducing admixture, at a waterto-binder ratio of 0.189. The investigated UHPGC system was produced using the same materials, with
30% replacement by weight of the cement by GP (d50 = 12 m). The mix design and packing density of
such mixes were optimized in a previous study (Soliman and Tagnit-Hamou 2016) which details the
sample preparation, the mix design and the properties of the materials. After demolding, the samples
were moist-cured at 100% RH for 7 days before cutting discs of about 3 mm thick by 15 mm diameter.
These specimens were then levelled with a Struers automatic polishing machine using a 15m diamond
suspension sprayed on a perforated polishing cloth. Fine polishing was performed similarly with 6m
and 1 m diamond suspensions. The specimens were cleaned in an ultrasonic bath of isopropanol
between each step to remove the polishing debris.
The NI-QEDS method was applied to the polished specimens to investigate the chemo-mechanical
properties of the microstructure phases and their arrangement. The protocol is summarized below, and
further details may be found elsewhere (Wilson et al. 2018a). For each specimen, a grid of 24 x 21
nanoindentation points spaced by 10 m was carried out using a trapezoidal loading at a maximal depth
of 250 nm, with a sufficient holding period to avoid delayed plasticity effects. For each single
measurement, the indentation modulus (M) and the indentation hardness (H) were estimated using the
Oliver and Pharr method. The location of each probed indentation volume was automatically detected
using a Matlab algorithm, the coordinates of the indents were translated into the scanning electron
microscope (SEM) and then used as inputs for measurement of the chemical composition at each data
point using SEM-EDS quantitative analyses with standards. Furthermore, chemical mappings were
performed over the nanoindentation grid. Finally, a statistical deconvolution using the maximum
likelihood approach and 7 classification variables (M, H, Si/Ca, [Al+Fe]/Ca, Na/Ca, Mg/Ca and SOX
[Sum of OXides]) was employed to separate the main phases composing the UHPGC microstructure.
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3.
3.1

RESULTS AND DISCUSSION
Influence of the cement substitution on the evolution of strength over time

As reproduced from previous work (Soliman and Tagnit-Hamou 2016), Figure 1 presents the evolution
over time of the compressive strength for a series of UHPGC where cement was replaced by GP at
dosages ranging from 0% to 50%. Notably, all UHPGC mixes showed a 91-day strength higher than
that of the reference UHPC, although the early-age rate of strength development decreased with the
increasing GP content. With the aim to better understand the micromechanical features responsible for
these promising results, the current study focusses on micromechanical investigation of the reference
UHPC and the UHPGC incorporating a mid-range amount of GP (30% replacement of cement).

Figure 1. Evolution of the compressive strength as a function of the duration of the moist curing
and the relative proportions of cement (%C) and glass powder (%GP), adapted from (Soliman
and Tagnit-Hamou 2016).
3.2

Composite chemical mapping of a UHPC microstructure

The composite chemical mapping of Figure 2 illustrates the microstructure of the investigated UHPC,
as obtained by a multilayer combination of four elemental mappings (Si in red, Ca in blue, Al in green
and Fe in grey). Considering the relative intensity of these elements, the different microstructure phases
can be visually identified: quartz powder and quartz sand in red, residual clinker grains in purple (alite
and/or belite) and cyan (aluminate and ferrite), calcite grains in blue, the matrix of hydrates in reddishpurple (essentially SF-enriched C-S-H) and Al-rich hydrates in dark green. Furthermore, contour lines
have been traced around grains for easier distinction between rigid anhydrous inclusions and the matrix
of hydrates.
Because of the very low water-to-binder ratio typical of UHPC (w/b= 0.189), the microstructure after 7
days of hydration contains a significant amount of unreacted clinker grains. These include particles with
sizes below 5–10 m, which would be totally hydrated in the first days for systems at higher w/b. Thus,
the microstructure is mainly composed of a skeleton of well-graded hard anhydrous inclusions bound
with relatively small volumes of hydrates, as expected by definition for UHPC (Cheyrezy et al. 1995).
This visual representation of the UHPC microstructure inevitably implies that highly-reactive cement
clinker is inefficiently used as a filler, and thus suggest partial replacement of cement by “equivalent”
particles. The next section explores the use of glass powder as an alternative inclusion, in terms of
particle stiffness and hardness, reactivity and bonding capacity with the matrix of hydrates.
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Figure 2. Composite chemical mapping of a surface of the investigated UHPC system showing
the different anhydrous and hydrous phases (with contour lines highlighting the rigid
inclusions). The composite mapping consists of a multilayer combination of four elemental
mappings (Si in red, Ca in blue, Al in green and Fe in grey).
3.3

Chemo-mechanical particularities of a UHPGC microstructure

Figure 3 illustrates the microstructure features of a UHPGC with 30% GP, using a composite chemical
mapping with the same colour coding as that of Figure 2. In addition to the microstructure phases of
UHPC, Figure 3 includes dark-red grains representing the unreacted glass powder (composed of 71.5%
SiO2, 10.6% CaO and 12.8% Na2O). Compared to conventional UHPC, this UHPGC shows a greater
occurrence of unreacted particles with size below 5 m and thinner layers of hydrates between particles.
Thus, the small residual GP grains contribute to the densification of the skeleton of anhydrous inclusions.

Glass Powder

100 µm

Figure 3. Composite chemical mapping over the nanoindentation grid on the UHPGC system
showing the different anhydrous and hydrous phases along with the clustered data points (see
the legend in Figure 4).
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Figure 3 also includes markers for the clustered data points resulting from the statistical chemomechanical analysis of the NI-QEDS measurements. The clustering results are further shown in Figure
4 in the representations of M vs. H and Na/Ca vs. Si/Ca. Due to the complex heterogeneity in the regions
between the large anhydrous grains, most of the single microvolumes investigated by NI-QEDS are
composed of a mixture between 2 phases or more. Thus, clustered anhydrous phases (mixed with
neighbouring hydrates) include quartz inclusions ( and ), anhydrous siliceous clinker ( ) and glass
powder ( ). The remaining anhydrous-hydrous mixtures between the different phases are mostly
included in two clusters ( and ). Finally, the cluster #1 ( ) includes data points associated with the
matrix of hydrates (mainly composed of C-S-H and silica fume).
As shown in Figure 4a, the three types of anhydrous inclusions exhibit very different mechanical
properties. The endpoints of the mixture clusters indicate that the siliceous clinker phases are much
stiffer (M  130 GPa, H  11.5 GPa) and the quartz is much harder (H  15.5 GPa, M  105 GPa), when
compared to the glass powder anhydrous grains (M  75 GPa, H  7.5 GPa). Nevertheless, even if the
mechanical properties of the glass powder are significantly lower than the cement it replaces, it appears
to be more than sufficient to provide macro-scale strength to the UHPGC.
As a support for this argument, a previous study replaced all the hard quartz powder by glass powder,
which turned out to improve the compressive strength from ~175 MPa to ~205 MPa (Soliman and
Tagnit-Hamou 2016). Thus, as suggested by Hernandez Carillo et al. (in prep.), the hardness of the
inclusion may not be the most important parameter but rather its capacity to bond with the matrix of
hydrates: particles with reactive surfaces (e.g. glass powder) can partially react to enhance the bond
with the matrix, providing higher macro-scale strength than similarly sized inert particles (e.g. quartz).
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Figure 4. Representation of the statistical clustering results for system UHPGC in the axes: (a)
M vs. H and (b) Na/Ca vs. Si/Ca.
In terms of hydrates, the NI-QEDS statistical approach provided a single cluster incorporating mainly CS-H and SF nanoparticles. In the investigated UHPGC, the amounts of Al-rich hydrates (i.e. AFt and
AFm phases) and Portlandite are very low due to the low aluminate content of the clinker and to the
very high dosage of SF, respectively. The average Ca/Si for the matrix of hydrates (cluster #1) reaches
about 0.6, which is lower than low-calcium C-S-H, suggesting an intermix of C-S-H with incompletely
hydrated SF nanoparticles (at a scale smaller than the microvolumes investigated by the NI-QEDS
analyses). These SF nanoparticles may then act as nanoreinforcement in the C-S-H matrix, which
cluster ( ) extends in Figure 4a over values much higher than those associated in the literature to LD
and HD CSH (Krakowiak et al. 2015).
In terms of chemistry, the matrix of hydrates ( ) does not seem to include significant amounts of sodium
(Na/Ca<0.05), which suggest a limited reaction of the sodium-rich GP particles after 7 days of hydration.
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This statement agrees with the results of previous NI-QEDS analyses of a cement paste incorporating
20% GP at w/b=0.4 and cured for 1 year (Wilson et al. 2018): in such conditions (with sufficient water
and time for the reaction of GP), an average Na/Ca  0.2 was measured for the C-S-H cluster. Thus,
GP appear to contribute to UHPGC strength at 7 days mainly in terms of well-graded well-bonded
inclusions. A better understanding of the contribution of GP to the UHPGC hydrates at later age is
needed in future NI-QEDS work.
4.

CONCLUSION

The application of latest NI-QEDS technique disclosed microstructure features of an innovative UHPGC,
which can be obtained by replacing 30% of the cement by glass powder. More precisely, the presented
results showed that:




UHPC strength emerges from a dense packing of very stiff residual anhydrous clinker and
very hard quartz powder inclusions;
Similarly sized glass powder particles with reactive surfaces can replace clinker in terms of
inclusions even if their stiffness is significantly lower;
After 7 days of UHPGC hydration, the surface reaction of glass powder may contribute to
the bond with the matrix of hydrates, but GP reaction is not sufficient to influence significantly
to the composition of the hydrates (which are mainly formed by the reaction of clinker and
silica fume).

Overall, if the very high strengths of UHPC come from the densely packed microstructure of anhydrous
grains, the skeleton of anhydrous inclusions do not have to be composed of very stiff anhydrous clinker
which can be efficiently partially replaced by less-stiff less-reactive glass powder (up to 30–50%) with a
gain in resource efficiency.
Following this first NI-QEDS investigation of UHPGC, further work extends the microstructure analyses
by including another type of UHPGC containing fine glass powder as partial replacement of silica fume
(Wilson et al. 2019). The study also quantifies changes in the chemistry of hydrates and the evolution
of the microstructure between 7 days and 91 days.
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ABSTRACT
Pore microstructure characteristics of cement paste affect its mechanical properties such as stiffness
and strength, which eventually lead to the performance of concrete. The porosity or gel/space ratio of
cement paste has been used as pore microstructure characterization parameters and successfully
correlated with the mechanical properties. For more detailed microstructural characterization of cement
paste, probabilistic descriptions such as low-order probability functions have been shown to be
promising. Two-point correlation function, lineal-path function, and two-point cluster function are some
of the examples of the low-order probability functions which are widely used to describe
microstructures of random heterogeneous materials. In this study, among the low-order probability
functions, the lineal-path function and its closely related chord-length function are investigated to
correlate the microstructural characteristics with mechanical properties. The mechanical properties of
cement paste are evaluated by synergistic tools of combining simulations from crack phase field
modeling and experimental techniques including indentation experiments and synchrotron micro-CT
images. Through the analysis, the characteristics from the low-order probability functions and
mechanical properties of cement paste are correlated. The issue of determining modeling parameters
of crack phase field model is further investigated in relation to experimental results.
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1.

INTRODUCTION

The microstructure of cement paste is complex. It can be considered as a random heterogeneous
material (Torquato, 2002), but statistically meaningful microstructural characteristics and evaluated
properties can be found when the representative volume element (RVE) can be identified. Among the
microstructural characterization methods, low-order probability functions have been found to be effective
(Chung et al., 2016) for characterizing cement paste microstructures and for correlating the
microstructural characteristics with the properties. In this study, the low-order probability functions are
used to identify the similarities and differences of random heterogeneous cement paste microstructures
and correlated with variabilities of evaluated properties.
The property evaluation of cement paste at micro-scale is not a trivial. To supplement the real
experiments and to provide more insights on the behaviour of cement paste, virtual experiments can be
conducted. In this study, the crack phase field model (Miehe et al., 2015, Han et al., 2018), which is
gaining its momentum recently, is used to evaluate tensile mechanical properties using the
microstructures from micro-CT. To properly estimate the material behaviour through the virtual
experiments, input parameters for the model should be identified appropriately. In this study, the
procedure to determine the input modelling parameters is investigated and outlined.
Through investigating the correlation between microstructures characterized by the low-order probability
functions and the properties evaluated from the crack phase field model, the insight on the uncertainty
quantification of the complex materials such as cement paste is provided. The dispersion of the
evaluated properties could be identified by the low-order probability functions and the domain size for
the representative volume could be confirmed through the analysis.
2.

CEMENT PASTE MICROSTRUCTURES OBTAINED FROM MICRO-CT

The w/c ratio of 0.46 cement paste specimen was used for micro-CT. The samples were prepared in 70
mm tube with 0.9 mm diameter filled with the cement paste and hardened for 28 days. The cement
paste microstructures were obtained from synchrotron micro-CT (0.65 μ m resolution) at Pohang
Accelerator Laboratory in the Republic of Korea. The microstructure used in this study from micro-CT is
shown in Figure 1(a). By applying the thresholding method (Kim et al., 2018) to identify pore and solid
phases, a two-phase microstructure was obtained as shown in Figure 1(b).

(a)

(b)

Figure 1. Microstructures from micro-CT. (a) Original CT image, (b) Two-phase (pore/solid)
idealization

Since the resolution limit of the micro-CT is generally higher than the lower bound capillary pore size,
the porosity obtained from the micro-CT images tends to be lower than the true porosity. The pores
smaller than the resolution limit are smeared into the solid phase voxels. This issue of the resolution
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limit on pore and solid phases is described in detail in Kim et al. (2018). The porosity for the whole
domain was found to be 0.139.
In this study, the uncertainties caused by the random nature of the cement paste microstructure are
addressed. Since the side length (520 μm) of the microstructure shown in Figure 1 is much larger than
the usual side length for the representative volume element, each edge is divided into four so that
subdomains with side length of 130 μm are obtained. Among the 64 subdomains, three subdomains
which have almost the same porosity as the whole domain. The three subdomain samples embedded
in the whole domain sample are illustrated in Figure 2.

Figure 2. Illustration of three subdomain samples (side length: 130 μm) which have the same
porosity as the whole domain sample (side length: 520 μm).
3.

MECHANICAL PROPERTY EVALUATION USING VIRTUAL EXPERIMENT

The whole domain samples and the three subdomain samples are loaded in tension using the phase
field fracture model (Miehe et al., 2015, Kim et al., 2018) to evaluate mechanical properties (stiffness
and strength). The two-phase (pore and solid) microstructures are used for the virtual experiments, and
the complex solid phases of cement paste are homogenized as a single phase. As noted earlier, owing
to the resolution limit of the micro-CT compared with the pore distribution in real cement paste, the
porosity from the micro-CT images is underestimated and the sub-resolution pores are embedded in the
solid phase voxels. This suggests that the input parameters related to homogenized solid phase are
modelling parameters and not true material properties. With this in mind, the input material modelling
parameters for the solid phase within the framework of the phase field fracture model are determined
by calibrating the input parameters so that the responses from the macro-scale experiment are
reproduced from the simulation.
In the current implementation of the phase field fracture model based on Miehe et al. (2015), the total
number of input material parameters should be determined. Two parameters are elasticity related, i.e.,
Young’s modulus Es and the Poisson’s ratio (ν) for the homogenized solid phase. The value of Es is
calibrated as 12 GPa to match the macro-scale stiffness value of 10 GPa, which is calculated from
capillary porosity as presented in Mindess et al. (2003). The Poisson’s ratio is assumed to be 0.2. The
other two parameters are tensile failure strength (𝜎𝑓 ) and crack length parameter (𝑙) for phase field
fracture model. The crack length parameter 𝑙 is selected as 0.52 μm to be consistent with the previous
study (Han et al., 2018). The tensile failure strength is calibrated as 21 MPa through the simulation to
reproduce the macro-scale tensile strength, which is assumed to be 45 MPa (Kim et al., 2018). The
calibration is conducted using a subdomain specimen with 50 divisions for each direction. The original
whole domain mesh has 1000 divisions, but the resolution is reduced to 200 divisions to reduce the
computational cost.
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With the calibrated input modelling parameters, three subdomain samples as well as the whole domain
sample are simulated. The macro-scale stress-strain responses are presented in Figure 3. Although the
four samples have the same porosity, the responses, strength in particular, are somewhat different to
each other. Although there are variabilities in responses, the whole domain sample responses are within
the range of subdomain sample responses. The failure patterns after the peak strength for the samples
are presented in Figure 4. To identify the dispersion of the responses in relation to microstructures, the
uncertainties in the pore microstructure in cement paste should be further investigated. This will be
identified by low-order probability functions for describing the pore microstructures in the next section.

Figure 3. Macro-scale stress-strain responses
4.

PORE MICROSTRUTURE
FUNCTIONS

CHARACTERIZATION

USING

LOW-ORDER

PROBABILITY

To further characterize the pore microstructures of the cement paste samples investigated in this study,
the low-order probability functions are used. Among the low-order probability functions, two-point
correlation function and the two-point cluster function (Torquato, 2002) are used to characterize the pore
microstructure. The two-point correlation for pore phase is a probability of finding randomly placed two
points with a specified distance in the same pore phase. The two-point cluster function is defined by the
probability of finding the two end points which are connected by the same pore cluster.
The pore microstructure characteristics of the virtual samples using the two-point probability functions
are presented in Figure 5. Although the fluctuations can be found among the two-point correlation
functions, the differences are clearly found among the two-point cluster functions. Owing to the complex
pore microstructures of cement paste, direct correlation between the two-point correlation functions and
the evaluated properties cannot be extracted. However, using the two-point functions, two-point cluster
function in particular, the uncertainties inherent to pore microstructures leading to variable properties
could be identified.
5.

CONCLUSIONS

The cement paste microstructures were obtained from micro-CT. The microstructures are calibrated to
conduct virtual experiments using the phase field fracture model. Microstructures with the same porosity
were found to possess variable mechanical properties from the virtual experiments. The source of
variable mechanical properties of the microstructures with the same porosity is further investigated by
low-order probability functions. In particular, two-point cluster function was able to characterize the
differences in pore microstructures which can lead to variable mechanical properties. Further
investigation on the probabilistic characterization including higher-order probability functions should
provide more insight on the correlation between the microstructure characteristics and material
properties of cement paste.
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Figure 4. Failure pattern from virtual experiments under direct tension.

(a)

(b)

Figure 5. Two-point probability functions. (a) Pp: two-point correlation function, (b) Cp: twopoint cluster function. (r: distance between two points, D: domain size, 130 m)
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ABSTRACT
In this work, cement hydration in terrestrial and microgravity environment was compared. This was for
the first time, when the International Space Station was utilized to fully investigate the complex
process of cement solidification. Microstructural development of hydrating cement occurs in stages
during the hydration reaction and hardening process, which results in elaborate combinations of
amorphous and crystalline phases. The morphology, volume fraction, and distribution of these phases
ultimately determine the hardened cement’s material properties. Minimizing gravity-driven phenomena,
such as thermosolutal convective flow and sedimentation ensures crystal growth strictly by diffusion
and a microstructure forms differently from that observed in typical laboratory conditions on Earth.
A test matrix was developed that includes samples with various w/c ratio and various compositions;
incorporating alite, pure water and cement system, cement with chemical admixtures, as well as
commercial products. This paper reports on main changes initially observed in the microstructural
development of hydrated pure compound of tricalcium silicate (C3S).
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1.

INTRODUCTION

This paper reports on initial findings of the Microgravity Investigation of Cement Solidification (MICS)
research project that was conducted aboard the International Space Station (ISS). The ISS is an artificial
satellite that circles the Earth every 92 minutes. It orbits from an altitude between 330-435 km above
the sea level where the gravity force is minimized to 10-6g and is referred as microgravity (µg). The
experiments described here consisted of mixing and hydrating of cement paste in the µg environment.
Eliminating the effects of gravity-driven transport phenomena, such as buoyancy, sedimentation, and
thermosolutal convection, ensures solidification through slower, chemically-driven, diffusion, a factor
considerably different from that of typical conditions on Earth. Different microstructures and,
consequently, altered material properties are expected between 1g and µg hydrated cement.
Understanding these results can impact the science of cement-based materials on Earth, for example
by verifying the preferential crystal growth of portlandite, as well as have implications on future
infrastructure development of extraterrestrial bodies.
This elementary work describes the main effects of µg on the solidification process of tricalcium silicate
(C3S) paste hydrated aboard the ISS. Since C3S makes up about 50 percent of typical portland cements
and dictates most of the early reaction kinetics and paste characteristics (Mindess, Young, & Darwin,
2003; Scrivener, 2004; Taylor, 1990), it was selected as primary material of interest. Analysis of the
single component system should also, in principle, provide a guide for later investigation of more
complex systems, such as portland cement mixtures.
2.

MATERIALS AND METHODS

2.1

Characterization of tricalcium silicate (C 3S)

High purity triclinic C3S powder (3500 cm2/gram BET-surface area) was obtained from Mineral Research
Processing (Meyzieu, France). Dry-dispersion laser diffraction (Malvern Mastersizer 3000) was
conducted to determine the particle size distribution. Approximately 100 mg of powder was dispersed
by an Aero S dry dispersion unit using a standard venturi at 4 bar air pressure and a 25% feed rate. The
refractive index and adsorption were assumed per Malvern software, to be, respectively, 1.68 and 0.1.
Table 1 shows obtained D10, D50, and D90 (m).
Table 1. Percentage of C3S particles with a diameter equal to or smaller than the indicated
values

2.2

D10

D50

D90

Average diameter (µm)

1.60

5.22

12.88

Standard deviation (µm)

0.14

0.16

0.77

Materials and mixture proportioning

Pure C3S and lime-water were mixed at a water-to-cement ratio (w/c) of 2.0, by mass. The high w/c was
chosen to facilitate the mixing procedure, to enhance hydration, and to develop a less-packed
microstructure, which further assisted in image analysis. The goal of this research was not to propose a
mixture design to be used in space construction, but rather to emphasize the effects of gravity and
microgravity on the microstructural evolution of cement paste.
Each sample consisted of 5 grams of C3S and 10 grams of lime-water, which included 15mmol/liter
calcium hydroxide solution. To prepare the solution, 1.12 grams of calcium hydroxide was added to
1000 grams (1 liter) of deionized water, so the solution was below the saturation level at 20 ºC (1.73 g
of CH per liter of water (Benjamin, 2002)) and was suitable to mimic the calcium concentrations in pore
solution of cement (Hu, et al., 2016a; Hu, et al., 2016b). The lime-water can then control the initial
reaction rate. The beaker containing the solution was sealed to minimize exposure to carbon dioxide
and continuously stirred for 24 hours at room temperature to allow stabilization of the solution. The
following step consisted of loading the individual compartments of the pouches, as described in details
in section 2.3.
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2.3

Experimental Setup

Following materials preparation, commercially available plastic containers (Burst Pouches®) with an
internal burstable seal were used to combine the mixture ingredients. The pouches were prepared on
Earth by filling the respective compartments with anhydrous cementitious materials (i.e. C3S) and
aqueous solutions (i.e. lime water). For each sample pouch sent to the ISS on the OA9 resupply mission,
an identical one was prepared as a 1g -control. The 1g and µg samples were mixed simultaneously and
stored at the same temperature conditions (20 ºC  2 ºC). The pressure and relative humidity conditions
(1 ATM and 35% RH) are characteristics of the air trapped within the pouches, and as such were also
constant between 1g and µg samples. Thus gravity, or lack of, is considered the only variable between
1g and µg samples.
Figure 1 shows the astronaut processing the samples within a glovebag aboard the ISS. The mixing
procedure consisted of exerting pressure on the liquid phase by tightly rolling the pouch from one end
until the internal seal ruptured, which allowed the water to contact the anhydrous powder. The hydrating
cement paste was then manually mixed, primarily with a rubberized spatula for approximately 3 minutes,
or until homogeneity was achieved. Finally, a clamp was used to assure consolidation of the paste in
one end of the pouch. The processed pouches, as shown in Figure 2 (with clamp already removed),
were maintained undisturbed and allowed to hydrate for six weeks aboard the ISS until their return to
Earth for analysis. It is worth noting that the mixtures remained within the sealed pouch for the entire
duration of the experiment, until analysis on Earth.
Throughout the process of loading the pouches, mixing, hydration, sample-preparation and analysis,
care was taken to minimize the exposure of the samples to carbon-dioxide (CO2) and to avoid samples
carbonation (reaction between CH and CO2 to form calcium-carbonates, such as calcite). It is believed
that carbonation, if occurred, it was at minimum levels, since no crystals resembling calcite (Mason &
Berry, 1968) were found during the extensive SEM investigation.

Figure 1. Astronaut Alexander Gerst processing a MICS
sample aboard the ISS (photo credit: NASA)

2.4

Figure 2. A typical processed
pouch with a hydrating paste

Scanning electron microscopy (SEM)

A few days after return to Earth, the hardened samples were removed from the pouches inside an argon
filled glovebox, and then fractured by cleaving through the mid-section. After the sample was prepared
for examination, it was immediately placed in a Hitachi S-3700N scanning electron microscope (SEM).
Sample examination was conducted under variable pressure conditions (10 to 20 Pa) with an
accelerating voltage of 10 or 15 keV. A probe current of 25 A and an aperture of 4 were used to
maximize image resolution of the backscattered (BSE) micrographs.
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In addition, images of polished surface were taken to better visualize the microstructure of the portlandite
crystals. Here, sample preparation consisted of removing the hardened paste from the pouch and
soaking it in 200 ml of isopropanol alcohol for 48 hours and then drying in vacuum for 30 hours.
Subsequently, the samples were mounted in epoxy, ground through a series of SiC paper, polished with
0.25 µm diamond paste and carbon coated. An FEI Q250 SEM was used for imaging, and the specific
conditions at which image was taken are shown at each image.
2.5

Mercury intrusion porosimetry (MIP)

The sample preparation for MIP consisted of immersing 1g and µg samples individually in 200 ml of
isopropyl alcohol for 48 hours for solvent exchange. The samples then underwent 34 hours of drying
under vacuum at room temperature. Subsequently, a Micromeritics AutoPore V 9620 MIP mercury
penetrometer was used to assess the porosity, pore size distribution, bulk density, and skeletal density
of the pastes. The mercury temperature during testing of 1g and µg samples was 19 ºC.
3.
3.1

RESULTS AND DISCUSSION
SEM

SEM images of the 1g (control) and µg cement pastes show a number of differences. To begin, Figure
3 and 4 show a significant difference in the amount of entrapped air, as evidenced by the large, round
shell-like structures only seen in the µg sample. This can be expected given the lack of buoyancy in the
space-processed paste. Buoyancy is a gravity-driven phenomenon that results from differences of
specific gravities in the components comprising a given system (Turner, 1979). Under the influence of
gravity, air bubbles, for example, are expected to move upwards through the initial watery cement paste
due to their lower density ( 1.2 kg/m3 (Cavcar, 2000)) while also promoting fluid flow (Barge et al.,
2015).
Furthermore, Figure 4 shows that the C3S hydrated in microgravity has coarsened porosity and bigger
pores in comparison to the 1g control (Figure 3), which could also be expected in absence of gravitydriven settlement. This hypothesis was further examined and confirmed by MIP, which is discussed
in section 3.2.

Figure 3. Fractured cross-section of 54 daysold C3S paste hydrated in 1g

Figure 4. Fractured cross-section of 54 daysold C3S paste hydrated in µg, showing a great
amount of entrapped air (shell-like structures)

Figures 5-11 show polished cross sections of the cement paste. From these micrographs, it can be seen
that little C3S remains anhydrous at the age of 150 days, which indicates an advanced degree of
hydration in both 1g and µg pastes. Even more importantly, the micrographs show well distributed
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hydration phases, which is likely due to the uniform concentration of the dissolving species in the pore
solution starting at early hydration stages.
Polished SEM images of 1g and µg samples are shown in Figure 5 and Figure 6, respectively. The
difference in microstructure between the two images can be seen, particularly regarding porosity and
the portlandite morphology. It can be noticed that the CH crystals are smaller and more prismatic when
grown under gravity conditions, whereas larger and more plate-like when grown under microgravity
conditions. (Fontana, Schefer, & Pettit, 2011) reported an atypical morphology of sodium chloride (NaCl)
when the crystals grew aboard the ISS, under microgravity conditions. Differences in ettringite
morphology due to changes in gravity level has been previously reported by Plank and co-workers (Lei
et al., 2016; Meier & Plank, 2016; Meier, Sarigaphuti, Sainamthip, & Plank, 2015). However, the studies
were conducted aboard a parabolic flight that provides only 10 seconds of 10-2-10-3g, and the findings
are limited to instantaneous or “flash” ettringite formation.

Figure 5: Polished cross-section of C3S
sample hydrated in 1g condition (control).
The light grey corresponds to the portlandite
crystals, the intermediate grey to C-S-H
cluster, and the dark grey to porosity. The
dark grey can be barely seen in this image
due to the low porosity of the sample.

Figure 6: Polished cross-section of C3S
hydrated in µg condition. The light grey
corresponds to the portlandite crystals, the
intermediate grey to C-S-H cluster, and the
dark grey to porosity and air voids. A much
higher porosity can be noted comparatively
to Figure 4.

For a clearer understanding of the differences observed between samples hydrated in 1g and µg, it is
essential to look closely at the typical gravity-driven effects on the hydration of cementitious pastes.
Figure 7 shows sedimentation layers formed in the 3 millimetre-thick 1g control sample. The yellow
arrow represents the direction of the gravity, along with the direction of a porosity gradient. This happens
early in the hydration due to sinking of anhydrous C3S particles (specific gravity of 3.15 (Mindess et al.,
2003)) and raise of the calcium-saturated water. It results in a gradient water-to-cement ratio, which
causes the porosity to be coarser on the top and finer at the bottom of the specimens, as well as affects
the growth of portlandite (Berger & McGregor, 1973). The abundance of calcium-saturated water on the
top allows large portlandite (CH) crystals to grow more successfully, especially at the surface (Figure
7). This gravity-driven phenomenon is commonly referred as the bleeding effect.
Given the bleeding effect, it is worth comparing both top and bottom of the 1g specimen individually to
the uniform µg matrix. Figure 8 shows the top of the polished cross section of the 1g sample, along with
the cross section of the µg sample (Figure 9). The portlandite greatly differs between 1g and µg samples.
It is clear that the portlandite formed in 1g grows in the direction of the basal plane (i.e. “c” direction),
whereas that formed in µg grows in the direction of the lateral facets (i.e., “a” direction), providing the
crystals with different aspect ratios. Here, the a/c is often smaller than 1 when formed under 1g (Figure
8), and seems higher than 1 when hydrated in µg (Figure 9). As shown by (Harutyunyan, Kirchheim,
Monteiro, Aivazyan, & Fischer, 2009), a typical, preferred aspect ratio of portlandite is 2.7 or larger,
which is in agreement with the crystals seen from the µg sample. Under 1g conditions, fluid flow and
sedimentation likely lead to an uneven distribution of the species in solution, which may disturb the
growth of portlandite.
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Figure 7. Bleeding effect and sedimentation layers of C3S paste hydrated in 1g environment
(polished cross-section). The large CH (portlandite) crystal is at the top surface of the sample.
The yellow arrow indicates de direction of gravity, which acts towards the bottom left of the
image

a

c

c

a

Figure 8: Top of the polished cross-section
of C3S hydrated in 1g condition. The darkest
grey represents porosity, and the lightest
grey are portlandite crystals or clusters. The
basal (c) direction and lateral (a) directions
are showing a/c < 1

Figure 9: Polished cross-section of C3S
hydrated in µg condition, showing higher
porosity than the top of 1g sample. The
darkest grey represents porosity, and the
lightest grey are portlandite crystals or
clusters. The basal (c) direction and lateral
(a) directions are showing a/c >> 1

Figures 10 shows the bottom of the polished cross section of the 1g sample, while Figure 11 presents
the cross section of the µg sample. The porosity (darker grey) on the 1g sample can barely be noticed
in Figure 10 and the portlandite seems to grow intermixed with the C-S-H (intermediate grey) and shows
indefinite morphology. This is in agreement with Gallucci’s study (Gallucci & Scrivener, 2007), which
concludes that portlandite grows filling up the tortuous pore space of the matrix. Figure 11, conversely,
shows a highly porous matrix and well defined portlandite crystals/clusters of high aspect ratio (a/c >>1),
as previously discussed.
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Figure 10: Bottom of the polished crosssection of C3S hydrated in 1g condition,
showing very low porosity and portlandite
grown intermixed with the C-S-H phase

Figure 11: Polished cross-section of C3S
hydrated in µg condition; portlandite crystals
showing well defined morphology and
a/c >> 1

Figures 12-15 show how the crystals fit within the C-S-H matrix from the fractured cross-sections of 1g
and µg samples. Portlandite seems to grow more successfully under µg environment, which is marked
by its large size and defined morphology.

Figure 12: Bottom of the fractured crosssection of C3S hydrated in 1g condition,
showing low aspect ratio portlandite
intermixed with the C-S-H phase. Scale bar of
25 µm

Figure 13: Fractured cross-section of C3S
hydrated in µg condition, showing high
aspect ratio portlandite with well-defined
morphology. Scale bar of 25 µm
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Figure 14: Portlandite crystal seen from
cross-section of 1g sample, showing
supressed hexagonal morphology. Scale bar
of 5 µm

Figure 15: Portlandite crystal seen from
cross-section of µg sample, showing
perfectly defined hexagonal morphology.
The crystal also serves as a nucleation site
for C-S-H, remarked by needle-like
morphology. Scale bar of 5 µm

The changes seen in the overall microstructure of samples formed under µg, in special regarding
portlandite morphology, are attributed to the uniform distribution of the dissolving/hydrating phases.
Absence of convection, buoyancy, and sedimentation ensures diffusion-controlled mass transport,
which chemically-drive the migration of species from a region of high to another with lower concentration,
until uniformity is achieved. The uniform spatial distribution of phases coupled with coarsen pores allows
unimpeded portlandite growth, confirmed by its dish-like, preferred shape (Harutyunyan et al., 2009).
3.2

MIP

This section provides a quantitative evaluation of the influence of µg on the pore structure of C 3S paste.
The MIP-measured porosity of 1g and µg samples were 48.4 and 69.4 percent by volume, respectively,
in line with the visual SEM observations. However, it is not possible to distinguish between the porosity
from the top and bottom of the 1g sample, and the value of 48.4 is reported as the average. It worth
noting that the porosity was expected to be high due to w/c of 2.0 for both 1g and µg pastes.
Figure 16 shows the pore size distribution of the pastes hydrated in 1g and µg, which is also in
agreement with the SEM micrographs. As it can be observed, the paste hydrated in 1g develops welldistributed pore sizes, whereas the paste hydrated in µg shows 50 percent of the pores larger than
6,015 nm. This can be seen graphically by the steep slope within the range of 6,000-10,000 nm. It is
well known that the porosity and pore size distribution strongly affects mass transport (Bentz & Garboczi,
1991; Kim et al., 2012), conductivity (Rajabipour & Weiss, 2007), and mechanical properties (Powers,
1958; Young & Hansen, 1987) of cement-based systems.
Additionally, Figure 16 shows that about 7 percent of the pores in the µg sample falls under the 10 nmrange, whereas in the 1g sample about 19 percent of the pores fall in that category. Pores with diameter
smaller than 10 µm is considered to be gel porosity, an intrinsic part of the C-S-H. The pore category
falling above 10 nm is considered to be capillary porosity at which most of the mass transport takes
place (Mindess et al., 2003). The limitation of the technique, which is dictated by the maximum allowed
pressure within the instrument, impedes mercury to intrude into pores smaller than 3 nm (Aligizan,
2006). Given this impediment, both 1g and µg curves end at 3nm.
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Figure 16. Pore size distribution of C3S pastes hydrated in 1g and µg environment
4.

CONCLUSIONS

The µg environment of the ISS has demonstrated to be a unique setting to study cement processing
without the physical effects of gravity. The lack of buoyancy, sedimentation, and convection led the
mass transport to be solely driven by diffusion. The results (SEM micrographs and MIP) show significant
differences in the microstructure of C3S hydrated in µg, in particular the amount of entrapped air, pore
structure, and portlandite crystal morphology. The remarked dish-like portlandite morphology is
attributed to the uniform phase distribution, including air and water, throughout the solidification process,
whereas the larger pore diameters and increased porosity of µg samples can be also the result of lack
of settlement (e.g., self-consolidation) in the paste.
Future µg-research will include the analysis of more complex system, such as OPC, as well as lower
w/c pastes. The findings of MICS project intent to contribute towards space and Earth cement science.
5.
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ABSTRACT
Detailed insights into cement hydration are nowadays possible because of the availability of highly
accurate instrumental methods which are used in order to investigate cement hydration. Besides high
local resolution, highly time resolved measurements are important in order to track cement reactions
which can be comparably fast (within minutes) or slow (within hours or days).
In the present research 1H-NMR, pore solution analysis and insitu XRD were combined. Firstly the
methods were compared with each other, showing absolutely satisfying accordance. Secondly all
information gained was used in order to calculate a complete mass balance between ions dissolved
from anhydrous cement phases, ions precipitated into hydrate phases and ions dissolved in the pore
solution. This approach was done for the first time in cement research. As a result of this approach it
could clearly be concluded which ions are adsorbed on surfaces during cement hydration. Additionally
1H-NMR can help to differentiate between adsorbed ions and amorphous precipitation products. This
approach was applied to commercial cement. Using this approach it can e.g. be shown for cement
hydration that high amounts of adsorbed sulfate ions can be detected over time with continuous
decrease until sulfate depletion to zero. 1H-NMR giving no evidence for an amorphous sulphate
containing phase on the surface of cement grains.
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1.

INTRODUCTION

The early hydration of OPC is still a topic of scientific research. Several questions need to be answered
in order to completely understand the hardening of one of the most used materials. The state of the art
of the knowledge is reviewed on a regular basis and the authors would like to refer to the current review
literature (Bullard et al. 2011, Scrivener et al. 2015, Marchon & Flatt 2016).
The heat flow of OPC (see figure 1) is characterized by an initial period with high heat flow, followed by
an induction period with low reactivity. During the main hydration period between 3 and 25 hours two
heat flow maxima can be detected for the most cements. The first at around 6 hours is mainly caused
by the silicate reaction, the second one by the further reaction of C3A and fast formation of ettringite
(Jansen et al. 2012). This second maximum of heat flow is usually called the sulphate depletion peak
due to its relation to sulphate content of the cement (Lerch 1946, Sandberg 2003).
However, a gap in research on early cement hydration is certainly a full mass balance approach. With
this approach it is possible to quantify all ions playing a role during cement hydration and getting an idea
about the amount of adsorbed ions during cement hydration. Especially for the understanding of the
reaction of C3A during OPC hydration, adsorbed ions are intensively discussed to play an essential role
(Tadros et al. 1976, Feldmann et al. 1966, Myers et al. 2017).
The aim of the presented research is to quantify the amount of adsorbed sulphate ions during early OPC
hydration and quantify the amounts and the consumption of the different sulphate reservoirs available
during OPC hydration (see also Jansen et al 2018).
2.

MATERIALS AND METHODS

A commercial WPC (White Portland cement) and demineralized water was used for the study. All
experiments were performed at a w/c ratio of 0.5 and a temperature of 23 °C.
The phase composition of the cement used was measured by Rietveld method. The cement is
composed of 58 wt.-% alite, 23 wt.-% belite, 7,5 wt.-% C3Acubic, 0.3 wt.-% gypsum, 3.8 wt.-% bassanite,
2.0 wt.-% anhydrite, 2.8 wt.-% calcite and 0.9 wt.-% syngenite and arcanite below limit of determination
(0.2 wt.-%) (Rietveld refinement GOF: 1.5; Rwp: 9.6). The chemical composition was measured by
means of XRF. The composition of the cement used is 65.7 wt.-% CaO, 21.4 wt.-% SiO2, 4.1 wt.-%
Al2O3, 0.3 wt.-% Fe2O3, 0.9 wt.-% MgO, 0.15 wt.-% Na2O, 0.6 wt.-% K2O, 3.8 wt.-% SO3, 0.2 wt.-% TiO2.
2.1

Heat flow calorimetry

Heat flow curves for the cement used were recorded using a TAM Air isothermal calorimeter. All samples
were equilibrated before measurement and stirring was done externally for one minute with a spatula in
order to guarantee a proper homogenization of the samples.
2.1.1 In situ XRD
The phase development during WPC hydration was studied using in situ XRD. A Bruker D8
diffractometer as used with a special sample holder which allows tempering the sample to a constant
temperature. The sample was measured repeatedly between 7°2Ɵ and 55 °2Ɵ. Previously, cement was
mixed with water and prepared in the temperature controlled sample holder. The sample was covered
with a Kapton foil and measured for 48 hours with one XRD pattern each ten minutes. The XRD patterns
obtained from the experiments were quantified using the Rietveld method (using Bruker software Topas
5.0) combined with an external standard method (Jansen et al. 2011).
2.1.2

TD-1H-NMR

A Bruker minispec mq20 with temperature controlled probe head was used for the 1H-TD-NMR
experiments. The sample was mixed with water externally and filled into a vial with an additional Teflon
plug to reduce the free volume. Two repetitions were measured to confirm validity. The measurement
details listed in table 1 were used for the later evaluations. Evaluation was performed using the MinErSys
framework on baseline corrected data. Overestimation due to the application of the ILT to the nonexponential (Gaussian) decay of the solid hydrogen fraction was found negligible in the evaluated time
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range. Details of the used solid-echo-CPMG sequence and evaluation procedures are available
elsewhere (Ectors et al. 2016).

Table 1. Measurement parameters for 1H-TD-NMR measurements
1H

NMR freq. [MHz]

19.95

Dead time [µs]

5.2

90° pulse length [μs]

2.62

Averaging scans

10

Recycle delay [s]

9

Solid echo delay [μs]

5.5

Solid echo acquisition window [ms]

0.05

Ƭ CPMG [ms]

0.05

CPMG echos

15000

Time resolution [s]

307

2.1.3 Pore solution analysis
Pore water was extracted from the samples by centrifugation and at later points in time by pressing.
Before acidifying the pore solution was filtered through a 200 nm filter. Ionic concentrations were
measured using Q-ICP-MS. The species distribution for the measured ionic concentrations was
calculated using the software PHREEQC (Parkhurst & Appelo 1999; database used: Blanc 2010). The
PITZER approach for the calculation of the activity coefficients was used due to the high ionic strength
of the measured pore solutions of around 0.3 M. This approach takes into account ion-ion interactions
and is implemented in the software PHREEQC for most of the ions considered in this work. Where no
ion-ion interaction coefficients were available, the activity coefficients were calculated with the extended
Debye-Hueckel approach. For the complete mass balance approach the ionic concentrations measured
with ICP-MS were normalized at each hydration time with respect to the amount of free water determined
by 1H-NMR according equation 1.
Idissolved (g/100g) = c (g/l) * FW (l)

(1)

where
Idissolved

=

Absolute amount of Ions dissolved in 100 g paste

c

=

Concentration of Ions as measured in g/l

FW

=

Free water in 100 g paste measured directly by 1H-NMR in l

3.

RESULTS AND DISCUSSION

Figure 1 shows the heat flow curve as recorded for the cement used. A typical heat flow for an OPC
was recorded with a very significant maximum at around 12 hours which is known as sulphate depletion
peak. In figure 1 the phases alite and C-S-H are plotted as quantified by means of XRD. It can be seen
that alite is consumed and and C-S-H is formed.
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Figure 1. Heat flow and alite, C-S-H quantities during WPC hydration
Figure 2 shows the heat flow curve of the WPC used as well as the phase development of the phases
involved in the aluminate reaction. It can be seen that during the sulphate depletion peak (grey box in
figure 2) ettringite is formed and C3A reaction continues. Before the sulphate depletion peak the last
available sulphate carrier (here anhydrite) is consumed. This phenomenon was also discussed by
Quennoz & Scrivener 2013 but not further investigated by pore solution and mass balance.

Figure 2. Heat flow and C3A, anhydrite, ettringite quantities during WPC hydration
Figure 3 shows the phase quantities for ettringite and anhydrite as well as the pore solution data for
sulphur and aluminium. It can be seen that anhydrite is finally consumed after 7.5 hours after begin of
hydration. The sulphate in the pore solution (measured and plotted as S) stays constant after around 6-
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7 hours. The time after the sulphate depletion (grey box) is characterised by a fast ettringite formation
although all the sulphate carrier is already consumed and the sulphate concentration in pore solution
stays constant.

Figure 3. Ettringite content and S and Al concentrations during WPC hydration (T = 23 °C; w/c =
0.5)
Pore solution data was also used in order to calculate saturation indices for the hydrate phases in order
to check the quality of XRD and pore solution data. Figure 4 shows the evolution of the saturation indices
for ettringite calculated with the Debye-Hueckel approach as well as with the Pitzer approach. After
sulphate depletion it can be seen that the ettringite which was formed initially is dissolved. This is in
accordance with the undersaturation of the pore solution with respect to Ettringite modelled with the
Pitzer approach. With this approach, specific ion-ion interaction parameters are considered which are
necessary for solutions having very high ionic strength such as the pore solution of an OPC (ionic
strength here 0.3 M).

Figure 4. SI indices calculated for ettringite and ettringite content during WPC hydration (T = 23
°C; w/c = 0.5)
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However, it can be seen that during the fast formation of ettringite at around 12 hours (sulphate depletion
peak) an oversaturation with respect to ettringite can be found, the sulphate carriers are already
consumed and the sulphate concentration in the pore solution stays constant. In order to explain that
issue the following considerations can be done.
Figure 5 shows the results of the TD-1H-NMR in situ experiment of the cement used. It can be seen that
from this experiment a qualitative and quantitative assignment of the hydrogen in the sample can be
done. The water (hydrogen) of the sample can be assigned to water in the crystalline phases like
portlandite and ettringite, water in C-S-H phase and free water in which the ions measured are dissolved
(for comparison of QXRD with 1H-NMR please also see Jansen et al 2018).

Figure 5. Results from insitu TD-1H-NMR during WPC hydration; T = 23 °C; w/c = 0.5

The amount of free water can be quantified during hydration of the WPC highly time resolved using
1H-NMR. Hence, for each point in time during hydration of WPC the amount of free water is known.
This information can be used in order to make the calculations as shown in figure 6.
From pore solution analysis one can get the concentration of each ion measured in g or mg/l. From
1H-NMR one can get the amount of free water in the sample in l for each point in time during cement
hydration.By combining both methods it is possible to get a digit for the absolute amount of a specific
ion in pore solution in g/100gcementpaste.
This data is the missing link which is necessary for a complete mass balance approach between
dissolved and adsorbed ions shwon in figure 7.
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Figure 6. Normalization of concentrations to absolute amounts in pore solution (example SO 3)
during WPC hydration, T = 23 °C; w/c = 0.5)

The data obtained from the experiments performed can be used in order to calculate an absolute mass
balance for each ion of interest. In this manuscript the mass balance approach is done for SO 3 (in pore
solution this ion will be present mainly in the form SO42-) in order to understand the ettringite formation
during the sulphate depletion peak. Figure 7 shows the amount of SO 3 in g/100gcement paste. From XRD
data it can be calculated how much SO3 is dissolved from the dissolution of the sulphate phases (alkali
sulphates, bassanite and anhydrite). From XRD data it is also possible to calculate the amount of SO 3
which is precipitated forming ettringite (comparison of 1H-NMR and in situ XRD gives no evidence that
another sulphate containing phase is formed before sulphate depletion). The difference of both is the
SO3 which is dissolved but not precipitated as shown in figure 7 (triangles). These ions could be
adsorbed or dissolved in pore solution. When comparing the amount of ions which are dissolved and
not precipitated with the absolute amount of SO3 in pore solution it can be seen that the amount of ions
in pore solution cannot explain the difference between SO3 dissolved and SO3 precipitated. Thus, a
certain amount of SO3 seems to be adsorbed on clinker and/or hydrate phases during the early hydration
of OPC. For SO3 (in pore solution SO42-) it can be detected that a large amount is initially adsorbed and
consumed over time (red stars in figure 7).
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Figure 7. SO3 mass balance during WPC hydration; T = 23 °C; w/c = 0.5
As it can be seen from figure 7 there is no sulphate removed from pore solution while a significant
amount of ettringite is formed during the sulphate depletion peak at around 12 hours after begin of
hydration. It can be seen from the mass balance calculation that during sulphate depletion the sulphate
is consumed which was initially adsorbed inhibiting the further C 3A reaction. Figure 8 summarizes the
reactions taking place during sulphate depletion peak. Ettringite is formed, further C3A reaction can be
detected and SO3 which was adsorbed at begin of hydration is consumed.

Figure 8. Heat flow, ettringite content and development of adsorbed sulphate during WPC
hydration; T = 23 °C; w/c = 0.5
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Figure 9 shows the quantities of the sulphate reservoirs during early WPC hydration. It can be seen that
the last available sulphate carrier anhydrite is consumed during hydration and finally consumed at
around 8 hours after begin of hydration. Synchronously to the consumption of anhydrite between 3 and
7 hours the consumption of the sulphate from pore solution can be detected. Finally, the sulphate ions
which were initially adsorbed on the surfaces of the cement paste are consumed forming the last
generation of ettringite (see grey box in figure 9).

Figure 9. Development of sulphate reservoirs during WPC hydration; T = 23 °C; w/c = 0.5
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ABSTRACT
Concrete is a mixture mainly of aggregates and cement paste matrix, which means they occupy most
space in concrete. Among them, the cement paste section can be divided into bulk cement paste
matrix and an interfacial transition zone (ITZ). The ITZ in concrete is located between the aggregates
and the bulk cement paste matrix which comprises a non-negligible portion of concrete despite
approximately 50μm thickness. The properties of concrete are heavily linked to the properties of the
ITZ because its porosity is relatively higher than the bulk cement paste matrix. Although the ITZ’s
domain over concrete properties, it is difficult to experimentally evaluate the properties of the ITZ
because of its gradient void distribution. In this study, the ITZ samples with functionally graded void
distributions are reconstructed by an extended stochastic optimization without the exact information
from the real ITZ samples. The extended stochastic optimization method in this study can construct
virtual ITZ samples with gradient void distributions from three different homogeneous isotropic real
microstructures obtained from synchrotron micro-CT images. The properties of the virtual ITZ samples
in orthogonal directions are evaluated using a finite element method with the virtual ITZ samples to
confirm the anisotropy from the gradient void distribution of the ITZ.
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1.

INTRODUCTION

Concrete is a complex random heterogeneous material. Concrete behavior is affected by properties of
components and interactions between the components. The high porosity and porosity gradient of the
ITZ affect properties of concrete significantly. Numerous researches have been performed to confirm
the effect of the ITZ on properties of concrete (Herve et al. 2010, Shane et al. 2000, Bernard and
Kamali-Bernard 2015).
The effect of the ITZ in concrete is caused by its microstructural feature different from that of the bulk
binder. To observe the ITZ microstructure, an electron microscope is generally used. However, the
electron microscope can only be used to observe the cross-section of the ITZ, which means the threedimensional microstructure cannot be obtained by the electron microscope. On the other hand, X-ray
computed tomography (X-ray CT) can be used to obtain the three-dimensional microstructure.
However, the thickness of ITZ is between 20 and 40 μm, and obtaining the complex ITZ microstructure
using along the surface of aggregates is not a trivial task.
In this study, virtual 3D ITZ microstructures were constructed to evaluate the properties of the ITZ. To
reflect the characteristics of the ITZ microstructures, the 2D SEM image of the ITZ and the X-ray CT
images of cement paste as a bulk binder were used. The porosity distribution information along the
direction perpendicular to the aggregate surface was obtained from the 2D SEM image of the ITZ, and
the three-dimensional microstructures information of the ITZ in probabilistic function format was
generated from the 3D cement paste samples which are constructed from X-ray CT images. The
properties of the ITZ were evaluated using the virtual 3D ITZ samples, and the anisotropic
characteristic of the ITZ caused by the porosity gradient was confirmed from the properties evaluation
in orthogonal directions. Microstructure characteristics
2.

MICROSTRUCTURE CHARACTERISTICS

A variety of studies for microstructure characteristics have been performed to predict behavior of
heterogeneous material. In this study, the microstructure of the ITZ are characterized into the porosity
gradient and the pore distribution, because the pore phase in the ITZ is the main factor that makes the
difference between ITZ and bulk binder. The porosity gradient and the pore distribution are obtained
from the 2D SEM image and the X-ray CT images, respectively. These characteristics for pore
structure in the ITZ are used to construct the virtual 3D ITZ samples.
2.1

Porosity gradient of ITZ

The ITZ pore distribution varies along the distance from the aggregate. As the distance from the
aggregate becomes closer, the level of porosity increases. The porosity gradient is schematically
illustrated in Figure 1. The porosity of the ITZ increases from 0.242 to 0.605 which profile is obtained
from Gao et al. (2013). In this paper, the porosity gradient was obtained from the image process that
separates the ITZ into ten layers based on the grayscale of the 2D SEM image of the ITZ. In this study,
the thickness of the ITZ is assumed to be 32.5 μm from the aggregate, and the ITZ has the porosity
gradient in the z-direction.

Figure 1. Schematic of porosity gradient of ITZ obtained from 2D SEM image
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2.2

Pore distribution characteristics of ITZ

The porosity gradient in the ITZ makes the pore phase distributions different from that of the bulk
binder. To construct the virtual ITZ samples with the microstructure characteristics of the real ITZ, a
method is required to quantify the characteristics of the pore distribution. Low-order probability
functions were used to obtain characteristics of random heterogeneous material (Torquato 2002,
Chung et al 2014). The probability functions, two-point correlation function Pp, lineal-path function Lp,
and two-point cluster function Cp can present characteristics of a phase distribution of a multiphase
material. In this study, it is assumed that the ITZ are separated into two phases which are the pore
and the solid phases. In particular, the pore phase distributions are evaluated using the low-order
probability functions.
Information on 3D phase distributions of heterogeneous materials can be obtained from X-ray CT
images. However, obtaining the X-ray CT images of the ITZ is not trivial because the ITZ sample
preparation is difficult. Three kinds of the cement paste samples are used, and they are called WC50,
WC70, and WC90 according to the water/cement ratios. The X-ray CT images of the cement paste
samples are converted to the binarized images through the image processing. The pore distribution
characteristics of the ITZ are obtained using the 3D pore phase microstructures of the cement paste
samples as shown in Figure 2. The pore phase microstructures are constructed in 100ⅹ100ⅹ100
voxel meshes. The porosity values of WC50, WC70, and WC90 cement paste samples are obtained
as 0.302, 0.475, and 0.622, respectively. The probability functions are extracted from the three
samples.

Figure 2. Combining process of probability functions Pp obtained from cement paste samples
3.

RECONSTRUCTION OF VIRTUAL SAMPLES

The random heterogeneous materials can be constructed using the stochastic optimization method
(Torquato 2002), where objective probability functions describing microstructure characteristics are
reproduced. To constructed ITZ microstructure, the conventional stochastic optimization is extended
with an additional (second) term for porosity gradient as
2

2
𝛽
𝛽
𝐸 = ∑𝛼 ∑𝛽 ∑𝑟 𝑤𝛽 [𝑓̂𝛼̅ (𝑟) − 𝑓𝛼̅ (𝑟)] + ∑𝑙 𝑤𝜙 [𝜙̂(𝑙) − 𝜙(𝑙)]

(1)

where 𝐸 is the virtual energy, 𝛼 denotes the direction (x, y, or z direction), and 𝛽 is the index for the
𝛽
low-order probability functions such as Pp, Lp, and Cp. The function 𝑓̂𝛼̅ (𝑟) represents the probability
functions of the target microstructure, which can be obtained from the probability function distributions
𝛽
and 𝑓𝛼̅ (𝑟) represents the probability functions from the microstructure under the virtual specimen
reconstruction process. During the optimization process, the virtual energy 𝐸 is reduced until the value
is below a tolerance level by interchanging the pore and solid phases of the two randomly selected
voxels. More information on the stochastic optimization used in this study can be found in Kim et al.
(2019).
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Through this framework, the virtual ITZ samples are reconstructed. Some of the samples are
illustrated in Figure 3. Five virtual ITZ samples with the porosity gradient are reconstructed using the
extended stochastic optimization, and five random heterogeneous samples without the porosity
gradient are also generated using the conventional stochastic optimization. The random
heterogeneous samples have the same porosity as the mean porosity of the ITZ samples.

Figure 3. Reconstructed virtual a) ITZ and b) random heterogeneous samples using stochastic
optimization (black: pore, white: solid phase)
4.

PROPERTY EVALUATION OF VIRTUAL SAMPLES

To confirm the effect of the anisotropic pore distribution, the properties of the virtual samples are
evaluated. Stiffness, thermal conductivity, and air permeability are obtained using virtual experiments.
The virtual experiments are conducted using finite element method (FEM) (Taylor 2000). A brick
element with eight-node is used to construct the mesh. The reconstructed samples are evaluated in
two orthogonal directions (x and z-direction) to identify the anisotropy. The results of the property
evaluation are summarized in Table 1, and some of results are illustrated in Figure 4.
Table 1. Results of property evaluation

Sample

Porosity
[%]

Stiffness
[𝐆𝐏𝐚]

Thermal
conductivity
[𝐖/𝐦𝐊]

Air permeability
[× 𝟏𝟎−𝟏𝟓 𝐦𝟐 ]

x-dir.

z-dir.

x-dir.

z-dir.

x-dir.

z-dir.

ITZ
(anisotropic)

31.3

10.69

9.84

0.773

0.738

6.87

3.53

Random
heterogeneous
(isotropic)

31.3

10.73

10.44

0.770

0.761

5.44

5.26
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Figure 4. Examples of a) stress, b) temperature distribution, and c) air flow of reconstructed
samples
In all virtual experiment cases, it is confirmed that the property differences between x and z-direction
of the isotropic samples tended to be smaller than those of the ITZ samples. The properties of the ITZ
samples are affected by the porosity gradient of the ITZ. The statistically isotropic samples have
similar properties in the x and z-directions. The differences of the directional stiffness, thermal
conductivity, and air permeability are approximately 2.8%, 1.2%, and 3.4%, respectively. The random
heterogeneous samples can be assumed as statically isotropic material. On the other hand, the ITZ
samples have significant difference between the properties in x and z direction. The differences of the
directional properties are 8.3%, 4.6%, and 64.2% in order of the stiffness, thermal conductivity, and air
permeability. When the air flows in the x direction, most of the air passes through a region located
along the x-axis where the porosity is locally high. However, the air flow in the z-direction is less
affected by the high porosity region, because layers with low porosity act as a bottleneck. The stiffness
and the thermal conductivity of the ITZ samples also show the anisotropy. The differences between
the directional stiffness and thermal conductivity of the ITZ samples are 3 or 4 times larger than the
differences of the isotropic samples.
5.

CONCLUSION

It is confirmed that the framework to construct the virtual 3D ITZ samples is effective for preparing
virtual experiments with the limited microstructure information. The low-order probability functions
generated from X-ray CT images were confirmed to be appropriate for characterization of the
functionally graded material construction. The extended stochastic optimization with additional term
related to the porosity gradient successfully constructed virtual 3D ITZ samples. The microstructures
of the virtual ITZ samples had the same anisotropy characterized by the low-order probability functions,
and the results of the virtual experiments using the virtual samples were consistent with the probability
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functions. It was confirmed that the air permeability is significantly affected by the porosity gradient in
the ITZ. It is expected that the framework for cementitious material construction can be used as a tool
to combine the virtual and real experiments.
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ABSTRACT
Durability of cement based materials is a key issue to improve the life cycle of concrete structure. A
carbonation of concrete is one of the most important factors related to the durability. The carbonation
processes through pore, and calcium hydroxide or calcium silicate hydrate (hydration products) are
transformed to calcium carbonate. During the carbonation, the microstructure of the cement paste is
changed. It is well known that the porosity of the cement paste is decreased during the carbonation
process. The pore distribution, including the connectivity and continuity of the pore, as well as solid
phase transformation and distribution can explain the carbonation process in detail. In this study, the
effect of the carbonation on the microstructure of the cement paste is investigated using the microlevel computed tomography (micro-CT). The specimens with 0.5 w/c ratio are carbonated through
accelerated carbonation for 6 weeks. The three-dimensional specimen is generated from CT image
process, and the characteristics of the microstructure are evaluated using the low-order probability
functions. The void distributions of the non- and carbonated cement paste are compared. From the
image-based analysis, the effects of the carbonation on the microstructure of the cement paste
corresponding to the void and solid phase distributions are identified.
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1.

INTRODUCTION

Durability of cement based materials is a key issue to improve the life cycle of concrete structure. A
carbonation of concrete is one of the most important factors related to the durability (Branch et al., 2018).
Since concrete is the most commonly used construction material, studies to understand the mechanisms
of this carbonation have been conducted (e.g., Ho and Lewis, 1987; Morandeau et al., 2014). The
microstructures inside the specimen are changed during the carbonation so that the effect on
microstructures has been reported (e.g., Auroy et al., 2018; Shah et al., 2018). The carbonation
processes through pore, and calcium hydroxide or calcium silicate hydrate (hydration products) are
transformed to the calcium carbonate. There is one of the major carbonation reactions as presented in
Eq. (1):
Ca(OH)2 (s) + CO2 (g) → CaCO3 (s) + H2O.

(1)

The calcium silicate hydrate (C-S-H), as well as the portlandite (CH), is also carbonated concurrently
(Taylor, 1990), but the C-S-H reacts with CO2 much slowly compared with the CH (Johannesson and
Utgenannt, 2001; Branch et al., 2016). In this sense, the carbonation reaction of CH can explain the
effect of carbonation on the microstructure change as a key factor.
It is well known that the porosity of the cement paste is decreased during the carbonation process
(Nagala and Page, 1997; Johannesson and Utgenannt, 2001). The different pore size distribution and
the solid phase between the non and carbonated cement paste can be distinguished by the imagebased analysis. Since the grayscale values of micro-level computed tomography (micro-CT) images are
not always proportional to the actual material density, the parameter related to the phase characteristics
for the micro-CT images needs to identify the solid phases in the microstructure.
In this study, the effect of the carbonation on the microstructure of the cement paste is investigated
using the micro-CT. The linear attenuation coefficient (LAC) is selected as a parameter and the solid
phase change due to the carbonation is explained. The void and LAC distributions of the 3 and 6 week
carbonated cement paste are compared to identify the carbonation effect on cement paste
microstructure.
2.
2.1

EXPERIMENT AND ANALYSIS METHOD
Accelerated carbonation test

The cement paste specimens with a water-to-cement (W/C) ratio of 0.5 are prepared using ordinary
type-I Portland cement. The accelerated carbonation test was conducted according to the Korean
standard KS F 2584 with 5% concentration CO2 condition. To obtain the micro-CT images, molds were
specifically generated with a half cylinder-like groove with 1 mm width and depth as shown in Figure 1.

Figure 1. Acryl mold designed for carbonation test and micro-CT and the specimen
inside the mold
Here, it is assumed that both hydration and carbonation process occur simultaneously in an early stage
until five weeks. After the period, it is also assumed that the only carbonation process affects the
microstructure evolution of the cement paste. To generate the control group of the carbonated sample,
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three specimens were taken out of the chamber after three weeks and cured in the air, while the other
three were in the chamber for six weeks. From the assumptions, the specimen setup used in this study
can identify the microstructural feature differences resulting from the carbonation degree.
2.2

Micro-CT and linear attenuation coefficient

The microstructural evolution of the cement paste through the accelerated carbonation test was
characterized using the 3D microstructure obtained from the synchrotron micro-CT. The microstructure
CT images of the carbonated specimens were obtained at the Pohang Accelerator Laboratory (PAL) in
the Republic of Korea. By stacking the sectional images in the perpendicular direction, the 3D CT
microstructure was obtained as shown in Figure 2. A total of six 3D specimens (i.e., three for the three
week and others for the six week cases) was used to identify the change of the microstructure
characteristics due to carbonation.

Figure 2. Microstructures of samples. The left image is a 3-week carbonation sample, and the
right image shows a 6-week carbonation sample. The CO2 is exposed from the top of the
samples.
The grayscale values of CT images are related to the linear attenuation coefficient (LAC) (Chantler et
al., 2005) of a particular phase. The LAC value can be determined when the phase is identified. The
LAC is a material characteristic defined by the elements or compounds of a material. The LAC values
of representative phases for cement paste used in this study are listed in Table 1. The density of each
phase is not proportional to the LAC value. For instance, while the calcite that is a main product of the
carbonation process, has a higher material density than portlandite (reactant), the calcite has a lower
LAC (grayscale) value than the portlandite. This indicates that the trends in the change of the LAC value
and density profile during carbonation can be reversed. The density of material increases owing to the
change of the portlandite phase to the denser calcite, while the LAC decreases.
3.

MICROSTRUCTURE CHARACTERISTICS OF CARBONATED CEMENT PASTE

To characterize the microstructure of the cement paste, the LAC values of the micro CT images were
used. The grayscale of CT images was converted to the LAC values. The pore and solid phase were
separated to investigate the pore distribution characteristics. The threshold value used to identify the
pore phase was determined by the average LAC value of the air regions that were in contact with the
carbonation samples. Using the 3D microstructure model from the micro-CT images, the solid phase
and pore distributions were investigated in this section.
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Table 1. Chemical compositions and LAC values of phases in cement paste
(Energy level: 33 keV)

3.1

Phase

Chemical Formula

LAC [cm-1]

Note

Void

-

~0

-

C-S-H

CaO·SiO2·4H2O

2.17

Calcite

CaCO3

3.68

Portlandite

Ca(OH)2

3.99

C3S

3CaO·SiO3

5.72

C2S

2CaO·SiO3

5.98

Hydration product

Unhydrated product
(Clinker)

Solid phase characterization

The calcite formation (CaCO3) from portlandite (CH) increases the material density of the solid phase
and the molecular weight because of the CO 2 influx. However, as presented in Table 1, the LAC
(grayscale) value of calcite is smaller than that of portlandite. The carbonation process influenced the
LAC value distribution of the sample, and the LAC distribution could be different according to the degree
of carbonation. The two cases, third to sixth week carbonation, were considered to compare the mean
LAC values along the depth of the specimen perpendicular to the specimen surface.

Figure 3. Solid phase LAC distribution: (Left) 3-week carbonation samples (C3W1, C3W2,
C3W3) and (Right) 6-week carbonation samples (C6W1, C6W2, C6W3). The gray regions
represent the bounds of mean LAC values.
The mean LAC values for the solid phase were used to investigate the change of solid phases
characteristics from the micro-CT images. The spatial distributions of the mean LAC values along the
depth for the solid phase of the two sets of samples with different degrees of carbonation are presented
in Figure 3. The mean LAC values of the solid phase decrease as the carbonation proceeded further.
The average value of the mean LAC of the solid phase decreased by 4.6% from the 3- to 6-week of
carbonation cases. It is noted that the LAC value of the carbonation product, calcite, has smaller LAC
value than that of the reactant, CH. Although there are fluctuations in the LAC values for the solid phase,
the LAC values are similar throughout the depth for both cases. The carbonation occurred along the
entire depth. From the decreasing trend of the mean LAC value after the further carbonation, it is an
evident that the calcite was well generated from the portlandite due to the carbonation.
3.2

Pore phase characterization

The porosity distributions along the depth direction for the 3 and 6-week carbonation samples were
investigated. The porosity profiles of the samples obtained from the micro-CT images indicated that the
porosity decreased along the sample depth direction. The average porosities from the two groups
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showed that after further carbonation, the porosity slightly decreased. The porosity after the carbonation
process can decrease since the calcite from the portlandite was produced in the pore filling direction.
However, the volume fraction difference of two cases used in this study was not that significant even
though it is confirmed that carbonation occurred well when analyzing the mean LAC values distribution
of two samples.
The pore diameter distribution could explain the process of producing the carbonation product. To
estimate the pore diameter distribution characteristics, the effective pore diameter was determined by
assuming each pore cluster as spherical pores with the same volume (Chung et al., 2017). The
schematic of the effective pore diameter and its distributions of the two sets of samples were illustrated
in Figure 4. From the figure, it can be observed that the number of the small size pore clusters (less
than 2 μm) was reduced as the degree of the carbonation was high. Since the surface area to volume
ratio was larger for the smaller pores than for the larger pores at the same volume, the relative volume
reduction in the smaller pores compared with that in the larger pores should be more significant.

Figure 4. Pore diameter distributions: (Left) effective pore diameter distribution between
reference and carbonation samples and (Right) schematic of effective pore diameter.
4.

CONCLUSIONS

In this study, the effects of carbonation on the microstructures of cement paste were investigated using
the image-based microstructures obtained from the X-ray micro-CT. The solid phase LAC values from
the micro-CT images were used as a parameter to identify the solid phase distribution. It was found that
the mean LAC value decreased as the carbonation progressed because calcite, product of carbonation
process, has a smaller LAC value than that of portlandite. The pore size distribution confirmed the
formation of calcite during the carbonation process, which filled the existing pore microstructures.
Microstructures can be characterized by probability functions in more detail, but it is deferred as a future
study.
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ABSTRACT
Dissolution rate of C3S as well as precipitation rate of C-S-H are governed by the ion concentration of
the aqueous phase. Therefore aqueous phase composition of hydrating tricalcium silicate (C3S) is a
fingerprint for the hydration process. However, ion concentrations for C3S pastes are widely unknown.
The systematic analysis of the aqueous phase composition in both diluted suspensions and
concentrated C3S pastes is the aim of our study. For this purpose, ICP-OES together with
thermodynamic calculations are used.
Results show that the aqueous phase composition is mainly dependent on the degree of hydration and
water to C3S ratio independently on the hydration conditions at room temperature. At low degree of
hydration, the ion concentrations describe a master curve, which can thermodynamically related to the
equilibrium curve of an early C-S-H phase. A shift to lower Si concentrations observed at higher degree
of hydration indicates the growth of more stable C-S-H in expense of this early C-S-H. The formation of
early C-S-H explains why the ion concentrations remain low during the induction period despite the fact
that the aqueous phase is strongly undersaturated with respect to C3S. The results are discussed in
the light of current theories related to the cause of the induction period.
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1.

INTRODUCTION

Portland cement is the most used material in the world today. This is mainly due to the low costs and
the superior performance, especially its strength development. Responsible for the strength
development is the formation of hydrate phases (Taylor 1997, Kurdowski 2014), which are formed during
hydration of Portland cement. Cement hydration proceeds by a dissolution-precipitation process which
was firstly described by Le-Chatelier in the early 20th century (Le Chatelier 1904). Accordingly, the
knowledge of the composition of the aqueous phase is a key for understanding hydration (Barret &
Bertrandie 1986). The study of the hydration of Ordinary Portland Cement (OPC) is rather complex
because Portland cement clinker consists of several phases (Törnebohm 1897, Le Chatelier 1904,
Bogue 1929). Tricalcium silicate (Ca3SiO5, C3S in cement notation) as its major clinker phase is thus
used as model compound (Gartner & Gaidis 1989, Bullard, Jennings et al. 2011).
Data on the composition of the aqueous phase are mainly reported for the hydration of C 3S at high
liquid/solid (l/s) ratio, i.e. suspensions (Flint & Wells 1934, Fujii & Kondo 1968, Barret & Bertrandie 1986,
Barret & Bertrandie 1988, Damidot & Nonat 1994, Barret & Bertrandie 1997). In contrast, under
practically relevant paste conditions the published data are scarce. However, the understanding of C3S
hydration requires the knowledge of the composition of the aqueous phase in pastes since it is reported
that dissolution rate of C3S and precipitation rate of C-S-H are dependent on the ion concentrations of
the aqueous phase (Nicoleau & Nonat 2016). Whereas dissolution rate increases with decreasing ion
activity product of the dissolving phase (Lasaga 1998, Damidot, Bellmann et al. 2007, Dove & Han 2007,
Damidot, Bellmann et al. 2009, Sowoidnich & Rößler 2009, Juilland, Gallucci et al. 2010, Damidot,
Bellmann et al. 2012, Nicoleau, Nonat et al. 2013, Bellmann, Sowoidnich et al. 2015), precipitation rate
increases with increasing ion activity product (often expressed in relation to the solubility product as
degree of supersaturation) of the precipitating phase (Dirksen & Ring 1991, Kashchiev 2000, Mullin
2001). Basically two hypotheses are published being the rate-determining step during hydration of C3S.
The earliest theory (Stein & Stevels 1964) claims the formation of a protective layer on the surface of
C3S that governs the ion concentration in the aqueous phase by its relatively low solubility with respect
to C3S. But more recently (Juilland, Gallucci, Flatt & Scrivener 2010, Nicoleau, Nonat & Perrey 2013) it
was postulated that the slow dissolution of C 3S may be rate determining. Therefore, the knowledge of
the aqueous phase composition can be seen as a key to understand the hydration process. In a
systematic study (Naber, Bellmann et al. 2019) it was demonstrated that precipitation rate of C-S-H can
be regarded as the rate determining step during the early hydration of C 3S, which supports earlier
findings (Garrault-Gauffinet & Nonat 1999, Garrault, Behr et al. 2006). At the same time, it was shown
in the study of Naber et al. that dissolution rate alone should be higher as experimentally observed
during hydration. This result indicates that either important factors are missing for the description of the
C3S dissolution reaction or the C3S dissolution is of minor importance during the induction period. The
question whether mechanism may be responsible for the early hydration kinetics of C 3S (precipitation
of C-S-H or C3S dissolution) arises in conjunction with the dependence of the aqueous phase
composition on the experimental setup (l/s ratio). The present study provides data for both suspension
and paste hydration of C3S which will be used to discuss the two hypotheses explaining the hydration
mechanism of C3S.
2.
2.1

EXPERIMENTAL PROGRAM
Raw materials
Table 1. Chemical composition and Specific Surface Area (SSA) of the C 3S.
Chemical composition [m.-%]
Ca

Si

Al

Fe

Mg

Na

SO3

72.3

26.3

0.2

0.1

0.3

0.02

0

Free lime

SSA (BET)

[m.-%]

[m²/g]

0.1

0.619

Triclinic C3S was synthesized by burning a mixture of calcium carbonate (CaCO 3, Merck, p.a.) and
amorphous silica (SiO2, Merck, p.a.) at 1550 °C for 3 times. Between each burning step and also at the
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end of the synthesis, C3S was ground in a disc mill (made of zirconia). Chemical analysis and N 2-BET
specific surface area are given in Table 1.
2.2

Experimental Process

Suspensions of C3S with water were continuously stirred with constant rate (Teflon® coated stirring bar)
at different liquid/solid ratios (by mass), i.e. l/s=15 and 50. C3S pastes with l/s=0.8 were gently shaken
to avoid sedimentation.
Ion concentrations were analysed by Inductively Coupled Plasma –Optical Emission Spectroscopy (ICPOES, Horiba, ActivaM) at λ=317.933 and 373.690 nm (Ca) and λ=251.611 nm (Si). For this purpose,
aliquots of suspensions were filtered (syringe filter, 0.45 µm pore size) whereas pastes were additionally
centrifuged at 10,414 g (g=9.81m/s²) for 5 min before filtering. To stabilize the aqueous samples against
precipitation (e.g. C-S-H, CaCO3), a small amount of acid (5M HNO3) was added after filtering. The
measured concentrations were corrected taking this dilution (< 2 %) into account.
The degree of hydration was calculated from the measured calcium concentration evolved in the
aqueous phase during C3S hydration. For this purpose, the calcium ion concentration at point in time
(Ca(t)) was related to the initial total amount of calcium provided by C3S according equation 1 (adapted
from (Barret & Bertrandie 1997)). The calculations assume that C-S-H precipitation is negligible and
Portlandite precipitation has not yet occurred.

 Ca(0)  Ca(t )  100

DoH (%)  1 
Ca(0)

 3

(1)

The initial concentration of calcium provided by C3S (Ca(0)) yields:

Ca(0) 

mC 3S ,0 1
M C 3S VSL

(2)

with initial mass of C3S (mC3S,0), molar mass of C3S (MC3S) and volume of the starting solution (VSL).
All experiments were carried out at a temperature of 298 K (25°C).
3.

RESULTS

Figure 1 shows the time dependent development of calcium and silicon ion concentrations in the
aqueous phase during C3S hydration for l/s=0.8 (Figure 1 A) and 15 (Figure 1 B). The results for l/s=50
are shown in Figure 2.

Figure 1. Time dependent development of Ca (filled symbols) and Si (open symbols) during C 3S
hydration for A) l/s=0.8 and B) l/s=15.
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Figure 1 shows well known features from literature for ion concentrations in the aqueous phase of
hydrating C3S (Barret & Bertrandie 1986, Barret & Bertrandie 1988, Damidot & Nonat 1994, Barret &
Bertrandie 1997). That is, calcium ion concentration increases over time until a maximum is reached. At
this point Portlandite precipitates which causes a drop in calcium. At the same time of the drop in calcium
concentration, silicon concentration is increased (see also inset of Figure 2, which shows the silicon
concentration in more detail). This behaviour is more pronounced when the l/s ratio is decreased,
compare Figure 1A and Figure 1B. Also the maximum calcium ion concentration decreases by
increasing the l/s ratio in accordance to literature (Barret & Bertrandie 1997). Thereby, the maximum
calcium ion concentration reflects the onset of the fast Portlandite precipitation in Figure 1 and Figure
2. The time needed to reach the fast Portlandite precipitation period is longer with increasing l/s ratio.

Figure 2. Time dependent development of Ca (filled symbols) and Si (open symbols) during C3S
hydration at l/s=50.
Since calcium and silicon concentrations in the aqueous phase are related with each other, the plot of
silicon against calcium improves the interpretation of the results. The plot of silicon against calcium for
C3S hydrated at various l/s ratios is shown in Figure 3.

Figure 3. Plot of Si against Ca for the different experiments.
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It can be seen that the data points for the different l/s ratios differ especially at higher calcium ion
concentrations. This behaviour leads to conclude that the l/s ratio has a strong impact on the aqueous
phase composition.
The l/s ratio influences not only the time dependent development of the aqueous phase composition,
but also the degree of hydration of C3S. This is shown in Figure 4.

Figure 4. Degree of hydration as a function of time for the different experiments.
Results in Figure 4 show that at the beginning of hydration, a higher degree of hydration is obtained
when the l/s ratio is increased. Considering this effect, the data points are plotted in Figure 5 by keeping
the degree of hydration at a limit of 5% (Equation 1).
As shown in Figure 5, the scatter in the data is much lower as in Figure 3. Moreover, the ion
concentrations are more closely when the degree of hydration is limited to 5%. As a conclusion, it is not
the l/s ratio that determines the aqueous phase composition, but the degree of hydration. As deduced
by Nuclear Magnetic Resonance (NMR) spectroscopy (Rodger, Groves et al. 1988), the degree of
hydration of a C3S paste (l/s=0.5; T=298K) was determined to <2 % at the end of the induction period,
i.e. at the early stage of hydration. In the present case (l/s=0.8, i.e. paste hydration), the degree of
hydration after 1 hour of hydration was 0.2%. Even at a higher l/s ratio (15, 50) the aqueous phase
composition is restricted to a specific curve together with a higher degree of hydration. With the findings
from NMR spectroscopy the restriction of the aqueous phase composition still holds beyond the end of
the induction period, i.e. also during the beginning of the acceleration period. The results of our study
with the limitation of the degree of hydration of 5 % correspond, thus, to the early hydration of C 3S during
the induction period and the beginning of the acceleration period. Moreover, the aqueous phase of
hydrating C3S is independent on the l/s ratio (paste hydration is similar to suspension hydration).
Because the evaluation of the data for a degree of hydration lower or equal 5 % shows similar behaviour,
i.e. no impact of the l/s ratio can be seen, we can conclude that the hydration may be governed by the
solubility of a metastable C-S-H phase immediately formed after contact of C3S with water. As has been
already shown in a more detailed study (Sowoidnich, Bellmann et al. 2019) , the metastable C-S-H
phase has a C/S ratio of 1.28 and a solubility product of log K=-9.67.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 5. Plot of Si against Ca for the experiments performed at different l/s ratios for degree of
hydration of C3S lower or equal to 5 %.
Regarding the hydration progress it can be deduced that, at higher degree of hydration, the metastable
C-S-H is transformed into a more stable C-S-H phase. The large scatter in the data at higher degree of
hydration can be the result of a kinetic balance as described earlier (e.g. (Barret & Bertrandie 1986,
Barret & Bertrandie 1988, Barret & Bertrandie 1990, Damidot & Nonat 1994, Nonat 1994, Nicoleau &
Nonat 2016)). However, this balance can only be between dissolution of the metastable C-S-H and
stable C-S-H. Thus, our findings can be interpreted in the light of the ‘protective layer theory’ (e.g. (Stein
& Stevels 1964, Jennings 1986, Gartner & Jennings 1987, Gartner & Gaidis 1989, Bellmann, Damidot
et al. 2010, Gartner 2017)) for the early hydration period of C3S.
4.

CONCLUSIONS

This work was aimed at gaining new insights into the aqueous phase composition of C3S, the main
compound of OPC clinker. The aqueous phase was investigated at l/s ratios of 0.8, 15 and 50.
The previously reported evolution of calcium and silicon concentrations occurring in the aqueous phase
of hydrating C3S are supported by the current study; it also exists a maximum and minimum of calcium
and silicon concentrations at the time of Portlandite precipitation. Additionally, the time needed for
Portlandite precipitation is longer with higher l/s ratios.
The plot of silicon against calcium in aqueous phase reveals a strong scatter with different l/s ratios.
However, when the data are only plotted for degree of hydration lower than 5%, the data are very close,
i.e. no influence of the l/s ratio can be observed anymore. That means that the aqueous phase
composition is limited to specific ion concentrations. This observation challenges the kinetic balance
model between dissolution of C3S and precipitation of C-S-H during the early hydration of C3S because
a strong dependence of the aqueous phase composition on the l/s ratio is expected for a kinetically
driven process. Furthermore, if the amount of C-S-H is dependent on the l/s ratio, then it is questionable
why the ion concentrations are restricted to the obtained curve. Therefore, we conclude that the early
hydration can rather be explained by the formation of a metastable C-S-H that governs the aqueous
phase composition (Stein & Stevels 1964, Jennings 1986).
Another governing mechanism have to be considered in case of higher degree of hydration leading to a
large scatter in the aqueous phase composition. This scatter could be explained by a kinetic balance

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
between dissolution of the metastable C-S-H and stable C-S-H. Indeed, at periods with high degree of
hydration the aqueous phase composition shifts to lower silicon concentration as a result of C-S-H
growth.
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ABSTRACT
Deterministic experimental and modelling approaches to understanding cement and concrete
properties have greatly advanced over many years. Presently, the physicochemical properties of high
Portland cement (PC) materials are generally well known, as they also are for an increasing number of
low(er) PC materials involving supplementary cementitious materials like fly ash. However, low(er) PC
materials with increasingly diverse chemistry and performance continue to be developed to reduce
CO2 emissions, which is increasing the number of viable cement related materials (CRMs) available
for use. In turn, a growing number of physicochemical processes need to be better understood in order
to analyse their performance, making applications of deterministic approaches more challenging.
Similarly, it is becoming more challenging to assess their environmental burdens.
Here, we describe version one (v.0.1) of the Panoramix algorithm and its application in exploring
relationships among key chemical and physical characteristics, and also impacts of CRMs. Panoramix
couples properties of binders, raw materials, and their reactivities with thermodynamic modelling and a
life cycle assessment model. We validate the algorithm by applying it to CEM I binders. The results are
discussed with a view to identify CRMs that approach optimal technical and environmental
performance: we find that hydrated PC binders have lower intrinsic porosity, i.e., potentially lower
diffusivity and higher compressive strength, at higher bulk SO3 and Al2O3 content, and lower CaO
content, at constant greenhouse gas emissions. We thus show that Panoramix can be used to guide
the development, optimisation, and use of higher technical performance and lower impact CRMs.
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1.

INTRODUCTION

Concrete is undoubtedly one of the most important materials in the modern world. Its use has profound
economic, environmental, and social implications: the economic cost of concrete corrosion is estimated
to be on the order of single digit gross world product (NACE International, 2016); just under 10% of all
anthropogenic CO2 emissions arise from the production of concrete alone (Miller et al. 2016); and
concrete comprises ~50% of all materials used other than water (Miatto et al. 2016), significantly due to
its importance in buildings and infrastructure. The importance of concrete is further evident when
examining regional development priorities, both in developing and industrialised nations.
Concrete with high(er) technical performance, low(er) environmental burdens, and low(er) cost, is
needed to address such (infrastructure, development) challenges. Developing such cement related
materials (CRMs), i.e., binder, mortar, concrete, etc., is therefore a key research focus of the
cementitious materials science community. However, it is currently common in CRM research to analyse
engineering and environmental performance separately. It is also typical for technical performance, e.g.,
(indicators of) durability, to be studied through empirical rather than theoretical approaches (Stambaugh
et al. 2018).
Empirical approaches to studying CRM technical performance are key to performance based design
(PBD) (Alexander & Thomas 2015). Such empirical approaches may modify diffusion coefficients based
upon parameters such as supplementary cementitious material (SCM) content and water to cement
(w/c) ratio (Riding et al. 2013), meaning that they have significant data requirements. Therefore, they
have at least several key limitations: (1) data are less likely to exist for CRM chemistries that are novel
and/or have little history of study/use; (2) small changes to CRM chemistry may significantly modify
engineering performance, requiring additional data; (3) increasingly diverse SCMs and mix designs are
being more commonly used, also requiring more data; and (4) there exists a general recognition that
the design space of CRMs is already large (Biernacki et al. 2017, Jennings & Bullard 2011). While
theoretical approaches also have significant data requirements (Lothenbach et al. 2019), their key
benefit and difference is that they are generalisable to novel and less well known CRM chemistries.
Therefore, there is a current opportunity to develop a theoretical-based approach to predicting technical
and environmental performance of CRMs. Here, we present the initial development (version one, v.0.1)
of such an algorithm, Panoramix. Our longer-term goal is for Panoramix to predict technical (e.g., service
life) and environmental performance (e.g., climate change burdens) along the entire CRM research
pipeline, from raw materials to infrastructure elements. We validate Panoramix against a well studied
CEM I system (Lothenbach et al. 2008), and demonstrate its broader application to predicting
physicochemical properties and environmental impacts of hydrated CEM I binders.
2.

METHODS

2.1

Panoramix algorithm

Panoramix v.0.1 (hereafter ‘Panoramix’) is an algorithm that creates random combinations of oxides,
raw materials, and curing conditions to explore the CRM design space. By linking different (new and
existing) methods for mix design and environmental impact assessment (life cycle assessment, LCA),
it will ultimately allow multi-criteria optimisation of CRM design from a theoretical physicochemical basis.
Panoramix performs random sampling, currently using uniform distributions, for an arbitrary number of
samples. It also uses grid search algorithms to determine the parameter space for binder mixes. The
algorithm is programmed in Python 3 and the source code will be made available on Github when a
stable version is released and published. The algorithm comprises multiple linked modules that span a
significant fraction of the CRM research and development process, from raw materials characterisation,
to physicochemical binder properties, to LCA results (Figure 1). The following types of modules are
included:



Databases, which contain data for CRMs, curing conditions, and LCA processes;
Models, to specify samples of CRMs by comprehensively selecting masses of CRMs (e.g., PC
clinker), components (e.g., CaO), curing conditions (e.g,. temperature), reaction extents (e.g.,
reacted mass% of PC clinker in hydrated CEM I after 28 days of curing) from the databases,
and also to simulate physicochemical properties and impacts of CRMs; and
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A classification model, to classify specified binder mixes into binder types (e.g., CEM I).

Figure 1. Representative schematic of Panoramix. Boxes represent key algorithm modules.
Arrows represent flows of information through the algorithm, which link the modules together.
Grey, green and yellow boxes denote databases, calculation models, and a classification step,
respectively.
2.2

Databases

Panoramix comprises six databases:







Raw materials database (RMDB);
Binder mix database (BMDB);
Curing conditions database (CCDB);
Extent of reaction database (ERDB);
Thermodynamic database (TDB); and
Life cycle assessment database (LCADB).

In this contribution we developed these databases using results from a study of CEM I (Lothenbach et
al. 2008), and also data from the PSI/Nagra 12/07 thermodynamic database (Thoenen et al. 2014),
CEMDATA18.1 (Lothenbach et al. 2019), and ecoinvent 3.5 (Wernet et al. 2016).
2.2.1

Raw materials database (RMDB)

Data records in RMDB represent the bulk chemical compositions of raw materials in mass% (hydr)oxide
component. The following raw materials and components are currently specified: clinker, Portland
cement (PC), calcium sulfate (CaSO4.nH2O), and water; and CaO, SiO2, Al2O3, Fe2O3, MgO, SO3, K2O,
Na2O, CO2, H2O, and an ‘inert’ component. Component compositions are defined using lower and upper
bounds, and a step size parameter (all in mass%). We include these three parameters to enable
comprehensive and customisable (random) sampling of raw material component compositions.
2.2.2

Binder mix database (BMDB)

A binder mix database is included in Panoramix to control its computational cost. BMDB specifies valid
amounts of raw materials, admixtures, and water in Panoramix. Data records are otherwise similarly
formatted in BMDB and RMDB: the same materials are used in both databases; material masses in
BMDB are specified using lower and upper bounds, and a step size parameter (all in g).
2.2.3

Curing conditions database (CCDB)

CCDB includes key curing conditions such as temperature (°C), pressure (Pa), relative humidity (RH),
and time of curing (days). Conditions are specified in terms of lower and upper bounds, and a step size
parameter, again to ensure complete and flexible coverage of algorithm inputs.
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2.2.4

Extent of reaction database (ERDB)

The extents to which raw materials, admixtures, and water react in cementitious binders is key to
performance. ERDB stores extent of reaction data for these materials. The data are classified by binder
type and curing conditions, i.e., they relate to data records in RMDB, BMDB, and CCDB. Lower, upper,
and step size parameters for the extent of reaction (all in mass% reacted) are specified for each data
record in ERDB. The database currently automatically interpolates the available observations (i.e., data
records) to cover curing conditions from 1 to 365 days.
2.2.5

Thermodynamic database (TDB)

Thermodynamic data are used in Panoramix to simulate binder chemistry. In this contribution we use
the PSI/Nagra 12/07 Thermodynamic Database (Thoenen et al. 2014) and CEMDATA18.1 (Lothenbach
et al. 2019). In CEMDATA18.1 we use the data package for blended PC binders, including the CSHQ
model for calcium (alkali) silicate hydrate (C-(N,K)-S-H).
The PSI/Nagra 12/07 Thermodynamic Database contains thermodynamic property data for gaseous
species, aqueous species, and solid phases spanning 40 elements and the electron. It is an update of
the Nagra/PSI 01/01 Thermodynamic Database (Hummel et al. 2002), although it contains the same
data for many components relevant to cementitious systems (Ca2+, Si(OH)4, etc.). Notable exceptions
are its data for aqueous (alumino)silicate complexes: thermodynamic property data for Si 4O8(OH)44- and
AlSiO3(OH)43- were added and data for AlSiO(OH)6- were removed in the newer version (Lothenbach et
al. 2019).
CEMDATA18.1 (Lothenbach et al. 2019) contains internally consistent thermodynamic property data for
many CRM solid (solution) phases over the temperature range of 0 to 100°C. It is also consistent with
the PSI/Nagra 12/07 Thermodynamic Database. CEMDATA18.1 provides several key improvements
over previous versions (CEMDATA07 and CEMDATA14) such as the addition of several zeolite phases,
a magnesium silicate hydrate (M-S-H) solid solution, and multiple calcium (alkali) (alumino)silicate (C(Sr,Na,K-)(A-)S-H) solid solutions. A complete description of CEMDATA18 is provided in Lothenbach et
al. (2019).
2.2.6

Life cycle assessment database (LCADB)

The LCADB module in Panoramix uses ecoinvent 3.5, allocation cut-off, datasets. Based on the process
“cement production, Portland, Switzerland”, we created a generic dataset for 1 kg hydrated cement
production (functional unit). The following inputs into this generic process can currently be modified:
types and quantities of raw materials (e.g., PC clinker, limestone), admixtures (e.g., gypsum), and water
(e.g., tap water).
2.3

Models

Panoramix comprises five models:






Raw materials model (RMM);
Binder mix model (BMM);
Extent of reaction model (ERM);
Thermodynamic model (TDM); and
Life cycle assessment model (LCAM).

Inputs to these models are data records from the databases described above (Section 2.2). Model
outputs are either used directly as inputs into other modules or exported as results.
2.3.1

Raw materials model (RMM)

Virtual samples of raw material (hydr)oxide compositions are randomly generated in RMM, using the
oxide composition ranges specified in RMDB and a uniform distribution. In the present contribution,
2500 samples are generated in each Panoramix run. These samples are used as a basis for indexing
results from subsequent modules.
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2.3.2

Binder mix model (BMM)

The BMM spans a grid of all feasible combinations of quantities of raw materials, admixtures, and water
in binder mixes, using the mass ranges and the step iterator specified in BMDB as inputs. Here, a subCEM I classification is used as an input to perform the grid search. Next, the algorithm randomly chooses
2500 of these combinations. Outputs from BMM represent the set of binder mixes simulated in
Panoramix, which are subsequently used in ERM.
2.3.3

Extent of reaction model (ERM)

The ERM takes in several inputs to determine the amounts of unreacted, reacted, and inert (hydr)oxide
components and materials in each virtual sample. Inputs to ERM are (hydr)oxide compositions from
RMM, classified binder mixes from BMC, and curing conditions from CCDB. ERM converts data records
in CCDB into extents of reaction by interpolating between data records taken from ERDB. Outputs from
ERM are used in TDM.
2.3.4

Thermodynamic model (TDM)

In this contribution thermodynamic modelling is performed using the Gibbs free energy minimisation
software GEMS v.3 [http://gems.web.psi.ch/] (Kulik et al. 2013, Wagner et al. 2012). We used the
Truesdell–Jones form of the extended Debye–Hückel equation (1) (Helgeson et al. 1981) as the
aqueous phase activity coefficient model, and the ideal gas equation of state for the gaseous phase:

log10   j  

 A z 2j I
1  aB

 x jw 
 b I  log10 

I
 XW 

(1)

In Eq.(1), ɣj and zj are the activity coefficient and charge of the jth aqueous species, respectively, I is the
ionic strength of the aqueous electrolyte phase (mol kg-1), Aɣ (kg0.5 mol-0.5) and Bɣ (kg0.5 mol-0.5 cm-1) are
temperature and pressure dependent electrostatic parameters, xjw (mol) is the molar quantity of water,
and Xw (mol) is the total molar amount of the aqueous phase. The average ion size (ȧ, Å), 3.67 Å, and
the parameter for common short-range interactions of charged species (bɣ, kg mol-1), 0.123 kg mol-1,
were specified to represent KOH-dominated aqueous solutions (Helgeson et al. 1981). We calculated
the activity of water from the osmotic coefficient (Helgeson et al. 1981), and activity coefficients for
neutral dissolved species using (1) at zero charge and neglecting the right-most term. Thus activity
coefficients for neutral dissolved species are calculated using (2):

log10   j   b I

(2)

Metastable chemical equilibrium is simulated between solid, aqueous, and gaseous phases using the
following constraints: both goethite (FeO(OH)) and hematite (Fe2O3) are excluded from simulations due
to their slow formation at ambient temperature (Lothenbach et al. 2008).
Inputs into TDM are the unreacted, reacted, and inert quantities of (hydr)oxide components, raw
materials, admixtures, and water in each virtual sample. Only the reacted quantities are input into GEMS
v.3. Congruent dissolution of all reacted materials and (hydr)oxide components is assumed to maintain
the relative simplicity of Panoramix in this initial version. Thermodynamic modelling is performed here
using a mixed N2 and O2 atmosphere (1 g N2, 1 g O2), and ‘ideal’ curing conditions (i.e., 100% RH and
no exposure to the external environment). A PC clinker density of 3.15 g cm -3 (Taylor HFW 1997) is
used to display thermodynamic modelling results (Section 3).
2.3.5

Life cycle assessment model (LCAM)

LCAM links the hydrated cement production unit process to the cut-off system model version of
ecoinvent 3.5 (Wernet et al. 2016) to determine the life cycle inventory (LCI). Life cycle impact
assessment results are determined here for climate change only: the LCI is converted into greenhouse
gas (GHG) emissions in CO2 equivalents (CO2-eq.) using the method for a 100 year time horizon global
warming potential (GWP100) as defined by the International Panel on Climate Change (IPCC) 2013
(IPCC 2013).
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2.4

Classifier

Panoramix comprises a single classifier module: binder mix classifier (BMC).
2.4.1

Binder mix classifier (BMC)

The purpose of the BMC is to classify the binder mixes specified in BMM into types such as CEM I.
These classified binders are subsequently used in ERM. Classification can reduce the demand for extent
of reaction data in the algorithm when coupled with an assumption that similar materials react at similar
rates.
3.

ALGORITHM VALIDATION AND RESULTS

We validate Panoramix against the limestone-free hydrated PC binder investigated by Lothenbach et
al. (2008). The studied hydrated PC binder comprises PC clinker, gypsum, and water at mass ratios of
96.9 : 3.1 : 40, which were cured at 20°C and ambient pressure up to 365 days. The oxide composition
of the PC used is as follows: CaO, 63.9 mass%; SiO2, 20.2 mass%; Al2O3, 4.9 mass%; Fe2O3, 3.2
mass%; CaO (free), 0.93 mass%; MgO, 1.8 mass%; K 2O, 0.78 mass%; Na2O, 0.42 mass%; SO3, 2.29
mass%; K2O (soluble), 0.72 mass%; Na2O (soluble), 0.09 mass%; ignition loss, 0.37 mass%. The
aqueous phase composition and solid phase assemblage of this hydrated PC binder were determined
by thermodynamic modelling using an earlier version of the setup used here (Nagra/PSI Chemical
Thermodynamic Database 01/01 and CEMDATA07 in GEMS), and compared to a comprehensive set
of experimental characterisation results. Here, we use these same material properties and curing
conditions in Panoramix, except we group the ‘free’ and ‘soluble’ oxide components with the respective
standard oxide components of PC clinker for simplicity.
Figure 2 shows the good overall agreement between the thermodynamic modelling results from
Panoramix and Lothenbach et al. (2008). The differences which exist can be explained by the use of
the newer CEMDATA18.1 thermodynamic database here (Lothenbach et al. 2019), in particular due to
its more reliable descriptions of C-(N,K-)S-H and hydrogarnet solid solution chemistry. The lower stability
of alumino-ferrite-mono (AFm) phases in the Panoramix simulation is one such difference that can be
explained through the use of CEMDATA18.1: lower masses of AFm phases were observed in the
experimental X-ray diffraction results relative to the simulated results in Lothenbach et al. (2008), which
supports this interpretation. Further discussion of the differences between CEMDATA07 and
CEMDATA18 is presented by Lothenbach et al. (2018).

Figure 2. Solid phase assemblages in the hydrated PC binder analysed here, (a) as determined
using Panoramix (1-400 days of curing), and (b) as reported by Lothenbach et al. (2008) (0.011000 days of curing).
An additional Panoramix simulation was performed to highlight and explore its potential to predict
technical and environmental performance in an integrated manner, and thus to (more) holistically guide
design and research of CRMs. In this simulation we included PC clinker, calcium sulfate, and water in
mass ratios of 100 : 2 < C$ < 5 : 0.4(100 + C$), where C$ is the (variable) mass of calcium sulfate, and
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the mass of water is specified to achieve a w/c ratio of 0.4. We used the following oxide composition for
PC clinker: CaO, 64-70 mass%; SiO2, 19-25 mass%; Al2O3, 3-7 mass%; Fe2O3, 1-5 mass%; MgO, 0-2
mass%; SO3, 0-1 mass%; K2O, 0-1 mass%; Na2O, 0-1 mass%; CO2, 0-1 mass%. We used the following
(hydr)oxide composition for calcium sulfate: CaO, 32-41 mass%; SO3, 46-59 mass%; H2O, 0-22 mass%.
Water is taken as a pure phase. We simulate this hydrated PC binder at 25°C, ambient pressure, and
28 days of curing under ideal conditions (100% RH, no exposure to external environment). A result from
this simulation is shown in Figure 3: here ‘intrinsic porosity’ is defined as the ratio of aqueous phase
volume to the total binder volume (solids + aqueous phases).

Figure 3. Intrinsic porosity in volume fraction (of the total binder volume) and GHG emissions
in kg CO2-eq. kg-1 hydrated cement plotted against the bulk CaO, SO 3, and Al2O3 content in
mass% in the simulated hydrated PC binder, at 28 days of curing. ‘Vol. frac.’ is volume fraction,
and ‘GHG emissions’ is the GHG emissions at a time horizon of 100 years.
Figure 3 shows that a modest reduction in intrinsic porosity at 28 days of curing can be achieved at
constant climate impact (~0.83 kg CO2-eq. kg-1 hydrated cement) in hydrated PC binders that have
higher bulk SO3 and Al2O3 content, and lower bulk CaO content (i.e., towards the bottom of Figure 3).
The result indicates that the effect of increasing bulk Al2O3 content on intrinsic porosity is weaker than
increasing bulk SO3 content: a reduction in intrinsic porosity volume fraction of ~0.01-0.02 is observed
at constant bulk SO3 content; whereas a reduction in intrinsic porosity volume fraction of ~0.07 is
observed at constant bulk Al2O3 content. Given the general inverse relationship between porosity and
compressive strength, and direct relationship between porosity and diffusivity, it can thus be expected
that hydrated PC binders with higher bulk SO3 and Al2O3 content, and lower bulk CaO content (in the
simulated composition envelope), exhibit a greater resistance to mass transport and have higher
compressive strength. Therefore, these results highlight the potential utility that Panoramix has in
guiding the development of CRMs with higher technical performance and lower environmental burdens.
4.

CONCLUSIONS

This contribution has presented the development and application of an integrated algorithm, Panoramix,
that can simulate the physicochemical properties and environmental impacts of cementitious binders.
We validated Panoramix by comparing its results to modelled and experimental data for a well
characterised hydrated CEM I binder. We then presented results from an application of Panoramix to
simulating the intrinsic porosity and GHG emissions of hydrated PC binders with variable (hydr)oxide
and calcium sulfate compositions. These results indicated that the intrinsic porosity of such materials
(and thus also their diffusivity) can be reduced, and compressive strength can be increased, at constant
GHG emissions, higher bulk SO3 and Al2O3 content, and lower CaO content. Therefore, the results
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provide guidance for designing potentially higher technical performance (e.g., compressive strength)
and lower environmental impact hydrated PC binders. Since Panoramix employs a theoretical-based
approach to predicting physicochemical properties through thermodynamic modelling, it can be readily
applied to simulate other CRM chemistries, e.g., hydrated blended PC and alkali-activated binders. Its
modular nature provides opportunities for extensions to simulating properties further along the CRM
research pipeline (mortars, concrete, etc.). As next steps, we will run simulations using a larger
parameter space, to optimise a wider range of CRMs with respect to technical performance and
environmental impacts. The modular nature of Panoramix may also provide a pathway to/facilitate
community engagement, e.g., through users inputting data into its relatively simple database modules,
enhancing the algorithm.
5.
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ABSTRACT
Introduction of C2S-rich cements in production would result in reduction of CO2 emissions, energy
saving and also has the additional practical advantage of requiring less high-grade limestone as a raw
material. Paper deals with early hydration of cement based on C2S-rich clinker doped with sulfur in
combination with Li. Early hydration of reference C2S-rich clinker cement paste was corelated with
cement pastes of doped clinker cements. The course of hydration was studied by isothermal
calorimetry, XRD methods and DTA-TGA. Main exothermic reaction and periods of hydration of C2Srich S doped clinker cements are described in the paper. Reactivity of cement monitored as heat flow
exotherms of cement paste was correlated with phase composition of cements. Doping of the C2S by
the S or the combination of S and Li significantly increases the reactivity of the C2S-rich cement. Start
of β-C2S reactions are detectable by monitoring the portlandite double endotherm on DTA, heat flow
development during deceleration period of hydration in isothermal calorimeter and changes in phase
composition including amorphous phase by XRD methods.
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1.

INTRODUCTION

The manufacture and use of concrete produce a wide range of environmental and social consequences.
The cement industry is together with the energy production and transportation industries one of the three
primary producers of carbon dioxide, a major greenhouse gas. The share of cement production in total
anthropogenic CO2 emissions has been rising steadily and is now estimated by some sources to be
around 10% (Boden et al., 2016), or about 6% of the total anthropogenic greenhouse gases (IEA,
WBCSD, 2009).
Although energy use and release of CO2 are closely related in the usual cement manufacturing industry,
it is the release of CO2 to the atmosphere rather than the consumption of energy which is of chief
concern. Decarbonation of limestone (CaCO3) results in the release of CO2 and, since natural limestone
and chalk are the only large-scale sources of calcium available to the cement industry, this CO 2 release
is only reducible by changing the chemical composition of the cement (Lea & Hewlett 2004).
Clinker is the main constituent of the cement. The clinker is mixed with a few per cent of gypsum and
finely ground to make the cement. The clinker typically has a composition in the region of 67% CaO,
22% SiO2, 5% AI2O3, 3% Fe2O3 and 3% of other components, and normally contains four major phases,
called alite (C3S, Ca3SiO5), belite (C2S, Ca2SiO4), aluminate phase (C3A, Ca3Al2O6) and ferrite phase
(C4AF, Ca2AlFeO5). Several other phases, such as alkali sulfates and calcium oxide, are normally
present in minor amounts (Taylor 1997).
Recently, there are four classes of alternative clinker system that deserve serious attention with respect
to global reductions in concrete-related CO2 emissions (Gartner & Sui 2017); reactive belite-rich
Portland cement clinkers (RBPC), belite-ye'elimite-ferrite clinkers, carbonatable calcium silicate clinkers,
magnesium oxides derived from magnesium silicates.
RBPC belong to the same family as ordinary Portland cement (OPC) in terms of clinker mineralogy, i.e.
they are in the C2S-C3S-C3A-C4AF system. The difference in clinker composition between RBPC and
OPC lies mainly in the belite/alite ratio. For RBPC the belite content is more than 40% and alite normally
less than 35%, making belite the most abundant phase in RBPC, as opposed to alite in OPC. The
manufacture of RBPC therefore leads to lower specific energy consumption and CO 2 emissions, and
also has the additional practical advantage of requiring less high-grade (low-silica) limestone as a raw
material (Gartner & Sui 2017). The ideal clinkering temperature for RBPC is usually close to 1350 °C,
which is about 100 °C lower than the average for OPC, which can lead to somewhat lower kiln heat
consumption and permit more use of low-grade kiln fuels.
Physical or chemical activation, e.g. rapid clinker cooling or minor element doping may be needed in
some cases to make the belite sufficiently reactive. As an example, the use of 0.5–1.0% SO3 in the raw
meal combined with rapid clinker cooling can lead to the formation of reactive belite in the clinker. Staněk
and Sulovský (2015) reported the principle of activation during preparation of belite-rich clinkers with an
increased Ca:Si ratio in the structure of dicalcium silicate and partial substitution of SiO 44− by SO42−.
Activation was realized by the addition of sulfate ions, which in the structure of belite substitute SiO 4,
caused an increased entry of Al2O3 into the belite and increased the CaO:SiO2 in belite. The sulfur
addition to the clinker also stabilized the hydraulically more active monoclinic alite M1 modification. The
clinker for its preparation, contained only around 20 wt.% of alite, was burned at a temperature of
1350 °C and was activated by the addition of about 5% SO 3 (related to the bulk clinker weight). It
contained a small proportion of anhydrite.
Specific kiln fuel requirements and CO2 emissions of RBPC are typically about 10% below those for
OPC. Lower emissions of NOx and SOx are commonly observed when making RBPC, due mainly to the
lower burning temperature. On the other hand, it requires about 5% more electric power to grind RBPC
to the same fineness as OPC, due to the greater hardness of belite relative to alite (Gartner & Sui 2017).
Pure C2S exhibits five polymorphic forms, depending on temperature and pressure during formation
(Hanic et al. 1987), all are metastable except the γ (orthorhombic) form. In Portland cement the
equilibrium temperature between α (hexagonal) and α’ is 1280°C and the conversion reaches a
maximum rate at 1100°C. With decreasing cooling rate, the α’ H (orthorhombic) phase tends to dominate,
and finally the belite is composed entirely of this form, which transforms into β-C2S (monoclinic) after
passing through the α’L (orthorhombic) form (Sahu 1994).
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Belite is a major phase in active belite cements and is chiefly present in the α and α’ modifications,
stabilized either by rapid cooling in the temperature range 1300-900°C (Sahu 1994), or by the use of
higher alkali levels (Stark & Müller 1988). It has been suggested that the hydraulic activity of β-C2S is
related to the calculated strength of the Ca-O ionic bond (Xiuji et al. 1994). A study of the relationship
between crystal structure and hydraulic activity, including synthetic β-C2S and samples separated from
Portland cement, indicates that the electric field strength at the site of the Ca2+ ions in the crystal lattice
determines the hydraulic activity (Tsurumi et al.1994).
Paper deals with reactive C2S-rich clinkers doped with a combination of S and Li. Early hydration
properties of cements prepared from the clinkers were monitored by isothermal calorimetry, XRD-in situ
and DTA-DTG. Paper brings comparison of reactivity and phase development during early hydration of
S and Li doped belite clinkers and undoped belite clinker.
2.
2.1

MATERIALS AND METHODS
Materials

Belite clinkers doped with combination of S and 2% or 4% of Li were prepared by high-temperature solid
state synthesis. Pure substances were used for the preparation of raw meal and clinker. The raw meal
composition and phase composition of burned clinkers is given in Table 1 and 2. Raw meal was
homogenized for 2.5 hours and tablets for burning were prepared. The burning in laboratory Kanthal
furnace was carried out at 1,400 °C with soaking time of 12 hours. The clinkers were rapidly quenched
in the air, resp. laid on cool sheet of metal. For calorimetry, RTG and DTA-DTG, the prepared clinkers
were ground for 1min in vibratory mill.
2.2

Methods

Heat flow release during seven days of hydration of cements was determined by isothermal calorimetry
(TAM Air – TA Instruments). Cement pastes were tested at 25 °C and water to cement ratio w/c=0.4.
For the test, 5 grams of cement was used. Samples were conditioned in laboratory at 25°C for 24 hours
prior the experiment. The mixing for 1 min with the speed of impeller of 2rev/s was carried out outside
the calorimeter. The measurement started 1 min after water addition.
The in-situ X-ray diffraction analysis was performed on Bruker D8 Advance apparatus with Cu anode
(λKα = 1.54184 Å) and variable divergence slits at Θ-Θ reflection Bragg-Brentano para focusing
geometry, scan range 7-50 2Θ, scan step size 0.039°. Data were processed using EVA software. The
duration of individual scans was approximately 20 minutes; duration of the whole experiment was 24
hours. The paste (w/c=0.4) was placed in a sample holder and covered with kapton foil to prevent
carbonation. In case of C2S S 2Li sample, the phase composition over time (0, 45, 90, 360, 720, and
2,880 minutes) was monitored using the inner standard method. As a standard, 20 wt.% fluorite was
used. After each time interval the hydration was stopped by isopropyl alcohol and acetone. The phase
composition of burned clinkers was determined using Rietveld refinement.
Table 1. Raw meal composition and phase composition of burned clinkers
C2S

C2S S

C2S S 2Li

C2S S 4Li

CaCO3

75.41

72.34

72.34

69.70

SiO2

24.59

21.16

21.16

21.16

LiCO3

-

-

3.66

7.32

CaSO4.2H2O

-

3.86

3.86

3.86

Table 2. Phase composition of burned clinkers (wt.%)
Phase
composition

C2S

C2S S

C2S S 2Li

C2S S 4Li
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β-C2S

27.1

42.5

80.7

82.5

γ-C2S

72.7

27.3

1.0

1.1

C3S

-

27.7

9.9

2.9

CaO free

0.2

2.5

7.7

10.0

anhydrite

-

-

0.7

3.5

The sample C2S S2Li was investigated by thermal analysis. The samples were prepared following the
same procedure as for XRD. The hydration process of the paste was stopped by isopropyl alcohol and
acetone after 45, 90, 360, 720 and 2880 min of hydration. Combined TGA/DTA data were obtained
using STA 449 F3 Jupiter (by Netzsch). The samples were tested in Pt crucibles at a heating rate
10°C/min, from 35 °C to 1000 °C. The sample atmosphere was synthetic air (50 ml/min, ratio N 2/O2 was
80/20).
3.
3.1

RESULTS AND DISCUSSION
Isothermal Calorimetry

Early hydration exothermic reactions were monitored by isothermal calorimetry during 7 days of
hydration (Figure 1). Exothermic reactions are related to dissolution of amorphous and crystalline
phases (Table 2), growth, nucleation and precipitation, complexation and adsorption processes. Main
contributors of the evolved heat during hydration are portlandite - Ca(OH)2 (CH) and C-S-H. These
phases are hydration products of clinker phases C3S and C2S and CaO. Understanding the mechanism
of cement hydration involve the study of the kinetics of individual mechanistic steps (Bullard et al. 2011).

Figure 1. Heat flow development during 7 days of hydration
When in contact with water, the initial reactions’ exotherms include wetting and dissolution/dissociation
of molecular units from the surface of a solid. Despite the fact that the measurement started after 1 min
after water addition, the first exotherm is still controlled by CaO content in the sample. Total heat evolved
in the time interval between 1st and 60th min of hydration is proportional to CaO content in the samples
(Table 2): C2S – 1.1 J/g, C2S S – 3.4 J/g, C2S S 2Li – 9.2 J/g, C2S S 4Li – 11.4 J/g. The CaO reaction
during initial period of hydration exhibits large signal overshadowing other reactions. Samples with Li
contains also anhydrite which is also expected to react during the initial period of hydration. Despite
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considerably lower solubility of anhydrite comparing to gypsum, anhydrite still serves in the presence of
alkali solvent as a retarder of the setting forming ettringite (AFt) during the initial reactions contributing
to total heat. Anhydrite in this belite rich system deserves further research since it plays an important
role in terms of hydration mechanism and performance of hardened material in systems with OPC and
CSA (Pelletier et al 2010).
Period of slow reactions is followed by acceleration period which is characterized by the main peak
related to hydration of C3S. Despite the fact that the heat related to C 3S hydration is proportional to its
content, the position of the peak and its maximum changes with increased Li content. With higher Li
contents the temperature of the maximum increases and the position moves to earlier times. Total heat
development during 7days of hydration show that doping of the belite with the S and the combination of
S and Li dramatically increases the reactivity of the resulting cement (Figure 2). The combination of S
and Li accelerates the heat evolution during first days compared to doping with the S only.
C2S hydration is very slow and heat contribution is considerably lower. C 2S reactions are represented
by minute peaks in deceleration period where diffusion is the controlling process of hydration. In
principle, it is claimed that both hydraulically highly active and nearly inactive forms may be possible for
all belite modifications and the measured strength generation depends on the experimental conditions
like burning temperature, cooling rate, foreign oxide content, etc. (von Lampe & Seydel 1989). The
reactivity of C2S is affected by the timing of the clinker phases hydration. Since the hydration of C2S
take part mainly in deceleration period, the lack of water, space and smaller number of fine and more
reactive particles are parameters affecting C2S hydration kinetics.

Figure 2. Total heat development during 7 days of hydration
3.2

Phase analysis

The phase composition was monitored by XRD hydration in situ during 24 hours of hydration. Sample
C2S contains mainly γ-C2S with a small amount of β-C2S and a minimum of CH (CH peak is overlapped
with peaks of C2S and a slight amorphous hump). In the course of 24 hours the phase composition does
not change considerably. Sample C2S S contains β-C2S and γ-C2S, C3S and CH. At the beginning,
amorphous hump and intensity of CH peaks are increasing. From 160 min on, there is no longer a hump
and CH peaks are clearly visible and their intensities increase. After 800 min., there is no change.
Sample C2S S2Li contains β-C2S, C3S and CH. CH peaks appear right at the beginning and gradually
increase their intensity reaching their maximum at around 360 min.
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C2S S4Li
Figure 3. XRD hydration in situ
β-C2S intensities have a very slight decrease at the beginning, otherwise unchanging. C3S intensities
also decrease from the start. Sample C2S S4Li contains β-C2S, C3S, CH and anhydrite. At the beginning,
a pronounced amorphous hump disappears around 200 min. From 200 min, anhydrite is visible and
then its signal stays invariant. CH grows from 80 to 1200, then its intensities stay unchanged.
Detailed XRD and DTA analyses were done on sample C2S S2Li. Hydration of the sample was stopped
after 0, 45, 90, 360, 720 and 2880 minutes. Phase composition including amorphous phase was
determined. CaO reacts completely within first minutes of hydration, which is demonstrated as a large
exothermic signal in isothermal experiments (Figure 1). C3S content decrease and increase of
amorphous content and CH content are in good correlation with the main calorimetric peak. β-C2S reacts
very slowly showing continuous content decrease (Figure 4).

Figure 4. XRD, inner standard method, phase composition during 2 days of hydration, sample
C2S S2Li
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Quantitative analysis of effluent fluids with calculation of phases for single processes was done by DTATGA on sample C2S S2Li. The phase composition of the sample was determined after 45, 90, 360, 720
and 2880 minutes of hydration. Position and intensity of main endotherms were monitored at selected
time intervals during hydration (Figure 4, Table 3 and 4). Processes of H2O release from C-S-H and AFt
overlap each other. Taking in account recrystallization of AFt, continuous increase of C-S-H content can
be seen on endotherm which changes its position from 76-127°C during 48 hours of hydration. CH
endotherm moves its minimum as the crystal size increases. From 720th minute on, double endotherm
of CH is visible. This double endotherm can be explained as a second generation of CH, which might
indicate the presence of another source. From the results of calorimetry and XRD, it is obvious that this
source is β-C2S which starts to react later than C3S. Furthermore, the C3S content stays the same after
720 minutes of hydration (Figure 4). Based on the endotherms’ intensities and positions, it is likely that
two generations of CH differ in crystal size, and that from about 6 hours of hydration onwards, a second
generation of CH is formed and at the same time the growth of the first generation CH is assumed
simultaneously with first generation.

Figure 5. DTA/DTG/TG of sample C2S S2Li, 2880 min

Table 3. Quantification of effluent gases or phases* from thermographs (wt. %)
Sample

45

90

360

720

2880

(min)
H2O; C-S-H, AFt

0.21

0.18

0.47

1.22

1.72

H2O; CH

1.5

1.56

1.36

1.84

2.07

CH*

6.17

6.42

5.59

7.57

8.51

CO2; calcite* (minor peak)

0.15

0.16

0.4

-

0.14

CO2; calcite* (larger peak)

0.71

0.41

1.07

1.19

1.47

CO2; calcite* (sum)

0.86

0.57

1.47

1.19

1.61

calcite*

1.96

1.30

3.34

2.71

3.66
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Table 4. Position of endotherms (°C)
Sample

45

90

360

720

2880

116

127

(min)

4.

C-S-H, AFt

76

96

99

CH

443

441

451

calcite (main peak)

762

739

777

441, 468 474, 489
774

788

CONCLUSIONS

Heat related to C3S hydration measured by isothermal calorimetry is proportional to its content and the
position and maximum of heat flow peak changes with increased Li content. The doping belite with S
and the combination of S and Li increased the reactivity of cements prepared from these clinkers
significantly. The reactivity of β-C2S is affected by the timing of the hydration of other clinker phases.
Based on heat development, the formation of C-S-H products is a continuous process that relates mainly
to C3S hydration during first 6 hours which is then supported also by slow reaction of β-C2S. Results of
thermal analyses show the presence of double portlandite endotherm in DTA curves revealing two
generations of portlandite attributed to C3S and C2S hydration. This finding is in agreement with changes
in phase composition and position of exotherms determined by XRD-in situ and isothermal calorimetry.
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ABSTRACT
A novel starch-based admixture (Temperature Rise Inhibitor, TRI) is found to mitigate the main
hydration peak, which suggests a new solution for the thermal cracking problems. With the increase of
solid TRI content, the maximum heat flow can be tuned to any desired level with a limited retarding
effect. While in the pre-dissolved condition, the same dosage of TRI does not reduce the maximum
heat flow but only retard the hydration.
The hydration kinetics were characterized by isothermal calorimetry and scanning electron
microscope. The results reveal that even though the quantity of C-S-H and/or the surface of cement
particle are influenced by solid TRI, C-S-H needles always reach the same length at the peak time. CS-H needle growth could be the controlling factor during the main hydration peak. Solid TRI does not
affect the growth but their nucleation to reduce the hydration rate continuously. Immediate availability
makes pre-dissolved TRI more efficient to provide a more complete suppression of C-S-H nucleation to
only retard hydration.
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1.

INTRODUCTION

Thermal cracking, caused by the strong silicate reaction during the first 24h, is a widespread problem
of the cementitious materials. A novel starch-based admixture (Temperature Rise Inhibitor, TRI) is
used to reduce the heat release during the first few days. The two factors influencing the peak time
and maximum heat flow are: the initial state (pre-dissolved or solid) and dosage (from 0 to 0.2%). By
increasing the dosage of solid TRI, the maximum heat flow decreases proportionally with a limited
retarding effect while the shape of the main hydration peak never changes until when 0.2% solid TRI
fully erases it. The pre-dissolved TRI can only, to a certain extent, retard the hydration by delaying the
appearance of the acceleration period. In terms of microstructure observation (Figure 3), solid TRI
inhibits the precipitation of C-S-H and thus slows down the hydration rate during the main hydration
peak. However, most of the phenomena we observed through characterization methods maybe the
apparent result rather than the cause itself. More fundamentally, the mechanism for the main
hydration peak, especially the transition from the acceleration period to the deceleration period is still
lacking of hard conclusion. We reviewed the existing hypotheses from the standpoint of this TRI and
discussed its possible mechanism of interaction with the early hydration.
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Figure 1. (a) Typical isothermal calorimetry curve of Ordinary Portland Cement with/without
TRI, especially high dosage of solid TRI in which main hydration peak can be compressed to
less than 1/10 the height of reference (b) Evolution of the normalized heat flow as a function of
degree of hydration
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Figure 2. Effect of TRI on the accumulative heat and compressive strength development
2.

MATERIALS AND METHODS

Portland cement CEM I 42.5R and deionized (DI) water were used in all experiments of this study and
cement paste was prepared with a water-to-cement ratio of 0.4 unless otherwise specified. The
temperature rise inhibitor (TRI) is a solid powder admixture prepared by acid hydrolysis of corn starch,
which is almost insoluble in cold water but partly soluble in cold alkaline solutions. The solubility
observed are 30.6%, 61.9% and 81.8% for pH 12.0, 13.0 and 13.3 respectively. Pre-dissolved TRI is
made by stirring solid TRI powder with DI water in a 90°C water bath for 2h. The hydration kinetics
have been characterized by isothermal calorimetry and scanning electron microscope. Mortar samples
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with OPC used in cement paste casting were prepared with standard sand according to EN-196-1 at a
water-to-cement ratio 0.5.
3.

RESULTS

Figure 1 shows the effect of TRI on cement hydration kinetics with different dosage and initial state. By
increasing the dosage, the pre-dissolved TRI delays the onset of the acceleration period like a retarder
with limited influence on the shape of main hydration peak. In comparison, the solid TRI tends to
linearly depress the maximum heat flow with a limited retarding effect. Surprisingly, no threshold of the
size of the main hydration peak appears until it disappears at 0.2%. We have verified the stability of
TRI in the alkaline solution that no decomposition happens before the first 24h. The only difference
between the solid and pre-dissolved TRI is the polymer availability in the pore solution. Once the
polymer is free in the pore solution, a rapid adsorption happens to consume all the available polymer
in 10-20 min. Limited dissolution of solid TRI can thus have a continuous effect on the whole hydration
process that the pre-dissolved TRI cannot. Corresponding to the cumulative heat and compressive
strength (Figure 2), both have a negative effect on the early strength development but for totally
different reasons. Pre-dissolved TRI only affects the hydration before the acceleration period during
when little precipitation occurs. Accumulative heat and mortar strength decrease strongly for the first
12 hours but recover to normal levels due to the appearance of a similar main hydration peak. Solid
TRI slows down the reaction rate during the main hydration peak, which reduces the quantity of C-S-H
and of course the compressive strength. For dosage of solid TRI up to 0.1%, which corresponds to a
60% drop in the peak height, the 1d strength is lower but the 3d and 28d mortar strengths are not
found to be statistically different than the reference with 95% of confidence. Beyond 0.1% of addition,
the peak can be further lowered to any desired level but at the cost of a loss of a 10% drop of the 28d
strength compared to the reference.
A lot of work has been done to reveal the mechanism of cement hydration during the main hydration
peak, during when the heat flow decreases whatever else may have changed (w/c ratio (Kirby and
Biernacki 2012), annealing (Bazzoni 2014), adding SCMs (Berodier 2015) and/or admixture (N. L.
Thomas and Birchall 1983)(Ataie et al. 2015), seeding (J. J. Thomas et al. 2009), etc.). Except for the
first few seconds of pure dissolution, cement hydration is always a dissolution-precipitation reaction.
Dissolution of cement particle, transportation of ions and/or water, precipitation of hydrates are thus
the three main controlling factors to shape the heat flow curve. No matter what aspect of hydration is
changed, the rest will change accordingly. Therefore, with a similar pore solution concentration, it is
possible to have quite different dissolution and/or C-S-H precipitation rates. Hypotheses of the
maximum heat flow can be summarized in three categories (Ouzia and Scrivener 2018)(Scrivener and
Nonat 2011)(Scrivener et al. 2015): (1) Protective layer or diffusion barrier; (2) Dissolution limit; (3)
The nucleation and growth of hydrates (mainly C-S-H). Experiments (Kirby and Biernacki 2012) and
simulations (Bullard et al. 2015) have limited the possible mechanisms on phenomena occurring on
individual cement particles. On this basis, we discuss the existing hypotheses.
(1) Protective layer or diffusion barrier: Direct observation of the cement surface at the peak time
(Figure 3a) apparently rejects the hypotheses of consecutive layer of hydrates to physically
separates the clinker surface from free water. In the reference system, clearly, most of the
surface has been fully covered by C-S-H clusters. But small areas of the free surface still exist
and the shell of C-S-H is highly porous. Same shape but lower peak value of the main
hydration peak appears by adding solid TRI without requiring significant amount of C-S-H.
Also, no matter in any system C-S-H grow consistently in a shape of needle from the very
beginning of the acceleration period to long after the main hydration peak on the surface of
clinker, which makes it impossible to form any amorphous structure to cover the particle and
further block the hydration.
(2) Dissolution limit: Dissolution limit can be described as the subsequent coalescence of etch pits
(Juilland et al. 2017) or an inhibition caused by hydrates themselves (Pustovgar et al. 2016),
which is neither the requirement for the main hydration peak. Dissolution of clinker is the
essence of the heat release during the hydration but it never goes independently with the
precipitation of hydrates. In this study, the pre-dissolved TRI which has a higher adsorption
efficiency should be more effective to block the surface and restructure the main hydration
peak based on the surface limiting (if correct) compared to the same dosage of solid condition.
But it does not conform to the real case. An array of independent etch pits indicate that the
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dissolution of cement particle is not seriously inhibited by TRI (compared to the reduction of
the maximum heat flow) and the surface is still far away from the coalescence of etch pits.
Besides, little C-S-H nucleate and grow in or even near the etch pits (Figure 3a right). What is
more, as shown in Figure 4, C-S-H clusters tend to grow bigger at the same heat flow to
compensate for the loss of available surface caused by the blocking effect of pre-dissolved
TRI. That is to say, at least in this system, cement dissolution is not the only factor to shape
the peak.
(3) Surface impingement to inhibit the boundary nucleation and growth of C-S-H: Surface
impingement caused by C-S-H precipitation is also proposed to be the possible reason to
shape the peak. But nor is it likely to be candidate. First of all, with the addition of solid TRI,
especially in high dosage conditions, clinker surface is still far away from been fully covered.
Secondly, from a DoH perspective (Figure 1(b)), pre-dissolved TRI (as a retarder) has limited
influence on the DoH at the peak. However, solid TRI shows a distinct pattern that there is no
iron link between the peak time and the degree of hydration. That is to say, the transition
during the main hydration peak has nothing to do with the quantity or impingement of C-S-H
on the particle surface. Moreover, with the same dosage, an earlier transition should be
observed in the system where pre-dissolved TRI is added due to the higher surface coverage
(no matter by polymer or C-S-H) compared to solid TRI system. However, pre-dissolved TRI
only retards hydration and postpones the peak time.

Figure 3. C-S-H needle at the peak time: (a) Surface coverage of cement particle with the
addition of 0.18% solid TRI, (b) C-S-H needle clusters
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Figure 4. Effect of pre-dissolved TRI on C-S-H precipitation with the same heat flow
The addition of solid and pre-dissolved TRI leads to a long time horizon (from 11 to 18.5h) and varied
maximum heat flow (from 0.40 to 2.76mW/g OPC) for the main hydration peak, but the morphology of
C-S-H needles at the peak time is very similar. The needle length in a blank OPC system is 470±60nm
and this number is statistically identical in all systems. This observation coincides with the novel
“needle model” (Ouzia and Scrivener 2018) that only the nucleation and growth of C-S-H is sufficient
to account for a transition during the peak time and the critical factor appears to be a certain length of
C-S-H needles to which they grow quickly and thereafter most of the needles enter the slow growth
regime. The growth of C-S-H needle seems to be very stable that disturbing caused by external factor
(polymer adsorption and complexation in this study) has little or no effect on modifying the pattern
once they start to grow. Compared with inhibiting dissolution of clinker or C-S-H growth, it is more
likely that solid TRI continuously inhibits the nucleation of C-S-H and thus slows down the reaction
rate and heat release. Immediate availability of pre-dissolved TRI makes it more efficient to inhibit the
initial nucleation, but cannot further affect the hydration after the quick depletion.
4.

CONCLUSIONS
1) Solid TRI can efficiently reduce the heat release during the first 24h by depressing the main
hydration peak without sacrificing the later strength development when the dosage is lower
than 0.1%. Up to 0.2%, the maximum heat flow can be tuned to any desired level. Predissolved TRI only retards the hydration.
2) There is no necessary connection between the main hydration peak and the degree of
hydration. Hypotheses linked to the quantity of C-S-H, for example protective layer and
impingement, cannot be the candidate to explain the transition during the main hydration
peak.
3) Dissolution is always one of the controlling factors during the whole cement hydration.
However, neither coalescence of etch pits nor inhibition caused by hydrates are inconsistent
with the observation in this TRI system.
4) The peak time coincides with the growth pattern of the C-S-H needle to reach the similar size.
The growth of the C-S-H needle is one of the mechanisms that shape the main hydration
peak.
5) The growth of C-S-H needle seems to be very stable. TRI prefers to inhibit the nucleation than
slow down the growth rate of C-S-H to affect the main hydration peak.

5.
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ABSTRACT
Continuous innovation in cement composition is needed to reduce their environmental impact.
Concrete properties are governed by the formation of calcium-silicate-hydrate (C-S-H) phases. Lacking
understanding of the 3D mesostructure of C-S-H has been identified as a bottleneck to innovation.
We present an improved computer model for the C-S-H mesostructure parameterized with
experimental data from different methods. This model is an improved version of the “sheet growth
model” (Etzold et al. 2014) . The model enabling larger domain sizes and, more importantly,
incorporate some mechanisms of sheet growth are now included. Experimental data is obtained from
high resolution Scanning Electron Microscopy (SEM), X-ray diffraction (XRD). According to
experimental results the following parameters control the 3D arrangements of C-S-H phases: (1)
shapes of regular C-S-H (probably best resembled by 2D sheets), (2) number of fibres emanating from
localized growth points (3) number of growth points per surface area (4) growth mechanisms. The
modelling currently covers scales from ~ 1 nm up to ~500 nm. Experimental data is obtained on alite
hydrated up to 28 days. This approach of consistently modeling experimental data obtained from
different methods should lead to a realistic model despite the limitations of individual methods. Thus,
results serve as an important starting point for the development of sustainable and innovative new
materials.
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1.

INTRODUCTION

Innovation in experimental techniques allows a better understanding of the micro- and nano-scale
chemical and physical processes, which determine the performance of cementitious materials. Calcium
silicate hydrate (C-S-H) is the main product of the Portland cement hydration and is primarily responsible
for the strength and durability of cement based materials. Thus a better insight to the C-S-H micro- to
nanostructure and its process of formulation will enable improving materials properties and efficient use.
Recently several analytical improvements provided new insights into the structure of C-S-H: (1) high
resolution Electron Microscopy (SEM) allowed us to image the nanocrystalline structure and morphology
of the C-S-H phases (Roessler 2017); (2) Proton nuclear magnetic resonance (1H NMR) relaxometry
quantified the fraction of water in pores and in solid phases (Muller 2012, Ectors et al. 2016); (3) X-ray
diffraction (XRD) was used for in-situ quantifying the phase content during C3S hydration (i.e. C-S-H
and portlandite) formation (Bergold et al. 2013).
Evidenced by what has been observed in the experiments, the serval conceptual models for C-S-H
structures as well as for growth of C-S-H have been developed largely over time. Starting with Feldman
and Sereda (1970) model that explained C-S-H as a disordered arrangement of tobermorite-like sheets.
The space between the quasi-continuous sheets is called the inter-layer space. Alternatively, Jenning's
model (Jennings 2008) describes the C-S-H structure as a hierarchical packing of nano-sized layered
particles. The work of Gartner (1997) and Bullard et al. (2011) have precisely interpreted the formation
and growth mechanisms of disordered C-S-H structures. However, there are few realistic numerical
models, which can be comparable with observations in experiments in terms of e.g. morphology and
kinetic densification.
In this paper we present an improved model for the C-S-H meso-structure by parameterising a computer
model to be consistent with different techniques of experiments. This 3D model is an improved version
of the “sheet growth model” Etzold et al. (2014), which incorporates larger domain sizes covering C-SH structure from ~1 nm to ~500 nm and, more importantly, incorporate some mechanisms of sheet
growth which have not been used in cement before. As a new sample preparation technique for high
resolution SEM imaging is argon Broad Ion Beam (BIB) sectioning is introduced. By using this technique,
the specimen is polished at the nano-scale level, which allows quantifying the pores at nano-size by
using image analysis. Besides that, SEM technique also displays (1) shape of regular C-S-H, (2) how
many fibres emanate from localised growth points (3) number of growth sites per surface area and (4)
the structure of the cluster evolving at each growth site. These observations can be parameterised as
the initial conditions in the 3D simulation. Furthermore, in-situ XRD is used to quantify the mass fraction
of hydrate phases precipitating during C3S hydration. This data can be compared with numerical model.
The quantities such as pore-size distribution, densification, growth rate and morphology are compared
with the output of the numerical model. Several results of experiments and numerical models are
compared and discusses in the paper.
2.
2.1

MATERIALS AND METHODS
Materials

Monoclinic C3S (obtained from Vustah, Czech Republic) was used for investigations. Chemical
composition of C3S analysed by ICP-OESis given in as follows (in wt.-%): SiO2 (26.5), Al2O3 (0.34),
Fe2O3 (0.07), CaO (70.3), MgO (2.0), TiO2 (0.03), Mn2O3 (0.02) K2O (0.03) Na2O (0.04), SO3 (0.0).
2.2
2.2.1

Experimental methods
SEM imaging using Argon Broad Ion Beam

Two ways of sample preparation for SEM imaging were used in the present investigation: the fastest
way is to use fracture surfaces that can be produced using pliers. These fractured samples were
immediately inserted into the SEM and imaged. To analyse quantitatively the porosity of hydrated C 3S
the hydration was stopped by immersing the sample in ethanol followed by subsequent drying in vacuum
desiccator. Following to drying, samples were sectioned using an Argon- broad ion beam (BIB) mill
(Desbois et al 2011).
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SEM investigations were carried out by using a Nova NanoSEM 230 (FEI, Netherlands) equipped with
a field emission gun. All secondary electron (SE) images were acquired in high vacuum and at low
accelerating voltage (2 kV) thus no electric coating was necessary. Under high vacuum conditions the
through the lens detector (TLD) was used for high resolution SE imaging.
2.2.2

XRD method

Phase development during the first 48 hours of C3S hydration at a water to solid ratio of 0.5 was
investigated with in-situ XRD measurements using a D8 Advance daVinci diffractometer (BRUKERAXS) equipped with a LynxEye-XET detector. Diffraction patterns were collected over an angular range
of 7-55 °2θ with a step size of 0.012 °2θ and 0.2 s counting time per step. The temperature during the
measurement was kept constant at 23 °C ± 0.2 °C with a custom made sample holder. The hydrating
sample was covered with a Kapton® polyimide film to avoid carbonation and water evaporation. Rietveld
refinement was performed with the software Topas 5.0 (BRUKER-AXS). Lattice parameters, crystallite
size and microstrain for monoclinic C3S (De La Torre et al. 2002) were kept constant with the values
determined on dry powder XRD. For portlandite (Busing & Levy 1957), the lattice parameters and
crystallite size were refined coupled over all recorded diffractograms, with the microstrain kept fixed.
The scale factor of C-S-H was calculated with a PONKCS phase model recently described by Bergold
et al. (2013). To calculate the related phase contents from the refined scale factors, the recently
developed G-Factor method (O’Connor & Raven 1988, Jansen et al. 2011) using an external standard
was utilized. Due to spottiness issues of the portlandite, the phase content of this phase was calculated
from the determined C3S phase content.
2.2.3

Heat flow calorimetry

The heat release during the first 48 hours of C3S hydration was measured by heat flow calorimetry (TAM
Air, TA Instruments) at 23 °C and a water to solid ratio of 0.5. The resulting C-S-H formation rate that is
compared to the modeling results was calculated assuming an enthalpy of reaction of -633 J/g C1.7SH2.6
for the hydration reaction of C3S (Jansen et al. 2011).
2.3
2.3.1

Modelling
Assumption and growth mechanisms

This part considers merely the nucleation and growth of C-S-H on the grain surface, the precipitation of
CH is ignored. The theory of the C-S-H crystal growth is based on the work presented by Etzold et al.
(2014) and Etzold et al. (2015). The model is based on the following assumptions:




Sheets are discretised as triangular prism elements with side length le and height he.
These elements can take arbitrary positions and orientations in the simulation domain.
Two elements may not overlap. Any point in space can only belong to a single segment.

The growth mechanism is a combination of Eden planar growth model (Eden 1961) and following
branching effects introduced by Etzold et al. (2014):





Planar growth occurs randomly at sites along the perimeter of the elemental cluster. These
events are controlled by growth parameter ke, see Figure 1(b).
Similar to planar growth, bifurcation growth occurs randomly at sites along the perimeter of
the elemental cluster and to be tilted with the angle γB. These events are controlled by growth
parameter keb, see Figure 1(c).
Layering growth occurs randomly at the place parallel to an existing element at a distance
d. These events are controlled by growth parameter kl, see Figure 1(d).
Similar to layering growth, tilted layering growth occurs randomly at the place parallel to an
existing element at a distance d and to be tilted with the angle γT. These events are controlled
by growth parameter ktl, see Figure 3(e).

Beside the growth mechanism, the growth restraints are also prescribed to avoid the intersection
between elements. Finally, a variety of C-S-H structures can be formed by combining the four different
growth mechanisms.
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2.3.2

Algorithm of crystal volume growth

These growth mechanisms are implemented under Kinetic Monte Carlo scheme (KMC) where a
generalised derivation of Gillespie’s algorithm (Gillespie 1976) is given. Considering that the parameters
controlling the growth are functions of time, the growth algorithm is presented in Algorithm 1.

Figure 1: Growth mechanism of the elements in 2D view: (a) an example with two sheets about
to impinge with perpendicular angle, (b) a planar growth step extending the horizontal sheet
and (c) a bifurcation step, (d) a layering step and (e) a tilted layering step. Below: Table of
allowed and blocked configurations in a 2D view (Etzold 2015).

2.3.3

Pore size distribution

An unambiguous way to quantify the pore-sizes of a micro-structure does not exist due to its complexity
of the small pores (Juang and Holtz, 1986). Mercury intrusion porosimetry (MIP) seems not appropriate
to quantify the pores at several nanometres. Pore size distribution can be quantified using image
analysis. With this method the size of the pore has to be simplified to representative diameters such as
Feret
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Figure 2: Chords are the line segments between the intersections of an infinitely long line with
the two-phase interface, redrawn after Torquato (1993).
diameter, Martin diameter or to the length such as maximum Feret diameter, Chord length, and
thickness (Merkus 2009). In terms of pore size distribution, the stochastic methods are preferred such
as probability spherical pore size distribution (Coker and Torquator 1995) or chord length density
function Torquato and Lu (1993). Each method has its pro and cons. Often the obtained PSD from
various methods seem not to be comparable. Therefore, the same method should be used for
quantification of PSD in both experiment and numerical simulation.
Among these methods, the chord length density function proved its efficiency in image analysis for poresize distribution, due to its low computational cost and stability of the results (Torquato 2002). The
method is selected for this study. In order to keep the algorithm simple, only the lines paralleled with the
axes (x,y and z) are used. An illustration of the chord-length density method can be found in Figure 2.
In principle, the pore size is computed using following main steps:
1. Draw a line through a three-dimensional domain.
2. Starting at the endpoint, move along the line until a pore phase point is found, mark this point
as point A.
3. Beginning at point A, move along the line until the line cuts the solid material, mark this as
point B.
4. The distance between point A and point B is recorded as a single chord length (𝑙𝑘 ), where k
is positive integer, 𝑘 = (1,2,…,𝑁).
5. Repeat the process by continuing to move along the line in the original direction starting at
point B.
The method is simple to implement and efficient in terms of computational cost, however, the method
tends to overestimate the large pore-sizes (Torquato 2002).
3. NUMERICAL SIMULATION
3.1
Model parameters
Based on the description of C-S-H structure in literature (Muller 2012, Jennings 2008, Gartner 1997),
the model parameters are initially assumed. The model parameters are classified into three types, i.e.
structural, growth and initial parameters (Table 1-3). Structural parameters (Table 1) determine features
induced by C-S-H morphology such as pore-size distribution, pore connectivity and specific surface
area. The parameters, which control the growth rate in Kinetic Monte Carlo algorithm, are growth
parameters (Table 2). Finally, the initial parameters define how many growth points (𝑁𝑝 ) and growth
sites (𝑁𝑠 ) are allowed and at what distribution (𝑝) and size (𝑟𝑠 ) (Table 3).
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Table 1. Structural parameters

Table 2. Growth parameters

Table 3. Initial conditions

3.2

Initial and boundary conditions

In many SEM images at the early stage of hydration (2-4 hours after hydration), it is observed that
several fibres start growing from one growth site (e.g. Figure 5). The interlocking with fibres from other
particles causes an increase in the strength of cement paste. For simulating the initially radial growth, it
is defined that the growth site is the spot where a bunch of the foils/fibres start to grow. The number of
growth sites (𝑁𝑝 ) and the number of growth points (𝑁𝑝 ) in each growth site can also be counted from
SEM images.
In order to reproduce the initial growth sites and points as in the observation, we define the
representative elementary volume (REV) as a domain in Figure 3. At the length scale from 1µm to
100µm cement paste is described as a set of un-hydrated cement particles, inner C-S-H, and outer CS-H, portlandite and capillary pores. The REV cubic domain can be cropped from cement paste at length
scale about 500nm. The base side of REV cubic domain represents for the C3S surface at initial states
(Figure 3 (right)). At this scale, C-S-H sheets can grow for a specific number of growth sites in a surface
area. The initial growth sites are uniform random distributed on the surface. A growth site is defined as
a half sphere with radius rs and growth points are uniformly distributed on the surface of the sphere. The
number of growth points Np is not constant at each growth site, it is binomially distributed in the variance
range 𝑁𝑝 = 30 and probability 𝑝 = 0.5. In order to avoid discontinuous growth due to a finite domain,
periodical boundaries are used.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 3: Representative elementary volume (REV) domain simplified as a cubic domain
4. RESULT AND DISCUSSION
4.1
Morphology of C-S-H phases
Figure 4 illustrates the 3D growth of C-S-H phases captured at different time slices. Initial condition
parameters are the number of growth sites is uniformly distributed, number of growth point as presented
in Table 3. It can be noticed that the morphology in the simulation is similar to the one observed by SEM
imaging (comparing between Figures 4 and 5). At initial stage, on the C3S surface a defined number of
fibres (growth points) grows from each growth sites. A group of fibres on each growth site can be
reproduced as the growth points as in Figure 4(left). At later stage, fibres grow up and inter-lock each
other in Figure 4 (right), which reproduces quite similarly observations from SEM (Figure 5(right)). It is
worth noting that the starting time in SEM image is the beginning of hydration, while the starting time of
the numerical simulation is the time when the C-S-H phases begin precipitating. It is normally about 4
hours after mixing of C3S with water.

Figure 4: The evolution of the C-S-H phase: (left) after 30 minutes, (right) after 8h simulation
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Figure 5: SEM images depicting growth of C-S-H on C3S surface after 5 hours (left) hydration,
and after 28 days (right)
4.2

Densification and growth rate

The simulation was carried out with the model parameters presented in the Table 1-3. The volume of CS-H phases per cubic nanometre is presented in Figure 6. It is to note that the C-S-H phases begin to
grow after about 4 hours’ hydration. Figure 6 shows that two curves are qualitatively similar. By using
curve fitting method with parameter variation, the two curves can come close to each other.
Regarding the growth rate, the numerical simulation results are compared with experimental data
observed during reaction progress (XRD for quantitative phase analysis and heat flow calorimetry for
detection of reaction kinetics) (Figure 7). The figure shows the rate of the densification of C-S-H phases
for both simulation and experimental data. The acceleration of growth of C-S-H as well as the
deceleration period in simulation has the same trend with experimental data. Further parameter
optimisation is recommended for qualitative fitting.
4.3

Pore-size distribution

The pore-size distribution can be quantified directly using SEM image. After argon BIB sectioning, the
cross section of the C-S-H specimen is shown in Figure 8 (left). The pore-size distribution obtained from
the SEM image is shown in Figure 8 (right). It is worth noting that the smallest pore, which can be
recognized by this method is depending on the resolution of the microscope. In the investigated section
the smallest pore size diameter is about 4 nm.
The development of pore-size distribution (Figure 9) represents for the densification of the C-S-H in the
hydration process. It can be noticed that the pore-size distribution changes with the time of hydration.
Pores of 10 nm dominate at the early hydration periods (i.e. at t = 10h), whereas after 24 h a refinement
of pores to about 2 nm is observed. It shows also the densification process, in which the pore space is
separated and filled with triangle prism elements. These results of pore-size distribution will be
compared with the pore-size distribution obtained by SEM image analysis.
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Figure 6: The C-S-H phase infill using sheet growth model versus the selected data measured
using XRD method, (Vs is volume of the solid, Vd is total volume)

Figure 7: The C-S-H growth rate: measurement and simulation in correlation with heat flow of
measured by isothermal heat flow calorimeter

Figure 8: Left: SEM-SE image of argon BIB sectioned C3S paste (28d hydration). Right: Poresize distribution obtained from image analysis on left image.
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Figure 9: Pore-size distribution from simulation at different times
5. CONCLUSION
The sheet growth model shows the capability of reproducing the C-S-H morphologies as it is observed
in the SEM images. SEM combined with argon BIB polishing allows us to quantify pore-size distribution
up to a length scale of 4 nm, while the densification process of C-S-H can be monitored by XRD method.
The time-dependent volume fraction of C-S-H measured by XRD qualitatively agree with the results of
numerical simulation. A better fit appears possible by using parameter optimisation, however,
considering the large number of parameters the choice of the model is important, since there is a risk of
overfitting. Finally, this approach of consistently modelling experimental data obtained from different
methods promises leading to a realistic model, which will be helpful in developing a new sustainable
cementitious material.
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ABSTRACT
Burning of clinker is the most quality influencing step during cement production process. Proper clinker
characterization for quality control and decision making is therefore the critical point to maintain a
stable production and for development of alternative cements. Today and in future interest in
alternative cements increases due to societal request of many countries to make production processes
more sustainable and to lower CO2 emissions.
Characterization of cements relies mostly on X-ray diffraction (XRD), X-ray fluorescence (XRF) and in
some cases light optical microscopic analyses. Except for microscopic analyses all are carried out on
bulk samples. A conclusive characterization of cement clinkers should contain crystallographic and
chemical analysis of individual crystalline and amorphous phases contained in cement clinker. By
using the above mentioned techniques that deliver spectral analyses on bulk samples these results
can only partly be obtained. Mining industry was facing similar requirements and often uses now
analytical Scanning Electron Microscopy (SEM) to get a fast, automated and reliable characterization
of chemical-crystallographic composition of individual phases and their microstructural arrangement.
The contribution gives an overview on presently available analytical techniques in the SEM to get a
quantitative chemical-crystallographic characterization on cement clinker. This includes: 1.
quantification of phase fraction, 2. chemical composition of phases including minor and trace element
content, 3. crystallographic characterization such as crystallite size of all clinker phases and if present,
4. identification of amorphous phases or phases with high crystal lattice distortion and small crystallite
sizes. Further necessary steps for automated analysis will be discussed.
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1.

INTRODUCTION

Microstructural characterisation provides chemical-crystallographic composition of cement which is
essential for understanding performance of materials produced. Generally microstructural
investigations comprise quali- and quantitative information obtained by analytical methods such as
electron microscopy, X-ray diffraction and others (Scrivener et al. 2016).
It has been shown by previous studies (Newbury 2010, Newbury & Richie 2014) that SEM-EDX
delivers chemical composition of phases with high accuracy and precision. In addition, EDX mapping
data can be used to quantify phase content similar to QXRD analysis (Stutzman et al. 2016).
Backscattered electrons (BSE) are often used for differentiation and quantification of phases by SEM
imaging (Scrivener et al. 2016, Scrivener et al. 1987). The image contrast is based on the fact that
regions with different mean atomic number scatter electrons at differently (Goldstein et al. 2007). This
results in grey scale images that can be used to identify and quantify phases. Due to similar mean
atomic numbers of relevant phases in cement clinker the method does not differentiate all phases.
However, it was shown that EDX mapping data can be used to differentiate more phases than BSE
imaging, and delivers chemical composition of identified phases including minor and trace element
content (Stutzman et al. 2016, Rößler et al. 2017).
A new analytical method in the field of microstructural characterization of cement and concrete
research is detection of electron backscatter diffraction (EBSD) pattern in the SEM. Basics for this
techniques are established during the last decades, starting with the first contribution of the topic by S.
Kikuchi 1928, after whom the diffraction bands detected in the SEM are named. The analysis of the
EBSD data for various applications / materials is still developing. A comprehensive overview on the
application of EBSD in materials science is given elsewhere (Schwartz et al 2000).
The advantage of characterizing Portland cement clinker by means of analytical techniques applied on
polished sections in the SEM is that it is spatially resolved. If in the SEM crystallographic (EBSD)
information is combined with the chemical (EDX spectroscopy) analysis a spatially resolved chemicalcrystallographic characterization of the clinker phases is obtained. Furthermore, it is also possible to
get a quantitative evaluation, if these analyses are recorded as a mapping. This allows for the first
time a clear quantitative chemical- mineralogical characterization of Portland cement clinker.
The present contribution aims to show how coupled EBSD-EDX analysis can be used to characterize
cement clinkers.
2.
2.1

MATERIALS AND METHODS
Clinker

Two clinkers with similar chemical composition (Table 1), burnt from the same raw material were
investigated. The clinker burning process varied: one was obtained from dry burning process with
secondary fuel (SF) and the other from semi-dry process with regular fuel (RF).
Table 1. Chemical composition of clinker processed with (SF) and without (RF)
secondary fuel (wt.-%).
SiO2

Al2O3

Fe2O3

CaO

MgO

TiO2

K2O

SO3

Na2O

P2O5

Clinker SF

21.1

5.77

3.21

65.4

1.97

0.28

1.00

0.55

0.07

0.26

Clinker RF

21.5

5.79

3.12

65.6

2.03

0.25

1.10

0.56

0.06

0.10

2.1.1 Scanning electron microscopy
For SEM-EDX-EBSD investigations samples were cut and embedded in epoxy resin (vacuum
impregnation). Using standard mechanical polishing, sections were polished in incremental steps with
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diamond oil slurries of particle sizes 15, 3, 1, and 0. 25µm. Samples used for EBSD analysis, were
polished as last preparation step by ion etching using an argon broad ion beam (BIB) mill (TIC 3X,
Leica, Germany). Details for argon BIB polishing are given elsewhere (Rößler et al. 2017, Naber et al.
2016). For EDX spectroscopy and BSE imaging, the polished sections were coated with carbon
(approx. 15 nm).
SEM investigations were carried out by using a Nova NanoSEM 230 (FEI, Netherlands) equipped with
a field emission gun. An EBSD camera (CCD, DigiView III, EDAX/AMETEK, USA) and an EDX
spectrometer (Silicon Drift Detector, Apollo 40, EDAX/AMETEK) are attached to the SEM.
For high resolution SEM-EDX mappings, the following conditions were applied: acceleration voltage
12.0kV, max. 9000 cps, at 0.63µm/pixel mapping resolution, dead time of EDX detector was always
below 30%. The number of 9000 X-ray counts per seconds (cps) was deliberately set low (i.e. up to
100,000 cps are possible) by choosing a medium beam current (≈1-2 nA) for the applied 12keV
accelerating voltage. This was done to limit the sample deterioration and drift under electron
bombardment. To get a high total count number per mapping, 123–256 frames were recorded. This
leads to a total count number of up to 440 million counts per map.
Quantification of EDX spectra was carried out without standards. Software Genesis 6.35
(EDAX/Ametek) was used to quantify EDX spectra by peak deconvolution (applying ZAF and
background correction).
The software package “OIM Data Collection 6.1” (EDAX/AMETEK, USA) has been used for recording
EBSD maps. In order to avoid electrical coating and charging during SEM-EBSD investigation,
samples were investigated in water vapour atmosphere at 0.1–0.7mbar. The optimum quality of EBSD
patterns was achieved for higher voltages (20 kV) and high beam currents (8–16 nA).
For orientation image analysis of the mappings, the software “OIM Analysis 6.2” (EDAX/AMETEK,
USA) was used. Details of the data analysis can be found elsewhere (Rößler et al. 2017).
3.

RESULTS AND DISCUSSIONS

SEM-imaging in combination with EDX mapping analysis of cement clinkers reveals microstructural
features and elemental distribution maps as shown by images in Figures 1A-D. Figure 1A shows BSE
images of polished sections of both clinkers. Already obvious is the variation in crystal size, i.e. the
clinker burnt with secondary fuel appears to possess coarser grain sizes of alites as well as C3A and
C4AF.
Element distribution maps are displayed for a selection of elements (Figures 1B-D). Silicon distribution
maps allow to distinguish alite and belite in clinker, i.e. in Figures 1B light grey areas possess the
highest silicon content which is typical for belite. Also belite inclusions in alite, as well as small belitic
rims around alite grains can be identified in silicon distribution maps. By comparing with BSE images
the small belitic rims are also obvious but without information from EDX mapping a clear differentiation
of C3A and C2S is not possible (due to similar contrast created by similar mean atomic number of
phases). Very small belite inclusions in aluminate matrix are found in clinker burnt with secondary fuel
(Figure 1B).
Aluminium element distribution maps of both clinkers are shown in Figures 1C. Light grey areas
correspond to C3A clinker phase; medium to dark grey areas represent C4AF or belite respectively
alite (compare with Figure 1B). The aluminium distribution map clearly reveals larger areas of C 3A in
clinker burnt with secondary fuel as compared to clinker burnt with regular fuel. In the secondary fuel
clinker, a significant amount of aluminium enriched inclusions are found in alite grains. In clinker burnt
with regular fuels these aluminium enriched areas correspond to belite inclusions. Whereas in clinker
burnt with secondary fuel these appear to be other micro-inclusions (C3A, C4AF). Higher resolution
EDX-mapping would be needed to clarify the origin of these inclusions. Significant is the increased
area of interstitial phase in clinker burnt with secondary fuel as compared to clinker burnt with regular
fuel (light grey areas in Figure 1C). In regular burnt clinker the C3A areas (obvious as lightest area in
map) are tiny (Figure 1C left side). Furthermore, it can be seen from results in Figure 1C that in both
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Clinker burnt with regular fuel

50 µm

Clinker burnt with secondary fuel.

50 µm

Figure 1A. BSE images

50 µm

50 µm

Figure 1B. Elemental distribution of silicon; light grey areas = belite, medium grey = alite,
dark grey = other clinker phase s. Note belite rims on alite in clinker burnt with
secondary fuel.

50 µm

50 µm

Figure 1C. Elemental distribution of aluminium; light grey areas = C 3A, medium grey =
C4AF, dark grey = other clinker phases. Note Al-enriched areas in alite.
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50 µm

50 µm

Figure 1D. Elemental distribution of magnesium; light grey areas = MgO, medium grey =
C4AF, dark grey = other clinker phases. Note clinker burnt with secondary fuel: increased
size of MgO clusters and lower Mg concentration in belite than in alite.
clinkers belite (compare with Figure 1B) possess a slightly increased aluminium content as compared
to alite (light: belite inclusions in alite, Figure 1C).
Magnesium element distribution maps are shown in Figure 1C. Large part of magnesium in clinker
burnt with secondary fuel is seen as pure MgO phase, whereas the clinker brunt with regular fuel has
a higher content of magnesium in alite.
Quantification of chemical composition of major clinker phases are shown in Figures 2&3. Obviously
alite composition varies significantly in dependence of fuel materials (Figure 2). The oxide
compositions are deduced by deconvolution of sum EDX-spectra with high count number of
characteristic X-rays. These sum spectra are obtained from mapping data. Selection of individual
spectra is made by applying a threshold in appropriate elemental maps. All mapping data (spectra)
contained in this threshold are added to one spectra which is used for quantification. The advantage of
this procedure compared to EDX-spot analysis is, that outliers caused by micro-inclusions can be
avoided. Thus for example the magnesium content in alite is not deviated by MgO micro-inclusions in
alite. More details for obtaining sum spectra are given elsewhere (Rößler et al. 2017). Due to the high
number of X-ray counts contained in the analysed EDX sum spectra also minor and trace element
content of clinker phases can be quantified (Figure 2&3). On this way significant differences are
revealed for magnesium and aluminium content of alites in both clinkers (Figure 2). Also phosphate is
slightly increased in alite from clinker burnt with secondary fuel.
Similar results of analysis of composition of C3A and C4AF for both clinkers are shown in Figure 3.
Generally, C3A and C4AF compositions seem to be less influenced by variation in fuel composition
than alite composition. Again, magnesium content in C3A and C4AF burnt with regular fuel is higher
than in clinker burnt with secondary fuel. Potassium content of C 3A reveals that orthorhombic
polymorph is prevailing in both clinkers. Silicon content detected for C3A and C4AF could be
overestimated, because as seen from aluminium and silicon elemental distribution maps in Figures 1B
& C, micro-inclusions of presumable belite exist in the interstitial phases. By the applied method
(threshold) for obtaining the sum spectra for C3A and C4AF these micro-inclusions can up to now only
partly be omitted.
Furthermore, SEM-EDX element distribution maps allow identification of phases that show a gradual
change in composition (i.e. zoning in composition from centre to rim of phases). For the cement clinker
burnt with secondary fuel, a gradual variation in alite composition is indicated by aluminium elemental
distribution, i.e. a decrease of aluminium from centre to rim (Figure 1C, right). But if at least part of the
detected aluminium is really incorporated into the crystal structure of alite, is unclear. High resolution
EDX mapping would be needed to clarify this question.
BSE imaging and EDX mappings of both clinkers indicate variations in crystal sizes (Figure 1A), but
quantitative evaluation from BSE images is not possible because clear grain boundaries cannot be
deduced. Therefore, SEM-EBSD-EDX analyses were carried out to analyse crystal size / crystal
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boundaries of major clinker phases. EBSD analysis is based on the quality of the detected Kikuchi
diffraction pattern. A proper sample preparation has been established that allows detection of EBSD
pattern from cement clinker phases. As a second step the SEM and EBSD camera parameters have

Figure 2. Chemical composition of alite deduced from SEM-EDX mappings for two cement
clinkers burnt in the absence or presence of secondary fuel.

Figure 3. Chemical composition of C3A and C4AF deduced from SEM-EDX mappings for two
cement clinkers burnt in the absence or presence of secondary fuel.
to be set up for obtaining these diffraction pattern. The full protocols of sample preparation and SEMEBSD parameters are given in previous publications (Rößler et al. 2017, Naber et al. 2016). Applying
these protocols lead to a quality of diffraction pattern that is sufficient for further data evaluation. An
example of a high quality EBSD pattern of alite is shown in Figure 4. EBSD data is collected as
mapping data. In parallel EDX mapping data is acquired. The EDX mapping data is used for phase
identification. EBSD data analyses the orientation and thus boundary and sizes of the crystals.
Collecting EBSD pattern in terms of area mapping delivers crystal orientation images normally
displayed as inverse pole figure (IPF) maps (Figure 4). These IPF maps can be used to identify grain
(crystal) boundaries (Figure 5) and thus crystal sizes (Figure 6).
Comparing deduced alite crystal sizes reveals (as inferred from BSE images in Figure 1A) that the
alite crystal size in clinker burnt by using secondary fuels is significantly larger than for the clinker
burnt with regular fuel. For the respective crystal (grain) size curves 600 resp. 1000 alite crystals were
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analysed. Minimum recognised crystal diameter for alites is approximately 2.5 µm for the applied
experimental setup.
Alite crystal sizes can also be analysed by optical light microscopy using the manual point counting
method (Campell, 1999). This analysis was up to know the only reliable method to characterise crystal
sizes of alite in cement clinker. It is limited by resolution of light optical microscopy, it is time
consuming for manual operator and it is dependent on judgements of operator.

Figure 4. Left: EBSD pattern of alite. Middle: Inverse Pole Figure (IPF) map (crystal
orientation map) overlaid on image quality (IQ) map deduced from EBSD mapping data.
Right: Legend to IPF map.

Figure 5. Crystal boundaries (blue, green, red) as deduced from IPF map overlaid on IQ
grey scale map (reflecting the contrast of EBSD pattern, i.e. high pattern contrast= light
grey, low pattern contrast =dark grey, no EBSD pattern = black, see legend right side).
The mean alite crystal sizes as determined by EBSD analysis are generally smaller than deduced by
light optical microscopy. The reason for this it that EBSD analysis can separate alite crystal sizes
down to submicron scale due to higher resolution of the technique. By light optical microscopy it is not
possible to evaluate crystal sizes of calcium aluminates, calcium ferrites and other fine grained clinker
phases (because of small crystal size, high birefringence etc.).
To evaluate crystal sizes (diameter) of C3A and C4AF and other fine grained clinker phases EBSDEDX mappings were collected at increased resolution (Figure 7). Crystal boundaries were identified in
the same manner as for alite but with minimum recognised diameter of 1µm due to increased
resolution of EBSD mapping. For mapping results as shown in Figure 7 phases have been identified
on the base of EDX-mapping data and the crystal boundaries (blue lines Figure 7) from EBSD
mapping data. The coarse grained microstructure of clinker processed with secondary fuels is again
revealed (compare Figure 7 left and right). Also the interstitial clinker phases (C3A and C4AF) in clinker
burnt with secondary fuel are coarse grained. The distribution of grain boundaries in the interstitial C 3A
and C4AF reveals that polycrystals prevail.
An extreme case of polycrystallinity is found for belite as shown in Figure 7 (right side). The yellow
area in this mapping is identified on the base of EDX data as belite. Collected EBSD pattern in the
belite areas possess a very low pattern contrast. The low pattern contrast can be taken as indication
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for low crystallinity of the belite respectively very small crystallite size. This leads to the high number of
grain boundaries in the belite area. Higher resolution EBSD analysis is needed to clarify the
crystallinity respectively crystal size of belite.
The advantage of EBSD analysis is that crystal sizes of interstitial phase can be measured.
Quantifications of crystal sizes (diameter) of C3A and C4AF are shown in Figures 8 and 9. Clearly it is

Figure 6. Alite crystal sizes for the two investigated clinkers as deduced from EBSD
mapping data. Approx. 1000 (clinker with secondary fuel) resp. 600 (clinker regular fuel)
crystal grains were analysed.

Figure 7. EDX-phase maps overlaid with identified crystal boundaries (blue lines) of
right: clinker produced with secondary fuel and left : clinker with regular fuel.
Quantification of crystal sizes is shown in Figures 8 and 9.
revealed that crystal sizes of the C3A and C4AF in clinker burnt with secondary fuels are increased.
Comparing C3A and C4AF crystal sizes a trend is seen that C3A crystal size is smaller than C4AF.
4.

CONCLUSIONS

The results of the present study show that analytical SEM (combining crystallographic,
chemical and imaging information in the SEM) delivers a comprehensive characterisation of
cement clinker phases. The great advantage of SEM analysis is that due to the spatially
resolved nature of analysis peak overlap is not a problem. It was shown that SEM-EBSDEDX analysis could be successfully applied to quantify:
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1. Chemical composition of cement clinkers phases (including minor and trace element
content of alite, belite, C3A and C4AF).
2. Crystal sizes of alite, belite, C3A and C4AF and potentially all other crystalline clinker
phases.
3. EBSD pattern contrast serves as indicator for crystallinity of phases.
4. In principal also the presence of amorphous clinker phases can be documented by EBSD
and their chemical composition can be revealed by EDX-analysis.

Figure 8 : Crystal sizes of C3A for both clinkers as deduced from EBSD mapping
analyses in Figure 7.

Figure 9. Crystal sizes of C4AF deduced from EBSD analyses shown in Figure 7.

In order to evaluate statistical significance of results more crystals need to be analysed. This
will improve the obvious data scatter seen in Figures 6, 8 and 10.
Previous studies have already pointed out, that a complete phase assemblage can be
quantified from EDX-mapping data with a detection limits and standard deviation of analysis
similar or better that QXRD analysis (Stutzman et al. 2016).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
If this full chemical-crystallographic analysis of cement clinker is combined with detailed
hydration characterisation a better understanding of reactivity of cements can be obtained.
Further challenges of analysis are to extend detection limits as well as precision and
accuracy of EDX analysis (chemical composition of phases), to develop protocols for sample
preparation, data acquisition and data analysis that can guarantee detection limits, precision
and accuracy of EDX analysis (to improve efficiency of EDX data analysis). For EBSD
analysis a key question is why belite EBSD pattern are so faint, if crystallite size of all belite
is smaller than 100nm and what this implies for the structure and reactivity of belite.
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ABSTRACT
Quantitative 3-dimensional characterization of microstructure of cement-based materials is required to
better understand properties of traditional and new materials. In combination with modelling of material
properties through microstructural multiscale approach 3-dimensional imaging can serve for model
validation and for refinement of input data. Very recent developments in the area of SEM high
resolution imaging, analytical tools and focused ion beam (FIB) technique provide excellent conditions
to get new insights into microstructural features of cement and concrete. Following technical
developments and their advantages will be demonstrated on hydrated cement-based materials:
• Significantly improved SEM imaging resolution (sub nanometre at 1kV) obtained by reduced
chromatic aberration of the Schottky emitter.
• FIB-SEM tomography in very high resolution (nanometre slicing) enables multiscale 3-dimensional
imaging and analysis.
• Gallium ions used for FIB milling process normally can induce severe damage on hydrated
cementitious materials. It is shown that final cleaning at very low energy (500 eV) reduces sample
damage.
• New and fast EDX and EBSD detectors allow high resolution 3-dimensional chemical-crystallographic
analyses in combination with secondary electron imaging.
• New windowless EDX detectors allow for submicron resolution by using very low accelerating voltage
(1 - 1.5 kV) and short working distance. The absence of detector window allows the use of following
low energy characteristic X-ray lines: O-K, Al-Ll, Si-Ll und Ca-Ll to analyse the composition of C-S-H
phases.
Results show that analytical FIB-SEM delivers 3-dimensional, high resolution, quantitative analysis of
cement-based materials in unprecedented manner.
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1. INTRODUCTION
The characterization of the micro- to nanostructure of cementitious binders has been and continues to
be strongly promoted in current international research. The motivation for this is on the one hand to gain
a better understanding of macroscopic physical-chemical material properties (strength, chemical
resistance, shrinkage, heat and fluid transport), on the other hand newly developed, sustainable binders
should be characterized down to the nano-scale level in order to assure high performance as building
material. Last but not least, microstructural data are also of great importance when it comes to modeling
and validating existing numerical models for structures and materials in the construction industry.
In the meantime, not only a high-resolution visual representation is important for a comprehensive
characterization, but also quantitative information (volume fractions of the individual phases) and
information about the spatial arrangement of the microstructure of the materials. Gray-scale back
scattered electron images (BSE) are often used to quantify capillary porosity and different phase
contents (Scrivener et al. 2004, Wong et al. 2006, Yio et al. 2014). Limitations here are that the volume
fractions and the pore sizes are mostly derived from two-dimensional SE and BSE images and
assumptions must be made [3] which limit the reliability of the results or even spatial information cannot
be captured.
Therefore, there have been isolated attempts to analyze the microstructure of hydrated cements based
on 3-dimensional reconstructions of focused ion beam (FIB) serial sections (Holzer et al. 2006, Münch,
et al 2006, Trtik et al. 2011). The difference to X-ray-based tomography is the higher resolution of FIBSEM tomography (often referred to as focused ion beam nano-tomography: FIB-NT). Therefore, it is
considered very useful to use both methods in combination to obtain a 3-dimensional structure analysis
over a large scale range. Especially in the case of materials that are very heterogeneous in terms of
size such as concrete, this approach could provide completely new, quantifiable structural insights in
the future.
For example, FIB-NT was used to analyze particle sizes in cement suspensions using cryo-FIB SEM
(Holzer et al. 2006, Münch et al. 2006). Due to the wide range of particle sizes in cement, however, it is
very expensive to analyze by FIB-SEM a sufficiently large volume in order to obtain a statistically reliable
particle size distribution. The strength of nano-tomographic investigations using FIB-SEM lies in the
analysis of structures in the nanometer range (0.6-100 nm). The resolution is limited downwards by the
achievable microscopy resolution for the respective material to be examined. It is bounded at the top by
the maximum area that the focused ion beam can remove. This depends on the geometry of the device
in the FIB-SEM and the time it would take to remove a large area in nanometer increments. Due to the
device geometry, a maximum area of approx. 100x100μm can usually be cut and imaged in increments
of approx. 7 nm thickness of slicing.
In principle, FIB-SEM tomography can also be used to analyze hardened binders or mortars and
concretes. However, this has only been begun in very fundamental investigations (Trtik et al. 2011). The
reasons for this are to be found in the current development of the FIB-SEM method. Some five years
ago, the first experiments showed that it is basically possible to cut and image hydrated cements with
FIB-SEM (Trtik et al. 2011, Desbois et al. 2010). The resolution of the images was in the range of greater
than 20 nm per voxel, the area size was limited to about 20x20x10μm. In this resolution, only the
mapping of capillary porosity is possible. The analyzed volume size does not actually allow a quantitative
analysis of the pores or phase contents. Only in recent years new FIB-SEM machines have been
brought to market that allow to make the FIB milling gentler by cutting / polishing even at very low
acceleration voltages, (500 V) and low beam currents (0.1 pA, etc.). The other important advantage of
new FIB-SEMs is that due to automatization of milling and imaging processes it is possible to analyze
larger areas and also to further increase the microscope resolution (by reducing the chromatic
aberration). These are crucial prerequisites for characterizing heterogeneous samples with hydrate
phases (such as cements, clay / oil shale, etc.) that are sensitive to ion and electron bombardment using
FIB-SEM.
Another requirement is that in addition to working at low voltages and beam current it may always be
necessary (depending on the water content of the hydrate phases) to cool the samples during the FIB
cutting process (cryo sample holder in the SEM) in order to avoid sample damage. Decisive
investigations were carried out here in the analysis of clay slates, sandstones, bentonites, etc. (Desbois
et al. 2010, Hemes et al. 2015). Without these two requirements (low-energy FIB cutting and polishing
process and sample cooling), it must always be assumed that the process of FIB cutting causes such
disturbances in the structure of cement hydrate phases that mapping of these samples with the highest
achievable SEM resolution only displays FIB artifacts. The minimization of sample damage during FIB
cutting was brought to a new level of sophistication by FEI/TermoFisher through the introduction of a
new FIB unit (Phoenix) last year.
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Up to date, FIB-SEM studies on cementitious systems have usually only been carried out with the aim
of SE or BSE imaging and subsequent gray value analysis. However, because cement is a chemically
heterogeneous composite of phases and not all phases can be differentiated by BSE imaging, a parallel
analysis by energy dispersive X-ray spectroscopy (EDS) is the prerequisite for accurate phase
differentiation. However, in the microstructural characterization of cementitious binders, this approach
has been used almost exclusively in the 2-dimensional domain (Rößler et al. 2015, Rößler et al. 2017)
A combination of FIB-SEM for the tomographic representation of hydrated binders with EDS and
possibly also EBSD analysis (electron backscatter diffraction for crystallographic characterization) would
be a great advancement for the 3-dimensional microstructural characterization (including chemicalcrystallographic analyzes). For samples that are less sensitive to high vacuum and electron or ion beam
bombardment, this characterization is already state of the art (steel, ceramics, rocks).
The use of an analytical (EDS and EBSD) FIB-SEM opens up completely new possibilities for the 3dimensional characterization of hydrated binders. Above all, the quantitative analysis of capillary to
nano-porosity (2-10nm), pore connectivity and geometry, the size and distribution of clinker, hydrate
phases and also nanoscale microstructural additives enable a completely new understanding of
building-related parameters such as strength, durability, shrinkage etc. The windowless EDS detector
(Oxford Instruments) designed specially to collect low-energy X-rays (<1 keV) and to work under ultralow-kV (< 3 kV) imaging conditions with FIB-SEM offer new capabilities for elemental analysis. The
current study presents preliminary results on the analytical FIB-NT technique. Since this year, the
analytical FIB-SEM Nanolab Helios G4UX with cryo device is available in our laboratory, so that the first
current results can be presented with this new technique.
2. MATERIALS AND METHODS
The following materials were used for testing purposes of the analytical FIB-SEM Nanolab Helios G4UX:
 Anhydrite (CaSO4) sample: EDS spectrum of anhydrite: comparison of conventional
detector with polymer window with a windowless detector
 White cement clinker: EBSD patterns quality of alite after FIB polishing
 Ultra-high performance concrete (UHPC): auto slice and view (FIB-SEM nano-tomography)
3D imaging of the microstructure using the in-column mirror detector MD (low loss
backscattered electron detector)
 CEM I binder matrix: auto slice and view to investigate the 3D pore network
The investigations were carried out with the FIB-SEM NanoLab Helios G4 UX DualBeam (HG4UX)
manufactured by the company ThermoFisher Scientific USA. This FIB-SEM combines an extreme high
resolution scanning electron microscope (XHR-SEM) and a high resolution focused ion beam (FIB)
column, offering highly automated and precise sample preparation for scanning/transmission electron
microscopy (S/TEM) and three-dimensional (3D) sample characterization.
The new Phoenix FIB column delivers high-resolution and milling from high voltages down to
accelerating voltages as low as 500 V, enabling the creation of ultra-thin S/TEM lamella with sub-nm
damage layers (Figure 1). Thin sample was prepared using FIB cutting and polishing. Then a
micromanipulator is insert and attached to the sample by using a small platinum deposition. The lamella
can then be released and lifted from the bulk sample. The S/TEM grid is then centered and the lamella
is attached to it by using to small platinum depositions. A final releasing cut completes the lift out
procedure and the sample is now ready for final thinning.

Figure 1. Cross section of a Si thinned sample at various kV; Phoenix FIB column delivers the
lowest available energy (500 eV) for the highest quality samples on even the most sensitive
material (at 500 V cleaning – damage layer approx. 0.7 nm) [Courtesy of FEI/ThermoFisher]
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Final cleaning of cross-sections is applied to both sides of the lamella using 30 kV and tilting the sample
into the beam. To complete the sample, a low energy (down to 500 V) cleaning step is applied to both
sides of the lamella to remove any residual amorphous or damaged material. Low voltage FIB
performance is important for more precise positioning of patterns at 500eV. Also it is important to avoid
possible redeposition of material during low kV polishing, and to avoid undesired sputtering of top part
protective Pt layer.
With the XHR-SEM sub-nanometer resolution can be achieved at low beam voltages. Such high
resolution became possible thanks to the monochomator technology (UC – uni color), which significantly
improves the resolution, especially at lower voltages. Besides that, monochromated SEM column has
similar energy spread as cold-FEG (smaller than 0.2 eV), about 10 times higher current and excellent
stability. The Schottky emitter monochromator reduces the effects of chromatic abberations at low
voltage, resulting in a more tightly focused electron beam.
A key benefit of the monochromator on the DualBeam Helios G4UX is the performance improvement
seen at the longer (3.8 mm) working distance position where the electron and ion beam are coincident.
This is important as this is the usual working position for effective dual-beam operation and it is at the
same time the analytical working distance at which EDS and EBSD measurements are possible (Figure
2).
2.1
Analytical Tool: EDS and EBSD:
For our investigations two EDS-SDD detectors a conventional standard 150 mm 2 polymer windowed
detector and 100 mm 2 windowless detector and a EBSD system with a high speed, low-noise CMOS
sensor manufactured by the company Oxford Instruments were used. While the standard detector
equipped with a polymer window is used in conjunction with the EBSD, which routinely works with higher
acceleration voltages, as well as in 3D NT tomography, the windowless detector is to be used for highresolution low-kV (max. 7 kV) EDS analysis.
The windowless EDS silicon drift detector is designed for ultra-high resolution and light element analysis.
Removing the window removes the absorbing effects of the window material and also the obscuring
effect of the grid structure that supports a thin window. An additional benefit of removing the window is
the saving of space, allowing the sensor to be moved closer to the sample. Thus, a further improvement
in sensitivity can be achieved by using an oval-shaped sensor instead of a circular device. The
windowless EDS detector can be moved up to 10 mm to the sample, so that the detector crystal is at a
distance of only 21.5 mm to the point of impact of the electron beam on the sample. These results in a
comparatively large solid angle (high count rate) of 0.2160 sr (Figure 2).

Figure 2. Helios G4 UX detector - sample position: HG4UX analytical working distance 3.8 mm
and X-Max Extreme detector position with 100 mm 2 active area. The detector can be moved up
to 10 mm to the sample surface. The detector crystal is located at a distance of 21.5 mm to the
point of impact of the electron beam. (Source: internal presentation Oxford Instruments)
For a standard EDS detector with an active area of 150 mm 2, only a solid angle of 0.1086 sr would result
in the same working distance (greater distance of 35.8 mm of the SDD crystal to the sample). The large
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solid angle that can be realized with the windowless detector is essential, especially when working with
very low-beam energies combined with very low-beam currents. The described analysis conditions apply
to a great extent to the radiation-sensitive and electrically non-conductive building material samples to
be investigated. In addition, the counting statistics of this detector are so excellent that even thin S/TEM
films produced by FIB can be analyzed or less counting time is required, which also results in less
sample damage.
The column geometry of the HG4UX and the design of the windowless detector are perfectly matched,
so that high-resolution images and EDS nano-scale analysis can be performed simultaneously under
low excitation conditions with low acceleration voltage and uniform working distance. These
circumstances are called "ultra-low voltage SEM-EDS microanalysis" (Figure 3). Thus, the problem that
users where often facing with SEMs, where high-resolution imaging and EDS spectroscopy cannot be
used at a uniform working distance, can now be regarded as solved. This means that one SEM
performance gap, i.e. that parallel imaging at nanometer resolution and elemental analysis is hardly
possible can be closed.
At present a change in the acceleration voltage, the beam current and the working distance is always
necessary between the conditions for the high-resolution imaging and the EDS analysis (see Figure 3
above - conventional EDS). Often a recovery of the corresponding phases to be analyzed is difficult or
impossible.

Figure 3. Beam conditions for very low kV SEM + EDS requires short working distance and small
spot size. Comparison of conventional EDS microanalysis with the current possibility of nanoscale analysis using a windowless detector and imaging with "in-column detection" at low
acceleration voltage and a small analytical working distance (Source: internal presentation
Oxford Instruments)
3. RESULTS AND DISCUSSION
3.1 EDS spectrum of anhydrite: comparison of conventional EDS detector with polymer window
with a windowless detector
Figure 4 compares spectra for anhydrite (CaSO4), collected at 3 kV under identical conditions, from a
100 mm2 windowless EDS detector and a conventional 150 mm2 windowed EDS detector. The increase
in sensitivity is clear; the Ca L lines, heavily absorbed by a polymer window, are easily detected with the
windowless detector. With the same analysis parameters (Figure 4) the count numbers in the spectrum
with X-Max Extreme windowless detector (red) are significantly higher in comparison with the windowed
detector (yellow).
As can be seen in Figure 4, the Ca-L lines are strong absorbed by the polymer window. Thus it was not
possible to detect the Ca-L lines with the conventional windowed EDS detector. Therefore, it was up to
now not possible to analyze building material samples (that always contain calcium) at low voltage; it
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always had to be analyzed using the high-energy Ca-K lines. Only now with the use of a windowless
detector can the Ca-L lines be detected with sufficient intensity and separated from the C-K peak (Figure
5 and 6).

Figure 4. Spectra collected at 3 kV from CaSO4 using a windowless 100 mm2 detector (red curve
obtained by using X-Max Extreme EDS detector) compared to a 150 mm2 detector (yellow curve,
X-MaxN150) with polymer window at an identical take-off angle on the same SEM. The
windowless design shows significant improvement in intensity. For example, the Ca L-series are
absent using the conventional detector because of strong absorption in the polymer window

Figure 5. EDS spectrum of CaSO4 with overlaying of markers and peak profiles of Ca-L lines.
Spectrum collected at 3 kV using 100 mm2 windowless detector (X-Max Extreme)

Figure 6. EDS spectrum of CaSO4 overlayed with peak profile of C-K. Spectrum collected at 3 kV
using 100 mm2 windowless detector (X-Max Extreme).
The most direct method for improving the spatial resolution of EDS analysis in bulk specimens is by
reducing the electron accelerating voltage. This leads to a reduction of the size of the X-ray generation
volume (Figure 7). However, EDS spatial resolution can still be on the order of 300 nm at 5 kV for
tobermorite. To reduce interaction to the sub-40 nm level requires accelerating voltages of 1.5 kV or
less for low-density materials. At 1.5 kV acceleration voltage, the windowless detector can refer to the
following X-ray lines Al-Ll: 79 eV, Si-Ll: 92 eV, Ca-Ll: 302 eV and O-K: 523 eV.
With the windowless detector analyzes on hydration products with an acceleration voltage between 1
and 1.5 kV can now be realized. This improvement in EDS analysis resolution represents a milestone
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in the analysis of building material samples. In addition, the counting statistics of this detector are so
excellent that it is also possible to analyze on thin S/TEM films produced by means of FIB or significantly
less counting time is required, which also means less sample damage.

Figure 7. Monte Carlo simulations of electron density distribution in 1.13 nm
tobermorite (density: 2.43 g / cm3). Black trajectories show the
total extent of electron penetration, and red trajectories indicate where electrons
have sufficient energy to excite Ca-K X-rays.

3.2
EBSD patterns of alite in white cement clinker
The cement clinker surface was protected with Pt deposition. This was followed by bulk milling (Figure
8). Sample lifted out from bulk and transferred to EBSD holder with correct geometry (Figure 9). After
that the surface has been progressively polished with reducing FIB acceleration voltages. FIB energies
of 30, 16, 8 and 5 keV were used. After each FIB polishing step, EBSD patterns from alite surface was
recorded.
As the pictures show, an EBSD pattern can be created at any voltage (Fig 10 – 13). In comparison, the
pattern quality at 5 keV is best contrasted because of the least crystal structure distortion by FIB milling
process.

Figure 8. White cement protected with a Ptdeposition layer is ready for lift out

Figure 9. Sample transferred to EBSD holder
with the correct geometry for EBSD (70°) tilt
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3.3

Figure 10. After 30 keV FIB polish

Figure 11. After 16 keV FIB polish

Figure 12. After 8 keV FIB polish

Figure 13. After 5 keV FIB polish

Ultra-high performance concrete (UHPC): auto slice and view (FIB-SEM nano
tomography) 3D imaging of the microstructure using the in-column mirror detector MD
(low loss backscattered electron detector)
Figure 14 shows a section of the image stack consisting of 178 individual images. A 3D stack with a
thickness of 3.56 μm and an area of 35 x 40 μm 2 was produced using the auto slice and view analytical
package. This is a software for automated serial sectioning and imaging through a volume of the
specimen. Auto slice and view can also be combined with EDS and EBSD analytical information. The
sample was an ultra-high-performance concrete [UHPC]. For the auto slice and view process an
acceleration voltage of 2 kV and a beam current of 800 pA and a "mirror-low loss" (MD) backscattered
electron detector were used. In the BSE image, the microstructure constituents up to about 100 nm in
size can be imaged differently by virtue of their different mean atomic number at the selected
magnification. The pores, the spherical microsilica particles (SF) and the quartz aggregates and powder
appear dark here. The incompletely reacted Portland cement clinkers, which are still present in large
numbers in UHPC, are surrounded by a hydration rim (RR) greater than 1 μm. Hydration rim and the
further hydration structure are sharply delimited, since only in the hydration structure the spherical
microsilica particles are visible. The hydrated microstructure consisting mainly of nanoscale C-S-H
phases was not further resolved in the preliminary test. In Figure 15 the SiO2 phases quartz and
microsilica and partly the pore space with the color blue are color-coded and displayed as a 3D stack.
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Figure 14. One section of UHPC of a 3D stack produced using the auto slice and few.
Imaged by means of a BSE Mirror detector at 2 kV and 800 pA

Figure 15. 3D stacks same sample as in Figure 14. The phases quartz,
microsilica (mainly consisting of SiO2 - same gray scale in the BSE image)
as well as a part of the pores are colored blue here.
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3.4
CEM I binder matrix: auto slice and view to investigate the 3D pore network
Figure 16 shows a section of the image stack consisting of 231 individual images. A 3D stack with a
thickness of 2,31 μm and an area of 13 x 10 μm 2 was produced using the auto slice and view. The pixel
size of each slice image is 5 x 5 nm whilst the slice thickness is 10 nm.
Pores were segmented and analyzed with ThermoFisher Aviso software, quantitative data such as pore
connectivity, size distribution and porosity can be readily calculated from this results. The area from the
surface down to a depth of 5 μm was excluded from the analysis, as severe cracking due to insufficient
post-treatment was observed here. The cracks are almost parallel to the surface.
A very quick analysis reveals that within the highlighted part of the analytical volume 1,02 10 8 voxels are
associated with pore structures out of a total volume of 6.11 108 voxels, therefore gives an apparent
porosity of 16.7 % (Figure. 17).

Figure 16. 3D stack of a CEM I binder matrix
produced using the auto slice and few

Figure 17. Quick analysis with ThermoFisher
Aviso software gives an apparent porosity of
16.7 %

4. CONCLUSIONS
With the new FIB-SEM device Helios G4UX consisting of ultra-high-resolution SEM, a Phoenix FIB
column with low-voltage performance for ultra-low sample damage and a new windowless EDS detector,
conditions were created for comprehensive characterization of cement-based material.
Some of the most significant features are:






Significantly improved SEM imaging resolution (sub-nm at 1 kV) obtained by reduced chromatic
aberration of the Schottky emitter
The new focused ion beam Phoenix beam achieves a smaller probe at lower voltages and thus:
better imaging, better view of the sample for final polishing at 500 V, and the ability to clean
structures
FIB-SEM nano-tomography using the auto slice and view software enables nanometer 3D
imaging and analysis
New and fast EDS and EBSD detectors allow high resolution 3D chemical-crystallographic
analysis in combination with various electron imaging techniques
New windowless EDS detectors allow chemical analysis of structures down to sub-30 nm level
for low density materials. The absence of detector window allows the use of following low energy
characteristic X-ray lines: Al-L, Si-L, Ca-L and O-K to analyze the composition of C-S-H phases
and other hydration products.
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ABSTRACT
The purpose of this research is to determine the effect of CaCO3 on chemical shrinkage at early ages.
The term early ages corresponds to hydration times of maximum 24 hours. In this work, two different
types of white cement were used (one type is white cement with addition of CaCO3 and the other is a
coarse white cement without addition). Cement pastes were prepared according to ASTM C305
standard. The water to cement (w/c) rate was 0.4 for each cement, according to the standard for
chemical shrinkage. The chemical shrinkage was evaluated according to ASTM C1608. To determine
the phases and their quantities in the different cements, the DRX technique was used and the Rietveld
method was applied to the anhydrous cements. The chemical shrinkage test was stopped at 1, 6, 12
and 24 hours of hydration to determine the effect of the initial phases on the early chemical shrinkage.
The hydration process was analyzed at these four times. As expected, the hydration kinetic was higher
in the cement with addition. As the hydration kinetic increased, the chemical shrinkage was greater
during the total test time. From the results it can be concluded that the addition of CaCO3 has an
important effect on hydration and on chemical shrinkage at early ages, because this mineral addition
acts as a center of heterogeneous nucleation, which accelerates the hydration process.
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1.

INTRODUCTION

Cracks in cementitious materials are associated with reduction of physical, chemical and mechanical
properties (Xi and Jennings 1997, Chu et al. 2012). The consequence of this problem is a decrease of
structure lifetime (Loukili et al. 2000). Some concrete cracks are related to volumetric changes
(expansion or shrinkage) (Kristiawan 2013, Slowik et al. 2008, Boshoff and Combrinck 2013, Yoo et al.
2013).
Volume changes of cement paste can be presented at early or late ages. The reactions in cements
during the first 24 hours are considered early age reactions (Holt, 2001). At early ages cementitious
materials have the lowest capacity to support loads, but have the greatest possibility to generate internal
stresses, which are the origin of cracks (Benboudjema et al. 2005, Holt 2005, Darquennes et al, 2011).
Cracks formed due to volume changes during the first day of hydration are internal and microscopic, but
they can open and grow generating significant problems with time (Slowik, 2008).
Early cracks are usually associated to autogenous deformations, which is governed during the first hours
by chemical shrinkage. (Evju and Hansen 2001, Bentz et al, 2001, Holt 2005, Barcelo et al. 2005, Pichler
et al. 2007, Yodsudjai and Wang 2013). Chemical shrinkage is the result of chemical reactions between
water and cement, producing a volume reduction (Bentz et al. 2001). This kind of shrinkage is
associated to hydration process of cementitious material and it can be directly related to hydration
kinetics (Bouasker et al. 2008, Pang et al. 2013).
Early age chemical shrinkage of cementitiuos material is the result of complex physicochemical
phenomena, which are related to hydration reactions between cement and water and the progressive
hardening. The volume of hydration products is less than the one of original mineralogical phases and
water (Bentz et al. 2001, Bentz 2008, Holt 2005).
The use of limestone (CaCO3) as a mineral addition in cementitious materials is relatively new and is
associated with the sustainability drive (Elgalhud et al. 2016, Ghafoori et al. 2016, Knop et al. 2014).
CaCO3 powder has been suggested for use as a mineral addition to improve cements mechanical
properties at early ages (Ghafoori et al. 2016, Knop et al. 2014, Thongsanitgarn et al. 2014). It is
assumed that CaCO3 produces mainly physical effects as it can be considered as an inert filler (Ghafoori
et al. 201, Knop et al. 2014, Thongsanitgarn et al. 2014). Limestone can act as nucleation sites for
hydration products, leading to accelerated cement hydration (Ghafoori et al. 2016, Knop et al. 2014,
Taylor 1997, Nadelman et al. 2015). As a general rule, the use of CaCO3 has many benefits in the
cement industry, but some effects have not been studied yet. Because of this reason, the objective of
this work is to present the effect of CaCO 3 on early age chemical shrinkage showing that this mineral
addition can increase the chemical shrinkage at one day of hydrations, which may represent a problem
for material lifetime.
2.
2.1

EXPERIMENTAL PROCEDURE
Materials

Commercial white cement was used to develop this work. Part of the cement was sieved using the
material that passed through a 200 sieve and that was retained on a 325 sieve. To compare the results
of the study a commercial grey cement was considered. The white cement in the as received condition
will be named CEM W, the sieved white cement is called CEM WC and the grey cement is CEM G.
2.2

Particle size of cements

An analysis of the particle size for each cement, was obtained using a Mastersizer 2000 of Malvern
Instruments. It was determined that CEM G is the finest one, with a d90 of 35 m. CEM WC is the
coarsest with a d90 of 74 m, while d90 of CEM W is 43 m.
2.3

Mineralogical composition of cements

The mineralogical composition of the three cements was obtained using XRD and the Rietveld method
was developed to determine de mineralogical phases of anhydrous cements.
XRD analyses were performed in a PANalytical X’Pert PRO MPD, with a 6—70 (2) range, 0.013 step

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
and accumulation time of 59 s.
The quantification of the phases of anhydrous cements was carried out using the Rietveld method and
the FullProf software.
2.4

Chemical shrinkage

The chemical shrinkage was evaluated according to procedure A of ASTM C1608 standard. This test
was stopped at 1, 6, 12 and 24 hours of hydration in order to determine the evolution of chemical
shrinkage during the first day of hydration. As recommended by the standard, the water/cement (w/c)
value was 0.4. This ratio allows a complete hydration of the material.
3.
3.1

RESULTS AND DISCUSSION
XRD and mineralogical quantification

Figure 1 shows the mineralogical composition obtained by XRD for the three analyzed cements. It
should be mentioned that CaCO3 was detected in CEM W and, as it was expected, C4AF was not found
in both white cements.
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Figure 1. XRD results of three cements. A: alite, B: belite, C: celite, F: felite, G: gypsum,
L: limestone

To determine the content of each phase found in cements, Rietveld analyses were carried out. The
results of Rietveld quantification are presented in Table 1.
Table 1. Phase quantification using Rietveld method for three cements
CEM W(%)

CEM WC(%)

CEM G (%)
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C3S

59.6

61.9

64,4

C2S

9.8

11.3

14

C3A

5.4

21

13,2

C4AF

--

--

3.1

CaCO3

15.1

4.5

2.9

Gypsum

10.1

1.3

2.4

Rwp/Re

2.82

2,4

2,29

First of all it is necessary to evaluate the values of R wp/Re, These ratios indicate an adequate
quantification of the phases, showing that quantification can be accepted, especially considering the
great number of phases for these materials.
According to the results presented in Table 1 it is evident that the sieving process generates not only a
change in particle size of the material, but also a change in mineralogical composition. This indicates
that two different cements may be considered after de sieving procedure.
Phase quantification of cements confirmed de presence of CaCO3 in CEM W. Due to the amount of
CaCO3 it can be said that this cement has a mineral addition. In CEM WC and CEM G a few amount of
CaCO3 was detected. Because the content of limestone is under 5% in these two cements, they cannot
be assumed as cements with mineral addition.
From Table 1 it is important to notice that the CaCO 3 in CEM W is a mineral addition of fine size. This
favors the heterogeneous nucleation of hydrated phases produced by C 3S and C3A, as explained by
Taylor (1997) and Nadelman et al. (2015).
It is also important to consider the high content of C3A in CEM WC and the high amount of C3S in CEM
G. These two anhydrous phases start to hydrate since the water enters in contact with cement particles.
It means that the early age hydration of cement is governed by these two phases.
Figure 2 shows the results of chemical shrinkage for both white cements. As it was explained in the
chapter of experimental procedure, these tests were developed following the ASTM C1608 standard,
with a w/c of 0.4. This value of w/c guarantees complete hydration of cement pastes.
According to the results presented in Figure 2 it can be noticed that CEM W has a higher chemical
shrinkage for all studied ages. Since 6 hours of hydration CEM W has a greater value of chemical
shrinkage when it is compared to CEM WC.
From the mineralogical composition of these two cements, it can be said that they highly differ, especially
in phases like C3A, CaCO3 and gypsum. As stated by Mounanga et al. (2004) and by Lea (2003), the
initial hydration of cementitious materials is dominated by the presence of C 3A, while the rest of the first
day of hydration is governed by the content of C3S. As stated by Pang et al. (2013) chemical shrinkage
is directly related to hydration process. It means that as the hydration kinetics increases, the chemical
shrinkage grows in the same manner. According to the model obtained by Pang et al. (2013), the
chemical shrinkage can be calculated from the mineralogical composition of anhydrous cements.
Considering the results of the mentioned author, CEM WC should have greater chemical shrinkage for
the first day of hydration, due to its content of C 3S and C3A. But the results obtained in this work show
a different behavior. The first idea of the reached difference is due to the presence of CaCO 3 in CEM
W. Until now, this sentence cannot be affirmed, because there is an important difference between
particle sizes in both with cements. CEM W has smaller particles than CEM WC, which facilitates the
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hydration process and, consequently, the chemical shrinkage of CEM W, as explained by Taylor (1997)
and Lea (2004).
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Figure 2. Chemical shrinkage for two whites cements (CEM W and CEM WC)
To define if the higher chemical shrinkage of CEM W is due to its particle size, another finer cement was
analyzed. The results of the comparison of chemical shrinkage of the three cements are presented in
Figure 3.
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Figure 3. Comparison of chemical shrinkage at early ages for three cements.
As it can be seen from Figure 3, CEM W continues to present the highest chemical shrinkage for all
studied times. Even when this material is compared to CEM G, which has finer particles, it has greater
chemical shrinkage since the beginning of the hydration of the material.
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According to these results it can be said that the particle size of cement is not a significant parameter
when early age chemical shrinkage is measured for a determined w/c (0.4 in this case). When the
mineralogical composition of anhydrous cements is analyzed, it can be noticed, that, like CEM WC,
CEM G has the highest amount of C3S and higher content of C3A than CEM W. If the main components
of mineralogical composition are considered, CEM G should shrink in a greater manner than CEM W.
CEM G is the finest of the three analyzed and its hydration should be accelerated, when compared to
the other two. However, CEM W still presents the highest chemical shrinkage. Then this phenomenon
should be associated to other phases like gypsum or CaCO 3. Gypsum is considered to react during the
first 12 hours with water and C3A (Borrachero et al. 2008, Taylor 1997, Lea 2004). If gypsum were the
responsible of this behavior, chemical shrinkage of CEM W should have reduced after 12 hours of
hydration. As all parameters are analyzed except CaCO3, one should pay attention to this factor.
Nadelmann et al. (2015) and Taylor (1997) have reported that the presence or fine particles of CaCO 3
accelerates the hydration process. This acceleration is because fine particles of CaCO 3 act as
heterogeneous nucleation sites for hydration products obtained mainly from C 3S and C3A. As
demonstrated by Pang et al. (2013) the hydration kinetics is directly related to chemical shrinkage.
According to the previous mentioned works and the results obtained in this research, it can be said that
when cements have CaCO3 as mineral addition in fine particles, they suffer a higher chemical shrinkage
at early ages.
This mineral addition represents many benefits when it is present in cementitious materials, but has a
negative effect, because it increases the chemical shrinkage of cements. As it was explained before in
this document, the increment in deformations due to shrinkage may produce cracks in cementitious
structures, which reduce their lifetime.
4.

CONCLUSIONS

The sieving process affects particle size distribution of cements and also their mineralogical
composition. As some phases are softer than others, they become easier to grind during the milling
process. With the sieving process one can get cements with different mineralogical composition.
It can be noticed that chemical shrinkage for a specific w/c is not affected by particle size distribution.
This could be corroborated when the coarsest and the finest cement used in this work reached almost
the same value of chemical shrinkage at 24 hours of hydration.
Limestone has a great influence in chemical shrinkage of Portland cements at early ages. The presence
of this mineral addition accelerates and increases the chemical shrinkage of cements during the first
day of hydration.
The increment in chemical shrinkage due to the presence of CaCO3 implies a growing in hydration rate
during the first day, confirming the filler effect of limestone when it is in small particles.
When a mineralogical addition like limestone is present in cementitious materials, a new model for
chemical shrinkage and hydration process should be considered, because this phase has a significant
effect in both parameters.
The use o CaCO3 in cements has many benefits, but it generates a problem related to early age
chemical shrinkage. It should be analyzed in a more detailed way, to establish methods diminishing this
phenomenon.
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ABSTRACT
The submicron cellulosic fibers (SCF) were prepared by acid hydrolysis absorbent cotton fibers in
H2SO4 solution. Laser particle size analyzer, scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FT-IR) spectrometer were used to evaluate the particle size
distribution, structure and composition of the SCF. It is found that the natural cellulosic fibers split to be
more fine fibers, with a diameter from dozens of micron to hundreds of nanometers range, which
decrease with increasing the sulfuric acid concentration or prolonging reaction time. Then the effect of
SCF on the micro-structure of cement paste was investigated by SEM and FT-IR. The test results
indicated that the compatibility of cellulosic fibers and cement is well, the hydration products C-S-H gel
grow on and along the surface of SCF and finally embed it inside. The induction and bridging effect of
SCF make the microstructure of cement paste more homogeneous.
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1.

GENERAL INSTRUCTIONS

Concrete, as the most widely used man-made materials, is notorious for its low tensile strength, strain
capacity and poor resistance to crack opening and propagation. Cracks can develop when
deformations of concrete members are under external or internal restraint to different degrees. The
incorporation of different type and size of fibers into cementitous composite has been commonly
utilized to reduce the matrix brittleness and increases the durability, which is proportional to the
resistance to crack propagation offered by the fibers that bridge the matrix, thereby effectively
transferring the load.
The use of steel fibers makes the concrete members lighter and its mechanical properties are
improved. However, due to the large scale, steel fibers have no effect on the original defects that
formed during the cement hydration process. The synthetic fibers were used into concrete to improve
the cracking resistance and especially reduce the plastic shrinkage cracking. But the main problem of
synthetic FRC is the wake interface zone between fibers and matrix due to the hydrophobicity of
synthetic fibers, which decrease the toughening effect of synthetic fibers on concrete. Carbon fibers
can improve the flexural strength, toughness, and splitting tensile strength and cracking resistance of
concrete. But the use of carbon fibers frequently involves higher costs and greater consumption of
energy in the processing of fibers reinforced cementitious composites.
In comparison to the above fibers, cellulose fibers provide many advantages including wide availability,
renewability, low density, relatively low cost, biodegradability, adequate stiffness and strength, surface
roughness as well as high specific hydrophilic. The properties of high hydrophilicity and hygroscopicity
of cellulose fibers can be attributed to the hydroxyl groups in the cellulose molecular structure, and
bring about a good compatibility between cellulose fibers and cementitious materials. So the cellulose
fibers have been widely used as alternatives for conventional reinforcement within concrete.
However, there are several shortcomings in widely using natural cellulose chopped fibers reinforced
cementitious materials in engineering: (1) The durability of cellulose fibers in alkaline cement matrix is a
problem, the strength of fibers embedded in cement matrix deteriorates with ages. (2) The wet swelling
and dry shrinkage resulting in the significant decrease in fibers mechanical properties and increase in
porosity of cement matrix. (3) It is difficult to achieve homogeneous dispersion of fibers in concrete
matrix.
The cellulose microfibers were extracted from the plant fiber bundle, meanwhile, the sugar, pectins and
hemicelluloses are removed away. Therefore, the shortcomings of natural fibers as mentioned above
could been abandoned，and have been used in cementitious composite to enhance the compressive
and flexural strength. The cellulose content of cotton can be as high as 95-99%, which is a very critical
cellulose resource in plant fiber and a high-purity cellulose fiber . In this study, the cotton was selected
as the raw material, treated with acid hydrolysis to prepare submicron cellulose fibers (SCF). The SCF
was added into the Portland cement paste, and the influence of which on the microstructure of cement
gels was investigated.
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2.

EXPERIMENT

2.1

Materials

Medical absorbent cotton was used to prepare the SCF. All the medicals were purchased from
Shanghai Hushi, Inc.. The submicron-scale fibers were prepared by acid splitting absorbent cotton
fibers in sulfuric acid (H2SO4) solution. Deionized water was used in all experiments. The concentrated
sulfuric acid (98% v/v) was diluted with deionized water to the desired concentration (46%, 50%, 54%,
58% v/v).
For preparing cement paste, ordinary Portland cement (OPC) CEM I 42.5 produced by Huaxin cement
Co. Ltd was used with a Blaine fineness of 360 m2/kg and the following chemical composition in wt. %
(SiO2: 21.70, CaO: 63.01, Al2O3: 4.76, Fe2O3: 3.57, MgO: 2.12, and SO3: 1.98). Its physical and
mechanical properties were shown in Table 1.
Table 1. Physical and mechanical properties of Portland cement used.
Compound

mass %

Physical properties

SiO2

21.70

Starting set time

130 minute

CaO

63.01

Ending set time

210 minute

Al2O3

4.76

Surface density

3.01 g/cm3

Fe2O3

3.57

Blaine specific surface

360 m2/kg

MgO

2.12

Compressive strength 3 day

35MPa

SO3

1.98

Compressive strength 28 day

62 MPa

Loss on ignition (LOI)

3.5

2.2
2.2.1

Test and instrumentation
Size distribution

In order to measuring the size distribution of the prepared submicron-scale cellulose fibers, a Malvern
Zen 36000 laser particle size analyzer was used to perform the size distribution of SCF.
2.2.2

Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) was used to investigate the mineralogical microstructural
properties of the fibers and cement pastes. The SEM characterization was performed using a
FEI/Quanta 450 FEG microscope in secondary electron imaging mode.
2.2.3

FT-IR characterization of cement pastes

FT-IR spectra were obtained using JASCO 4100 FTIR spectrometer (JASCO, Japan). The solid pellet
samples were prepared by mixing 2-3 mg of sample in 100 mg of KBr.
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2.3
2.3.1

Methods
Acid hydrolysis of cotton fibers

Medical absorbent cotton was added to sulphuric acid solution with different concentrations (46%, 50%,
54%, 58% v/v), the ratio of cotton to acid solution is 1: 20 (w/w), it was heated and kept at 50 ℃ and
stirred for 1h, 1.5h, 2h and 2.5h. After the acid treatment, the whole solution was transferred to a glass
beaker twentyfold excess volume of deionized water to stop reaction. The solution was kept still till the
sediment got down the bottom of the beaker, then the solution supernatant was transferred away and
excess volume deionized water was added in the beaker. This process was repeated for 5 times. The
5% (w/w) sodium bicarbonate solution was used to neutralize solution until the pH was about 6.5. This
solution was centrifuged at 4000 rpm to obtained an aqueous concentrated SCF suspension solution
with a solid content of 12-13% and thus used to prepare the samples. Figure 1. shows the apparatus
for preparation of SCF. Laser particle size analyzer, Scanning electron microscopy (SEM) and FTIR
spectrometer were used to evaluate the diameter, structure and composition of the SCF.

Figure 1. Experimental device for preparing SCF
2.3.2

Preparation of cement mortar

The water/binder (w/b) ratio of the cement mortar is 0.35. The fibers content in mortar is 0.4 wt %. For
comparison, the cement paste with the same w/b ratio was also prepared. The SCF suspension
solution was added in water and dispersed by ultrasonication at 325 W for 30 min to obtain the uniform
suspensions. Cement was first added to the mixing container and water with the dispersed SCF was
added into the dry cement, mixed for 3 min with a revolution speed of 60 r/min, then another 2 min with
a revolution speed of 130 r/min. The cement paste samples were cured according to GB/T17671-1999
in standard curing condition at a temperature of 20 ℃ with the relative humidity of 95% – 100% for 28
days. In order to prepare the samples for SEM, FT-IR, the small fragments obtained from the middle
part were put into ethyl alcohol solution for 10 days, and then were dried at 80 ℃ for 8 h.
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3.

RESULTS AND DISCUSSION

3.1

Properties of SCF

3.1.1

Size distribution of SCF

It has been proved in author's previous experiment that the concentration of acid solution is a key factor
in acid hydrolysis. If the concentration of sulfuric acid is too low, the cellulose fibers cannot be
hydrolyzed; on the contrary, if the concentration is too high, the cellulose fibers would be carbonized to
be black. When sulfuric acid concentration is between 45-60 wt.%, SCF can be prepared by controlling
temperature and reaction time.
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Figure 2. (a) Effect of sulfuric acid concentration on the size distribution of SCF (2h), (b) Effect
of acid hydrolysis treating time on the size distribution of SCF (H2SO4 58% v/v)
The particle size distribution of SCF obtained by acid hydrolysis under different experimental conditions
was measured by Malvern Zen 36000 laser particle size analyser, and the test results are shown in
Figure 2. However, laser diffraction technique always struggles to characterise fibres, as it is designed
for spheres. In this research, the test results of laser particle size distribution were used to roughly
measure the scale of submicron fibres. The effect of sulfuric acid concentration (46%, 50%, 54% and
58% v/v) on the SCF size is shown in the Figure 2 (a), it can be seen that the particle size distribution
range of SCF gradually moves to the low scale with increasing the sulfuric acid concentration. W hen
the concentration of the sulfuric acid solution is 58%, the temperature is 50℃, the effect of treating time
(1h, 1.5h, 2h and 2.5h) on the SCF size is shown in the Figure 2 (b), it can be seen, under the same
sulfuric acid concentration and temperature, the particle size of SCF decreases with time.
The SEM image of cotton fibers during the acid hydrolysis process are shown in Figure 2. It can be
seen that the diameter of raw cotton which is approximately 11.54 μm and the diameter of SCF is
approximately 1.44 μm.
3.1.2

The microstructure of SCF

Based on the size distribution and SEM results, it is found that the natural cellulosic fibers were split to
be finer fibers, with a diameter from dozens of micron to hundreds of nanometers range, which
decreases with increasing the sulfuric acid concentration or prolonging reaction time. cellulose fibers
typically consist of microfibrils of macromolecules, which contains two parts: the amorphous regions
and crystalline regions. By the treatment of acid treatment and high shear mechanical, most of the
amorphous part of the cotton fibers can be removed or eliminated, and the submicron-scale SCF
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consists of crystalline regions were prepared. Because the scale of SCF matches that of the cement
hydration products, the size effect would be inducing the microstructure formation of cement paste
instead of reinforcing.
Although cellulose can be hydrolyzed under the action of acid, the hydrogen bond in the cellulose
macromolecular chain is relatively stable to alkali. Therefore, the alkaline environment of cement paste
has no effect on the durability of cellulose fibers.

Figure 3. The SEM micrographs of (a) the original cotton fibers, (b) the SCF prepared from
cotton in 54% v/v H2SO4 solution for 1.5h, and the TEM of (c) the SCF prepared from cotton in
58% v/v H2SO4 solution for 2.5h.
3.1.3

FT-IR characterization of cotton and SCF

The FT-IR spectra of cotton and SCF obtained from cotton by acid hydrolysis under different sulfuric
acid concentration (46%, 50%, 54% and 58% v/v) are shown in Figure 4. The main absorption band
and characteristic frequency of cellulose are 610-670, 980-1060, 1421, 1650, 2900, 3200-3450 cm-1.
The O-H stretching vibration peak and C-H vibration peak are at 3350 cm-1 and 2900 cm-1, respectively.
The absorption peak of -CH2 on glucose appears at 1433 cm-1. It can be seen from the FT-IR spectra
peaks that the functional groups of the cellulose fibers obtained by acid hydrolysis are consistent with
those of the cotton, indicating that the acid hydrolysis only eliminates the amorphous part and does not
change the cellulose composition.

w=46%
w=50%
w=54%
w=58%

Cotton fiber

Figure 4. FT-IR spectra of cotton and SCF obtained from cotton by acid hydrolysis under
different sulfuric acid concentration (46%, 50%, 54% and 58% v/v).
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3.2

Microstructure of cement paste

The properties of high hydrophilicity of cellulose fibers can be attributed to the hydroxyl groups in the
cellulose molecular structure, which bring about a good compatibility between cellulose fibers and
cementitious materials. As shown in Figure 5. (a), the hydration product C-S-H adheres to the surface
of the cotton fiber. However, due to the large diameter and the internal empty cavity of original cotton
fiber, they absorb water and swell at the early stage. With the hydration of cement, the hollow cotton
fiber constantly lose water and contract, resulting in gap around the cotton fiber at later age, as shown
in Figure 5. (b).

Figure 5. The SEM micrographs of cement paste with (a, b) original cotton fiber, (c) SCF, and (d)
control sample at 28 days.
Figure 5. (c) and (d) show the SEM micrographs of cement paste with SCF and the control sample at
28 days, respectively. For the cement paste with SCF, it’s difficult to find the contour of SCF, but
compared with the control sample, the microstructure of cement paste with SCF is more compact.
The SCF added in cement paste was obtained by acidizing cotton with a concentration of 54% H2SO4
solution for 1.5 h, and the particle size range of which is 50-200 nm. The size effect of SCF induces the
microstructure formation of cementitious paste instead of reinforcing it. It is proposed that the primary
role of the micrometer-scale fibers is to provide potential heterogeneous nucleation sites for hydration
products, and the hydration products of the C-S-H gel grow on and along the surface of the SCF and
finally embed SCF inside. The end result is that independent C-S-H gel clusters are connected by SCF,
which makes the cement phase microstructure more uniform and compact.
3.3

FT-IR analysis of the hydrated cement pastes

The FT-IR spectra of SCF, cement pastes with and without SCF at 3 days and 28 days are shown in
Figure 6. The cellulose is confirmed from the O-H stretching vibration peak at 3350 cm-1, the C-H
vibration peak at 2900 cm -1 and the absorption peak of -CH2 on glucose at 1433 cm-1. The C-S-H gel is
confirmed from the SiO42- stretching vibration peak at 1175-860 cm-1. The Ca(OH)2 is confirmed from
the O-H stretching vibration peak at 3600-3680 cm-1. The (AFt) and (AFm) are confirmed from the
SiO42- stretching vibration peak at 1200 cm-1 and 3640 cm-1, respectively. The cement hydration is

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
gradually complete with the increase of age, the AFt (3CaO·Al2O3·3CaSO4·32H2O) in cement hydration
product transforms to AFm (3CaO·Al2O3·CaSO4·12H2O), therefore, the peak at 3640cm -1 appears in
the cement pastes without (b’) and with (c’) SCF at 28 days, but the peak at 1120cm-1 is weakened.

Figure 6. FT-IR spectra of (a) SCF, (b) cement paste at 3 days, (b’) cement paste at 28 days, (c)
cement paste with SCF at 3 days, and (c’) cement paste with SCF at 28 days.
4.

CONCLUSION

Based on the obtained experimental results, the main results of this study are summarized as follows:
(1) The natural cellulosic fibers were split to be more fine fibers, with a diameter from dozens of micron
to hundreds of nanometers range, which decrease with increasing the sulfuric acid concentration or
prolonging reaction time.
(2) The high hydrophilicity of the cellulose fibers can be attributed to the presence of hydroxyl groups
in the cellulose molecular structure, which result in good compatibility between SCF and
cementitious materials. The hydration products C-S-H gel grow on and along SCF and finally
embed it inside.
(3) Because the scale of SCF and C-S-H gel match better than original cotton fibers, the crystal
nucleus, induction and bridging effect of SCF make the microstructure of the cement phase to be
more homogeneous and compact, which contributes to increasing the strength and durability of
cementitious composites.
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ABSTRACT
Mineral dissolution is a complex process where numerous of coupled reactions take place, with
complex time-dependent kinetics. Cement hydration is not an exception: cement phases, mainly diand tri-calcium silicates, react with water, releasing Ca+2 and silicate ions to the pore solution, which
in turn precipitate to form mainly portlandite and the C-S-H gel. Despite the vast number of
investigations on the topic, the fundamental aspects of the hydration kinetics are still under debate
[1,2].
In this work we investigate the alite and belite dissolution at the molecular scale. We investigated
several different surfaces of M-C3S , -C2S, and -C2S in contact with bulk water using Molecular
Dynamics simulations. We calculate the hydration rates at different temperatures, and using Arrhenius
relationship we obtain the dissolution activation of these phases. The obtained global value is in good
agreement with previous experiments [2], but, in addition, molecular simulations allow us to distinguish
between different crystal cleavages and polymorphs, identifying differences in mechanisms and/or
activation energies.
References
[1] L. Nicoleau, A. Nonat, D. Perrey, The di- and tricalcium silicate dissolutions, Cem. Concr. Res. 47
(2013) 14–30. doi:10.1016/j.cemconres.2013.01.017.
[2] P. Juilland, E. Gallucci, Morpho-topological investigation of the mechanisms and kinetic regimes of
alite dissolution, Cem. Concr. Res. 76 (2015) 180–191. doi:10.1016/j.cemconres.2015.06.001.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

Cement hydration is one of the most important stages of cement life service, since it influences to a
great extent the porosity, strength, and durability of the cement paste. Understanding cement
hydration at the atomic scale is of key importance, as it would give us the necessary clues to devise
methods to control OPC cement dissolution rate on demand, or to improve the belite’s reactivity and
reduce cement’s CO2 fingerprints. In addition to traditional calcium silicate cements, new cements
based on magnesium silicates or aluminate phases will also benefit for a detailed atomic-scale
information of their hydration process.
Intensive research has been done to model the hydration kinetics (Bullard and Flatt, 2010; Nicoleau,
Nonat, and Perrey, 2013) yet it is complicated to build reliable models when the underlying dissolution
mechanism is not well understood. Recently, the analogy of cement with minerals has been exploited
to bring new understanding of cement dissolution mechanisms (Patrick Juilland, Gallucci, Flatt, and
Scrivener, 2010). According to the step-wave dissolution theory, the reaction of water with structural
defects at the atomic scale could be the main driving force for dissolution (Lasaga and Luttge, 2001).
Within the step-wave dissolution theory, atomistic simulation plays the basic role of feeding dissolution
models with the necessary data, usually reaction rates of water in the different surface topological
features (terraces, kinks, steps, etc.).
Atomistic simulations of clinker phases have gained interest in recent years. Density Functional
Theory (DFT) simulations and the frontier orbital theory (FOT) have been used to determine the most
reactive points under chemical attack in bulk C3A (H. Manzano, Dolado, and Ayuela, 2009),monoclinic
C3S and β-C2S (H. Manzano et al., 2011; Qianqian Wang, Li, et al., 2014). The electronic structure
has been explored as well to understand the effect of chemical impurities on the stability, reactivity,
and elasticity of these phases (Huang, Valenzano, Singh, Pandey, and Sant, 2014; Jansang, Nonat,
and Skibsted, 2010; H. Manzano et al., 2011). An increasing number of studies have moved from the
bulk to the surface, computing the C3S surface energies (Durgun, Manzano, Kumar, and Grossman,
2014) and the adsorption energy of water molecules in C3S (Jansang et al., 2010) and β-C2S
(Qianqian Wang, Guo, et al., 2014). Despite DFT simulations are an accurate and powerful
methodology to investigate clinker hydration, their high computational cost makes them prohibitive to
study crystal/water interfaces with more than few water molecules. In this scenario, empirical force
field simulations represent an alternative choice, since their low computational cost allows studying
complex systems during relatively large time scales. So far, empirical simulation have been applied to
the investigate surface energies and the adsorption of grinding aids and hydration modifiers on C3S
and C3A (Mishra, Fernández-Carrasco, Flatt, and Heinz, 2014). Traditional empirical force fields are
not able to simulate bond breaking and bond formation, and therefore they cannot mimic chemical
reactions. Hydrated surfaces can be constructed ad-hoc, placing hydroxyl groups in chemically active
points, yet it may lead to incorrect structures if topological changes are not properly reproduced.

Figure 1. Representation of calcium oxide and tricalcium silicate atomic structure
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Reactive force fields are an appealing alternative, since they can simulate accurately chemical
reactions, and still are fast enough to investigate interfacial reactions during nanoseconds (Mishra et
al., 2017). Using the ReaxFF the (chemi)sorption energies of water on C3S and beta-C2S surfaces
and the initial hydration have been characterized (Q. Wang, Manzano, Guo, Lopez-Arbeloa, and
Shen, 2015).
The aim of this work is to determine for the first time macroscopic dissolution activation energies from
fundamental molecular scale interactions using ReaxFF. Obtaining quantitatively results on the
macroscopic activation energies is the first step towards using simulations on the design of new
clinkers with enhanced reactivity, by modification of the common C3S and C2S phases, or by
increasing the reactivity of alternative raw materials like MgSiO2
2.

COMPUTATIONAL METHODS

The ReaxFF force field has been used to simulate C3S/water interfaces. The parameters were
developed independently for the Si-O/H and Ca-O/H sets of elements, and merged together and
tested in (Hegoi Manzano, Moeini, et al., 2012; Hegoi Manzano, Pellenq, Ulm, Buehler, and van Duin,
2012). The simulations have done using the LAMMPS simulation package, version 1-Jan-2017.
For each studied system slabs with thicker than 4 nm and with areas larger than 4 nm2 were built. The
vaccum slab is 4nm in all the cases. The slabs were relaxed using energy minimization with a
conjugate gradient algorithm, with a cutoff tolerance of 10-5 kcal mol-1 and 10-6 kcal mol-1 A-1 for the
energy and forces, respectively. Then, the appropriate number of water molecules to match the bulk
water density in the vacuum region were placed randomly using packmol (Martínez and Martínez,
2003), and then relaxed independently from the slab using the same parameters as before. Molecular
dynamics were carried out in the canonical ensemble at 298 K and 1 atm, with a Nose-Hoover
thermostat constant of 20 fs, integrating the equations of motions using the Verlet algorithm with a
time step of 0.2 fs. The water and the crystal surfaces were then put into contact and the dynamics
started with initial random velocities generated from a Gaussian distribution of energies at 298 K.

Figure 2. . Scheme of the followed simulation method
To compute the dissolution activation energies, we performed simulations at different temperatures.
We used a high range of T to accelerate the simulations and be able to observe dissolution within the
limited time scale of the simulations. Temperature adds an extra amount of energy in the form of
kinetic energy, which facilitates to overcome the reaction energy barriers. At each temperature we can
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track the number of water molecules per nm2 that react as a function of time, or in other words, the
water reaction rate. From the transition state theory, the rate should increase exponentially with the
temperature. The Arrhenius equation describes such relationship including the activation energy (Ea)
in the exponential term. Therefore, the Ea can be obtained from the slop of a logarithmic plot of the
rate as a function of 1/T.
3.

RESULTS AND DISCUSSION

Calcium oxide reaction with water is very favourable, and it hydrates even at ambient humidity.
Therefore, dissolution can be observed at the nanoscale even at ambient temperature. We calculated
the water reaction rate in simulations between 300K and 500K during 1 ns. The cubic structure of CaO
makes the (100) surface the most stable, and we cleaved the crystal exposing it to the solution. We
use the following reaction stoichiometry to compute the amount of equivalent dissolved solid:
CaO + H2O ➞ 2 Ca(OH)2
The results are presented in Figure 3. The linear trend indicates that the dissolution follows indeed an
Arrhenius type of kinetics, and transition state theory can be applied to compute the dissolution
activation energy. From a linear fit of the data we obtained an Ea = 7.6 ± 0.3 kJ mol-1. Unfortunately,
there is no experimental data up to the authors’ knowledge. However, if this energy is compared to
other minerals like quartz (Ea ~ 90 kJ mol-1) or wollastonite (Ea ~ 70 kJ mol-1) the low value is in
agreement with calcium oxide’s high reactivity in water (Palandri and Kharaka, 2004).

Figure 3. CaO reaction rate as a function of 1/T

Tricalcium silicate dissolution rate is slower than that of CaO, yet very fast compared to other
minerals and silicates. The reaction rates and dissolution activation energies for different conditions
have been studied in detail (P. Juilland and Gallucci, 2015; Nicoleau et al., 2013). From the dissolution
rate at different temperatures, Juilland et al. (P. Juilland and Gallucci, 2015) obtained Ea = 13-26 kJ
mol-1 at far from equilibrium conditions and depending on the hydrodynamic conditions of the
experiment. Close to equilibrium, the Ea = 49 kJ mol-1. The difference comes from the dissolution
mechanism change at different pore solution saturations REf. We performed our simulations for 4 low
index C3S cleavages, the (100), (010), (001) and (111), in the temperature range between 800 K and
1600 K. The stoichometry used in this case was:
C3S + H2O ➞ 3 Ca(OH)2 + Si(OH)4
The results are shown in Figure 4. The average Ea = 32 ± 3 kJ mol-1, within the experimental range
(P. Juilland and Gallucci, 2015). Each surface has a different activation energy, which oscillate
between 25.7 kJ mol-1 for the (001) cleavage and 39.1 kJ mol-1 for the (010) cleavage. The differences
are relatively small if compared with the wide activation energy range of minerals (Palandri and
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Kharaka, 2004). It is difficult to evaluate a priori if such a small difference could lead to preferential
dissolution at the microscale, yet we consider it unlikely.

Figure 4. Alite reaction rates as a function of 1/T. Blue colors from lighter to darkest
correspond to the surface (100), (010), (001) and (111).

4.

CONCLUSIONS

In this work we have computed the dissolution activation energies (Ea) of calcium oxide and tricalcium
silicate using molecular dynamics simulations with reactive force fields. For each mineral the reaction
rate of water molecules with the surface has been computed at different temperatures and using the
Arrhenius equation the Ea is obtained from a linear fit of the natural logarithm of the rate as a function
of 1/T
The obtained Ea is in reasonable good agreement with the experimental data for tricalcium silicate. Up
to the authors knowledge, there is no experimental data for CaO, yet the low Ea obtained is in
qualitative agreement with experimentally observed high reactivity of calcium oxide.
This study is the first approximation to bridge the gap between atomistic simulation and experimental
dissolution of clinker phases. Nevertheless, it must be taken into account that several factors should
be improved in future work. In particular, more realistic surfaces representing dislocation and terraces
should be considered, and molecular dynamics acceleration methods should be used to perform the
simulations at lower temperatures.
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ABSTRACT
Nacre is the paradigm of natural organic/inorganic composites. The synergy of chitosan proteins and
calcium carbonate bricks gives rise to a material with outstanding elasticity, surpassing that of the
independent components. [1] Mimicking nature, the combination of the C-S-H gel with organic
molecules or polymers has been suggested as a promising route to improve cements elastic
properties. [2] Molecular scale simulations are a valuable tool to understand the interaction between
both components with great detail.
In this work we will present simulation results for different C-S-H/organic composites. We will analyze
how the structure and size of the organic phase, and how the nature of the bonding between phases
(covalent or ionic) modify the structure of the C-S-H gel, and how affect the elasticity of the composite.
The results will be discussed in combination with experimental data, building comprehensive models of
the hybrid composite structure, and suggesting best candidates to improve cement properties.
References
[1] Z. Tang, N.A. Kotov, S. Magonov, B. Ozturk, Nanostructured artificial nacre, Nat. Mater. 2 (2003)
413–418.
[2] L. Raki, J.J. Beaudoin, R. Alizadeh, J. Makar, T. Sato, Cement and Concrete Nanoscience and
Nanotechnology, Materials (Basel). 3 (2010) 918–942. doi:10.3390/ma3020918.
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1.

INTRODUCTION

Cement and concrete are the largest manufactured materials, responsible for a large portion of the
global CO2 emissions. It is critical to develop more sustainable construction materials to reduce the
carbon footprint. Cement with enhanced durability and mechanical properties can be achieved through
the modification of the microstructure and composition of C-S-H gel, inasmuch as it is the main
hydration product of cement paste, and therefore it is the responsible of most of the mechanical
behavior. One approach to achieve it is the incorporation of organic additives to obtain composites.
There are studies of polymer incorporation to the C-S-H gel, which shown that interactions between
the polymers and the C-S-H depends on several factors, such as the molecular weight of the
polymers, the presence of functional groups, and the Ca/Si ratio of C-S-H (H Matsuyama and Young,
1999; Hiroyoshi Matsuyama and Young, 1999).
The incorporation of polymers within the C-S-H matrix occurs commonly by adsorption and
intercalation processes (Raki, Beaudoin, Alizadeh, Makar, and Sato, 2010). However, it is also
possible the covalent anchorage of the polymers to the C-S-H structure. For instance, the
incorporation of silane groups to the polymer structure enables the formation of covalent bonds
between the polymer and the C-S-H (Orozco, Chun, Geng, Emwas, and Monteiro, 2017). In this work
we present a computational study of two C-S-H/organic composites. In the first one, we incorporated
3-aminopropyltriethoxylsilane or APTES, which is an aminosilane that can be covalently bonded to the
C-S-H by silanization processes. The second composite embeds in the pores of C-S-H poly(ethylene
glycol) or PEG, a polyether that does not form covalent bonds with the C-S- H gel.
Despite we will focus here on the atomic scale results, these studies were made in parallel to
experimental work. A reference C-S-H gel with Ca/Si ratio of 1.3 and the hybrid composites were
synthesized and characterized by X-ray diffraction (XRD), 29Si nuclear magnetic resonance (NMR) and
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) techniques.
Finally, the bulk modulus of these samples was measured using a synchrotron radiation-based highpressure X-ray diffractometer (HP-XRD). In this work we present bulk modulus simulations made by
molecular dynamics simulations and their comparison to the experiments.
2.

COMPUTATIONAL METHODS

We employed LAMMPS (26Jan2017 version) to perform molecular dynamics, with the Verlet
integration scheme and Nose-Hoover thermostat and barostat. The ReaxFF force field (Manzano et
al., 2012; Mishra et al., 2017) was used to relax the structure and volume of the reference C-S-H
system in the isobaric-isothermal (NPT) ensemble at 300K and 1 atm for 1 ns. Then, the organic
molecules were incorporated to C-S-H. The final equilibration and production stage of C-S-H_Ref and
C-S-H/organic systems were done with a combination of CSHFF force field (Mishra et al., 2017;
Shahsavari et al., 2011) for the substrate of C-S-H, CHARMM force field (Brooks et al., 2009) for the
organic phase and flexible simple point charge (SPC) model for water molecules (Ahlström, Wallqvist,
Engström, and Jönsson, 1989). After an equilibration in the isobaric-isothermal (NPT) ensemble was
performed at room conditions (300K and 1 atm) during 1 ns and in the canonical (NVT) ensemble at
300K for another 1 ns, we applied an increasing pressure, from 1 to 10 GPa, to the models at a
constant rate of 1 GPa/ns in order to calculate the mechanical properties of the systems. The bulk
modulus has been obtained from the Birch-Murnaghan relationship between internal energy and
pressure.
To create the hybrid systems, we first built a C-S-H gel molecular model with Ca/Si = 1.3 following the
method described in (Kovačević, Persson, Nicoleau, Nonat, and Veryazov, 2015). The C-S-H/APTES
hybrid system was built assuming that the final state of the C-S-H gel is the same with and without the
organic phase, since the experimental observation do not show significant modifications of the C-S-H
structure by the incorporation of the APTES. The amount of APTES introduced is 6.2% w/w of APTES,
which corresponds with an approximate APTES/Si ratio of 1/27. Then, APTES molecules are
incorporated randomly in the surface of the C-S-H model by bonding the silanol group of the polymer
to two reactive points (Q1 silicons) of the C-S-H surface. To balance the charge after the addition of
the polymer, Ca2+ ions were included in the interlaminar space. To build the C-S-H/PEG hybrid
system, we equilibrated independently the structures of the PEG and the C-S-H gel. Then, we have
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applied a tensile strain to the C-S-H model perpendicular to the calcium silicate layers in order to open
the interlaminar space. The equilibrated PEG molecules are introduced in the open pore and the
hybrid system is relaxed in the isothermal-isobaric (NPT) ensemble for 1 ns. In this way, the PEG
chains are accommodated in the interlaminar space of the C-S-H gel, which is closed freely.

Figure 1. Molecular models of the CSH/organic composites. Top: CSH (C/S =1.3) with APTES
linked covalently to the silicate chains. Bottom: construction of the CSH/PEG composite.

3.
3.1

RESULTS
CSH + APTES

The structural properties of the C-S-H refence model and the C-S-H/APTES hybrid are shown in table
1. There is good agreement between the experimental and the simulated values of Q sites, basal
distances (d002), mean chain lengths (MCL) and Ca/Si ratios. It should be noted that the molecular
dynamics simulations tend to overestimate the basal distance, but reproduce accurately the expansion
in the C-S-H/APTES system due to the incorporation of the organic phase, which is about 1.3 Å for
both experimental and simulated samples.
Table 1. Structural properties and bulk modulus (K) of the CSH refence model and the
CSH/APTES hybrid.
C-S-H_Ref

C-S-H/APTES

Exp.

Sim.

Exp.

Sim.

Q1

82.1%

81.7%

55.2%

58.1%

Q2

17.9%

18.3%

44.8%

41.9%

Q2/Q1

0.22

0.22

0.81

0.72

d002

10.1

11.0

11.5

12.4

MCL

2.44

2.48

3.62

3.44
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Ca/Si

1.3

1.3

1.3

1.3

K (GPa)

45.6

45.9

62.0

62.3

The experimental and simulated values of the bulk modulus, K, obtained from the fit shown in Figure 2
for the reference C-S-H and C-S-H/APTES systems are also given in Table 1. It can be seen an
excellent agreement between the simulations and the experiments. The simulations predict an
increase of 36% in bulk modulus of the C-S-H/APTES composite regarding the reference C-S-H, in
good agreement with growth observed experimentally. Therefore, this evidences that the intercalation
of APTES molecules in the interlaminar space of C-S-H causes the stiffening of the composite.

Figure 2. Energy difference as a function of volume difference for the CSH refence model and
the CSH/APTES hybrid. The lines show the Birch-Murnagham fit.

3.2

CSH + PEG

It has been reported that the intercalation of PEG molecules in the C-S-H involves an expansion of the
interlaminar space of about 0.5 Å. However, XRD measurements of the experimental C-S-H_Ref and
C-S-H/PEG samples show that the additio of PEG molecules to C-S-H only provoked an expansion of
0.16 Å. Conversely, the simulations predict a considerable larger expansion, about 0.57 Å, in the line
with the reported values by other authors. In the view of this, it seem unlikely that PEG molecules
occupy the interlaminar space of C-S-H in the experimental systems. In contrast, the adsorption
enthalpy of PEG molecules within the interlaminar space of C-S-H was -2.28 kcal/mol, which means
that the adsorption of PEG molecules in the interlaminar space of C-S-H is energetically favourable.

Table 2. Structural properties and bulk modulus (K) of the CSH refence model and the
CSH/PEG hybrid.
d002 (Å)

C-S-H_Ref

C-S-H/PEG

Expansion

Exp.

9.51

9.67

0.16

Sim.

10.38

10.95

0.57

K (GPa)

C-S-H_Ref

C-S-H/PEG

Exp.

45.6

45.9

Sim.

52.7

34.7
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We have also calculated the bulk modulus using the third order Birch-Murnaghan equation, fitting the
relative volume, V/V0, with the energy, E(V), see Figure 3 and table 2. It can be seen that the
experimental and simulated values of the bulk modulus of C-S-H_Ref match perfectly, while there are
a big difference in the bulk moduli for C-S-H/PEG. While the experiments show an improvement in the
mechanical properties of the composite regarding the reference, our simulations predicts a worsening
due to the PEG intercalation. Therefore, the structure of the simulate composite should be different
from the experimental one. These results rule out the intercalation of the polymer in the interlaminar
space of C-S-H in the experimental samples. Based on experimental nanoindentation measurements,
it is suggested that PEG molecules are located between C-S-H particle rather than in the interlaminar
spaces.

Figure 3. Energy difference as a function of volume difference for the CSH refence model and
the CSH/PEG hybrid. The lines show the Birch-Murnagham fit.

4.

CONCLUSIONS

We have studied the effect of the incorporation of PEG molecules on the mechanical properties of CS-H. For that purpose, we have compare the mechanical properties of a reference C-S-H with Ca/Si
ratio 1.3 with the ones of a C-S-H sample with the same structure and compositions, but with PEG
molecules intercalated in the interlaminar space. In turn, the results obtained from our simulated
systems have been compared with the experimental ones.
The comparison between the experimental and simulated systems for the reference C-S-H fits
perfectly, but in the case of the system that incorporates PEG molecules there are significantly
differences. On the one hand, the molecular dynamics simulations predict that the incorporation of
PEG molecules in the interlaminar space of C-S-H is energetically favourable. However, the
intercalation of PEG molecules seems improbable in the experimental systems since the expansion of
the basal distance when PEG is added is quite low (0.16Å) to accommodate them. This expansion is
much larger in the simulated samples (0.57Å), in line with the values reported by other authors. On the
other hand, according to the MD simulations, the intercalation of PEG into C-S-H failed to improve the
mechanical properties, whereas in the experiments it is registered an increase of the bulk modulus
with respect to the reference C-S-H. Experimental evidences suggest that the PEG molecules are not
located in the interlaminar space, but between C-S-H particles proving higher stiffness.
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ABSTRACT
Molecular Scale simulations are gaining an increasing importance in cement and concrete research.
They can be a valuable tool complementary to experiments, helping in the interpretation of the results,
and in an optimistic scenario, leading the design of new generations of cement and concrete. In such
context a number of researchers joined forces recently to build a comprehensive database of force
fields, the cemff [1]. There, independently developed force fields are gathered together with to facilitate
the methodology choice depending on the particular problem to tackle.
In this presentation we will discuss one of the force fields in the database, the ReaxFF. ReaxFF uses
bond-distance bond-order relationships to mimic the interaction between atoms, which translates into
the capability of modelling chemical reactions. We will discuss the advantages over other force fields,
but also the disadvantages and limitations. Finally, we will present practical examples of the ReaxFF
applications to investigate clinker hydration and C-S-H gel structure [2,3]
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Bowen, cemff: A force field database for cementitious materials including validations, applications and
opportunities, Cem. Concr. Res. (2017).
[2] H. Manzano, E. Masoero, I. Lopez-Arbeloa, H.M. Jennings, Shear deformations in calcium silicate
hydrates, Soft Matter. 9 (2013)
[3] H. Manzano, E. Durgun, I. López-Arbeloa, J.C.J.C. Grossman, Insight on Tricalcium Silicate
Hydration and Dissolution Mechanism from Molecular Simulations, ACS Appl. Mater. Interfaces. 7
(2015)
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1.

INTRODUCTION

Molecular Scale simulations are gaining an increasing importance in cement and concrete research.
Molecular Simulations were used since the 1980s to investigate silicate minerals and clays, systems
very close to cement phases. However, up to the author’s knowledge, the first specific publication on
cement-related problems using molecular simulations was done by Faucon et al. in 1997 (Faucon,
Delaye, Virlet, Jacquinot, and Adenot, 1997). Since then, the number of research papers published
using that methodology to study problems related to cement and concrete shows an considerable.
Molecular Scale simulations can be a valuable tool complementary to experiments, helping in the
interpretation of the results and leading the design of new generations of cement and concrete.
Atomistic simulations can be divided into two main groups: ab-initio and empirical force fields. Ab-initio
methods rely on quantum mechanical principles to calculate the electronic structure of molecules and
materials. They are accurate and the number of approximations made in the calculations is minimal.
However, they require heavy computations which limits their application to small systems (hundreds of
atoms). In cement they have been used to study crystalline clinker phases (Durgun, Manzano, Kumar,
and Grossman, 2014; Durgun, Manzano, Pellenq, and Grossman, 2012; H Manzano, Dolado, and
Ayuela, 2009; Hegoi Manzano et al., 2011; Wang et al., 2014; Wang, Manzano, López-Arbeloa, and
Shen, 2016) and hydration products (Churakov, 2008; H. Manzano, Ayuela, Telesca, Monteiro, and
Dolado, 2012; Shahsavari, Buehler, Pellenq, and Ulm, 2009). Empirical force fields are an alternative
to ab-initio methods. They disregard the electrons and assume that atoms are spheres, mimicking
their interaction through a set of empirical mathematical functions called collectively force field. These
methods are considerably faster, so they can be applied to 105 atoms. However, their accuracy
depends strongly on a correct parametrisation for the system of interest, and transferability between
different systems must be done with extreme care. In addition, there are usually several possible force
field choices for a given system, each one with strengths and weaknesses. Recently, the CemFF
database has been created (Mishra et al., 2017), aiming to gather the main force fields used in cement
research, and facilitate the methodology choice to new users.
In this paper we will introduce one of the force fields included in the database, the ReaxFF (Senftle et
al., 2016). ReaxFF uses bond-distance bond-order relationships to mimic the interaction between
atoms, which in practice translates into the capability of modelling transition states and chemical
reactions. We will discuss the advantages over other force fields, but also the disadvantages and
limitations. Finally, we will present practical examples of the ReaxFF applications to investigate clinker
hydration and C-S-H gel structure and properties.
2.

THE REAXFF METHODOLOGY

In molecular dynamics (MD) simulations the potential energy of a system and the forces between the
present atoms are computed from a compendium of empirical expressions known as “force field”.
Each force field uses its own set of mathematical functions to reproduce the interaction between
atoms. Like most force fields, ReaxFF potentials can be divided into two main types: short-range
bonding (in red) and long-range non-bonding (in blue) interactions:
UTotal = Ubond+ Uangle+ Utorsion+ Uover + UvdW + UCoulomb + Uspecific
The first four terms in red (Ubond+Uangle+Utorsion+Uover) to interatomic two body bonding energy, three
body angular energy, four body torsion energy, and a penalty energy to avoid over-coordination. The
main difference between ReaxFF and traditional force fields is how these short-range interactions are
treated. While traditional force fields use a direct relationship between energy and distance (or angle),
ReaxFF uses a bond-distance and bond-order dependence. Using a simple definition, the bond-order
is a quantity that represents the electron density in the region between two atoms (McNaught and
Wilkinson, 1997). Therefore, the higher the bond order between two atoms the stronger their chemical
bond. ReaxFF computes the bond-order between each pair of atoms from their atomic position at
each step of the simulation, and introduces it into the potentials, weighting their interaction. If the
bond-order between two atoms decreases, so it does the bond strength and the interaction energy,
until it goes to zero, when effectively the bond between them breaks.
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The next two terms in blue (UvdWaals and UCoulomb), represent the non-bonded van der Waals and
Coulomb energies. The Coulombic energy is a long range interaction due to atomic charges. In
ReaxFF atomic are computed at each simulation step by a electronegativity equalization method EEM
(Mortier, Ghosh, and Shankar, 1986). This allows to describe polarization effects of molecules in
different environments. The last term, Uspecific includes specific energy terms for certain systems, like
hydrogen bonding and lone pairs in water molecules.
A key feature of the ReaxFF formalism is that each atom has a unique identity. There is a single type
of oxygen atoms, independently of its chemical environment (water molecule, tricalcium silicate, or the
C-S-H gel for instance). That way, atoms can migrate from one chemical environment to another when
chemical reactions take place. This is a notable difference compared to non-reactive force fields,
where atoms have different "identities" depending on the chemical environment, i.e. a water oxygen is
different from a silicate oxygen, and they are not exchangeable. The ReaxFF formalism translates into
a great flexibility to describe molecular properties, but more importantly, it makes possible to simulate
chemical reactions in systems considerably larger than DFT.
ReaxFF application to cement research was spread after the parameterization of the Ca/O/H set by
Manzano et al. (Manzano, Pellenq, Ulm, Buehler, and van Duin, 2012). This set was merged with the
existing Si/OH/ set (Fogarty, Aktulga, Grama, van Duin, and Pandit, 2010) making the full Si/Ca/O/H
set available to study the most relevant phases of cement, calcium silicates and their hydration
products. In section 3 a review of the main applications will be discussed.
2.1

Advantages of ReaxFF

ReaxFF has two main advantages over other force fields. On the one hand, the mentioned capability
of reproducing chemical reactions. If the property of interest involves chemical reactions, like study
reaction induced damaged, crystal growth, etc. ReaxFF is the right choice.
On the other hand, ReaxFF is a very flexible empirical potential. Due to the bond-order dependency
and the charge equilibration, it can be used for a wide range of systems with similar chemistry. In the
case of cement, the same set can reproduce crystalline clinker phases like C2S and C3S, and
hydration products like amorphous C-S-H models, which have in common that they are calcium
silicate oxides. That is a great advantage, as the user can for instance compare energies (and other
properties) across different systems.
2.2

Disadvantages of ReaxFF

ReaxFF also has some disadvantages. First, a high computational cost compared to other force fields.
At each simulation time step, ReaxFF needs to compute the bond order between atoms to introduce it
in the short range expressions. Furthermore, it needs to compute atomic charges using the EEM,
which determines the charges using a time consuming self-consistent numerical method. Overall,
ReaxFF can be one to two orders of magnitude slower than other common force fields. The choice of
ReaxFF over other force fields is clear if the user is interested on the study of chemical reactions, but
for less specific applications its high computational cost must be taken into account.
The second problem is associated to a misuse rather than to an intrinsic issue of the formalism. Due
to its flexibility, ReaxFF can be used as a black-box simulation engine. As the interactions are updated
at each step computing new bond-orders and charges, ReaxFF simulations do not crash even in
unreasonable chemical situations. In addition, the connectivity of the atoms within the system does not
need to be given as an input. The user must know the limitations of the particular set of potentials and
their transferability to their particular problem. For instance, the current set of Ca/Si/O/H potentials is
not compatible with organic molecules. If a simulation of polymers or graphene/CSH composite is
done (Hou, Lu, Li, Ma, and Li, 2017), the computed trajectories, adsorption energies and mechanical
properties will most likely be unphysical.
3.
3.1

APPLICATIONS
Clinker hydration and dissolution

The atomic scale investigation of clinker hydration and dissolution is a problem for which ReaxFF is
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the perfect choice as chemical reactions will necessarily take place. Wang et al. investigated the
hydration of C2S polymorphs (Wang, Manzano, Guo, Lopez-Arbeloa, and Shen, 2015). They
calculated a detailed adsorption energy map on beta and gamma C2S surfaces. Contrary to the
intuition, water adsorption on gamma C2S surface is energetically more favorable than in beta C2S.
Nevertheless, the higher reactivity of the later was attributed to a higher number of dissociative sites,
which could distort the surface increasing dissolution. The hypothesis was tested by doing molecular
dynamics simulations with an excess of water molecules in contact with the surface. In 2 ns all the
gamma C2S reactive points were already saturated with hydroxyl groups, while in beta C2S there were
still unreacted sites. However, the total number of water molecules reacted in beta C2S per surface
area was larger than in gamma C2S, corroborating the hypothesis.

Figure 1. Sorption energy maps and water dissociation over time on belite polymorphs

Manzano et al. also calculated the adsorption energy surface on 4 surfaces of MIII-C3S (Hegoi
Manzano, Durgun, López-Arbeloa, and Grossman, 2015). They did not find any correlation between
the adsorption energies, the number of reactive sites and the surface energy for different cleavages.
Their molecular dynamics simulations of C3S/water interface revealed a similar mechanism to what
has proposed in the literature for mineral oxides: an ion exchange between the calcium cation and
protons. An odd behavior was found for the (001) cleavage, in which water tessellation was taking
place protecting the surface from dissolution. Uddin and Middendorf. (Uddin and Middendorf, 2018)
perform later similar simulations using meta dynamics and reaching the same conclusions. Huang et
al. (Huang et al., 2015) studied the C3S/water interphase in the presence of Al, Mg and Fe impurities.
The also concluded a lack of correlation between surface energy and surface defects and the
hydration rate of C3S. They suggest that the proton transfer reactions during the cation exchange
might be the governing property. The presence of cations like iron forming Fe-O bonds which bound
strongly protons could therefore decrease the C3S hydration. Recently Wang et al. (Zhang, Hou, Hafiz,
Han, and Ma, 2018) performed simulations with sodium and sulphate ions dissolved in water. They
conclude that the adsorption of both type of ions on the C3S surface decreases progressively the
dissolution rate as the surface is stabilized.
In all these studies it must be taken into account that the simulation time is short and the observed
mechanisms can only be responsible of the initial water/clinker interface equilibration. In addition, the
studies with impurities should be taken with care since the force field parameters where merged
without specific parametrisation or testing.
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3.2

C-S-H gel properties

The C-S-H gel molecular structure and properties have been extensively investigated with ReaxFF. In
this particular case ReaxFF is not strictly necessary if chemical reactions are not expected.
Nevertheless, the aforementioned flexibility of the force field makes it a good choice to reproduce the
amorphous C-S-H gel atomic structure, with defects and variable stoichiometry. In fact, ReaxFF has
been used to make refined versions of the first C-S-H molecular model proposed by Pellenq et al.
(Pellenq et al., 2009) The studies can be divided in two main groups: structure/mechanical properties
and transport properties.
ReaxFF has been used to study shear deformations in the C-S-H gel. When a shear strain is applied
to the bulk C-S-H structure, the stress increases until there is a sliding between consecutive layers
that relax the system (Hegoi Manzano, Masoero, Lopez-Arbeloa, and Jennings, 2013; Palkovic,
Moeini, Yip, and Büyüköztürk, 2015). The mechanism is the same in perfect tobermorite crystals, yet
the shape of the stress-strain curve are different due to their amorphous and crystalline nature. An
interesting set of studies relating structure-mechanics use rigidity theory to investigate the optimal
composition of bulk C-S-H (Bauchy et al., 2015). Rigidity theory divides structures into flexible,
stressed and isostatic depending on the constrained internal degrees of freedom in the atomic
structure. The isostatic situation is an optimal balance from a mechanical point of view, and can be
achieve at Ca/Si ~ 1.5, yet with a strong dependence of the water content (Bauchy et al., 2015).

Figure 2. Atomic structure of the CSH gel, local strain development under shear strain, and
stress-strain curves for tobermorite and three equal CSH samples

Water diffusion and related properties have been also a very active area of research. The diffusion of
water has been investigated using ReaxFF in tobermorite and C-S-H gel with variable Ca/Si ratios,
water content and inter laminar pore sizes (Hou, Li, and Zhao, 2015; Hou, Li, Zhao, and Zhang, 2015;
Hou, Zhao, Jin, and Li, 2015; Hou, Zhao, Ma, and Li, 2015). In short, the water shows the
characteristics of strongly confined water in hydrophilic substrates, reaching even a glassy state for
the smaller inter laminar spaces. As the Ca/Si ratio increases, there is a moderate increase of the selfdiffusion coefficient.
4.

CONCLUSIONS

In this paper an introduction to the ReaxFF force field characteristics and applications has been done.
ReaxFF is a reactive force field based on bon-length bond-order expression that can reproduce bond
breaking and formation in molecular dynamics simulations. It is an accurate and flexible force field, yet
computationally more expensive than other force fields used in the field. The advantages and
disadvantages of the force field have been discussed.
Due to its flexibility and transferability, ReaxFF force field that can be applied to the study of both the
clinker crystalline phases and the amorphous hydration products. The water adsorption on C2S and
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C3S surfaces has been studied in detail with this force field, as well as attempts to determine the initial
hydration mechanism of C3S. Regarding the C-S-H, ReaxFF has been used to study its mechanical
properties and water transport.
A recent development of a second generation of ReaxFF water parameters (Manzano et al., 2018)
improves the description of hydrogen bonding and water density. The extension to cement systems
will make necessary a re-parametrisation of the Ca/Si/O/H set. Ideally, that could be a chance to
expand the force field with other elements, specially Al and Mg.
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ABSTRACT
Calcium Silicate Hydrate (C-S-H) gel is the mayor product of ordinary portland cement, and main
responsible of its cohesion, mechanics, and aging. Despite its importance, the structure of the C-S-H
gel cannot be unequivocally determined due to the variable stoichiometry and the lack of long range
order. After years of investigation the consensus among the community is that the C-S-H gel is an illcrystalline version of the mineral tobermorite, with vacancies in the silicate chains, calcium ions to
balance the charge originated from the vacancies, and a variable amount of water in the inter-laminar
space.
There are nevertheless quite a number of questions that remain without answer. For instance, the
phase diagram of calcium silicates indicates that at room temperature and pressure, tobermorite is
stable in the range of C/S < 1. Above it, other phases like xonotlite and afwillite are thermodynamically
stable. Therefore, why C-S-H has tobermorite-like structure rather than an xonotlite-afwillite-like
structure in the whole C/S range? Clearly, kinetics are prevailing over thermodynamics, but a better
knowledge of the C-S-H Potential Energy Surface (PES) would help us to understand its formation and
structure.
In this work we will use advance molecular simulation methods like Evolutionary algorithms and
Sketch-map to investigate the PES of C-S-H. The information will be use to discuss the formation and
stability of C-S-H.
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1.

INTRODUCTION

Calcium Silicate Hydrate, or usually called C-S-H is the main component of ordinary portland cement.
Therefore, understanding its atomic scale structure and its influence on the material mechanical
properties is very important for the development of innovative and more sustainable concrete. The
C-S-H is a gel is an amorphous hydratation product with some short range order similar to the crystal
structure of the natural minelral tobermorite [see Fig 2(a)] (Taylor et al. 1987). For this reason, even
though the C-S-H has a semi-crystalline structure, tobermorite has been used before as a first approach
to simulate the properties of the C-S-H gel with successful results (Manzano et al. 2009).
The aim of this work is to explore the potential energy landscape of the tobermorite composition to find
out possible structures and try to understand the thermodynamic reasons behind its formation.
Tobermorite is stable in the range of C/S < 1. Above this ratio, other phases like xonotlite and afwillite
are thermodynamically stable. Therefore, why C-S-H has tobermorite-like structure rather than an
xonotlite-afwillite-like structure in the whole C/S range? Clearly, kinetics are prevailing over
thermodynamics, but a better knowledge of the C-S-H Potential Energy Surface (PES) would help us
understand its formation and structure. To do so, the stoichiometry of the tobermorite
(Ca5Si6O16(OH)2·3H2O) was taken as starting point to find different crystal structures that are local
minima in the PES. To perform this task evolutionary algorithms were used.
Once all the structures were created and its properties calculated, the relationship between very different
systems is computed and visualized with a clustering technique called Sketch-map, so that we can
classify the structures in different categories. The energy and elasticity of the structures are computed
and discussed in terms of their “families” or clusters.
2. METHODS
In order to explore the potential energy surface of the C-S-H, evolutionary algorithms implemented in
the USPEX (Oganov et al. 2006, Oganov et al. 2011, Lyakhov et al. 2013) code were used. The initial
stoichiometry for the calculations was two times Ca5Si6O16(OH)2·3H2O, similar to that of tobermorite 11Å
(Hamid et al. 1981). Evolutionary algorithms use a natural selection analogue to select the best fit
structures, in this case, the structures with lower energy. The first generation was created with 100
structures generated randomly using crystallographic symmetries. Once the structures have been
optimized a new generation is created taking the energetically most favourable structures and building
new ones by permutations, mutations and heredity operations. The 20% of structures of each generation
were generated randomly to avoid the algorithm to get stuck in a local minimum. This method is able to
find different minima in the potential energy surface.
For every generation, all the structures are optimized with ReaxFF (Van Duin et al. 2001, Manzano et
al. 2012). This empirical force-field is based on the bond-order relation being able of creating and
destroying bonds while rearranging the atomic charges. This makes this force-field very flexible and
suitable for all kind of random structure and that is why it was chosen for this study (Engel et al. 2018).
The relaxation was done by a conjugate gradient method implemented in the GULP code (Gale et al.
2003). This code is capable of doing atomic relaxations with different force-fields as well as calculating
elastic properties using the second derivative of energy.
To determine the similarity between all the created structures we used the Smooth Overlap of Atomic
Positions (SOAP) kernel (Bartók et al. 2013). This method computes the environmental local density
𝜌𝜒 (𝑟) where 𝜒 describes the environment of each atom. The local density is then expanded in terms of
radial functions and spherical harmonics and it is made rotationally invariant to create an environmental
power spectrum 𝑝^(𝜒). Once the power spectra are calculated the distance is computed by
𝐷(𝜒, 𝜒′) = √2 − 2𝑝^(𝜒) ⋅ 𝑝^(𝜒′).

(1)

This translates the “similarity” between environments into a distance. To compare whole crystal
structures the average of all the environments in the structures were calculated and the distance
between structures were computed using the averaged power spectra in (1). The computed distance is
0 for equal structures.
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Once the similarities between all the structures were computed, sketch-map (Ceriotti et al. 2011, Ceriotti
et al. 2013) was used to create a two dimensional map of the explored structures. Sketch map is a nonlinear dimensionality reduction scheme specifically created for atomic simulations. The main idea of this
method comes from multidimensional scaling where a stress function 𝑆 is minimized. This stress function
contains information about the difference between the high-dimensional distance 𝐷 and the lowdimensional distance 𝑑:
2

𝑆 2 = ∑𝑖𝑗 [𝑓[𝐷(𝑋𝑖 , 𝑋𝑗 )] − 𝑓[𝑑(𝑥𝑖 , 𝑥𝑗 )]] ,

(2)

where 𝐷(𝑋𝑖 , 𝑋𝑗 ) is the high-dimensional distance calculated with SOAP and 𝑑(𝑥𝑖 , 𝑥𝑗 ) is the two
dimensional euclidean distance. 𝑓 is a non-linear sigmoid function of the form
𝑓(𝑟) = 1 − (1 + (2𝑎⁄𝑏 − 1)(𝑟⁄𝜎)𝑎 )

−𝑏 ⁄𝑎

(3)

where a, b and σ are parameters. The sigmoid function is a distortion in distance which allows us to
focus on the most relevant distance σ. Structures with distances smaller than sigma are considered
even closer and those with distances bigger than sigma are represented even further. As a result, this
method creates clusters witch is very helpful to classify different types of structures. To choose the σ
parameter, an histogram of all the distances was made and the σ was chosen to lay just before the first
peak. The a and b parameters where taken as equal 𝑎 = 𝑏 = 4. This was the minimum value that
allowed the identification of clusters in the sketch-map.
Since minimizing the stress function in (2) is not an easy task when dealing with a lot of structures, 200
structures were chosen as landmarks and then all the other structures were projected in the sketch-map
considering only the distances to those 200 points

Figure 1: Sketch map of the selected 1448 structures. Each point in the plot is a structure
and in (a) the color represents the energy while in (b) represents the bulk modulus.

3. RESULTS
More than 3000 structures were created using USPEX. Among all of them, tobermorite had the lowest
energy (-224.997 eV/stoichiometry formula) as expected. This means that within our search there is not
a more stable structure with the selected stoichiometry. From all the structures, after removing the ones
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that were not well converged and the ones with unreasonable high energy 𝐸𝑚𝑎𝑥 < −210𝑒𝑉, 1448
structures were used to create the sketch map. In figure 1 the sketch map has been plotted with two
different colormaps. In figure 1.(a) the color represents the difference in energy while in 1.(b) represents
the difference in bulk. The point size represents the crystal density. It must be taken into account that
all these structures are 0K local minima, so their stability in the simulation can serve as a guide for the
PES but they are not necessary accessible to synthesis or stable at room temperature. By simple
inspection of the structures we could differentiate three major groups as showed in figure 1.
In group A all the structures have a tobermorite-like structure, with Ca atom layers and infinite silicate
chains as shown in figure 2. The coordination of the calcium atoms is irregular in many of the members,
and some structures do not have the same arrangement of the chains, with dreierketten structure and
linking layers via Q3 bridging sites. Nevertheless, the coordination of the Si atoms is 4 and therefore,
they form perfect tetrahedra with the O atoms. In this group we can find the structures with the lower
energy so we may conclude that the formation of layers is energetically favourable.
The structures gathered in group B correspond to the ones with higher densities and higher bulk moduli.
These structures are very interesting since, although having higher energy than tobermorite-like
structures, they have a much higher bulk modulus up to 186.1 GPa in contrast to the 68GPa of
tobermorite. The coordination of the Si atoms in this group is mainly five although many have a quite
irregular coordination shell with some Si-O bonds over 2Å. This kind of coordination is odd for silicon
but it has been found in high pressure silicates (Badro et al, 1997, Kudoh et al. 1998). Therefore, it could
be stated that this high-bulk polymorphs correspond to high-pressure structures. Furthermore, those
fivefold silica form a polymerized silica layers throughout. This layers are present in most structures in
group B.

Figure 2: Different structures of the PES of Ca5Si6O16(OH)2·3H2O. Si atoms are showed in
blue, Ca atoms in green, O atoms in red and H atoms in pink. (a) Tobermorite. (b) High
bulk modulus structture. (c) High energy structure.

Finally, the polymorphs gathered in group C are the high-energy (less-stable) polymorphs. They present
a variable coordination of Ca and they are less dense than the other 2 groups. In this group, structures
do not present any kind of layers. Since it is a very diverse group, we can differentiate three sub-groups
of structures with short Si-Si bonds, polymerized silicate dimers and trimers and structures that combine
different features within the structure. The bulk moduli of this polymorphs are lower than in the other two
groups.
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4. CONCLUSIONS
The potential energy landscape of the tobermorite 11 Å stoichiometry has been studied using
evolutionary algorithms. With all the generated structures a Sketch-map was done in order to classify
different types of structures.
The evolutionary algorithms have been able to create a wide range of different structures to cover the
PES. Then, the SOAP similarity has been capable of differentiating all those structures taking into
account their major structural properties. Finally, the Sketch-map has been very useful to visualize all
those distances from a high dimensional space into two dimensions. This method has allowed us to
categorize the structures in different groups.
We were able to distinguish three kind of families. In the first group (group A) structures had a
tobermorite-like shape with layers and they have the lowest energy in the explored landscape. The
second group (group B) contains structures with very high bulk modulus (up to 186.1 GPa) which makes
them very interesting from a technological point of view for construction purposes. The last group (group
C) gathered all the high energy and less stable structures. This last group contains structures with short
Si-Si bonds, polymerized silicate dimers and trimers and some with combined features.
To conclude, this work marks the beginning of a bigger exploration of the PES in C-S-H gel. This study
could be expanded by using other stoichiometries or using the maximization of the elastic properties as
the fit function in evolutionary algorithms
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ABSTRACT
The gas, oil and geothermal depth wells form particular conditions of coupled temperature and vapor
pressure known as hydrothermal ones. To protect casing against corrosion from hot fluids or gas found
in depth wells, cement slurry is pumped into space between the casing and the surrounding rock
providing thus zonal isolation mechanical support. Therefore, hydration of cement slurry runs under
the effect of high temperatures and vapor pressures. To determine the effect of hydrothermal
conditions on hydration reactions, microstructure and pore structure evolution, Dycherhoff cement,
Portland cements CEM I 42.5 R Extra and CEM I 52.5 R were cured at laboratory condition and in
autoclave at 120°C/0.3 MPa, 180 °C/1.2 MPa and 200 °C/0.2 MPa for 7 days. X-ray diffraction,
TGA/DSC, SEM and MIP were used to understand the mechanism of hydration, pore structure and
microstructure change. It was found out that calcium silicate hydrate (C-S-H) is highly sensitive to the
coupled effect of temperature and vapor pressure. CSH with C/S ratio higher than 1.5 formed at
normal condition of curing in all samples is transformed into alpha-C2SH (180 °C/1.2 MPa) and
jaffeyite C6S5H5 at 200 °C/0.2 MPa. The transformation depended on the type of samples.
Carbonation under these conditions has produced beside calcite and aragonite, also scawtite (C7S6C
̅H2). Ettringite was transformed gradually with increasing hydrothermal curing condition to
monosulphate. These transformations have induced the deterioration of pore structure that has led to
compressive strength depletion.
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I.

Introduction

Cement and cementitious materials are used as binder materials in civil engineering because of their
ability to react with water forming workable slurry that sets and hardens after a certain period (Bensted
1998, Ibrahim 2004). This reaction, the so-called hydration is a complex chemical and physical processes
governed by different mechanisms at different ages of curing. The hydration runs via chemical reaction
between different minerals of cement (C3S, C2S, C3A, and C4AF) and water to form gelatinous or semicrystalline calcium silicate hydrates, denoted C–S–H; calcium sulfoaluminate hydrate (ettringite-C6 AS̅3 H32
or monosulphate-𝐶4 𝐴𝑆̅𝐻12 ) and calcium hydroxide (Ca(OH)2 or CH) which is necessary for pozzolanic and
alkali activation reactions with supplementary cementitious materials (Zhang 2012, Thomas 2012). The
hydration reactions at ambient temperatures leading to the formation of these enumerated products have
been widely and comprehensively described in term of chemical reactions, mechanisms and kinetics
(Escalante-García 2000, Thomas 2012, Zhang 2012, Lin 2009). Many studies have reported the effect of
temperatures on hydration reaction in order to characterize the kinetics of reaction (Barnett 2006, Ježo
2010, Fares 2010). However, to study the kinetics of hydration the range of temperatures exceeds rarely
60 °C as consequence of practical application of Portland cement in civil engineering.
Next to temperature, humidity is a key factor influencing hydration, as water is the most important
ingredient for preparation and design of concretes. Moreover, in standard methods, the environment with
certain degree of humidity is considered as testing procedure to avoid drying shrinkage of cement pastes,
mortars or concretes. Under these conditions of curing moisture is kept intact inside hydrating samples by
external water pressure and guarantees in some measures diffusion of water towards porous structure.
Besides the individual influence of temperature or water (humidity) on cement hydration at ambient
conditions, coupled effect of high temperature and vapor pressure known as hydrothermal processes are
applied extensively to produce a wide range of cement-based materials including self-consolidating
concrete (Luo 2017), porous materials (Fontana 2009) and ultra-high performance concretes (Krämer
(2017, Soliman 2016). These hydrothermal conditions were immaculately studied in order to determine the
technological parameters of autoclave equipment to manufacture cement-based materials with performed
properties. Indeed, autoclaving increases the rate of cement hydration under temperature and steam
pressure considerably with the products reaching high performances within a few hours in comparison
with the 28 days of curing under ambient conditions.
The simultaneous effect of temperature and water vapor cannot be assimilated not to the only influence of
temperature, generally interpreted basing on calorimetry measurement (Pacewska 2009), and neither to
the effect of humidity used by standard procedure conducted under a moist and ambient temperature.
Indeed, high temperatures in hydrothermal environment provide partial vapor pressure around samples
containing liquid water inside their intern structure.
Temperature-pressure equilibrium affects at great extend the hydration reactions of Portland cement, their
mechanisms and kinetics (Palou 2014, Le Saout 2004). Contrary to standard conditions of moisture
around the samples, partial vapor pressure outside and inside the samples differs. The pressure gradient
could lead to the drying or to the wetting of samples. In the case of higher external vapor pressure in
autoclave than internal one inside the sample, water molecules are moved towards outside, which causes
drying samples. The lack of water leads to the formation of hydration products poor in water molecules.
Moreover, higher temperatures lead to the thermal decomposition of some hydration products.
In hydrating samples three category of water could be recognized: chemically bond water in hydrated
products (C-S-H, C-A-S-H and C6 AS̅3 H32 ), physically bond water and free water generally trapped inside
pore embodies (Bensted 1998, Jansen 2012).
Oil-wells and geothermal wells constitute natural hydrothermal environments with higher temperature and
vapor stream pressure. These specific underground climate supplemented by chemical and biological
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conditions are harmful to cementing materials (Le Saout 2006, Nelson EB 1981, Kalousek 1979).
Therefore, in cementing casings in oil and geothermal wells, the main concern is to provide a complete fillup of cementitious binders in the casing-hole annulus in order to withstand the severe environmental
conditions and keep the casings firmly to the ground and assure the integrity of its structure. In cementing
those oil wells, American Petroleum Institute (API) has defined 9 Special classes of Portland cement, of
which Class G and Class H are widely used in well cementing.
Most specific cementing slurries must be developed specially for the geothermal wells, as geothermal
sources are indeed, substantively quite different in nature from oil and gas ones (Nelson EB 1981,
Kalousek 1979, Yazıcı 2013). The difference is not only the elevated temperature and pressure, but also
the chemical, physical and biological properties of environmental hot fluid due to the deeper geothermal
energy reservoir in Earth’s crust.
The present studies were undertaken to understand the chemical processes occurring in commercial oilwell cements (Dycherhoff, Oil-well Portland Class G HSR) and special Portland cement (Cement Extra,
CEM 42.5 R), but under more severe hydrothermal environment like in geothermal wells. The coupled
effect of autoclave (pressure- temperature) on chemical reactions and stability of hydration products,
mechanical properties of cement paste, microstructure and pore structure is deeply analyzed using the
results obtained by means of DTG/TG, XRD and MIP.

II.
Experimental
The curing conditions, oxide and mineralogical composition, as well as specific surface of samples are
reported in Table 1-3. All three samples are considered as Portland cement with low C 3A content.
Oil-well Portland cement Class G HSR; Holcim OJSC “Volskcement”, Russia. -GOWC
Dycherhoff Portland cement from Germany; Portland cement Class G - Dycherhoff
Portland cement Extra CEM I, 42.5 R Slovakia –CEMExtra
Table 1. Curing conditions
Curing conditions
standard

hydrothermal

hydrothermal

20 °C, 100 % rel. humidity

0. 5MPa /165 °C

2.0 MPa /220 °C

II.1. Sample preparation and methods
Cement pastes were prepared in standard mixer at a water-cement ratio 0.3, molded into 4x4x16 cm
prism molds and cured in a closed vessel containing steam water vapor at 100 °C in electric owen for 1
hour in order to enhance the hardening. After this pre-curing procedure still hot hardened specimens were
quickly demolded and inserted into the autoclave (High Pressure Autoclave Testing Bluhm & Feuerherdt
GmbH) to be cured for 7 days. After this curing period, autoclave was switched and let cooled to 100 °C.
Then the samples were removed and placed in vessel containing hot water(100 °C) placed in electric
owen. The electric owen, after switching was let cooling freely to room temperatures. Prior to measuring
the compressive and tensile strengths, the samples were removed from water, dried in air and weight in
order to determine the density.
The compressive strength of cured samples in autoclave or in standard conditions was tested on three
samples using WPM WEB Thuringer Industriwerk Rauestein 11/2612 (up to 25 000N). Each displayed
data represents arithmetic mean of 6 experimental measurements.
Some spices of samples were grinded into fine powder and washed in acetone to remove water physically
bond, before they were dried at 50 °C in closed vessel during 24 h. Then the samples were submitted to
thermal and XRD analysis. Also, some fragments were dried in a vacuum oven at 100 °C during 24h and
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used for microstructure and pore structure analysis to find an evidence of new hydrated products
presence and their morphology.
Table 2. Mineralogical composition of Dycherhoff, CEMExtra and GOWC
Mineralogical composition / wt.%
C3S

GOWC
64.0

Dycherhoff
61.0

CEMExtra
67.4

C2S

12.0

18.80

12.6

C4AF

15.5

6.3

6.5

C3A_Cubic
C3A_Orthorombic

3.0
2.0

2.0
4.2

2.5
3.0

Gypsum

3.5

3.0

5.0

Dolomite

2.0

Calcite

3.0

3.0

3300

1.0
3800

CH
Specific surface / m2 kg-1

3750

The phase changes taking place in the samples were monitored by TGA/DSC technique (TGA/DSC – 1,
STARe software 9.30, Mettler Toledo). The 50.00 (± 0.03) mg of powdered samples was heated in the
open platinum crucibles up to 1000 °C at the heating rate of 10 °C min-1 under air atmosphere. TGA is
equipped with a thermobalance which continuously measures the mass loss of materials during
progressive heating. The differentiation of the TGA curve gives the DTG curves, in which specific peaks of
weight loss are related of the different hydration products.
The X-ray diffraction analyses of original samples and cured samples under different conditions after 7
days were conducted on Bruker D8 Advance diffractometer equipped with Cu-anode (λKα = 0.15418 nm),
1-D position sensitive detector and variable divergence slits at convention Bragg–Brentano parafocussing
Θ–Θ reflection geometry. Step size – 0.04° 2θ and time per step – 188 s were used. The measured data
were processed using Diffract plus software.
Mercury intrusion porosimeter Quantachrome Poremaster 60GT (Quantachrome UK Limited) was used for
the estimation of the pore structure parameters of the composites. Two or three pieces of the dried sample
with diameter less than 10mm and total weight max. 2g were used for the tests. The maximum applied
pressure of mercury was 414MPa, equivalent to a Washburn pore radius of 1.8nm.

III.

Results and Discussion

III.1.
Mechanical strength
The Table 3 summarizes the compressive and tensile strength of samples cured under different
conditions.
Very high compressive strength is obtained under standard curing conditions with all samples, but
retrogression is observed at 165 °C/0.5 MPa and 220 °C/2.0 MPa. These results clearly demonstrate the
effect of increasing hydrothermal conditions on the strength retrogression of commercial oil well cements,
which are dedicated to support a typical wellbore casing. Contrary to GOWC and Dycherhoff, Portland
cement CEMExtra 42.5 R shows an improved compressive strength when cured at 165 °C /0.5 MPa, but it
has more suffered from higher hydrothermal conditions. This is related to the mineralogical composition.
Indeed, more C-S-H is found in hydrated CEMExtra 42,5 R under standard curing conditions than in oilwell ones. The transformation of C-S-H with higher C/S ratio has led to the formation of more porous
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structure of calcium silicate hydrates such as -C2SH or jaffeite (from DTA/ and XRD analysis) causing
thus the depletion of mechanical strengths (Luo 2017, Yazıcı 2013).
Table 3. Strength characteristics of samples cured under different conditions.
Dycherhoff
CEMExtra
Temp. GOWC
°C
Mechanical strength/MPa
Mechanical strength/MPa
Mechanical strength/MPa
Flexural
Compressive
Flexural
Compressive
Flexural
Compressive
20
12.54 ± 2
77.50 ± 3
11.40 ± 3.50 58.80 ± 3
13.28 ± 2.8
61.00 ± 3.6
165
11.45 ± 1.60 51.8 ± 5
8.50 ± 2
47.40 ± 4
10.16 ± 4
69.15 ± 4
220
5.05± 2.2
20.5 ± 4.2
5.53 ± 2.50
25.40 ± 5
2.83 ± 1.60
17.84 ± 3.80
These cements are generally promoted to be used at temperatures below 120 °C. It is clear that all
samples meet the requirements of API of 21.0 MPa after 7 days (Kalousek 1979, William 2005) at 165 °C.
III.2.
Thermal analysis
Figure 1A-C depicts the overall DTG curves between 0 to 1000 °C of all three samples cured under
various conditions. Analyses are focused on the main temperature intervals (0°C - 280 °C, 280 °C - 480
°C, 480 °C - 600 °C, 600 °C - 1000 °C) showing endothermic peaks with different velocities at the DTG
curves according to curing conditions and type of samples. Under normal conditions of curing, it is
generally assumed that the temperature range 50-115 °C characterizes the thermal decomposition of
calcium silicate hydrates (C–S–H), 120–130 °C denotes the presence of ettringite, 430–550 °C
demonstrates the thermal decomposition of calcium hydroxide (CH) and 750–1000 °C characterize
different forms of calcium carbonate (CaCO3) (Boháč 2014, Escalante-García 2004, Kuliffayová 2012).

A

B

C

Figure 1A-C. The overall DTG of cured samples under different conditions.
Cured under hydrothermal conditions, some original peaks (in temperature range 0 - 300 °C) disappear
progressively while new one appears (500 - 600 °C). For the best understanding of the multistep hydration
reactions, DTG curves were separated into three distinct intervals: 0-300 °C; 300-600 °C and 600-1000
°C.
 Temperature range 0-300 °C
The endothermal peaks with different velocities characterize the presence of calcium silicate hydrates (CS-H) and ettringite with small quantity of calcium aluminate silicate hydrates. Basing on these findings,
one can remark that CEMExtra is more reactive at 20 °C than Dycherhoff and GOWC. This could be
linked to the mineralogical composition and specific surface of individual samples. XRD has identified
ettringite in samples CEMExtra and Dycherhoff. As C-S-H being amorphous or semi crystalline, its
presence can be detected only by TA method. But cured at 165 °C/0.5 MP, one can remarks some signs
of decreasing endothermic peaks evidencing the presence of C-S-H or ettringite, but at 220 °C/2.0 MPa
the presence of any hydrated products has not been detected in this temperature interval for any sample.
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 Temperature range 300-600 °C; samples cured under normal conditions
It is generally evidenced (Bensted 1998) that the only product which can be decomposed in this
temperature range is calcium hydroxide. Keeping into consideration the velocity of individual curve, it is
evident that the amount of calcium hydroxide is nearly the same in all samples when cured under normal
conditions.
At 165°C/0.5 MPa, one small peak appears at 350 °C and at 530 °C. Moreover the velocity of peak
between 400 and 500 °C varies and also the peak position. In Dycherhoff and CEMExtra samples, the
peaks are shifted towards higher temperatures. Contrary to samples cured under standard conditions with
one product (calcium hydroxide –CH), four hydrates are expected present at this interval. Firstly, minor
peak at 350 °C can be attributed to some hemi- carbonate (William 2005). Secondly, the peak at 530 °C
denotes the presence of jaffeite (C6S2H3) (Nelson 1981, Kuzielová 2017, Day 1988). More interestingly,
the large and intensive peak between 400 °C and 500 °C could represent the decomposition of two
hydrated products. If the main product of hydration remains calcium hydroxide, it is clear that the effect of
hydrothermal curing has led to the formation of new product with endothermic peak located at 520 °C.
Referring to the XRD results, the two products are -C2SH and CH (calcium hydroxide) with overlapped
dehydration curves at this temperature region. According to (Palou 2014, Le Saout 2006) CH is
decomposed at 420-450 °C, while -C2SH is decomposed at temperature exceeding 450 °C. It was
previously reported (Palou 2014) that endotherm characterizing thermal decomposition CH is overlapped
with that of α-C2SH at 450-500 °C. The shift of these endothermic peaks towards higher temperature can
characterize the CH/-C2SH ratio.
The DTG curves of samples cured at 220 °C/ 2.0 MPa show interesting features with increased peak at
530 °C and resifted main peak towards lower temperatures, at least for GOWC. Jaffeite results from the
transformation of -C2SH under increasing curing conditions. When all -C2SH is transformed into jaffeite,
then there is only calcium hydroxide which is decomposed at lower temperature. The formation of -C2SH
and its transformation into jaffeite depend on the type of cements as the intensities and position of peaks
change with samples. When cured at 165 °C/0.5 MPa (Figure 1A-C), temperature of all endothermic
peaks exceed 450 °C, but at 220 °C/2.0 MPa, two of these peaks coincides with that found at normal
condition of curing and which denotes the presence of calcium hydroxide as the unique products. With
DTG curve describing the thermal decomposition of hydrated products of CEMExtra, one can remark that
the peak position is still located at higher temperature and peak denoting the presence of jaffeite is shifted
towards lower temperature compared to GOWC and Dycherhoff samples.
In sum, calcium hydroxide is formed in all samples. With increasing hydrothermal conditions, -C2SH is
formed resulting from the thermal transformation of C-S-H, then -C2SH is transformed into jaffeite at
higher 220°C/2.0 MPa. Sample CEMExtra seems to be more resistant to the transformation of -C2SH to
jaffeite. XRD found jointly, -C2SH, C5S2H and C6S2H at different ratios.
Also, Alunno-Rossetti et al. (Alunno-Rossetti 1973) have found that at high steam pressure the products
obtained by hydration of C3S are -C2SH, C6S2H3 and Ca(OH)2 after 5 hours, but the content of -C2SH
decreases by increasing curing time. At 0.8-1.6 MPa the hydration products are -C2SH after 8 hours and
C6S2H3 (Jaffeite, similar properties as -C2SH) with trace of -C2SH after about 4 days.
 Temperature range 600-1000 °C
The products that decompose in this temperature range are carbonated ones. One can observe different
peaks which different velocities according to the curing conditions and samples. Indeed at Figure 1A-C,
three peaks are observed at temperature range 600 - 1000 °C depending on curing conditions and
samples. The first one at temperature below 650 °C can characterize not well crystallized CaCO 3. The
velocity of this peak diminishes with increasing curing conditions. The main peak located at 700 °C could
represent the thermal decomposition of some form of CaCO3, while the peak at 800 °C denotes the
presence of limestone or well crystallized CaCO3. The position of the last peak is shifted towards higher
temperature from 750-800 °C to 920-950 °C depending on curing conditions. The formation of scawtite
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̅ H2- Ca7(Si3O9)2(CO3).2H2O) by carbonation of CSH occurring under hydrothermal conditions has
(C7S6C
been reported in our recent work (Kuzielová 2017) that is decomposed also the temperature range 6501000 °C. (C6S2H3) results from the hydrothermal transformation of C-S-H trough α-C2SH (Ca2SiO3(OH)2).
III.4.
Summary of XRD results
As XRD cannot detect the presence of amorphous or semi crystalline phase, one cannot observe the
presence of C-S-H contrary to DTG/TG results (Figure 1A-C). By combining the XRD and DTA analysis to
identify the hydrated products we found that C-S-H gel (detected by DTA and not by XRD), calcium
hydroxide and ettringite are formed at normal curing conditions.
Table 4. Composition of cement paste cured under different conditions as collected by XRD.
Pressure/
temperature

C3S
C2S
C4AF
Dolomite
Calcite
Vaterite
CH
Ettringite
scawtite
C7S6𝐶̅ H2
C5S2H2
-C2SH
Jaffeite
Katoite
CASH

20 °C

165 °C

220 °C

Dycherhoff

CEMExtra

GOWC

Dycherhoff

CEMExtra

GOWC

Dycherhoff

CEMExtra

GOWC

40
20
8
3
4
4
20
2
-

47
15
5

47
15
5

14
14
2

14
14
2

11
14
2

9

13

13

12

12

16
3
-

23
3
-

23

37

32

16
10
5
2
4
3
15

11
14
2

14

18
13
8
3
3

20

11

-

-

-

10

-

-

-

-

-

21
6
4

12
18

45
3
11

14
20
5

12
10
19
9

15
7

When curing temperature exceeds 150 °C, C-S-H disappears, and new phases appear, dominantly C2SH followed by Jaffeite and katoite. At 220 °C/2.0 MPa, jaffeite becomes dominant phase and the
presence of -C2SH decreases. These metamorphoses usually at high temperatures lead to the
phenomenon known as strength retrogression (Luo 2017)]. At temperature over 110°C C-S-H gel often
converts to alpha dicalcium silicate hydrate phase (a-C2SH) characteristic for its weak porous structure
(Kuliffayová 2012). Changes in structure are most of all responsible for the strength decrease. The
markedly increase of permeability coefficient hardened samples due to a greater porosity makes it less
resistant to corrosive engendered by pressured fluids which are an equally serious problem as losing the
strength itself.
III.5.
Application of Mercury Intrusion Porosimeter
As Mercury Intrusion Porosimetry remains by far the most popular method employed to characterizes the
pore structure of hardened cement pastes, mortars and concretes (Kuzielová 2017), it has enabled to
determine the total porosity (TP), pore size distribution (PSD), Inter- and intraparticle porosity, and
Permeability K.
The pore structure of hardened cement pastes used in geothermal well is of great importance because it
is responsible for the support of casing steel well, but also it controls the permeability of hot fluid which
can cause its damage.
The relationship of dV/dLogR, in which V is the mercury intrusion volume and R pore radius represented
by particle size distribution (PSD) curves of cement pastes cured at different conditions are depicted in
Figure 2A-C. Considering the character of PSD, it is clear that all curves are of bimodal distribution with
two distinct peaks denoting the presence of intraparticle porosity (between particles), interparticle (within
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particles) porosity, speared by a zone of mesoporority. The first one (intraparticle) is located in the
micropore area (R up to 6000 nm), while the second one (interparticle) which begins approximately at
50000-80000 nm belongs to the macropore area. Bimodal peaks of dV/dlogR for different samples with
different intensities are found situated at different R. This means that hydrated cement pastes from
different samples have not identical pore structure composition in the same pore structure areas.

A

B

C

Figure 2 A-C. Pore size distribution of samples cured under different conditions.

A

B

C

Figure 3A-C. Mercury volume intruded of Dycherhoff, GOWC and CEMExtra cured at different curing
conditions.
At normal curing conditions all samples present similar features of PSD with the same peak position
differing by intensity (CEMExtra). At curing conditions of 165 °C/0.5 MPa, the effect of hydrothermal curing
differ slightly with the type of samples. The PSD of all samples is extended towards finer and coarser pore
size denoting, not only the refinement of gel pore structure, but also some deterioration of pore structure
(Palou 2014). The sensitivity to the effect of hydrothermal at 165 °C/0.5 MPa depends on the type of
samples. GOWC seems to be more resistant to this effect, while Dycherhoff and CEMExtra are more
affected. At higher conditions (220 °C/2.0 MPa); the samples suffer the same effect of hydrothermal
curing. PSD curves are more extended and displaced towards coarser pore size. By correlating the results
of PSD with DTG/TG curves, it is clear that the products formed at high hydrothermal curing conditions are
̅ H2 and C5S2H.
responsible for the depletion of pore structure. These products are -C2SH, C6S2H3, C7S6C
Table 4 reports the results of MIP analysis. The total porosity can be divided in two categories:
Interparticle porosity and intraparticle porosity that are demonstrated by the presence of bimodal PSD
curves.
The total intruded volume (TVI) in cm3. g-1 increases with increasing temperature and water vapor
pressure. This fact characterizes the change in pore structure. It becomes more opened due to the
formation of new crystallized hydrates (-C2SH and C6S5H3). While at 165 °C/0.5 MPa, the change is not
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significant because the dominant phases were calcium hydroxide and -C2SH, at 220 °C/2.0 MPa jaffeite
is formed causing the depletion of pore structure. The depletion of pore structure has led to the
deterioration of compressive strength as reported by (Palou 2014) (Table 3).
Table 5. Pore characteristics of cured samples
Temp.
°C

GOWC
Total porosity
%

20
165
220

18.50
19.78
21.90

Permeability /
m.s-1

2 x 10-16
7 x 10-16
198 x 10-16

Dycherhoff
Total
porosity %

22. 20
26. 42
32. 25

Permeability /
m.s-1

8 x 10-16
14 x 10-16
327 x 10-16

CEMExtra
Total
porosity %

25.03
25.15
34.81

Permeability /
m.s-1

10 x 10-16
44. x 10-16
1271 x 10-16

The permeability K of porous solid material is defined as the weakness of the solid to resist to the
transport of fluid across it, in other words the ability of solid to let fluid flows across its pores or interstices.
The models which describes the flow of fluids across straight cylinders is based on Darcy´s and
Poiseuuille´s laws using formula:
𝐾=

2
∅𝑑𝑝

32

,

(1)

where K is permeability in nm 2,  is the powder bed porosity and dp is the average (mean volume)
diameter of the pore.
The permeability coefficient depends on each samples and is at great extend affected by
temperature/pressure values in autoclave. Indeed, the permeability coefficient of Dycherhoff changes from
8.10-16 m.s-1 (Normal conditions) to 327.10-16 m.s-1 (220 °C/2.0 MPa); GOWC from 2.10-16 m.s-1 to
198.10-16 m.s-1 and CEMExtra from 10.10-16 to 1271.10-16 m.s-1. These changes characterize the effect of
hydrothermal curing condition that can affect the integrity of protective layer around casing steel by letting
hot fluid flows.
The total porosity also increases with increasing temperature/pressure in autoclave. GOWC seems to be
more stable than Dycherhoff and CEMExtra. Though the permeability coefficient of GOWC at 220 °C has
increased 200 times compared to standard curing conditions, those of Dycherhoff and CEMExtra have
been more degraded.
IV.
Conclusion
The hydration of Portland cement under hydrothermal conditions is a complex process influenced not only
by temperature, but also by vapor pressure and pressure gradient, time exposure, mineralogical
composition and water-to –cement ratio. Under these non-equilibrium conditions of increasing temperature
C-S-H, ettringite and CH are formed when temperature exceeds not 110 °C. At different equilibrium
temperature/pressure phases, C-S-H changes gradually its structure from semi crystalline to crystalline
one, while ettringite is decomposed. The transformation of C-S-H to a-C2SH phase at temperature
exceeding 110 °C leads to the beginning of strength deterioration due to the change in pore structure.
These changes continue with increasing temperature/pressure causing the transformation of a-C2SH to
C6S5H3. Some products like C5S2H2 and scawtite (C7S6CH2) at some extend are also formed. Thanks to
thermal analysis method combined with XRD it was possible to identify the presence of different hydrated
and find out the reaction process that lead to strength loose at higher temperature. Dycherhoff cement,
Cement CEM 42.5 R and G-oil cement HSR could be used at temperature non-exceeding 150 °C. At
higher temperature the crystallization and transformation process can lead to the collapse of structure
integrity.
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ABSTRACT
Nanoparticle simulations have been used recently to study the formation of cement hydration products.
These simulations focus on the role of mechanical interactions, but usually oversimplify the description
of the system chemistry. As a result, nanoparticle simulations are still unable to capture some
important experimental results on the relationship between cement chemistry, hydration rate, and
nanostructure of the hydration products and of the dissolving phases. This paper presents a recently
developed Kinetic Monte Carlo framework to conduct nanoparticle simulations that quantitatively
account for the chemistry of the cement solution. First results on growth of calcium-silicate-hydrate
have been published already. The present manuscript instead addresses the dissolution of tricalcium
silicate, discussing the impact of thermodynamic quantities (e.g. interfacial energy and equilibrium
constant), kinetic constants (activation energy), and defect density, on the predicted dissolution
mechanisms and overall rates.
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Abstract: Nanoparticle simulations have been used recently to study the formation of cement
hydration products. These simulations focus on the role of mechanical interactions, but usually
oversimplify the description of the system chemistry. As a result, nanoparticle simulations are still
unable to capture some important experimental results on the relationship between cement chemistry,
hydration rate, and nanostructure of the hydration products and of the dissolving phases. This paper
presents a recently developed Kinetic Monte Carlo framework to conduct nanoparticle simulations that
quantitatively account for the chemistry of the cement solution. First results on growth of calciumsilicate-hydrate have been published already. The present manuscript instead addresses the
dissolution of tricalcium silicate, discussing the impact of thermodynamic quantities (e.g. interfacial
energy and equilibrium constant), kinetic constants (activation energy), and defect density, on the
predicted dissolution mechanisms and overall rates.

1.

INTRODUCTION

Cement hydration modelling has traditionally focussed on length scales above the micrometre, leading
to various models of microstructure development (Thomas et al. 2011, Bullard et al. 2010, Masoero et
al. 2014a). However, there is growing awareness that the sub-micrometre structure of cement
hydrates, and in particular of the calcium-silicate-hydrate C-S-H gel, can significantly impact
engineering properties, for example creep (Vandamme & Ulm 2009, Bauchy et al. 2015, Masoero et
al. 2013) and self-desiccation (Bažant et al. 2015, Masoero et al. 2018a,b). Meanwhile, recent
experiments have been clarifying how the solution chemistry influences the dissolution of cement
(Juilland et al. 2010, Nicoleau et al. 2013), the nucleation of C-S-H (Krautwurst et al. 2018) and the
densification of the gel structure to form various sub-micrometre morphologies (Tajuelo Rodriguez et
al. 2015). All this stimulates current efforts to develop quantitative models and simulations of cement
hydration directly at the so-called “mesoscale” between molecules and micrometres (Del Gado et al.
2014).
With few exceptions (Etzold et al. 2014, Petersen et al. 2018), mesoscale models to date are based on
nanoparticle aggregation and have mainly addressed the formation of cement hydrates, and not the
dissolution of the cement (Prabhu et al. 2018, Masoero et al. 2012, Ioannidou et al. 2014). Most
nanoparticle simulations share some common features:
1) The hydration product is modelled as an agglomerate of nanoparticles, which are coarse-grained
units whose size can be as small as a single molecule, but also as large as thousands of molecules
each;
2) The nanoparticles interact with each other via effective potentials that summarise ionic and
covalent interactions at the smaller scale. These interactions drive aggregation and provide
cohesion and mechanical strength to the hydrates (Masoero et al. 2014b);
3) A simulation typically starts from an empty simulation box that is progressively filled by inserting
new particles. This is done with a Monte Carlo approach where the probability of accepting the
insertion of a new particle depends on an overall “driving force” modelling the supersaturation of the
cement solution, and on the local interaction forces that bias the system towards certain
morphologies and kinetics (Ioannidou et al. 2014, Shvab et al. 2017).
Nanoparticle simulations have provided valuable insight into the impact of nanostructural disorder on
mechanical properties (Masoero et al. 2012), explaining the emergence of unique structural
correlations in the experiments (Ioannidou et al. 2016). On the other hand, nanoparticle simulations
oversimplify the system chemistry and the ensuing kinetics, to the extent that important experimental
results are still a challenge to simulate. Examples of such experimental results are the acceleration
and deceleration regimes during early cement hydration and the relationship between cement
dissolution rate and solution supersaturation. Describing these processes requires an accurate
account of the solution chemistry, which is where nanoparticle simulations usually fall short. This
motivated a recent effort to combine particle simulations with chemical kinetic theory (Shvab et al.
2017). First results of this new approach have addressed the nucleation and growth of C-S-H,
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reconciling nanoparticle simulations with the established theory of heterogeneous Boundary and
Nucleation and Growth (Masoero 2018).

Figure 1. Experimental results of dissolution rate of tricalcium silicate, C3S, as a function of the
supersaturation β of the cement solution (adapted from Nicoleau et al. 2013)
The present manuscript instead focuses on cement dissolution, which has not been addressed yet by
nanoparticle simulations. The reference experimental result from the literature is shown in Figure 1.
The sigmoidal trend of the dissolution rate displayed in the figure has been explained in Nicoleau et al.
2013 assuming a transition from pitting to step-retreat as the main mechanism of dissolution. Such a
transition has been shown to cause similar trends of rate with supersaturation for various minerals
(Lasaga 2014, Juilland et al. 2010). Here we discuss quantitatively whether such a transition is indeed
to be expected in tricalcium silicate dissolution, and we do this by referring to the methodology
developed in Shvab et al. 2017: nanopoarticle simulations combined with chemical kinetics.
2.

METHODOLOGY

The simulations start with a set of N particles, representing a domain of crystalline tricalcium silicate,
C3S, and immersed in a cement solution with fixed concentrations of calcium, silicon, and hydroxyl
ions. The objective is to simulate the dissolution of C3S and compute the overall rate of the process,
evaluating how the dissolution mechanisms and the rate depend on the solution chemistry, as per the
experiment in Figure 1. The dissolution of C3S is simulated using a Kinetic Monte Carlo scheme,
whereby the probability of each particle to be deleted from the system is proportional to its dissolution
rate. Assigning a physically correct dissolution rate to each particle, depending on their chemical
composition and mechanical interactions with other neighbouring particles, is the key novelty
introduced recently by Shvab et al 2017. Additional elements of novelty introduced here are that:
1) Differently from Shvab et al 2017, where each particle was a coarse-grained collection of
hundreds of C-S-H molecules, here each particle represents only one molecule of C3S. This
makes the present work similar to traditional applications of Kinetic Monte Carlo in the field of
chemical kinetics, e.g. see Lasaga 2014;
2) The reaction rates are expressed here in terms of net rates, so that C3S dissolution can be
simulated on its own without explicitly simulating precipitation.
The reference reaction here for the dissolution of C3S is adopted from Nicoleau et al. 2013:
C3S → 3Ca2+ + H4SiO4 + 6OH-

(1)

The net rate for the dissolution of one C3S molecule (in our simulations, one particle) at position x0 is:
rdissnet (x0) = rdiss(x0) – rprec(x0)

(2)

rdiss and rprec are the straight rates of dissolution and precipitation of the C3S molecule at position x0.
The position vector x0 will be dropped hereafter, but it is important to appreciate that the positiondependent interaction energy (potentially generating interaction forces and stress) will contribute to the
rate expressions. It is also important to note that any change in energy in rdiss, due to dissolving a
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particle from position x0, will be equal and opposite to the corresponding energy change in rprec, which
is due to precipitating a particle in exactly the same position.
Following Transition State Theory and the derivation in Shvab et al. 2017, rdiss and rprec can be
expressed as:

𝑟𝑑𝑖𝑠𝑠 =

𝑘𝐵 𝑇
𝑐∗
Δ𝐺 ∗
−Δ𝑈𝑑𝑖𝑠𝑠 −𝛾ΔΩ𝑑𝑖𝑠𝑠
𝑉
exp (− 𝑘 𝑇) exp (
)
ℎ 𝑚 𝛾∗
𝑘𝐵 𝑇
𝐵

𝑟𝑝𝑟𝑒𝑐 =

𝑘𝐵 𝑇
𝑐∗
Δ𝐺 ∗
𝑉𝑚 ∗ exp (−
) 𝛽𝑝𝑟𝑒𝑐
ℎ
𝛾
𝑘𝐵 𝑇

(3)
(4)

kB is the Boltzmann constant, T is the temperature in Kelvin degrees, h is the Planck constant, γ* is the
activity coefficient of the activated complex, c* is the standard state concentration of the activated
complex (typically 1 mol/L), Vm is the molar volume of C3S (in L/mol if c* is expressed in mol/L), ΔG* is
the activation free energy for the reaction of C3S dissolution, ΔU diss is the change of total interaction
energy in the system due to the deletion of the considered particle, γ is the solid-solution interfacial
energy of the C3S, ΔΩdiss is the area of solid-solution interface lost when deleting the particle (equal to
the surface area of the particle itself), and βprec is the supersaturation of the solution with respect to the
precipitation of one C3S particle:

(5)

The nominator features the activity product Q, whereas Keq,diss is the equilibrium constant for the
dissolution reaction in (1).
The rate equations (3) and (4) are special cases of those introduced in Shvab et al. 2017, where a
factor  allowed terms of ΔU and ΔΩ type to appear also in rprec , and βprec to appear also in rdissnet. The
equations presented here are for the case of = 0, which is a typical assumption in classical chemical
kinetics (e.g. see Lasaga 2014).
The net rate of dissolution, from (2), thus becomes:

𝑟𝑑𝑖𝑠𝑠 =

𝑘𝐵 𝑇
𝑐∗
Δ𝐺 ∗
−𝛥𝑈𝑑𝑖𝑠𝑠 −𝛾𝛥𝛺𝑑𝑖𝑠𝑠
𝑉𝑚 ∗ exp (−
) [exp (
)−
ℎ
𝛾
𝑘𝐵 𝑇
𝑘𝐵 𝑇

𝛽𝑝𝑟𝑒𝑐 ]

(6)

The energy scale of ΔUdiss is constrained to that of γ ΔΩdiss by the requirement of equilibrium, viz. net
rate = 0, when βprec = 1. ΔUdiss is often expressed as the sum of pairwise interactions Uij between
neighbouring particles, so that the dissolution of a generic particle i implies ΔUdiss(i) = Σj Uij(rij) where j
is a counter of the neighbours and rij is the inter-particle distance. The function Uij(rij) should be chosen
in such a way that the relevant mechanical behaviours of the system are correctly described, as
discussed, e.g. for C-S-H, in Masoero et al. 2014c and Ioannidou et al. 2014. In the present
manuscript the details of Uij are not important, because we will only consider stress-free solids.
However, a crucial attribute of Uij for our purpose here is that its minimum, ε, which sets the energy
scale of the interactions, is tuned in such a way that rdissnet=0 when βprec = 1. To obtain this, consider for
example the 2D Kossel crystal in Figure 2.
In the 2D Kossel crystal, the particle (of cubic shape) at the kink is the most likely to dissolve, because
its disappearance would not increase the overall exposed surface of the solid. Imposing r dissnet = 0 for
the kink particle when βprec = 1 corresponds to imposing ΔUdiss = -γ ΔΩdiss for the kink particle in (6). In
the 2D Kossel crystal, the kink particle interacts with two particles only and, if the particles are at
mechanical equilibrium so that Uij = ε everywhere (stress-free system), then ΔUdiss = 2ε = -γ ΔΩdiss =
4a2γ, thus ε = 2a2γ , which provides the relationship between interaction energy scale and surface
energy to obtain equilibrium when βprec = 1. This relationship, of course, depends on the geometry of
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the lattice and it changes, for example, moving away from the simple 2D Kossel crystal to more
meaningful 3D lattices, e.g. fcc lattices or close-packed random agglomerates.

Figure 2. (a) Qualitative example of typical interaction potential used in nanoparticle
simulations. (b) 2D Kossel crystal model
3.

TRANSITION FROM STEP RETREAT TO PITTING IN THE 2D KOSSEL CRYSTAL

Nicoleau et al. 2013 explained the sigmoidal shape of the dissolution rate vs. supersaturation in Figure
1 invoking a change of dissolution mechanism, from pitting to step retreat. The 2D Kossel crystal in
Figure 2 is sufficient to appreciate that the net rate equation (6) predicts such a transition.
In the 2D Kossel crystal, the net dissolution rates for kink and pit particles are:
(7)

(8)

r0* summarises the pre-exponential factor in equation (6). If the characteristic distance between two
kink points is of N particles, a pit will appear only if the time for a kink to retreat by N steps, N/rkink , is
greater than the time for one pit to form, 1/(N rpit). Thus, on average, pitting requires the following
condition on the average distance N between kinks to be satisfied:

(9)

Equation (9) has several important implications:
1) The number of steps by which a retreating kink can advance before the next pit opens up, N, is an
increasing function of β (with 0 < β < 1);
2) For any γ there exists a critical βcrit = exp(-2a2γ/kBT), for the 2D Kossel crystal, above which pitting
cannot occur (N  ∞ in the inequality);
3) There exists also a minimum distance between kink defects below which pitting cannot occur even
if β = 0. This is Ncrit = N(β = 0) = exp(a2γ/kBT);
4) The smaller the distance N between kink defects (as long as N>N crit), the smaller the β causing the
transition from kink retreat to pitting. For a given N, this transition value of β (necessarily between
0 and βcrit above) can be found by solving (9) for β, in the form of equality.
It is instructive to insert typical values of molecule size a and surface energy γ for C3S into the
equations in this section, and see whether already the simple 2D Kossel crystal model would predict a
realistic transition from pitting to step retreat for C3S dissolution, compared to Figure 1. Using the
molar volume of C3S (Bullard et al. 2015), one can work out a typical molecular size of C3S, a = 0.49
nm. The interfacial energy between C3S and water is very high, but hydroxylation would significantly
reduce it (Manzano et al. 2015) leading to a phase whose chemical composition may be quite similar
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to that of C-S-H. Hence here we assume that γ of hydroxylated C3S is the same as that of C-S-H, γ =
87.6 mJ/m2 (Bullard et al. 2015). These inputs, for the 2D Kossel model, yield the curve in Figure 3.
Figure 3 shows the domain in which pitting can occur, as long as N is sufficiently large and β
sufficiently small. Figure 3 shows that pitting is already possible at inter-kink distances in the submicrometre range, which is a reasonable characteristic distance between defects in a crystal (Juilland
et al. 2010). Furthermore, the value of β below which pitting is possible, tends to βcrit quite rapidly,
within less than an order of magnitude in N. The value of β for the transition increases rapidly from 0 to
ca. 10-6 within a very small range of N values, close to Ncrit: this means that observing the transition at
values β <10-6 should be unlikely from an experimental point of view, as it would require a very specific
value of inter-kink distance. On the other hand, for a very wide range of N, from ca. 160 to infinity, the
transition should be observed for values of β within a relatively narrow band, between 10-6 and βcrit =
4.06E-5. This range of β is indeed close to the range in which the retreat-to-pitting transition starts to
be relevant in the experiments in Figure 1.

Figure 3. Domain of 2D Kossel model parameters for which C3S could undergo dissolution by
pitting

4.

KINETIC MONTE CARLO SIMULATIONS OF C3S DISSOLUTION: STEP RETREAT AND
PITTING

Our Kinetic Monte Carlo simulations of C3S dissolution in 3D start with an fcc lattice of spherical
particles with diameter a = 0.49 nm, representing individual molecules of C3S (Figure 4a). The lattice
forms a slab, representing the interface between a C3S grain and the cement solution whose chemical
composition, thus β, is imposed and kept fixed during each simulation. The simulation thus provides
the predicted dissolution mechanism and corresponding dissolution rate. The C3S slab has a surface
of 34x34 nm2 and has a pre-imposed kink, as shown Figure 4a. All the particles next to the boundaries
of the simulation box are fixed and not allowed to dissolve. The cohesion between particles is ensured
by a harmonic pair potential Uij, whose minimum ε = 0.595 a2γ has been found by fixing the activity
product of ions in solution Q equal to the equilibrium constant of C3S dissolution in Nicoleau et al.
2013, Keq,diss = 9.6·10−23 (which is the same as setting βprec = 1), and progressively decreasing ε until
dissolution starts. This is the same criterion to fix ε as discussed with regard to the 2D Kossel crystal
model in the previous section.
The simulation results in Figures 4b and 4c show that a transition from step retreat dissolution to
pitting is captured within a range of βprec that compares reasonably well with Figure 1. A quantitative
prediction of the sigmoidal rate curve in Figure 1 however is more difficult, and still to be achieved,
mainly due to the scaling of the dissolution rate with the size of the simulation box. In particular, the
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rate in Figure 1 is expressed as moles of dissolved C3S molecules per unit area. The rate of pitting
scales as the number of molecules on the surface, hence it is constant when expressed as rate per
unit area. By contrast, the rate of step retreat is proportional to the number of kinks (or, more
appropriately, dissolution fronts) per unit surface, leading to a rate per unit surface that is inversely
proportional to the linear size of the simulation box (as long as we set one kink per box, as in our
simulations here). Because of this, the dissolution rate per unit area when β prec is large, and dissolution
occurs by step retreat, is a function of the simulation box size and would require a correction
proportional to the average distance of kink defects on the C3S grains in the experiments, which we do
not know here.

Figure 4. (a) Initial configuration of a layer of C3S, modelled as an fcc lattice of red spherical
particles. (b) Partially dissolved C3S, resulting from the step retreat mechanism. (c) Dissolution
by pitting at low levels of solution saturation
Furthermore, all the rates are scaled by the prefactor r 0*, which in turn depends on the activity
coefficient of the activated complex γ* and on the activation energy of C3S dissolution in standard
state ΔG*. For a solid with no net charge, one can reasonably take γ* = 1 (Dominguez et al. 1998). On
the other hand, a direct measurement of ΔG* is not available in the literature, hence a quantitative
prediction of the rate is difficult to achieve. However, as a first approximation to look at orders of
magnitude of the rates, we can equate ΔG* to values of the apparent activation energy of hydration
(including dissolution but also hydrates precipitation) computed experimentally by differential
calorimetry for various cementitious materials (Thomas 2012, Thomas et al. 2017). In particular for
C3S, this provides ΔG* = 50 kJ/mol and r0* = 979 reactions per second. Using this r0* in the equation
of dissolution rate by pitting in the previous section, for the limit case of βprec = 0, we obtain a
dissolution rate of ca. 0.2 μmol/m2/s2. The experiments in Figure 1 show rates in the order of 100
μmol/m2/s2. The prediction is quite far off, but one should consider that: (1) the value of ΔG* used in
our approximation here is quite uncertain, and a small difference in ΔG* would impact the rate
exponentially, and (2) the equation used to estimate the rate here was obtained for the 2D Kossel
crystal, and not for the actual geometry of the fcc lattice in the 3D simulations. All in all, this suggests
that a fine tuning of the simulation parameters, in particular the distance between kink defects N and
the standard state activation energy ΔG*, might lead to a good quantitative description of the
experimental results in Figure 1.
5.

CONCLUSION

This paper has presented a first attempt to quantitatively describe the dissolution of tricalcium silicate
using nanoparticle simulations. Net rates of dissolution have been presented and applied to the
dissolution of a 2D Kossel crystal model system. This simple application already shows that the C3Ssolution interfacial energy is such that one could expect a transition from step retreat to pitting
dissolution in a range of solution saturations that agrees with the experimental observations. Full 3D
simulations are then shown, confirming a similar transition, which might explain the experimentally
observed relationship between cement solution saturation and C3S dissolution rate. It is thus
discussed that a full quantitative prediction of such relationship is probably achievable by opportunely
fine tuning the main parameters of the simulations, namely the standard state activation energy of C3S
dissolution, the surface energy of C3S, and the characteristic distance between kink defects on the
C3S surface. Overall, this work represents an important step in the direction of simulating the full
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hydration of cement (i.e. precipitation and dissolution together) at the mesoscale between the
nanometre and the micrometre.
6.
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ABSTRACT
It was proved experimentally in the work what are the main factors governing the influence of two
heavy metals on the setting of Portland cement. The following heavy metals were tested: lead and
vanadium. The main factors governing the behaviour of these metals are as follows: a) concentration
of sulphate ions in the cement paste liquid phase, b) the rate of dissolution of heavy metals in this
liquid phase, c) the form of heavy metals addition, in the case when there is a high difference in the
rate of dissolution between metal and its oxide. When the concentration of sulphate is low in the first
20 minutes after addition of mixing water the quick dissolution lead is preventing the formation of
ettringite layer on C3A and after this period the “ettringite” setting takes place. When the metals have
low dissolution rate and low concentration in solution the ettringite layer is formed on C3A crystals and
these metals have practically no influence on the initial setting time. There is the case of vanadium,
but it has retarding effect on the final setting time. However, if this dissolution is very low this metal has
also no influence on the final setting time.
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1.

INTRODUCTION

The influence of zinc on the setting time of cement was discovered in England (Neville 1995), where it
can be found as the pollutant of some aggregates. Mineral additives to concrete which contain the
compounds of zinc and lead are causing the disruption of hardening (Lea 1971). The similar influence
of the heavy metals was confirmed experimentally and these results were published relatively early in
1958 (Midgley 1958). Lieber presented the hypothesis that the delay of setting time is caused by the
layer of poorly soluble basic calcium zincate on the cement grains (Lieber 1968). Lieber was stating that
the retarding effect of heavy metals is concerning only alite and their effectiveness can be arranged in
the following order: Zn>Pb>Cu>Sn>Cd (Lieber 1973). The second hypothesis were proposed by
(Arligue, Grandet 1985) which have suggested that the amorphous and non-permeable for water layer
on alite crystals is composed of Zn(OH)2. In favor of this hypothesis is the low solubility of the hydroxides
of all these metals which are the retarders in the alkaline water solution (Vollpracht, Brameshuber 2016).
Only the crystallization of XRD detectable basic calcium zincate Ca[Zn(OH)3∙H2O]2, after the reaction of
amorphous layer with calcium ions and its disintegration, the setting is starting. Zinc is also hampering
the film of ettringite on C3A crystals, principally in the case of low concentration of sulphate ions in the
paste liquid phase (Kurdowski et al. 2015).
The mechanism of retarding action of lead is poorly known, however, it is known that the sulphate ions
concentration in the paste liquid phase has the governing effect on its retarding action (Nocuń-Wczelik,
Łój 2006a, b).
In the published papers all heavy metals, i.e. zinc, lead and vanadium have the disadvantageous
influence on the cement properties, principally on strength. However, this property is decidedly lower,
particularly after longer hardening time, starting after 28 days.
However, it was found that in some cases zinc can accelerate the cement setting (Kurdowski et al.
2015). These cases are linked with the low sulphate ions concentration in the paste liquid phase and
was found in the case of cement with anhydrite used as the setting regulator.
The goal of this paper was to explain the factors which have the influence on the retardation as well as
on the acceleration of heavy metals on the cement setting. Lead and vanadium were examined.
2.

MATERIALS AND METHODS

As mentioned previously, zinc has shown an acceleration effect on cement setting, when anhydrite II
was used as a setting regulator (Kurdowski et al. 2015). Slow solubility of anhydrite II was the cause of
low sulphate ions in the paste liquid phase. However, lead and vanadium were not examined in this
condition. Thus, anhydrite II and gypsum were used as the setting regulator added to cement. Industrial
cement CEM I 52,5 N – SR 3/NA with anhydrite II and industrial cement CEM I 42,5 R with addition of
gypsum were used. The phase composition of these cements, determined with Rietveld method, is given
in Table 1.
Table 1. Phase composition of cements CEM I determined by Rietveld method
Cements

Alite, %

Belite, %

C3A, %

C4AF,%

CEM I 52,5 N – SR 3/NA

63

8

reg.0,7; rhom.1 [total 1,7]

18

CEM I 42,5 R*

71

10

reg.4; rhom. 6 [total 10]

3

*Arcanite K2SO4 1%, Aftitalit K3Na[SO4]2 0,5%
The content of SO3 in these cements were as follows: CEM I 52,5 N – SR 3/NA = 2,33, CEM I 42,5 R =
3,07. Heavy metals were added as metal oxides pure for analysis. In the experiments principally the
standard methods for cements properties were used: setting time according to EN 196-3, chemical
composition according to EN 196-2. For thermal researches the apparatus DTA /TG – NETZSCH STA
409 EP and for XRD the X’pert PRO MPD PANanalytical were used. Heavy metals were determined
applying ICP – AES Plasma Perkin Elmer.
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3.

SETTING TIME OF CEMENTS

According to the numerous tests of setting time of cements belonging to category CEM I performed in
Institute of Ceramics and Building Materials the initial setting time is about 3 h and the final setting time
is about 4 h. As a rule the cements have addition of gypsum. However, sometimes anhydrite II is used
in order to avoid the dehydration of gypsum in cement mill. The setting time of examined industrial
cements was as follows:
CEM I 52,5 N – SR 3/NA with gypsum – initial setting time 2 h, final setting time 3 h 10’,
CEM I 52,5 N – SR 3/NA with anhydrite II – initial setting time 2 h 54’, final setting time 4 h 24’,
CEM I 42,5 R with gypsum – initial setting time 3 h 10’, final setting time 4 h 50’.
4.

CONCETRATION OF SULPHATE IONS

There is a lack of data of the concentration of sulphate ions in the paste liquid phase in the case of
anhydrite II addition. This content was verified for cement CEM I 52,5 N – SR 3/NA and the results are
given in Table 2.
Table 2. Concentration of sulphate ions in the paste of cement CEM I 52,5 N – SR 3/NA in water
Kind of sulphate
Mixing 10 min.
Mixing 20 min.
Mixing 30 min.
Gypsum*
0,97 g**/L
1,05 g/L
0,96 g/L
Anhydrite II
0,041 g/L
0,041 g/L
0,038 g/L
*Gypsum from gases desulphurization, **All results as g of SO3.
Cement for sulphate ions determination was obtained in a small laboratory mill by grinding the clinker
for CEM I 52,5 N – SR 3/NA production with addition of anhydrite II or gypsum, in such quantity that SO3
content was equal to 2,36%. These cements were mixed with water using magnetic mixer in tightly
closed flask. The water to cement ratio was 0,5. The obtained results indicated over twenty times lower
concentration of sulphate ions in the paste of cement with anhydrite (Table 2).
5. INFLUENCE OF PbO ADDITION ON THE SETTING OF CEM I 52,5 N – SR 3/NA WITH
ANHYDRITE II AND CEM I 42,5 R WITH GYPSUM
As was mentioned in paragraph 3 industrial cement CEM I 52,5 N – SR 3/NA with anhydrite II has the
setting time – initial 2 h 54’ and final 4 h 24’. After addition of 1% of PbO the setting time was: initial 14’
final 22’. The analysis under SEM has shown that it is the ettringite setting; the rods of this crystals are
joining the cement grains (Figure 1).
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Figure 1. Microstructure of the paste with 1% of PbO addition after final setting
The addition of hemihydrate to cement CEM I 52,5 N – SR 3/NA with 1% PbO caused the increase of
initial setting time to 1 h 20’ and huge increase of final setting time to 22 h. Alite was not reacting with
water and it was a lack of portlandite peak in the XRD pattern (Figure 2).

Figure 2. XRD patterns of cement CEM I 52,5 N – SR 3/NA with addition of 1% of PbO and 0,5%
of CaSO4·0,5H2O after the initial setting time (I) and after final setting time (II); E – ettringite, B –
brownmillerite, B – belite, S – anhydrite
With increasing PbO addition the dimension of ettringite crystals was also increasing.
In order to obtain the comparative results for normal industrial cement CEM I 42,5 R with gypsum 1% of
PbO was added to this cement too. As it could be expected the initial setting time was 23 h and the final
setting time was as much as 70 h. In order to find the explanation about the mechanism of this setting
the XRD examination was applied.
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Figure 3. XRD patterns after: initial setting time – bottom, final setting time – top
As it is seen from Figure 3 the initial setting is linked with ettringite, however, in the final setting both
phases were participating: ettringite and C-S-H – very high peak of portlandite. As final conclusion it can
be stated that the influence of lead on Portland cement with gypsum is classic.
6.

EXPERIMENTS WITH V2O5

Initial setting time of cement CEM I 52,5 N – SR 3/NA with 1% addition of V2O5 was 4 h 51’ and final
setting time was 48 h. Thus, it was no acceleration of setting.
7.

CONCENTRATION OF SULPHATE AND HEAVY METAL IONS IN THE PASTE LIQUID PHASE

Determination of sulphate ions concentration indicated their low content what is explained by low rate
of anhydrite dissolution. With PbO addition further decrease up to 0,127 g/L after 30 min is observed,
but without changes till 60 min. However, in the case of V2O5 the concentration is only a little higher than
without heavy metals (Table 3). The difference of the addition of gypsum and anhydrite to cement is
clearly noticeable.
Table 3. Concentration of sulphate ions in sampels liquid phase
Content of sulphate as SO3
Mixing time
CEM I 52,5 N – SR 3/NA

10 min.

20 min.

30 min.

60 min.

0,288

%

0,251

%

0,228

%

0,225

%

0,576

g/L

0,501

g/L

0,456

g/L

0,449

g/L

CEM I 52,5 N – SR 3/NA
+ 1% PbO

0,147

%

0,093

%

0,064

%

0,064

%

0,294

g/L

0,186

g/L

0,127

g/L

0,127

g/L

CEM I 52,5 N – SR 3/NA
+ 1% V2O5

0,385

%

0,326

%

0,294

%

0,247

%

0,769

g/L

0,652

g/L

0,588

g/L

0,495

g/L

0,929
%
0,813
%
0,723
%
0,662
%
CEM I 52,5 N – SR 3/NA
+ 1% CaSO4·0,5H2O
1,857
g/L
1,627
g/L
1,446
g/L
1,323
g/L
Remark 1: w/c ratio of suspension was 0,5; Remark 2: suspension was mixed continuously with
magnetic mixer
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Heavy metals concentration in the liquid phase is given in Table 4. It is seen that the Pb concentration
is increasing very quickly and is much higher than in the case of vanadium. It is starting to decrease
after 10 min and remains at the level of about 7 mg/L till 60 min. The vanadium concentration is much
lower and is increasing very slowly.
The results given in Tables 3 and 4 are very interesting and can be the explanation to the different
behaviour of lead and vanadium. Vanadium cannot stop formation of ettringite layer on the C3A crystals
and the ettringite setting is hampered. In the case of lead the situation is quite different: the lead sulphate
is formed on these crystals and the ettringite layer cannot be formed. In this condition the ettringite can
be formed in the whole free volumes in the paste and the ettringite setting is occurring.
Table 4. Concentration of Pb and V in the liquid phase
Concentration of Pb and V in the liquid phase in mg/L
Mixing time

10 min.

20 min.

30 min.

60 min.

CEM I 52,5 N – SR 3/NA
+ 1% PbO

50,720

27,135

7,730

6,819

CEM I 52,5 N – SR 3/NA
+ 1% V2O5

0,047

0,079

0,218

0,838

The obtained results of experiments have indicated that three principal parameters are influencing the
effect of heavy metals on cement setting: concentration of sulphate ions in cement paste liquid phase,
the rate of heavy metals dissolution and their solubility.
8.

MODEL OF HEAVY METALS INTERACTION WITH CEMENT PHASES

Taking into account the parameters governing the setting time by heavy metals the following model can
be proposed. In the case of lead the PbSO4 crystals are quickly formed on the surface of C3A and
ettringite impermeable layer cannot be formed. Thus, ettringite rods can be crystallizing anywhere in the
paste and the ettringite setting can occur (Figure 4).

Figure 4. Crystal of C3A (1), with agglomerations of PbSO4 (2) and hydrated calcium aluminate,
principally C2AH8 (5)
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3
1

2

Figure 5. C3A crystal (1) with PbSO4 agglomerations (2) and ettringite crystals (3)
Hydrated calcium aluminate also was reacting with SO42- ions and increased the content of ettringite. It
is the ettringite setting and the microstructure of this paste is shown in Figure 2.
The alite crystals are surrounded with PbSO4 impermeable layer and practically do not participate in the
setting process.

Figure 6. Impermeable layer of PbSO4 (2) on alite crystal
After some time, usually longer than 20 h, PbSO4 became disintegrated and the alite hydrolysis is
occurring normally. Portlandite peaks are appearing in the XRD pattern.
9.

CONCLUSIONS

Heavy metals oxides influence on the course of cement setting process (acceleration, retardation) and
formation of ettringite. In the case of PbO acceleration effect is related to lack of ettringite continuous
layer formation on C3A crystals and formation of low soluble PbSO4 layer on alite crystals, while lack of
acceleration in the case of V2O5 is related to its low dissolution and most propably formation of ettrigite
layer on C3A crystals.
The following factors are mainly governing the heavy metals influence on the cement setting process:
a) the concentration of sulphate ions in the cement paste liquid phase,
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b) C3A content in cement,
c) the rate of dissolution of heavy metals oxides.
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ABSTRACT
Thaumasite is an expansive salt in spite of its low formation puts cement structures such as
foundations, tunnels, dams, bridges, etc. at risk. Unfortunately, none of the current commercial sulfate
resistant (SR) cements would resist a thaumasite form of sulfate attack. Recent studies have shown
the potential of Ba ions (added to cement as BaCO3 additions) to immobilise sulfates from the medium
by precipitating a highly stable and insoluble salt, barite (BaSO4) and inhibiting not only the
precipitation of ettringite, like conventional SR cements, but also thaumasite. However, current
knowledge on the cement hydration reactions of these OPC-BaCO3 cement blends is still limited. This
study aims to gain knowledge on the role of BaCO3 (15 and 25% wt.) on the hydration of Portland
cement pastes at 2, 7 and 28 days, when sulfate content in dissolution is limited to gypsum content, by
combining XRD, calorimetry and TG-DTA analysis and porosimetric determinations. Results have
revealed that in spite of BaCO3 low dissolution rate, BaSO4 was able to precipitate after 2 days of
hydration. Isothermal conduction calorimetry studies have shown that BaCO3 alters the hydration of
OPC by delaying initial cement hydration reactions and then increasing the total heat that was liberated
for 7 days. Evidences of this increase of cement hydration rate of BaCO3-bearing cements were also
observed through porosimetric determinations that revealed blends were more effective than OPC in
the refinement of the pore structure over time.
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1.

INTRODUCTION

Sulfate attack is one of the main issues affecting the durability of cement mortars and concrete. The
presence of sulfates, sourced mainly from polluted atmosphere, soils, underground water and,
aggregates, favours the formation of highly expansive salts, such as ettringite, gypsum and
thaumasite. Unfortunately, current commercial sulfate resistant (SR) cements (EN, 2011; ASTM, 2018)
prevent the formation of expansive ettringite (3CaO.Al2O 3.3CaSO4.32H2O), by reducing the C 3A
content (0-5% wt.), but not the precipitation of gypsum (CaSO 4.∙2H2O) or thaumasite, a complex
calcium salt (CaCO3∙CaSO4∙CaO∙SiO2∙15H2O), characterized for having Si in octahedral coordination
(Moore & Taylor, 1970) and just first discovered in 1965 as product of sulfate attack (Erlin & Stark,
1965).
Preliminary studies on the stability of synthetic ettringite and thaumasite in the presence of Barium
salts have revealed the ability of Ba ions to immobilize sulfates in the form of BaSO 4 (barite), an
insoluble salt (0.00031 g/100cc H2O at 20ºC; CRC 2005), as shown by Ciliberto et al (2008) and
Carmona-Quiroga & Blanco-Varela (2013a). On lime-based mortars, in which sulfates readily react
with CaCO3 to precipitate gypsum, it has also been proved that the addition of barium hydroxide
enhance their durability to Na2SO4 by not only partial fixation of sulfate through BaSO4 precipitation
but also by this new formed phased acting as a barrier that hinders further dissolution of calcite
(Karatasios et al. 2008).
In the pursuit of new sulfate resistant formulations, thermodynamic modelling of OPC blends with
BaCO3 (5-20 wt.%) or BaO (10-20 wt.%) after the ingression of highly concentrated Na 2SO4 solution
predicted the inhibition (delay) of the precipitation of ettringite (Carmona-Quiroga et al. 2012) and
thaumasite (Carmona-Quiroga & Blanco Varela 2013b). A few studies on the durability of mortars to
ettringite and thaumasite sulfate attack revealed that in general the presence of BaCO3 (witherite)
enhanced their performance (Xiong et al. 2017; Su et al. 2016; Carmona-Quiroga & Blanco.Varela
2015). However, inhomogeneous distribution and low solubility of BaCO3 (0.0014 g/100 cc H2O at
20ºC; CRC 2005) vs high speed of ingression of sulfates in the matrix (favoured by high porosity of the
mortars) could end in not satisfactory results (Carmona-Quiroga et al. 2015).
Nonetheless, these promising results invite to further examine those systems starting with hydration
studies which are mostly lacking in the literature. What is known so far is that BaCO3 is not an inert
filler, promotes the precipitation of calcium monocarboaluminate hydrate and can accelerate cement
hydration by providing additional nucleation sites (Utton et al. 2011; Carmona-Quiroga & BlancoVarela, 2015). This study aims to gain more knowledge on the influence of BaCO3 on the hydration of
OPC at 25ºC for 2, 7 and 28 days by means of calorimetry, XRD and TG-DTA analysis and
porosimetry and compressive strength determinations.
2.

EXPERIMENTAL

One OPC (CEM I 42.5 R; Portland Valderrivas) and two laboratory BaCO 3 reagents (T3Q (T) and
Acros (A)) were selected to prepare cement blends with 15 or 25 wt.% of each BaCO3, labelled 15T,
25T, 15A, 25 A. CEM was the reference sample with 100% OPC. In table 1 is shown the information
regarding their composition and particle size of the three materials. Chemical composition of the
cement was found with an XRF spectrometer Bruker S8 TIGER, (fused bead). Free lime content (UNE
80243:2014) and loss on ignition at 1000ºC were also determined. Phase purity of BaCO 3 was
provided by the manufacturers (99% for both T and A) and for cement was determined by Rietveld
refinement using GSAS software on a XRD pattern collected with a. 2.2-kW Bruker D8 Advance
diffractometer (CuKα1 radiation: 1.5406 Å; CuKα2 radiation: 1.5444 Å; operating parameters, 40 kV
and 30 mA; 2θ recording range: 5-70º; step size, 0.02º).
Particle size was determined with a Malvern Mastersizer S particle size analyser with 632.8 nm He-Ne
laser optics. CEM sample was suspended in ethanol and both BaCO 3 in water. The surface area
found with a N2-77K gas Micromeritics ASAP 2010 analyser.
Paste specimens of 1x1x6 cm were prepared with the five cements with a w/c ratio of 0.35 and cured
under water for 2, 7 and 28 days at 25ºC. Hydration was stopped by immersing the samples in
isopropanol for 10 min followed by vacuum drying. Samples were characterized with different
techniques. Mineralogical composition of the pastes was found with the aforementioned XRD analyser
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(2θ recording range: 5-60º). Thermogravimetric and differential analyses were conducted on a TA SDT
Q600 simultaneous TGA/DSC analyser. The samples, set on a platinum crucible, were heated in N 2 to
1200 °C at a rate of 10°C/min. Paste porosity was determined with a Micromeritics Autopore IV 9500
V1.05 mercury intrusion porosimeter. Compressive strength was measured with an Ibertest Autotest
200/10 press.
Hydration speed rates of the five cements were investigated with a ThermometricTAM isothermal
conduction calorimeter. W/c ratio of 0.4 instead of 0.35 was used to better homogenize the small
samples put in the calorimeter.
Table 1. Chemical (XRF) and mineralogical composition (Rietveld) of CEM I 42.5 R (L.O.I. = loss
on ignition); BET surface area and mean diameter (D[4,3]) of CEM I 42.5 R and two BaCO3
reagents (T and A)

3.
3.1

XRF

wt.%

Rietveld

wt.%

CaO

62.98

C3S

48

Al2O3

5.63

C2S

23.3

SiO2

18.72

C3A

10.4

SO3

3.05

C4AF

5.9

MgO

0.87

Bassanite

4.6

Fe2O3

2.68

Gypsum

0.8

Na2O

0.04

Calcite

7.1

K2O

0.85

TiO2

0.23

BET

m2/g

SrO

0.05

CEM

1.5

Mn2O3

0.05

T

0.6

ZnO

0.03

A

2.8

P2O5

0.05

Cl

0.02

D[4,3]

µm

Ba

0.01

CEM

15.9

L.O.I.

2.31

T

14.4

Free lime

0.19

A

4.2

RESULTS AND DISCUSSION
Isothermal conduction calorimetry

Influence of the type and amount of BaCO3 particles on the hydration of Portland cement was studied
through isothermal conduction calorimetry. Figure 1 shows the heat flow and heat of hydration curves
of Portland cement blended with 15 and 25% wt. of two types of BaCO3 (T and A). The presence of
BaCO3 delayed initial cement hydration as shown by the occurrence of main exothermal peak 3.7 to
5.5 hours later. Authors have reported the formation of insoluble compounds as inhibitors of cement
hydration in the presence of BaCO3 additions (Utton et al. 2011; Ouki & Hills 2002). This setting delay
could be beneficial on warm weather when water evaporation causes rapid settings or in works of long
execution time. Nonetheless, under other circumstances the optimization of the gypsum content
and/or the use of accelerators could help to overcome this issue. In contrast, after 20-36 h, normalized
total heat released by the blends was higher than by OPC. The finer the particle size (BaCO3 A type;
D[4,3] =4.2 μm) and the greater amount of addition blended (25 % wt.), the higher heat was emitted.
At 140 hours the total heat output by OPC was 355 J/g, by 15T 407 J/g, by 15A 416 J/g, by 25T 436
J/g and by 25A 452 J/g. This would indicate, as pointed by Utton et al. 2011, that BaCO3 is reacting
and not acting as a simple filler.
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Figure 1. Heat flow (a) and heat of hydration (b) curves of 100% OPC and OPC containing 15
and 25 wt.% of two types of BaCO3 (T and A) at 25ºC. (Total heat curves normalized to gram of
Portland cement)
3.2

XRD

The XRD patterns for the all the 28-day BaCO3-containing cement pastes (Figure 2) exhibited the
same reflections. Slight differences in the reactivity of the different type of witherite, T or A, were
observed. Peaks of unreacted alite and belite were less intense in the blends with finer BaCO3 (A)
which were the ones that for the same amount of cement replaced emitted more heat in accordance
with calorimetry studies. Unreacted BaCO3 was identified besides the hydration products portlandite,
and calcium monocarboluminate and barite whose precipitation was favoured over ettringite. As
described by Carmona-Quiroga & Blanco-Varela (2015), BaCO3 reacted with sulfates from OPC to
form BaSO4, while the CaCO3 formed through this reaction yielded calcium monocarboaluminate
hydrate. Calcite reflections, also recorded, could arise from this reaction (Utton et al. 2011) from the
initial OPC or indicate paste weathering (Carmona-Quiroga & Blanco-Varela, 2015).
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Figure 2. XRD patterns for 28-day hydrated cement pastes without (CEM) and with 15 and 25
wt.% of two types of BaCO3, T and A (M = calcium monocarboaluminate hydrate; P =
portlandite; W= BaCO3; Br=BaSO4; C=calcite; Al = C3S; B = C2S; E=ettringite and G=gypsum)
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3.3

TG-DTG

TG-DTG curves for the 28-day pastes in Figure 3 show three main weight loss stages. The first one,
up to 385ºC, is related with the dehydration of C-S-H and calcium monocarboaluminate hydrate for the
OPC-BaCO3 blends or C-S-H and ettringite for CEM (Table 2). The second one, from 385-473ºC was
ascribed to portlandite dehydroxylation (Table 2) and the final one, from 473 to 1200ºC, to the
decarbonation of calcite, witherite and calcium monocarboaluminate (Carmona-Quiroga & BlancoVarela 2015).
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Figure 3. DTG (left) and TG (right) curves for OPC and OPC-BaCO3 blends hydrated for 28 days
(DTG curves vertical displaced for better visualization)
Table 2. Percentage of bound water and portlandite rescaled to the same cement content and
dry weight

sample
CEMI I

15T

15A

25T

25A

days

% bound water

% portlandite
normalized

2

12.1

15.4

7

13.1

16.7

28

15.1

17.5

2

11.9

15.6

7

13.6

18.3

28

15.8

21.4

2

11.6

16.0

7

15.1

20.5

28

16.3

22.1

2

11.6

15.7

7

14.6

19.2

28

16.1

22.1

2

12.7

16.8

7

16.1

21.3

28

17.6

23.5

Normalized weight losses due to sample dehydration were higher in the presence of BaCO3 at 7 and
28 days (Table 2). More hydrates, including portlandite, precipitated when more and finer BaCO 3 was
added to the cement (25A).On the contrary, less increase in weight loss was observed in 15T, the
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blend with the lower content of the coarser BaCO3, when compared to OPC. These results are
supported by the calorimetry study. Decarbonation weight losses are consistent with the amount of
unreacted witherite at each hydration age.

3.4

Porosimetry

The replacement of cement with BaCO3 raised pastes porosity at 2 days (Figure 4). However at 7 and
28 days, BaCO3-OPC blends underwent a more intense decrease in their capillary porosity (0.01-10
μm) and accordingly in their total porosity than OPC, particularly samples with the finer and more
reactive BaCO3 (15A and 25A). Over time, all blends had more C-S-H pores, less capillary ones and
lower total porosity than OPC.
Xiong et al. (2017) observed this same effect at 14 days in pastes with lower cement replacement by
BaCO3 (5-10 wt.%) and attributed it to the consumption of gypsum by BaCO3 that accelerated the
hydration of C3A. Also, the formation of barite was reported to reduce porosity in mortars (Su et al.
2016). Carmona-Quiroga & Blanco-Varela (2015) in much smaller mortar specimens prepared with 10
and 15 wt.% of BaCO3 and soaked in water for up to 5 months did not observe this phenomenon. In
that case, the higher the percentage of added BaCO3, the higher the porosity was. Same behaviour
was observed with CaCO3 additions >10-15 wt.% in Portland cement (Schmidt et al. 2009).

25
2 days

% porosity

20
15
10
5
0
25

CEM

15T

25T

15A

25A

15A

25A

15A

25A

7 days

% porosity

20
15
10
5
0

CEM

15T

25T

25
28 days

% porosity

20
15
10
5
0

CEM
<0.01

15T
0.1-0.01

25T

10-0.1

>100-10 m

Figure 4. Porosity (vol.%) of the pastes prepared with 15 or 25 wt.%of barium carbonate, T and
A after 2, 7 and 28-day curing in water
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3.5

Mechanical strength

The compressive strength of OPC-BaCO3 pastes was lower than that of OPC (Figure 5) at 2, 7 and 28
days because of their reduced cement content. Nonetheless, it continuously increases over time and
reaches at the latter age a significant value, lower than that of OPC but higher than 50 MPa. Xiong et
al. (2017) reported higher compressive strength in pastes with lower BaCO3 content (5 and 10% wt.)
than that of the reference OPC at 28 and 60 days but not at 91 days.
Of all the blends, the ones with the finer BaCO3 (15A and 25A) had the lower strength development
because of being more water absorbent (BET surface area of A-BaCO3 is 2.8 m2/ g and of OPC 1.5
m2/g; Table 1) (Note, all samples were prepared with the same w/c ratio).
In contrast, they had lower total and capillary porosity. The precipitation of a bigger amount of
insoluble and pore-filling barite in those two systems could promote lower increases in mechanical
strength than OPC hydration products that would explain the seemingly contradictory porosity results.

compressive strenght (MPa)

80

60

CEM
15T
25T
15A
25A

40

20

0

2d

7d

28 d

Figure 5. Compressive strength in cement pastes containing 15 or 25wt.% of barium carbonate,
T and A after 2, 7 and 28-day curing in water
4.

CONCLUSIONS

Early hydration of cement (20-36 hours) was delayed by the addition of two types (D[4,3]=14.4 and 4.2
μm) and two fractions of BaCO3 (15 and 25 %wt.). After that initial period of time, OPC-BaCO3 blends
emitted more (normalized) total heat, and after 7 days, promoted the precipitation of higher
(normalized) content of hydrates (% bound water increased between 5-17% at 28 d) and more acute
decrease in capillary porosity than 100% OPC. The finer the BaCO3, the more reactive the blend was.
Calcium monocarboaluminate hydrate and barite precipitated instead of ettringite, and part of BaCO3
still remained unreactive at 28 days in all blends. Finally, the (absolute) strength development of
BaCO3-containing pastes was lower than that of OPC but still remarkable; more than 50 MPa at 28
days.
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ABSTRACT
This study explores the physicochemical properties of the C-S-H gel produced by the hydration of
tricalcium silicate (C3S) using the nanoindentation. The influences of the loading rate, maximum load,
and holding time on the nanoindentation properties of the C3S were firstly discussed. It was found that
the reduced elastic moduli were reduced by the increase of the maximum loading and increased with
the increase of the holding time and particle size. Among all the parameters, the particle size is the
most critical. Small particles induce unreliable result possibly due to the relative movement and
bonding between the particle and the impregnated material. Therefore, the properties of C-S-H of
hydrated C3S blocks rather than the particles were examined by nanoindentation and field-emission
scanning electron microscope (FESEM) with an energy dispersive spectrometer (EDS). Results
showed that nanoindentation properties of C-S-H gel were likely associated with the composition. The
outer layer of C-S-H has lower microhardness and Young’s moduli, associated with less Ca/Si. In
addition, the nanoindentation suggested that mechanical properties of C-S-H gel were changed in a
gradient way from the unhydrated C3S.
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1.

INTRODUCTION

In recent years, the microanalysis techniques have received much attention in different fields for the
purposes of developing new materials or applications. The nanotechnology is especially important since
most materials exhibit different behaviors at the nanoscale, and it is possible to modify or refine the
materials significantly. On the other hand, concrete is the most popular material in civil engineering. Its
mechanical properties and durability have been long concerned, and both are related to the cement
hydration. Therefore, the evolution of the microstructure is an important issue. If the microstructural
properties of the cement pastes can be well described, it is possible to predict and improve the behavior
of concrete so the structure will be sustainable.
1.1

Cement hydration

The primary cement compounds are tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium
aluminate (C3A) and tetracalcium aluminoferrite (C4AF). At early hydration, these compounds react with
water and form hydration products, such as calcium-silicate-hydrates gel (C-S-H), Ca(OH)2 and
ettringite. The C-S-H gel is the hydration products of the silicates and mostly responsible for the strength
of the paste:

2C3 S  7 H  C3 S2 H 4  3CH

(1)

2C2 S  5H  C3 S2 H 4  CH

(2)

The C-S-H gel is a solid solution of the tobermorite and Ca(OH)2 (Taylor 1993, Fujii & Kondo 1983). It
was assumed that the C-S-H has a structure with disordered layers (Taylor 1986). The Taylor’s model
was based on the observations by different Ca/Si ratios, forming conditions, silicate anions, density, and
water/Ca ratios at various drying conditions. Later, Richardson & Groves (1992, 1993) proposed that
the disordered layers were associated with the relative proportions of the ions and molecules in
presence. The C-S-H was thus treated as a solid solution of the calcium silicate and Ca(OH)2 with water
molecules.
It is now recognized that the C-S-H exists in two forms at least. Taplin (1959) firstly observed distinct
appearances. He classified the gel by the inner and outer hydration products. The C-S-H gel in a thin
section was observed by an optical microscope (Dalgleish 1981), and it was later observed by advanced
techniques, such as TEM (Dalgleish 1981, Groves 1986, Richardson et al. 2011, Viehland 1996,
Richardson 1999), X-ray mapping (Taylor 1984, Taylor & Newbury 1974), and neutron scattering
(Thomas et al. 1998). The two morphologies of the C-S-H were confirmed. More recently, Jennings
(2000) proposed a model for the two types of C-S-H with different geometry and volume fractions. The
two types of C-S-H have been referred to the outer and inner products with low and high densities
(Jennings 2000, Tennis & Jennings 2000). The C-S-H has been investigated through composition and
microstructural analyses in many studies, but its mechanical properties were rarely discussed. In this
study, the C-S-H was characterized by nanoindentation using a modern nanoindenter with high precision
and capacities of rapid mapping. The elastic moduli and the hardness of the C-S-H were explored, and
both of them were related to the composition.
1.2

Nanoindentation

The nanoindentation applies a nano-scaled loading to the specimen and generates a small indentation.
During the measurement, the nano-sized needle can be accurately positioned, and both the loading and
the deformation can be accurately measured. Therefore, this technique is often used to explore the
properties of thin films, coating materials, bulk materials, composite materials, etc. The theory of the
nanoindentation was proposed by Oliver & Pharr (1992). They assumed the deformation during the fully
elastic unloading. The specimen and the indenter could be considered as a series combination of the
springs. Through the experiments, the load-depth curve showed a mathematical relationship, as shown
in Figure 1.1. The indentation area is calculated by the indentation depth, and then the mechanical
properties such as elastic modulus and hardness of the material can be calculated.
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During the nanoindentation test, it is assumed that the specimen and the nanoindenter are in a series
connection. The relationship between the reduced modulus Er, obtained by the nanoindentation, and
Young's modulus Es of the specimen is as follows (Pharr 1998, Dey & Mukhopadhyay 2014):
1
𝐸𝑟

1−𝑉𝑠 2

=(

𝐸𝑠

)+(

1−𝑉𝑖 2
𝐸𝑖

)

(3)

where
Er: Reduced modulus
Es: Young's modulus of the specimen
Ei: Young's modulus of the diamond indenter (1140 GPa in this study)
vs: Poisson's ratio of the specimen (assuming 0.3)
vi: Poisson's ratio of the diamond indenter (0.07 in this study)
In equation (3), Er can be calculated as:

𝐸𝑟 =

𝑆 √𝜋
2√𝐴𝐶

(4)

where
S: Slope of the load-depth curve, as shown in Figure 1.1.
Ac: Effective indent area by the indenter, as shown in Figure 1.2.
The hardness (H) can be calculated by equation (5):

H=

𝑃𝑚𝑎𝑥

(5)

𝐴𝐶

where
Pmax: maximum applied load
Early indentation tests were limited by the optical measurements such that they were not able to
measure the properties of the materials at the microscale. With the rapid development of the technology
in the mechanical control and precision manufacturing, it has been possible to conduct accurate and
small-scaled measurements. The indenter can control the force in the order of nano-newton and control
the displacement within 0.1 nanometers. On the other hand, since the cement compounds have a size
ranging from nanometers to micrometers, it is suitable to use the nanoindentation technique to measure
their material properties.

Pmax

Loading

=

Unloading
hf

hmax

Figure 1.1. Load-displacement in nanoindentation (Oliver & Pharr 1992)
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Pmax
Ac
hc

hf

Figure 1.2. Penetration of the diamond tip (Oliver & Pharr 1992)

2.
2.1

MATERIALS AND METHODS
Specimen preparation

In this study, the tricalcium silicate (C3S) power was purchased from BOC Sciences, USA. The particle
size was in the range of 3-10 μm. In order to investigate the size effect on the nanoindentation, some
C3S powders were calcined to form a block by heating at 900 ˚C for 1 hour and further heating at 1450
˚C for another 2.5 hours. On the other hand, in order to explore the properties of the C-S-H gel, hydrated
C3S pastes were prepared by de-ionized water at water-C3S ratios (w/C3S) of 0.6. The pastes were
hand-mixed, air-cured in a chamber at 25 ˚C and 65% RH for 7 days. To stop the hydration, the pastes
were washed by isopropanol, immersed for 1 day, and finally dried under vacuum for 1 day. The
specimens for the nanoindentation was prepared by cold moulding using epoxy, and they were ground
using sand papers (5-54 μm graininess), diamond slurry (1-μm particle size), and diamond sand paper
(0.5 μm, and 0.2 μm graininess), as shown in Figure 2.1

Figure 2.1. Specimens of hydrated C3S pastes
2.2

Experimental methods

2.2.1 Nanoindentation
The nanoindentation was conducted using Hysitron TI 980 TriboIndenter with a load resolution of 1 nm,
displacement resolution of 0.006 nm, and maximum force of 10 mN. Before the nanoindentation, the
specimens were observed by an optical microscope to identify the location of particles and further
observed using a SPM (scanning probe microscope) for the surface topography scanning. A load
function was set before the point nanoindentation. Figure 2.2 shows a typical load function used in this
study. It shows a controlled 5s-5s-5s loading, indicating that the maximum load is reached with 5 s, the
applied load sustains for 5 s, and the load is released in 5 s. During the study, the maximum loading,
loading rate, and the holding time were changed to explore the influences of each parameter on the
nanoindentation properties of the specimens

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 2.2. Load function (5s-5s-5s)

2.2.2 Extreme Property Mapping (XPM)
Extreme Property Mapping (XPM) is a mode of operation during the nanoindentation. It applies the rapid
nanoindentation to the desired region of the specimen by points with a regular spacing so the variations
of the elastic moduli and hardness of the whole area are provided. In this study, the load function was
0.2s-0.2s-0.2s with a maximum load of 100 μN, as shown in Figure 2.3. The mapping was 16X16 spots
with a spacing of 1 μm in 202 s and the lateral moving speed was 10 μm/s.

Figure 2.3. Load function (0.2s-0.2s-0.2s)

2.2.3

Field-Emission scanning electron microscopy (FESEM) with energy dispersive
spectrometer (EDS)
The specimens were observed using a field-emission scanning electron microscope (Model: JEOL JSM6390LV) equipped with an energy dispersive spectrometer (EDS). The operating voltage was 15 kV.
Before observation, the specimens were gold coated. During the observation, the specimens were
scanned by EDS in the mode of the whole area or line scan. The distribution of the elements was given.
3.
3.1

RESULTS AND DISCUSSION
C3S powder

3.1.1 Effect of maximum loading
During the nanoindentation, the relationship between the loading and the indentation depth was related.
Three operating parameters, including the applied loading rate, maximum loading, and the holding time,
were set to produce a loading curve. The effect of the maximum loading is shown in Figure 3.1 and
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Figure 3.2. At the same loading rate, the higher maximum loading induces more residual
displacement ,and the unloading curve tends to be nonlinear. Moreover, both the reduced moduli and
hardness are quite low and reduced by the increased maximum load. It appears that the loading
modified the microstructure severely so that all the indentation volume was not elastically recovered.
However, the SPM shows the topography of the particle after indentation and no indentation mark was
found (Figure 3.3). So, it is likely that the small C3S particle as a whole was moved by the indentation
needle. The measured values were not reliable. A larger particle with sufficient constraint is required
during the nanoindentation.

(a)

(b)

Figure 3.1. C3S powder subjected to different maximum loads ((a) load function, and (b) loaddisplacement curve)

(a)

(b)

Figure 3.2. Influence of maximum load on (a) reduced moduli, and (b) hardness

Figure 3.3. SPM of specimens after nanoindentation by different maximum loads
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3.1.2 Effect of holding time
The effect of holding time is shown in Figure 3.4 and Figure 3.5. In most specimens, the residual
displacement was decreased with the increase of the holding time. At the same time, the hardness and
the reduced modulus was increased. The reason for the decreased residual displacement is not clear.
It appears that such resilience was attributed to the bonding between the particle and the epoxy. At the
small holding time, the bonding may not be solid and the nanoindentation reflected the properties of the
loose particle. On the contrary, at long holding time, the particle may be slightly repositioned due to the
constantly applied pressure, and the bonding between the particle and the epoxy was improved. The
indentation truly reflects the properties of the particle. On the other hand, the result with holding time of
5 s is an exception. Such low modulus and hardness were due to the biased position of the indentation,
as shown in Figure 3.6. The indentation was at the side rather than the top of the particle.

(a)

(b)

Figure 3.4. C3S powder subjected to different holding time ((a) load function, and (b) loaddisplacement curve)

(a)

(b)

Figure 3.5. Influence of load holding time on (a) reduced moduli, and (b) hardness

Figure 3.6. SPM of C3S powder after nanoindentation by different load holding time
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3.2

C3S block

The results in 3.1 show the deficiency of using C3S powder for nanoindentation. In order to obtain
reliable reduced moduli and hardness, it is necessary to better constrain the particle. Therefore, in this
study, a C3S block was made and tested. The results are shown in Table 1, Figure 3.7 and Figure 3.8.
In contrast to the powders in 3.1, the C3S particles agglomerated and were supposed to provide a strong
restraint from the particle movements. The load-displacement curves showed consistent recovery
curves, which had almost the same tangent slopes and the residual displacements even when the
maximum load reached 1000 μN. The calculated reduced moduli and hardness agree with the loaddisplacement curves (Table 1). At all points, both values are close even when the indentations were
made at different C3S particles (Figure 3.8). Such results imply that the measurements are reliable. The
elastic moduli and hardness do not vary with the particles and indentation parameters.
Table 1. Nanoindentation properties of C3S block
Points

hc (nm)

Pmax (uN)

heff (nm)

Er (GPa)

H (GPa)

1

38.11

697.97

51.48

117.62

8.01

2

35.57

697.84

51.13

105.93

8.82

3

43.32

997.92

62.46

107.24

9.56

4

37.34

697.95

52.47

105.31

8.25

(a)

(b)

Figure 3.7. C3S block subjected to different maximum loads ((a) load function, and (b) loaddisplacement curve)

(a)

(b)
Figure 3.8. SPM of C3S block
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3.3

Hydrated C3S paste

3.3.1 Nanoindentation
The results of the C3S pastes are shown in Figure 3.9 and Table 2. The numbered points on the SPM
image with 3-μm intervals show different contrast. The brighter portion is associated with a higher height.
Since the specimens were ground, such differences in height were attributed to the hardness of the
unhydrated and hydrated C3S. The unhydrated parts locate at the bright center of the particle with a
clear edge. Those amorphous portions are hydrated pastes. In general, the points at the center of the
particle have high reduced moduli and hardness, such as points 8, 9, and 15. The point 15 has the
highest because it locates at the innermost part of the particle. On the contrary, those at the edges show
relatively low elastic moduli and hardness, such as points 19, 20, 25, and 26. The XPM results are
shown in Figure 3.9. There is an unhydrated C3S at the right side of the image with a bright color in the
middle. The uneven rest parts indicate the hydrated products. Again, the unhydrated C3S generally have
high elastic moduli and hardness. In summary, the nanoindentation results suggest that the hydration
products have elastic moduli and hardness lower than the unhydrated C3S. However, there is no clear
image showing the dual layers of C-S-H.

(a)

(b)

(c)

Figure 3.9. XPM of C3S paste ((a) topography, (b) hardness, and (c) reduced modulus)

Table 2. Nanoindentation properties of C3S pastes
Points

Er (GPa)

H (GPa)

15

20.73

0.89

27

14.41

0.60

9

12.84

0.41

8

11.08

0.50

14

10.49

0.23

26

9.78

0.43

19

8.80

0.15

20

8.01

0.12

25

6.46

0.24

3.3.2 FESEM with EDS
The FESEM image and the associated EDS results are shown in Figure 3.10. The brighter parts indicate
the unhydrated C3S, and it generally has higher Ca/Si atomic ratio. For example, the points 2-6 and 35 locate at the center of the particle, and they have high Ca/Si. Those points away from the center have
low Ca/Si. For example, the points 3-7, 3-8, 3-9, and 2-7 are at the amorphous portion, and they have
Ca/Si lower than point 2-6. However, the Ca/Si is not always reliable in differentiating between the

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
hydrated and unhydrated parts. The effects of the Ca(OH)2 formed in the pore solution on the Ca/Si are
uncertain. For example, the point 2-3 locates at the amorphous part, but it has a high Ca/Si. It is likely
that the Ca(OH)2 precipitated at this region in-between the particles.

(a)

(b)

(c)

Figure 3.10. Composition analyses of C3S paste ((a) FESEM image, (b) C/S along line 2, and (c)
C/S along line 3)

4.

CONCLUSION

This study explores the physiochemical properties of the C-S-H gel by nanoindentation. Results showed
that the particle size is critical to the nanoindentation properties so it is suggested to use specimens with
large particle size. In addition, the nanoindentation shows that the outer layer of C-S-H has lower
microhardness and Young’s moduli, both of which are associated with less Ca/Si. The nanoindentation
also suggested that the mechanical properties of the C-S-H gel are changed gradually away from the
unhydrated C3S.
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ABSTRACT
In this study, the adsorption of the micelles prepared by poly(ethylene oxide)-b-polystyrene (PEO-bPS) copolymers on cement particles and clinkers and their influence on the workability and early
hydration of cement paste were investigated. The adsorption behaviour of micelles on cement particles
and clinkers was investigated by total organic carbon (TOC), optical fluorescence microscopy (OFM)
and scanning electron microscopy (SEM) observations associated with energy dispersive
spectroscopy (EDS); the effect of micelles on the workability of cement paste was characterized by
zeta potential, mini slump measurements and rheological tests. The results show that the micelles
efficiently adsorbed on the surface of cement particles within 30 s. The distribution of micelles was
very uniform in cement matrix, however they preferred to adsorb on the surface of C3A and potassiumcontaining phase, leading to a retarded hydration rate of C3A during the very early hydration age. The
workability of cement paste, both the fluidity and fluidity retention ability, was improved by the micelles.
The relevant mechanisms were mainly attributed to the steric hindrance effect on cement particles and
retardation effect on C3A hydration rate at very early hydration age, respectively, leading to the
defloculation of cement particles.
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1.

INTRODUCTION

Admixed organic corrosion inhibitors are considered as a very effective method for the corrosion
control of reinforced concrete served under severe environment [1, 2], due to their barrier effect for
chloride attack. However, the normally used admixed organic corrosion inhibitors (e.g. amine and
ester based corrosion inhibitors [3]) exhibited negative effect on the material properties of concrete
(e.g. more porous microstructure and increased transport coefficient [4]), leading to the reduced
durability and service life of reinforced concrete. In our previous study [5], a novel type of organic coreshell corrosion inhibitors (encapsulated with organic healing agents) based on poly(ethylene oxide)-bpolystyrene (PEO-b-PS) micelles were prepared. The release process of healing agents reserved in
the above prepared core-shell corrosion inhibitors was very sensitive to pH alterations in simulated
concrete pore (SCP) solutions: healing agents were stably reserved in core-shell corrosion inhibitors in
SCP solution with a pH value of 13; however when the pH value of SCP solution was lower than 11,
the release rate was significantly accelerated (5 times higher). Because of their strong pH sensitivity,
the prepared core-shell corrosion inhibitors can mitigate the negative effect of the normally used
organic corrosion inhibitors on the material properties of concrete due to the stable encapsulation of
healing agents under high pH environment. Further, the rapid release of healing agents after the pH
drop of the environment is beneficial for the targeted repair of local corrosion damage on the
reinforcement surface (the local pH at the corrosion site of the reinforcement was reported to reduce
from 12.6-13.6 to 11.5 and even 5 after corrosion initiation [6-8]). Therefore, the prepared core-shell
corrosion inhibitor is a very promising material for the corrosion control of reinforced concrete.
When used for the targeted corrosion repair of reinforced concrete, the adsorption of the core-shell
corrosion inhibitors on cement particles and their distribution in cement matrix are of great importance.
The adsorption of copolymers (normally used as superplasticizers to improve the workability of fresh
cement-based materials [9, 10]) was widely investigated in the reported literatures [11-13]. Because
most copolymers used for cement-based materials were negative charged (the core-shell corrosion
inhibitors prepared in our previous study also presented a negative surface potential [5]), their
adsorption was much more pronounced on positively charged C3A and C4AF, compared to negatively
charged C3S and C2S [13, 14]. On one hand, the adsorption of copolymers increased the electrostatic
force and steric repulsive effect among cement particles, thus improving the cement dispersion and
subsequently the rheology and workability of fresh cement paste [15-17]; on the other hand, the
adsorbed copolymers halted the dissolution of un-hydrated minerals or precipitation of hydration
product, thus influencing the early hydration of cement paste, especially the morphology and
microstructure of hydration products [18-20].
Due to the tiny size of the prepared core-shell corrosion inhibitors (several hundred nano meters [5])
and complexity of cement paste, it is very challenging to directly characterize their adsorption behavior
and distribution in cement matrix. To this end, the objective of this study is to clarify the adsorption
process and distribution of core-shell corrosion inhibitors (based on PEO-b-PS micelles) on the
surface of cement particles and to establish its link to the workability of fresh cement paste.
2.
2.1

MATERIALS AND METHODS
Materials

2.1.1 Organic core-shell corrosion inhibitors (PEO-b-PS micelles)
The organic core-shell corrosion inhibitors (PEO-b-PS micelles) used in this study were prepared
based on PEO-b-PS diblock copolymers synthesized by atom transfer radical polymerization (ATRP)
and the detailed information about the synthesis process was reported in our previous study [5]. In
brief, the synthesis of PEO-b-PS copolymers included two steps: first, macroinitiator PEO113Br was
synthesized by the esterification reaction between PEO 113OH (MW=5000, Fluka) and 2bromoisobutyryl bromide (Aldrich, 98 %); in the presence of PMDETA (Aldrich, 98 %) ligand and
catalyst CuBr (Aldrich, 98 %), PEO113Br then initiated the polymerization of styrene (Aladdin, 99 %) to
form PEO-b-PS diblock copolymers by ATRP. The number-average degree of PS polymerization was
1171 (thus the molecular formula was PEO113-b-PS1171), and the polydispersity index (PDI, Mw/Mn)
was 1.25.
The prepared PEO-b-PS copolymers presented hydrophilic PEO chain and hydrophobic PS chain,
thus they can self-assemble into micelles with PEO hairy shell and PS core at organic solvent/water
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interface [5, 21]. During the self-assembling process, hydrophobic fluorescein can be also
encapsulated in micelles to prepare the fluorescein labelled micelles to investigate the adsorption
behavior and distribution of the micelles in cement matrix.
The micelles were prepared by dialysis method in this study: PEO113-b-PS1171 diblock copolymers
(0.25 g) were dissolved in 1, 4-dioxane (200 ml) and stirred overnight. The solution was then sealed in
cellulose membrane bag (MWCO 12,000 g/mol, Aldrich, pre-swollen before use), and subsequently
dialyzed against Milli-Q water for 2 days to remove the organic solvent. Finally, an opalescent micelles
solution with a concentration of 0.5 g/l was obtained (for the preparation of specimen M3). The
micelles solution was then diluted to 0.25 g/l (for the preparation of specimen M2) and 0.125 g/l (for
the preparation of specimen M1) by Milli-Q water (the specimen designation will be defined in Section
2.1.2).
In order to investigate the adsorption behavior and distribution of micelles in cement matrix, the
fluorescein labelled micelles were also prepared by dialysis method: PEO113-b-PS1171 copolymers
(0.25 g) and hydrophobic fluorescein (2.5 mg) were dissolved in 1, 4-dioxane (200 ml) and stirred
overnight. The rest steps were similar to the preparation of the normal micelles described above.
Finally, the fluorescein labelled micelles (FLM) solution with a concentration of 0.5 g/l was obtained.
The morphology and hydrodynamic diameter of the prepared micelles was characterized by scanning
electron microscopy (SEM, EVO18, Germany) and dynamic light scattering (DLS, Malvern Zetasizer
Nano S, UK) respectively, as shown in Fig.1. It was observed from SEM image (Fig.1 (a)) that the
micelles presented a spherical morphology; based on DLS measurement, the hydrodynamic radius of
the micelles (Fig.1 (b)) was about 400 nm. The zeta potential of the prepared micelles determined by
electrophoretic measurement was -23.7 mV.

(a) SEM image

(b) Hydrodynamic radius

Figure 1. (a) SEM image and (b) hydrodynamic radius of the micelles
determined by DLS measurement
2.1.2 Cement paste
The chemical and mineral compositions of P II 42.5 ordinary Portland cement (Huarun Cement
Holdings Ltd) used in this study are listed in Table 1 and Table 2, respectively. The water to cement
ratio (w/c) of cement paste was 0.4. The fresh cement paste for the tests of setting time was prepared
according to Chinese standard GB/T 1346-2011, and the specimen for mini-slump tests was prepared
according to Chinese Standard GB/T 8077-2012. Details about the sample preparation for other
related tests are described in the related parts further below. The specimen designations in this study
are as follows: specimen W was the control, micelles-free specimen cast with Milli-Q water; specimen
M1, M2 and M3 was the specimen cast with the micelles solution with the concentration of 0.125 g/l,
0.25 g/l and 0.5 g/l, respectively.
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Table 1. Chemical composition of P II 42.5 ordinary Portland cement used in this study (wt. %)

Composition

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

SO3

Others

LOI*

Content

21.60

4.35

2.95

63.81

1.76

0.51

0.16

2.06

1.61

1.19

* LOI, loss on ignition.
Table 2. Mineral composition of P II 42.5* ordinary Portland cement used in this study (wt. %)

C3S

C2S

C3A

C4AF

CaSO4·2H2O

56.20

19.61

6.54

8.97

3.50

* Calculated by Bogue method
2.2

Methods

2.2.1 Adsorption curves
The amount of micelles adsorbed on cement particles was determined by Liqui total organic carbon
(TOC) analyzer (Elementar). Micelles solution with different concentrations was used to prepare the
specimen and the final micelles concentration in cement paste (w/c=0.4) was in the range of 0 wt. %2×10-2 wt. % (by dry cement weight). After mixing, 20 ml fresh cement paste was collected and
centrifuged at 4200 rpm for 5 min to separate the liquid. The collected liquid was then filtered by a
0.45 µm nylon filter and diluted for 20 times with Milli-Q water. The adsorbed micelles amount was
calculated by the difference in the micelles concentration in solution before and after mixing. The
temperature of the measurements was kept at 20 °C.
2.2.2 Optical fluorescence microscopy (OFM)
Due to the tiny size of the micelles and complex microstructure of cement paste, it is very difficult to
distinguish the micelles and evaluate their adsorption process and distribution in cement matrix. In this
study, optical fluorescence microscopy (OFM, SteREO Discovery.V12, Zeiss, Germany) was used to
investigate the adsorption behavior of the micelles on cement grains. The encapsulation of
hydrophobic fluorescein allowed the clear distinguishing of the micelles in fresh cement matrix under
OFM. OFM image was obtained by using excitation wavelength of 590 nm with the magnification of
40×. Cement paste for OFM observations was prepared by using fluorescein labelled micelles solution
as the mixing water. For the observation on the distribution of the micelles in cement matrix, the fresh
cement paste was dropped on a glass slide and then sealed by a cover glass to avoid water
evaporation during OFM observation. The temperature of the measurements was kept at 20 °C.
2.2.3 SEM observations
The morphology of cement particles in the presence of the fluorescein labelled micelles (5 min after
mixing) was investigated by scanning electron microscopy (SEM, EVO18, Germany), combined with
energy dispersive spectroscopy (EDS, Merlin Compact VP, England). After 5 min, cement paste
(w/c=0.4) was immersed in liquid N2 to stop hydration and then dried in a freeze-dryer at -28 °C until
constant weight. SEM images were obtained in secondary electronic mode with an accelerating
voltage of 10 kV and magnification of 5000×. EDS point analysis was conducted at 12 different
locations on cement particles (both for the area with a high micelles adsorption amount and area with
no or less micelles adsorption).
2.2.4 Setting time of cement paste
Cement paste for setting time measurements was cast with micelles solution with different micelles
concentrations (5×10-3 wt. %, 1×10-2 wt. % and 2×10-2 wt. % (by the weight of dry cement),
respectively). The initial setting occurred when Vicat needle was 4.00 mm from the floor, and the final
setting was when Vicat needle penetrated 0.50 mm into the cement paste. The detailed processes
were performed according to Chinese standard GB/T 1346-2011. There were at least 3 replicates for
each specimen. The temperature of the measurements was kept at 20 °C.
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2.2.5 Zeta potential
In order to simulate the real chemical environment in pore solution, cement suspension with a w/c ratio
of 0.4 was used for zeta potential measurements in this study [12].In this study, zeta potential
measurements were conducted by using ZetaProbe electro-acoustic spectrometer (Colloidal
Dynamics), which allows to determine zeta potential of concentrated solid suspensions such as
cement pastes (avoiding the error caused by the differences in hydration and surface properties
between the diluted specimen and original specimen). In addition, the electric conductivity of fresh
cement paste, which is proportional to the valence, concentration and mobility of the ions in pore
solution, was also measured in this study.
Before zeta potential measurements, the ionic background was deducted from cement pore solution,
which was separated from cement paste (with a w/c=0.4) via centrifugation for 10 min at 8500 rpm.
After cement paste with different micelles concentrations was prepared, the specimen was filled into
the sample container of the instrument and stirred at 300 rpm during the measurement. The zeta
potential and conductivity of cement paste were measured at the time intervals of 0, 15, 30, 45, 60 and
90 min, respectively at 20 °C.
2.2.6 Fluidity of cement paste
The influence of the micelles on the fluidity of fresh cement paste was evaluated by mini-slump tests
(according to Chinese Standard GB/T 8077-2012). Fresh cement paste (with a w/c=0.4) was filled in a
mini-slump cone with a height of 60 mm, top diameter of 30 mm and bottom diameter of 60 mm on a
Plexiglas plate; the cone was then vertically removed. The diameter of cement paste was measured 4
times (each at 45° angle to the previous one) and the average value was calculated as the mini-slump
spread value. The mini-slump of cement paste was measured at the time intervals of 0, 15, 30, 45, 60
and 90 min at 20 °C to investigate the slump retaining ability of cement paste. There were at least 3
replicates for each specimen.
3.

RESULTS AND DISCUSSIONS

3.1
3.1.1

Adsorption of the micelles on the surface of cement particles
Adsorption isotherm of the micelles on the surface of cement particles

Figure 2. Adsorption isotherm curve of the micelles on the surface of cement particles
The adsorption isotherm curve of micelles on the surface of cement particles is shown in Fig.2. Based
on the fitting equation, it was observed that the slope of the adsorption isotherm curve was very close
to 1 (0.963), indicating that most micelles were adsorbed on the surface of cement particles after
mixing. The prepared PEO113-b-PS1171 micelles presented a negative zeta potential of -23.7 mV in this
study. Further, normally when used as superplasticizers for cement-based materials, the concentration
of copolymers was in the range of 0.1-0.5 wt. % by dry cement weight [12, 22]. In this study, the
micelles concentration was below 0.020 wt. % by dry cement weight, which was much lower than both
the normally used concentration and saturated adsorption amount (0.05-0.1 wt. % by dry cement
weight [23]) of copolymers on cement particles. Therefore, due to the large negative zeta potential and
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low concentration, almost all PEO113-b-PS1171 micelles were efficiently adsorbed on the surface of
cement particles in this study.
3.1.2 Adsorption rate of the micelles on the surface of cement particles
Fig.4 presents OFM images of fresh cement paste cast with FLM solution at different time after mixing.
As soon as cement particles contacted with FLM solution, the brightness of cement particle surface
increased (e.g. brighter sites in the red frame in Fig.3 (a)-(d)) and a higher brightness was related to a
longer time (from 0 s to 40 s). Meanwhile, the brightness of FLM solution was reduced with time and
became almost black after 40 s. The above observations confirm that after mixing, the micelles were
really adsorbed on the surface of cement particles. Further, the adsorption rate of the micelles was
very quick, and most micelles were adsorbed on the surface of cement particles within 40 s.

400 µm

400 µm
(a) 0 S

(b) 10 S

400 µm

400 µm
(a) 30 S

(b) 40 S

Figure 3. OFM images of cement particles and FLM solution before mixing
3.2

Distribution of the micelles in fresh cement paste

OFM image of fresh cement paste in the presence of the fluorescein labelled micelles (5 min after
mixing) was shown in Fig.4. It is observed that at the mesoscale, the micelles were uniformly
distributed in cement matrix and there were no obvious agglomerates of micelles. However, some
locations with higher brightness also existed in cement matrix, indicating that the micelles may be
preferentially adsorbed on the surface of some specific mineral phases.
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200 µm

Figure 4. OFM images of cement particles and FLM solution before mixing
In order to further understand the distribution of the micelles in fresh cement matrix at the microscale,
the morphology of cement particles in the presence of the fluorescein labelled micelles (5 min after
mixing) was also investigated by SEM observation, as shown in Fig.5. It is observed that the micelles
were preferentially adsorbed at some specific locations on cement particles, e.g. location 1 in Fig.5;
there were also some locations on cement particles with no or less adsorbed micelles, e.g. location 2
in Fig.5.

Figure 5. SEM image of cement particles in the presence of the fluorescein labelled micelles
(5 min after mixing)
EDS results of different locations on cement particles (marked as red rectangle in SEM images in
Fig.6) are presented in Table 3. Al and Fe contents for location 1 (Al: 6.68 wt. %; Fe: 3.86 wt. %) were
significantly higher compared to location 2 (Al: 0.78 wt. %; Fe: 0.28 wt. %), and Si content for location
1 (4.89 wt. %) was significantly lower compared to location 2 (11.52 wt. %). The higher Al and Fe
contents and lower Si content indicated that the micelles were preferentially adsorbed on aluminates
phases, i.e. C3A and C4AF.
Table 3. EDS results of different locations on cement particles in the presence of the
fluorescein labelled micelles (5 min after mixing)

Elements (at. %)

Ca

Si

Al

Fe

O

Others

Plocation 1

22.37

4.89

6.68

3.86

59.80

2.40

Plocation 2

30.88

11.52

0.78

0.28

55.42

1.12
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3.3

Workability of cement paste in the presence of the admixed micelles

3.3.1 Setting time of cement paste in the presence of the admixed micelles
The influence of the admixed micelles on the initial and final setting time of cement paste is presented
in Table 4. The initial setting time (Ti) of the micelles-containing specimen was slightly longer than the
micelles-free specimen and this delay effect was more pronounced with a higher micelles
concentration: Ti value of the micelles-free specimen was about 307 min, and was increased to 308
min, 313 min and 314 min in the presence of 5×10 -3 wt. %, 1×10-2 wt. % and 2×10-2 wt. % micelles,
respectively. However, the final setting time (T f) of cement paste was slightly shortened by the
admixed micelles: Tf value of the micelles-free specimen was about 352 min, and was reduced to 350
min, 343 min and 337 min in the presence of 5×10-3 wt. %, 1×10-2 wt. % and 2×10-2 wt. % micelles,
respectively. As a result, the time interval between the initial and final setting was also reduced by the
micelles.
Table 4. Initial setting time (Ti) and final setting time (Tf) of cement pastes with different
micelles concentrations

Specimens

Ti (min)

Tf (min)

Tf- Ti (min)

Control

307

352

45

M1

308

350

42

M2

313

343

30

M3

314

337

23

3.3.2 Zeta potential of cement paste in the presence of the admixed micelles
Zeta potential and conductivity of cement paste with different content of the micelles are shown in
Fig.6. Generally, zeta potential of cement paste slightly decreased with time both for the micelles-free
and micelles-containing specimens in this study. For example, zeta potential of the micelles-free
specimen was reduced from about -8.5 mV to -6 mV after 90 min. It was reported that zeta potential of
cement paste was very sensitive to the chemical composition of pore solution, i.e. pH, ionic species
and ion concentration [24]. Normally, zeta potential decreased with a higher pH value and ionic
strength [25]. Therefore, the alteration of zeta potential with time in this study is possibly related to the
increased pH and Ca2+, K+, and Na+ concentrations in pore solution due to the continuous ions
dissolution. Further, zeta potential of cement paste was shifted to a more negative value by the
admixed micelles, especially with a higher concentration. For example, after 90 min, zeta potential of
the micelles-free specimen was about -6 mV; however, it was reduced to about -6.5 mV, -7 mV and -9
mV in the presence of 5×10-3 wt. %, 1×10-2 wt. % and 2×10-2 wt. % micelles, respectively. Due to the
slightly larger negative zeta potential, the electrostatic repulsive force among cement particles should
increase with the micelles, which was beneficial for a uniform dispersion of cement particles.

Figure 6. Zeta potential of cement pastes with different micelles concentrations
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3.3.3

Fluidity of cement paste in the presence of the admixed micelles

Figure 7. Fluidity of cement paste with different micelles concentrations
The fluidity and fluidity retention ability of fresh cement paste with different amount of the micelles are
presented in Fig.7. The initial fluidity of the micelles-containing specimen slightly increased (about 3
mm), compared to the micelles-free specimen. Further, the flow retention ability of cement paste was
also improved by the admixed micelles: after 90 min, the fluidity of the micelles-free specimen
decreased to about 80 mm; however, the fluidity for the micelles-containing specimens was
maintained in the range of 90-95 mm. The results indicated that the workability of fresh cement paste
was improved by the admixed micelles.
3.4

Discussions

In this present study, the workability of fresh cement paste was influenced by the prepared PEO113-bPS1171 micelles (core-shell corrosion inhibitors). The above effects were closely related to the
adsorption behavior of the micelles on cement particles.
The dispersion effect of the micelles is mainly achieved by their adsorption on cement particle,
providing the electrostatic force and steric repulsive effect. In cement paste, different clinkers possess
different surface charge: it was reported that C3S and C2S were negative charged, and C 3A and C4AF
were positive charged [13]. Therefore, cement suspensions can provide adsorption sites for both
positively and negatively charged copolymers [26]. In this study, the used PEO 113-b-PS1171 micelles
were negatively charged (with a zeta potential of -23.7 mV), thus efficiently adsorbed on the surface of
positively charged aluminates phases (evidenced in Fig.5 and Table 3). Due to their large negative
surface charge, the adsorbed micelles made the above originally positively charged phases presenting
negative surface potential, leading to a more negative average zeta potential (Fig.6) and subsequently
higher electrostatic repulsive force among cement particles. However, the influence of the micelles on
the average zeta potential of cement particles was not very significant and the measured values (in
the range of -6.5 mV to -9 mV) were not sufficient for a good dispersion of cement particles according
to the reported literatures [27, 28]. Based on the above illustrations, the steric repulsive force
associated with the formation of a high-density adsorption layer by the overlapping of PEO hairy shell
of the micelles [30] also attributed to the better dispersion of cement particles. Therefore, in the
presence of the micelles, due to the increased zeta potential and steric repulsive force, the fluidity of
cement paste was improved (Fig.7). Further, the retarded early hydration (Table 4) led to an improved
fluidity maintaining ability of cement paste in the presence of the micelles.
4.

CONCLUSIONS

In this study, the workability of fresh cement paste was influenced by the prepared core-shell corrosion
inhibitors (PEO113-b-PS1171 micelles) due to their efficient adsorption on the surface of cement particles.
The adsorption rate of the micelles was very quick: after 40 s, they were almost completely adsorbed
on the surface of cement particles. At the mesoscale, the distribution of the micelles in cement matrix
was uniform; however, due to the large negative surface charge, at the microscale they were
preferentially adsorbed on the positively charged aluminates phases, i.e. C 3A and C4AF. Due to the
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efficient adsorption, a high-density adsorption layer of the micelles formed on the surface of positively
charged aluminates phases, both increasing the electrostatic repulsive force and steric hindrance
effect among cement particles; the above effects resulted in the better dispersion of cement particles,
and subsequently better workability of cement matrix.
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ABSTRACT
Accelerated carbonation curing is considered as a promising method to improve mechanical properties
and durability of cement-based materials and is favorable for reducing carbon emission. In this paper,
a partial differential mathematical model is developed to demonstrate the hydration evolution and
carbonation behavior of both clinker minerals and hydration products when cement paste is exposed to
an accelerated carbonation curing at early age. The numerical simulations show that tricalcium silicate
is the major reactant in both hydration and carbonation reactions. The modelling prediction of porosity,
carbonation efficiency and pH value of cement paste was verified by early age accelerated carbonation
curing measurement. The prediction value is more close to the tested result with the longer curing age.
Dimensionless analysis is performed to figure out the effect of different carbonation mechanisms.
Based on the relationship between Thiele modulus and carbonation efficiency, it is shown that early
accelerated carbonation curing is a diffusion limiting process initially and then turns into a rate limiting
process as the carbonation proceeds. By comparison of carbonation rate and amount of different
minerals, it could be concluded that the overall carbonation depth and rate of cement paste are mainly
controlled by tricalcium silicate and calcium hydroxide.
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1.

GENERAL INTRODUCTION

Carbonation curing is a kind of carbon dioxide capture and storage technique applied to cement-based
materials. When cement-based materials are exposed to a relative high CO2 concentration environment
during early hydration period, not only hydration production such as calcium silicate hydrated (C-S-H)
and calcium hydroxide (CH) but also cement clinker minerals such as tricalcium silicate (C3S) and
dicalcium silicate (C2S) would be involved in carbonation reaction. According to statistics (Damtoft et al.
2008), cement production accounts for about 5% of global carbon dioxide emission. In this situation,
carbonation curing is considered as a promising method to reduce CO2 emission in construction
industry. In the process of carbonation, CO2 reacts with calcium compounds, and forms
thermodynamically stable calcium carbonate (CaCO3). It is estimated that approximately 1.5 million
metric tons of CO2 can be sequestered annually in concrete masonry units, which lead to nearly 3%
reduction of carbon emission (El-Hassan et al. 2013). Moreover, previous studies (Morandeau et al.
2014, Phung et al. 2015) indicate that for ordinary cement system, carbonation refines pore structure
and decrease permeability, as a consequence of the precipitation of carbonation products. CaCO3
generates in carbonation reaction could fill pores in cement matrix and results in nucleation in
subsequent cement hydration, leading to higher strength and accelerated hydration process.
To date, studies of modelling on early carbonation curing process are limited. During early accelerated
carbonation, a series of physicochemical reactions occur: (i) phase transition and mass transfer of CO2;
(ii) dissolution of solid Ca(OH)2 and mass transfer of dissolved Ca(OH)2; (iii) hydration of cement
compounds; (iv) carbonation of unhydrated cement compounds and hydration products. All these
reactions significantly depend on carbonation condition (relative humidity, CO2 concentration, etc.). It
could be expected that competition between the dissolving reactive compounds exists in a parallel or
sequential way. (Muntean et al. 2005) Thus, it is difficult to determine the reaction order, or to identify
the rate of each reaction. Most existing modeling studies are applied to mature concretes, in which the
competition mentioned above is usually neglected. Moreover, for early accelerated carbonation the
diffusion mechanism is different from the natural situation due to higher CO2 concentration, saturation
degree, porosity and lower hydration degree. In some related studies, (Reardon et al. 1989, Papadakis
et al. 1991a, b) it is thought that natural carbonation of mature concrete is a diffusion limiting process.
However, for early accelerated carbonation curing, the reaction mechanism and the limiting factors are
not yet clear.
In this study, a mathematical model for all physicochemical reactions mentioned above was developed,
including several partial differential equations. A finite difference method was applied to solve this set of
partial differential equations and the numerical solutions could demonstrate the whole reaction process
and the reaction degree at any moment. The predicted porosity and carbonation efficiency a were
compared with the experimental results of early accelerated carbonation curing to verify the
mathematical model.
2.

MODEL FRAMEWORK

For early age carbonation curing, the related hydration and carbonation reaction equations are
summarized in Table 1(Berger et al. 1972, Young et al. 1974).
Table 1 Chemical reactions during hydration and carbonation
Hydration reactions
𝑟𝐻,𝐶3𝑆

2(3CaO ∙ Si𝑂2 ) + 6𝐻2 𝑂 →

3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2 𝑂 + 3𝐶𝑎(𝑂𝐻)2

𝑟𝐻,𝐶2𝑆

2(2CaO ∙ Si𝑂2 ) + 4𝐻2 𝑂 →

3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2 𝑂 + 𝐶𝑎(𝑂𝐻)2
𝑟𝐻,𝐶3 𝐴

3CaO ∙ 𝐴𝑙2 𝑂3 + 3(𝐶𝑎𝑆𝑂4 ∙ 2𝐻2 𝑂) + 26𝐻2 𝑂 →

3𝐶𝑎𝑂 ∙ 𝐴𝑙2 𝑂3 ∙ 3𝐶𝑎𝑆𝑂4 ∙ 32𝐻2 𝑂

(1.1)
(1.2)
(1.3)

4CaO ∙ 𝐴𝑙2 𝑂3 ∙ 𝐹𝑒2 𝑂3 + 2𝐶𝑎(𝑂𝐻)2 + 2(𝐶𝑎𝑆𝑂4 ∙ 2𝐻2 𝑂) + 18𝐻2 𝑂
𝑟𝐻,𝐶4𝐴𝐹

→

6𝐶𝑎𝑂 ∙ 𝐴𝑙2 𝑂3 ∙ 𝐹𝑒2 𝑂3 ∙ 2𝐶𝑎𝑆𝑂4 ∙ 24𝐻2 𝑂

(1.4)
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Carbonation reactions
𝑟𝐶,𝐶3𝑆

3CaO ∙ Si𝑂2 + 3𝐶𝑂2 +𝑛𝐻2 𝑂 →

𝑟𝐶,𝐶2𝑆

2CaO ∙ Si𝑂2 + 2𝐶𝑂2 +𝑛𝐻2 𝑂 →

𝑟𝐶,𝐶𝐻

3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2 𝑂 + 3𝐶𝑂2 →

𝑟𝐶,𝐶𝐻

Ca(OH)2 + 𝐶𝑂2 →
2.1

𝑆𝑖𝑂2 ∙ 𝑛𝐻2 𝑂 + 3𝐶𝑎𝐶𝑂3

(1.5)

𝑆𝑖𝑂2 ∙ 𝑛𝐻2 𝑂 + 2𝐶𝑎𝐶𝑂3

(1.6)

3𝐶𝑎𝐶𝑂3 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2 𝑂

(1.7)

𝐶𝑎𝐶𝑂3 + 𝐻2 𝑂

(1.8)

Mass transfer and phase transition

On the basis of those above assumptions and mass balance of gaseous and dissolved CO2, the partial
differential equations used to calculate mass transfer and reaction rate of CO2 are as follow:
𝜕([𝐶𝑂2 (𝑔)]𝜀(1−𝑆))
𝜕𝑡
𝜕([𝐶𝑂2 (𝑙)]𝜀𝑆)
𝜕𝑡

=

=

𝜕(𝐷𝑔,𝐶𝑂2

𝜕(𝐷𝑙,𝐶𝑂2

𝜕([𝐶𝑂2 (𝑔)]𝜀(1−𝑆))
)
𝜕𝑥

− 𝑟𝐷,𝐶𝑂2

(1)

+ 𝑟𝐷,𝐶𝑂2 − 𝑟𝐶,𝐶𝑂2

(2)

𝜕𝑥
𝜕([𝐶𝑂2 (𝑙)]𝜀𝑆)
)
𝜕𝑥

𝜕𝑥

where [𝐶𝑂2 (𝑔)] (mol/m3) and [𝐶𝑂2 (𝑙)] (mol/m3) are the concentration of gaseous and dissolved CO2; 𝜀
(-) denotes porosity of cement paste; S (-) is water saturation degree; 𝐷𝑔 and 𝐷𝑙 are effective diffusion
coefficients of gaseous and liquid phase respectively; 𝑟𝐷,𝐶𝑂2 (mol/m3·s) is the dissolution rate of gaseous
CO2 and 𝑟𝐶,𝐶𝑂2 (mol/m3·s) is the consumption rate of dissolved CO2 due to carbonation.
As hydration and carbonation proceed, the pores in cement paste are filled by reaction products
gradually, which degrades the diffusion coefficient and velocity. Therefore the effective diffusion
coefficient are concerned here, which is related to porosity, saturation degree and tortuosity. 𝐷𝑙 could
be defined as follow (Phung et al. 2016):
𝐷𝑙 = 𝐷𝑙0 ∙ 𝑘𝐷𝑙 (𝜀, 𝜏) ∙ 𝑘𝐷𝑙 (𝑆)

(3)

where 𝐷𝑙0 (m2/s) is the inherent diffusion coefficient of a certain kind of liquid; 𝑘𝐷𝑙 (𝜀, 𝜏) (-) is related to
the contribution of porosity and tortuosity (Garboczi & Bentz 1992). 𝐾𝐷𝑙 (𝑆) (-) denotes the impact of
saturation degree on 𝐷𝑙 which is originally proposed by Millington (1959)
For diffusion coefficient 𝐷𝑔 of gaseous phase, it could be approached in a similar method.
𝐷𝑔 = 𝐷𝑔0 ∙ 𝑘𝐷𝑔 (𝜀, 𝜏) ∙ 𝑘𝐷𝑔 (𝑆)

(4)

where 𝐷𝑔0 (m2/s) is the inherent diffusion coefficient of gas; 𝑘𝐷𝑔 (𝜀, 𝜏) (-) and 𝑘𝐷𝑔 (𝑆) (-) correspond to
similar implication to 𝑘𝐷𝑙 (𝜀, 𝜏) and 𝑘𝐷𝑙 (𝑆).
The dissolution process of CO2 is given by:
𝑟𝐷,𝐶𝑂2 = 𝑘𝑡 (𝑘𝐻 ∙ [𝐶𝑂2 (𝑔)] − [𝐶𝑂2 (𝑙)])

(5)

where 𝑘𝑡 (s-1) is the interfacial gas-liquid mass transfer coefficient for CO2 and 𝑘𝐻 (-) is the
dimensionless Henry’s constant for equilibrium partitioning of CO2 gas to water.
According to the mass balance of Ca(OH)2 (aq),
𝜕([𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)]𝜀𝑆)
𝜕𝑡

=

𝜕(𝐷𝑙,𝐶𝐻

𝜕([𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)]𝜀𝑆)
)
𝜕𝑥

𝜕𝑥

− 𝑟𝐶,𝐶𝐻 + 𝑟𝐷,𝐶𝐻

where [𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)] (mol/m3) represents the concentration of Ca(OH)2 (aq).

(6)
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2.2

Hydration and carbonation of cement clinker minerals

The initial hydration reaction is mostly controlled by surface reaction. A thin, metastable layer of C-S-H
forms, which retards the diffusion of reactive ions and hydration of unhydrated cement clinker minerals.
(Bullard & Jennings 2011) Therefore, the overall reaction rates are formulated as power law empirical
equations and as a function of the progress of hydration (Papadakis et al. 1989). The hydration reaction
rates of clinker minerals could be expressed as a function of the fraction of each ingredient which has
been hydrated at each time point. The reaction fraction 𝐹𝑖 and rate 𝑟𝐻,𝑖 of constituent 𝑖 are denoted as
(Taylor 1961):
𝐹𝑖 = 1 −

[i]
[𝑖]0

= 1 − (1 − 𝑘𝐻,𝑖 (𝑡𝑐𝑢 + 𝑡)(1 − 𝑛𝑖 ))1/(1−𝑛𝑖)
𝑟𝐻,𝑖 = (

𝑘𝐻,𝑖
𝑛 −1

[𝑖]0 𝑖

) [𝑖]𝑛𝑖

(7)

(8)

where 𝑘𝐻,𝑖 (s-1) and 𝑛𝑖 (s-1) are the hydration constant and reaction order of constituent 𝑖; 𝑡𝑐𝑢 (s) is the
duration of pre-curing; [𝑖]0 (mol/m3) is the initial concentration of constituent 𝑖. It is worth noting that
hydration rate during carbonation is assumed to be same as normal hydration.
As for carbonation, except the reactants mentioned in Table 1, there is evidences that the carbonation
of other hydrated and unhydrated constituents is limited to a surface zone with the bulk of crystallites,
which means carbonation of these compounds needs not to be included in the model (Bensted 2003).
Qualitative studies (Baird et al. 1957, Šauman 1971, Peter et al. 2008) of the kinetics of reaction (1.5)—
(1.8) showed that it could be reasonably assumed to be first order in [𝐶𝑂2 (𝑙)] and the exposed surface
areas of solid 𝐶3 𝑆, 𝐶2 𝑆 and 𝐶𝑆𝐻. To a first approximation, the rates of reaction (1.5)—(1.7) could be
denoted as:
𝑟𝑐,𝑖 = 𝑘𝑖 𝛼𝑠,𝑖 [𝐶𝑂2 (𝑙)]

(9)

where 𝑟𝑐,𝑖 (mol/m3·s), 𝑘𝑖 (m/s) and 𝛼𝑠,𝑖 (m2/m-3) are carbonation rate, carbonation constant and exposure
surface area of constituent 𝑖.
By assuming that the ratio of exposure surface area to total pore surface area for each constituent is
the same as volume ratio, the exposed surface of each constituent could be calculated with the total
specific surface area of pores and the relative volume of each constituent to total solid volume. Thus
𝛼𝑠,𝑖 could be denoted as:
𝛼𝑠,𝑖 =

𝛼𝑠 [𝑖]
1−𝜀

𝑉𝑖

(10)

where 𝛼𝑠 (m2/m-3) is the surface of pores in cement paste per unit volume; 𝑉𝑖 (m3/mol) is molar volume
of constituent 𝑖. As the carbonation proceeds, the formation of carbonation products leads to reduced
exposure area of reactive compound (Kashef-Haghighi & Ghoshal 2013) Thus 𝛼𝑠 could be denoted as:
𝛼𝑠 = 𝑆𝐵𝐸𝑇 𝜌𝑠𝑝𝑒 − 𝑓[𝐶𝑎𝐶𝑂3 ]

(11)

where 𝑆𝐵𝐸𝑇 (m2/kg) is the total pore surface area per unit weight measured by BET; 𝜌𝑠𝑝𝑒 (kg/m3) is the
density of cement paste. The second term on the right denotes the reduction of pore surface area due
to formation of carbonation products (Kashef-Haghighi et al. 2015). 𝑓 (-) is a fitting coefficient obtained
from experiments; [𝐶𝑎𝐶𝑂3 ] (mol/m3) is the local concentration of CaCO3.
The reaction between 𝐶𝑎(𝑂𝐻)2 and 𝐶𝑂2 contains two sections: dissolution of 𝐶𝑎(𝑂𝐻)2 and carbonation
of dissolved 𝐶𝑎(𝑂𝐻)2 . The dissolution rate of 𝐶𝑎(𝑂𝐻)2 can be approximated well by (Ramachandran &
Sharma 1969):
𝑟𝐷,𝐶𝐻 = 0.5εS𝑘𝑠 𝛼𝑠,𝐶𝐻 ([𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)]𝑒𝑞 − [𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)])

(12)
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where 𝑘𝑠 (m/s) is the mass transfer coefficient of the dissolution of solid 𝐶𝑎(𝑂𝐻)2 ; [𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)]𝑒𝑞
(mol/m3) is saturation concentration of 𝑂𝐻 − ions in the liquid phase; [𝐶𝑎(𝑂𝐻)2 (𝑎𝑞)] (mol/m3) is the local
concentration of 𝑂𝐻 − ions in the liquid phase.
The kinetics of carbonation of dissolved 𝐶𝑎(𝑂𝐻)2 have been studied in detail (Danckwerts & Lannus
1970, Pohorecki & Moniuk 1989). It has been found that the rate expression
1

𝑟𝐶,𝑂𝐻 = 𝑘2 [𝐶𝑎(𝑂𝐻)2 ]𝑒𝑞 [𝐶𝑂2 (𝑙)]
2

(13)

provides a good approximation for pH value above 10. 𝑘2 (m3/mol·s) denotes the rate constant between
dissolved 𝐶𝑂2 and 𝑂𝐻 − .
On the basis of derivation and physical considerations above, mass balance for unhydrated silicates
and C-S-H are as follow:
𝜕[𝐶3 𝑆]
𝜕𝑡
𝜕[𝐶2 𝑆]
𝜕𝑡
𝜕[𝐶𝑆𝐻]
𝜕𝑡

= −𝑟𝐻,𝐶3 𝑆 − 𝑟𝐶,𝐶3𝑆

(14)

= −𝑟𝐻,𝐶2 𝑆 − 𝑟𝐶,𝐶2𝑆

(15)

= −𝑟𝐻,𝐶𝑆𝐻 − 𝑟𝐶,𝐶𝑆𝐻

(16)

𝜕[𝐶𝑎(𝑂𝐻)2 (𝑠)]
𝜕𝑡

= 𝑟𝐻,𝐶𝐻 − 𝑟𝐷

(17)

The porosity of cement paste is altered by hydration and carbonation, because of the differences in
molar volume between reactants and products. It could be denoted as:
𝜕𝜀
𝜕𝑡

= − ∑[(𝑟𝐻,𝑖 + 𝑟𝐶,𝑖 )∆𝑉𝑖 ]

(18)

where ∆𝑉𝑖 (m3/mol) is the change in volume per mole of reactant 𝑖 of hydration and carbonation.
Carbonation efficiency is an important reference to evaluate carbonation degree and is defined as a
function of the cumulative CO2 concentration gain (𝐶𝐶𝑂2 , (mol/m3)), the CO2 uptake potential (𝑋𝐶𝑂2 , (-))
and the dry density of cement (𝜌𝑐 , (kg/m3)), presented in (20).
𝐸𝑐 =

𝑀𝐶𝑂2 𝐶𝐶𝑂2
𝑋𝐶𝑂2 𝜌𝑐

(19)

Based on the mass balance of these cement compounds and hydration products, a set of partial
differential equations are established. This set of equations is consisted of three variable coefficient
parabolic partial differential equations and four ordinary differential equations. It could be solved
numerically by using programs such as COMSOL Multiphysics and Matlab pdetool, or applying a finite
difference method by Keller’s difference scheme. The flowchart of numerical procedure is shown in
Figure 1. In order to guarantee the convergence of the finite difference, fine enough meshing is
necessary. In this research, the length of time step was determined as 1 second.
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Figure 1. Flowchart of numerical procedure

3.
3.1

EXPERIMENTAL RESULTS AND MODEL VERIFICATION
Experimental materials and methods

Cement paste specimens were prepared with tap water and Portland cement complying with the
Chinese Standard GB8076-2008. Chemical composition measured by X-Ray Fluorescence (XRF) is
presented in Table 2. Ratio of water to cement (w/c) was 0.4.
Table 2 Chemical and mineral composition of cement
Chemical composition (%)
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

f-CaO

21.90

4.47

3.55

64.03

2.90

2.45

0.553

0.90

Fresh cement paste was compacted in steel cube molds of 70.7 × 70.7 × 70.7 mm and pre-cured at
temperature of 20℃ and relative humidity of 50% for 4 hours. Then paste samples were moved into a
carbonation chamber with CO2 partial pressure of 0.2 bar, relative humidity of 70% and temperature of
20 ℃. In order to simulate one-dimensional carbonation, paraffin was used to seal five surfaces of cubic
specimens. Powder samples were extracted from various depths after accelerated carbonation curing.
Porosity and specific surface area were measured using Mercury Intrusion Porosimetry (MIP) and
Brunauer-Emmett-Teller (BET) nitrogen sorption. The porosity of 1 h and 4 h standard curing after 4 h
pre-curing was also measured, as control groups of 1 h and 4 h carbonation curing. To quantify CaCO3
content, thermogravimetric analysis (TGA) was employed. CaCO3 decomposes between 550 ℃ to 900
℃, so the content of CaCO3 in samples could be figured out by change of TG curve between 550 ℃
and 900 ℃ (Rostami et al. 2012).
3.2

Verification of carbonation efficiency and porosity

The measured and simulated values of carbonation efficiency at different depth with carbonation
duration are presented in Figure 2. It could be found that the simulated results are lower than the
measured values for inner layers obviously. This deviation is probably caused by the fitting coefficient f.
As carbonation proceeds, the exposed surface area of reactive compounds reduces because of
formation of carbonation products. These products would precipitate on the surface of reactive
compounds or block narrow pores. Thus, coefficient f was introduced to account this degraded
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phenomena. In this study the coefficient was fitted as f=4.0. However, due to the changing carbonation
degree at different depth, this coefficient could not fit all the layers well, leading to underestimated
carbonation efficiency prediction at early carbonation and at inner layers. In addition, the growth rate of
carbonation efficiency at the surface remains nearly constant, about 2% per hour. While for inner layers,
this growth rate shows an increase tendency, because of increasing concentration of CO2 with time.

Figure 2. Measured and predicted CaCO3 concentration at different depth
The measured and simulated porosity varies with depth after 1 h and 4 h carbonation are presented in
Figure 3. Due to the underestimate of carbonation efficiency mentioned above, the concentration of
CaCO3 after 1 h carbonation is underestimated as well, thus the corresponding porosity is over
estimated. The deviation decreases as the depth increases, because of relative low carbonation degree.
As for 4 h carbonation, the simulated porosity within the depth of 30 mm is comparable with the
measured porosity. The porosity of control group corresponding to 1 h and 4 h standard curing after 4 h
pre-cuing are 27.09% and 26.16% respectively, which indicates the hydration from 5 h to 8 h reduces
porosity by about 0.93%. Moreover, the porosity reduced by about 1.93% at the outer layer of
carbonated sample from 1 h to 4 h carbonation, caused by the combination of hydration and carbonation.
Though carbonation rate at the surface is higher than hydration rate, the decrease of porosity caused
by hydration and carbonation is similar because the change of molar volume by carbonation is lower.

Figure 3 (a) 1 h carbonation

Figure 3 (b) 4 h carbonation

Figure 3. Measured and predicted porosity after 1 h and 4 h carbonation
3.3

Evolution of hydration and carbonation

The changes in concentration of cement clinker minerals and hydration products during 4 h pre-curing
are simulated by this model as presented in Figure 4. In this figure, the original point of x-axis is
corresponding to the beginning of carbonation curing. It could be concluded that C3S is the main
participant in hydration.
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Figure 4. Changes of composition during hydration period
The carbonation efficiency varies with depth after different carbonation duration are presented in Figure
5. It could be concluded that the carbonation efficiency decreases with the higher depth, while this
reduction is degraded with the prolonged carbonation duration. For 1 h carbonation, carbonation
efficiency at the surface is almost 20 times higher than that at 30 mm depth, but this multiple relationship
is reduced to lower than 3 times after 4 h carbonation. This could be attributed to the accelerating
carbonation reaction at inner positon, caused by increasing CO2 concentration in gaseous and liquid
phase. Similar with the carbonation rate of C3S mentioned above, the overall carbonation rate remains
almost constant at the surface during 4 h carbonation, and carbonation efficiency is increased by about
2.3% per hour. While this increasing rate of carbonation efficiency changes from 0.12% per hour to 1.7%
per hour at 30 mm depth.

Figure 5. Carbonation efficiency changes with carbonation duration
Due to the difference among rate coefficients of carbonation, competition between carbonation reactions
exists during early age carbonation. The concentration of CO2 consumed by C3S, C2S, C-S-H and
Ca(OH)2 is presented in Figure 6. It can be observed that all compounds compete for CO2. The amount
of CO2 consumed by the carbonation of Ca(OH)2 and C3S is much greater than that of other two
compounds. It could be concluded that carbonation of C2S and C-S-H only occur when C3S and Ca(OH)2
are almost totally consumed. Among all the carbonation reactants, C3S and Ca(OH)2 are dominating in
the carbonation depth associated with higher concentration and reaction rate coefficient. This result is
different from some studies about carbonation of mature concrete (Peter et al. 2008). Due to the higher
hydration degree, carbonation depth is dominated by Ca(OH)2 and C-S-H instead of C3S in mature
concrete.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

(a)

(b)

Figure 6. Concentration of CO2 consumed by the carbonation of C3S, C2S, C-S-H and Ca(OH)2

4.

CONCLUSION

A one-dimensional mathematical model for carbonation curing of cement paste was developed in this
study. The partial differential equations were established with respect to the mass balance of gaseous
CO2, dissolved CO2 and other reactive compounds in the process of hydration and carbonation. To
contrast the importance of involved mass transfer effect and reactions, the system of equations was
transformed into a dimensionless form. The porosity and CO2 uptake were figured out and compared
with experimental results. The limiting condition changed during early carbonation from a diffusion
limiting process to a rate limiting process. The access of gaseous CO2 to inner reactive compounds
determine the extent of carbonation. C3S and its hydration products Ca(OH)2 is the key reactant in early
carbonation. While the carbonation of C2S and C-S-H only have a small influence on the total outcome.
All involved carbonation reactants compete for carbon dioxide. As a result, carbonation depth of each
reactant is different. The carbonation of C3S and Ca(OH)2 is prior compared with C2S and C-S-H. The
model could be used to predict the carbonation efficiency, porosity and carbonation depth under different
conditions. The predicted results match with experimental results well for subsequent carbonation but
not ideal for initial period of carbonation. This deviation might be caused by coefficient of product
precipitation. Therefore an in-depth study and additional experimental verification is required in further
investigation.
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ABSTRACT
Ordinary Portland cement (OPC) and Sulphoaluminate cement (SAC) -based concrete was prepared
for 3D printing.. The experimental results show that the penetration strength of the SAC-3D and OPC3D printing concrete is about 0.05MPa, and their penetration strength can reach 0.7MPa at 27min and
35min, and then the strength increases rapidly. The compressive strength of the 3D printed specimens
after 28 days reached C40 level. The compressive strength and reinforcement bond strength of the 3D
printed specimens of the OPC & SAC-3D -based concrete were 10.65% and 8.84% lower than those
of the standard mold-casting specimens, respectively.The inter-layer bond strength of the printed
specimens was 2.53 MPa and 2.14MPa. There are a large number of acicular ettringite crystals in the
SAC-3D hardened paste, which fill in the interstices of the hydrated alumina gel and the hydrated
calcium silicate gel. However, in the microscopic morphology of the OPC-3D hardened paste, no
obvious acicular ettringite was visible, the most dominant hydrated phase being hydrated calcium
silicate gel and tightly packed together. Both 3D printing concrete have denser microstructure and less
porosity. The total pore volume of the two printed concrete hardened cement slurries in the sample
pore structure tested by BET nitrogen adsorption was less than 0.04 mL • g -1, which was at a
relatively low level. This also shows that 3D printed concrete has a dense microstructure.
Key words: 3D printing concrete, Penetration strength, Compressive strength anisotropy, Inter-layer
bond strength, Microstructure
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1.

INTRODUCTION

3D printing technology has been widely applied to many fields, including building constructions, etc
(Benjamin K et al. 2015, Seitz H et al. 2015, Jonas B 2018, Arghavav F 2015). The performances of
concrete are described by rapid hardening and high early strengthen. In concrete printing process,
components are designed as volumetric objects using 3D modeling software. They are sliced and
represented as a series of two dimensional layers in the form of digital data which are then exported to
a 3D printer layer by layer to manufacture structural components by the controlled extrusion of
concrete (Le TT 2012, Zhang DW 2018, ) “Reference”. The concrete printing process uses an
additive, layer-based, manufacturing technique to build complex geometrical shapes without formwork,
thereby rendering it unique advantages over conventional construction methods. Concrete 3D printing
has the following features: intelligent: using the digital model technology of building components and
building design to realize high-precision continuous layered distributing (Lowkea D 2018, Ovsianikov A
2012), “Reference”. Template-free: using concrete with good thixotropic property, controllable setting
time and rapid strength development to realize layer-by layer forming of template-free distributing.
Labor saving and material saving: low labor cost, less material loss, less waste and less dust in the
construction process. The construction method of concrete 3D printing is applicable for landscape
products, building components and 3D printing of buildings with various forms and complex shapes.
Concrete 3D printing construction technology is mainly divided into five steps: concrete mixing
proportion design-concrete preparation-concrete transporting- distributing printing molding-finished
product maintenance (Lin XQ 2018, Roussel N 2018) “Reference”. The concrete mixing proportion
design mainly controls the setting time and working performance of printing concrete, which meet the
requirements of concrete strength and durability of structural design on the basis to meet the
requirements of component printing speed. Distributing printing molding is mainly composed of
transporting intelligent control, distributing intelligent control and printing path control.

Figure 1 The process of 3D concrete printing

Figure2 The concrete 3D printer in this research

As shown in Figure 2, a large concrete 3D printer was used for experimental research of cementbased concrete for 3D printing. As shown in Figures 3-5, the cement-based concrete was used for
manufacturing the components with special shapes such as printing column, bench, and elliptical
component. Meanwhile, as shown in Figure 6, the decorative components were printed by cement
based concrete where an inorganic iron oxide pigment was added. The performance experiment and
application examples of the above cement-based concrete have shown its promising future in the 3D
printing of buildings.

Figure3 Small house

Figure4 A room component
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Figure5 Public bench

Figure6 Decorative components

In this research, the OPC and SAC -based concrete for 3D printing was prepared through the
adjustment of the mix ratio and setting time. The mechanical properties and Microstructure of the
concrete were experimentally investigated.
2.

EXPERIMENTS

2.1

Materials and mix ratio for preparing OPC-based 3D printed concrete

2.1.1

Raw materials

Cement: Ordinary Portland cement 42.5 and Sulphoaluminate cement 42.5 (SAC) were used in this
research with its chemical composition and physical properties shown in Table 1, Table 2. The initial
setting time of OPC was 183 min and the final setting time was 237 min, with the compressive strength
being 52.5 MPa after 28 d of curing. Aggregate: quartz sand of 20-40 and 40-80 mesh was used with
a weight ratio of 1:1. Early strength agent: SAC was used as early strength agent and added to OPCbased concrete to improve the hydration. A special compound early strength admixture (JH) is used
for SAC cement based 3D printed concrete. Polycarboxylate superplasticizer was added to reduce the
ratio of water to cement in the concrete. In addition, the volume-stable admixture (VS) was mixed with
dispersible polymer powder, thixotropic agent, hydroxypropyl methylcellulose and antifoaming agent.
A small amount of polyvinyl alcohol (PVA) anti-cracking fiber was added.
Table 1. Chemical composition of OPC & SAC %.wt
Cement

Al2O3

CaO

SO3

SiO2

Fe2O3

MgO

Loss

OPC

6.65

58.93

2.54

24.12

3.78

0.79

3.19

SAC

35.17

42.54

10.79

6.13

1.53

1.24

2.10

Table 2. Physical properties of OPC and SAC
Standard
consistency /%

Cement

2.1.2

Setting time/ min

Compressive
strength/MPa

Flexural
strength/MPa

Initial

Final

3d

28d

3d

28d

SCA

27.9

45

73

47.6

55.7

7.7

8.6

OPC

28.1

183

237

28.4

52.5

5.3

8.1

Mix ratio of the OPC-based concrete for 3D printing

Table 3,4 shows the mix ratio of the OPC and SAC -based concrete for 3D printing.
Table 3. The mix ratio of the OPC-based concrete for 3D printing %.wt
W/B

OPC 42.5

Sand

PC

SAC

VS

PVA fiber

0.35-0.38

40-45

47-50

0.05-0.1

5-10

2-3

0.3
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Table 4. The mix ratio of the for 3D printing %.wt
W/B

SAC 42.5

Sand

PC

JH

VS/%

PVA fiber

0.35-0.38

50

47-50

0.05-0.1

0.1-0.6

2-3

0.3

In order to improve the strength of the concrete, the water-cement ratio was controlled at 0.35-0.38.
The mix ratio of the OPC and SAC-based concrete is shown in Table 3,Table 4. The properties of the
3d printing concrete were investigated under different mix ratios.
2.2

Methods

Figure 7 shows the methods for testing the mechanical properties of the concrete. Strip-like
components were printed with concrete and the steel bars were placed in the concrete during the
printing process. The compressive strength of the printed components (specimens) was tested.
Meanwhile, the bond strength of the specimens and steel bars was tested according to GB 50152-92.
The inter-layer bond strength of the specimens was tested by the uniaxial tensile method. The
shrinkage test was conducted according to JC/T 603-2004. The microstructure of concrete samples
was tested by electronic scanning electron microscopy (Hitachi S-3400n). The cement hydrate phase
of printed concrete was tested by X-ray diffraction test (Bruker D8Advance). The microscopic pore
structure of concrete was tested by nitrogen adsorption method (3H-2000PS1).

Figure 7. Methods for testing the mechanical properties of the concrete
3.
3.1

RESULTS AND DISCUSSION
Mechanical properties

3.1.1 Early hardening performance
3D printing process requires the printed material to have certain supporting force after being
extruded. Before the material is condensed, it must not deform or collapse. As shown in Figure 8, the
addition of different amounts of SAC in OPC-based concrete had effect on the setting time and the
penetration strength. When 10% SAC was added, the initial setting time for the concrete was about 23
min, and the final setting time was about 35 min. The penetration strength of the concrete after initial
condensation was increased rapidly, and the penetration strength reached 1 MPa at 40 min. The
increase rate of the early strength of OPC-based concrete could meet the requirements of
uninterrupted printing of walls and houses. When less SAC was added, it could be clearly seen that
the increase rate of the penetration strength of the OPC-2 had slowed down compared with the
addition of 10% SAC. The initial setting time of the concrete added with 5% SAC was about 43 min,
and the final setting time was 70-80 min. As can be seen from Figure 8, the penetration strength of the
concrete after final setting time increased relatively quickly and it became higher than 1 MPa at 80
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min. The results show that the OPC-based concrete can be applied to manufacturing components with
slow printing speed or large size.

1.6

OPC-1 3D concrete（10% SCA）
•OPC-2 3D concrete（5% SCA）

1.4

60

compressive strength/MPa

Penetration strength /MPa

1.2
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0.0
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Figure 8. Early hardening performance
Figure9. Early compressive strength of
of the OPC-based concrete
the OPC-based concrete
Besides, the change of the compressive strength of the trial-molded concrete was also examined. It
basedfrom
concrete
Early
hardening strength increased
based concrete
Figure10
can be seen
FigureFigure10
9 that the
compressive
very rapidly
fromEarly
dayhardening
1 to day 7,
performance
of thethan
SACSAC-had accelerated
Figure11the
and it became
greater
40 MPa afterFigure11
curing for 7 days. performance
The additionofoftheSAC
Early compressive
strength
of the
SACEarly compressive
strengthinofthe
the SACearly hydration
reaction
of the
OPC.
The CH formed by OPC hydration
participated
reaction of
converting aluminum phase gel into ettringite. This also had promoted the hydration of C4A3 s , further
based
concrete
concrete as well as the
resulting
in an
increase in the formation of ettringite and gel phase in based
the concrete
accelerated increase in the setting time. In addition, the consumption of CH also promoted the
accelerated hydration of C3S and C2S. Therefore, the initial hydration of C4A3 s and C3S minerals had
promoted each other and accelerated the early hydration reaction of cement.

Figure10. Early hardening performance of
the SAC based concrete

Figure11. Early compressive strength of
the SAC- based concrete

Figure 10 shows the trend of early penetration strength of concrete with different admixture dosage.
The initial setting time of SAC-1 concrete was about 18min, and the final setting time was about
27min. The growth rate of penetration strength increased rapidly after initial setting, and the
penetration strength had reached 1.2 MPa at 30 min. The initial setting time of the SAC-2 material is
about 30 min, and the final setting time is about 43 min. At the same time, the penetration strength can
reach 1.5 MPa at 50 min. This fast-growing strength of SAC- based concrete is well suited for 3D
printing. As shown in Figure 11, the compressive strength of SAC-based 3D printed concrete can
reach 10-20 MPa; the 3-day compressive strength is 40-50 MPa, and the 28-day compressive
strength is about 60 MPa.
3.1.2

Anisotropy in compressive strength

The 3D printing concrete was prepared according to the mixing ratio shown in Table 3 & Table 4.
The test method of the anisotropy compressive strength was carried out as shown in Figure 1. Table 3
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shows the compressive strength of the printed specimens (Fc.k-1) and that of mold-casting specimens (
Fc.k-2).
As shown in Table 5, the compressive strength of the printed specimen was 10.65% lower than that
of the standard mold-casting specimen. The results in Table 3 show that the concrete compactness by
3D printing was lower than that by the traditional formwork process. The average compressive
strength of the printed specimens was 47 MPa, and its relative deviation was small, indicating the
small anisotropy in the compressive strength of the concrete.
Table 5. The compressive strength of the printed specimens

Specimens NO.
A
B
C

OPC-based
concrete

Fck-2
/MPa

Fc.k-1
/MPa

52.6

47.1
45.6
48.2

A
SAC-based
concrete

B

c.k-1

47.0

45.9
48.9

C
3.1.3

Mean value

45.0.

Relative
deviation
of Fc.k-1

(Fc.k-1-Fc.k-2)/Fc.k-2
x100%

0.21%
-2.98%
2.55%

-10.65%

2.22%
44.9

43.7

0.22%

-8.18%

-2.67%

Reinforcement bond strength

The reinforcement bond strength was tested by the central pull test method. The experimental
equipment of 200 t is shown in Figure 1. The bond strength was calculated by Fw= P/πDL according to
GB 50152-92. Table 6 shows the results of reinforcement bond strength of printed specimens (Fw-1)
and mold-casting specimens (Fw-2).
Table 6. The results of the reinforcement bond strength test

Specimens NO.

OPCbased
concrete
SACbased
concrete

1
2
3

Fw-2
MPa

Fw-1
/MPa

6.90

6.23
5.84
6.80

1
2
3

Mean value
w-1

6.29

6.45
6.74

6.77
6.25

Relative deviation
of Fw-1
-0.95%
-7.15%
8.11%

(Fw-1-Fw-2)/ Fw-2
x100%

-8.84%

-0.62%
6.49

4.31%

-3.71%

-3.70%

As can be seen from Table 6, the OPC-based concrete reinforcement bond strength of the 3D
printed specimens was 8.84% lower than that of the cast-molded specimens. At the same time, the
flexural strength of the printed specimens had large relative deviation, which might be due to the
fluctuations in inter-layer bond strength. The SAC-based concrete reinforcement bond strength of the
3D printed specimens was 3.71% lower than that of the cast-molded specimens. The reinforcement
bond strength loss of SAC-based concrete is less than that of OPC-based concrete. The reduction in
the compressive strength and reinforcement bond strength needs to be considered in the 3D printing
of building materials.
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3.1.4

Interlayer bond strength

Ordinary concrete has relatively low tensile strength of 1~4 MPa（Hannant D J 1986， Witan
1997）. Table 7 shows the interlayer bond strength of the concretes of different levels, which were
measured by the single-extraction tensile test “Reference”.
Table 7. Tensile strength of different levels of concrete

Concrete level

C30

C40

C50

RPC

Tensile strength /MPa

2.5-3.0

3.17-3.97

3.68-4.35

5.9-14.57

In the 3D printing of the specimens using cement-based concrete, the bonding performance of the
layers directly affected the integrity and safety of the printed walls and buildings. The interlayer bond
strength of the printed samples of OPC&SAC-based concrete is shown in Table 8.
Table 8. The Interlayer bond strength of the printed specimens

N/ N

S/ mm2

1

3774

1312

2

3271

1440

3

3948

1440

4

2760

1184

5

3059

1296

1

3008

1280

2.35

2

2616

1402

1.87

3

3028

1370

2.21

Specimens NO.

OPCbased
concrete

SACbased
concrete

Ft=N/S /MPa
2.88
2.27
2.82
2.33
2.36

/MPa

Relative
deviation of Ft
13.83%
-10.28%

2.53

11.46%
-7.91%
-6.72%
9.81%

2.14

-12.61%
3.27%

In the tensile test of multiple specimens, some of the specimens were torn from the bond of the AB
glue and the mold, and few printed specimens were broken from the inter-layer. According to Ft=N/S,
the inter-layer bond strength of the printed specimens of OPC-based concrete and SAC-based
concrete was calculated to be 2.53 MPa and 2.14 MPa, respectively. The tensile strength of the OPC
and SAC-based concrete reached C40 level. However, the inter-layer bond strength of the printed
specimens showed a certain degree of dispersion. Figures 12 , 13 show the different fracture patterns
of the printed specimens in the tensile test.

Figure 12. Glue bond break

Figure 13. Printed specimen inter- layer break
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3.2
3.2.1

Microstructure
Microstructure of 3D printing concrete

The main mineral phases in SAC and OPC are different. The SAC is mainly C4A3S and C2S. OPC is
mainly tricalcium silicate C3S; dicalcium silicate C2S; tricalcium aluminate C3A; the iron phase solid
solution is usually tetracalcium ferric acid C 4AF. The microscopic morphologies of the hydration

products that are 3D printing materials of the two cement systems are shown in Figures 14 , 15.
Figure 14. SAC-3D printed material microstructure

Figure 15. OPC-3D printed material microstructure
It can be seen from the microstructural comparison of the two cement-based 3D printed materials in
Figures 14, 15 that the surface states of the PVA fibers in the two cements are different, which are
related to the alkalinity of the two cement systems. In SAC, due to its low alkalinity, the surface of the
fiber is substantially free of corrosion. In ordinary Portland cement, the surface of the fiber on which
the dissolution occurs has a certain degree of alkalinity in the material system. In addition, the
apparent difference can be seen by the morphology of the hydration products at different points in the
two systems. Among the SAC-based materials, it is relatively common to observe such needle-shaped
ettringite, which is a hydration product of C4A3S, a main component of SAC. A hydrated alumina gel
and a hydrated calcium silicate gel also filled in the needle-shaped ettringite gap. In the micromorphology of ordinary Portland cement-based materials, no obvious acicular ettringite is visible, and
the most important one is a hydrated silicate calcium gel phase which is closely packed together.
The two 3D printing materials have a shorter setting time, because the ettringite formed by the
hydration reaction in the early stage of hydration can form a network structure that overlaps each other
in the cement slurry, causing the material to gradually lose fluidity. With the rapid progress of
hydration, the material quickly reached the initial setting state. As shown in Figure 16, the network
structure formed in the early stage after the material is coagulated is filled with the gel phase formed
by the hydration, and the early strength of the material is continuously increased. With the progress of
hydration, the material system gradually become dense and the strength of the material reaches a
stable range.
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Early-: forming a network
structure

Med-term network structure
was filled with C-S-H

Late: C-S-H gel was stacked
tightly

Figure 16. Cement-based 3D printing material hydration models
3.2.2

Hydrate phase analysis

Figure 17 shows the hydrate phase diagram obtained by XRD analysis of SAC and OPC-based 3D
printing concrete. By comparing the analysis results of the two materials, it can be seen that the
hydrated phase of the SAC-based 3D printing concrete has obvious ettringite diffraction peaks, and
the diffraction peak of ettringite in the corresponding OPC-based concrete is not obvious. This shows
that a large amount of ettringite is formed in the SAC. Although a certain amount of SAC is added to
the ordinary Portland cement to form some ettringite in the early stage, it will be filled by C-S-H gel
later. So, the diffraction peak is not obvious.
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Figure 17. Cement-based 3D printed material hydrate phase
In addition, it can be seen that the diffraction peak of calcium hydroxide in the ordinary Portland
cement-based material is not possessed by the SAC-based concrete， because the SAC hydration
product does not produce calcium hydroxide. The SAC is made of anhydrous calcium sulphoaluminate
clinker and a certain proportion of anhydrite powder, so the diffraction peak of CaSO 4 can be clearly
seen in the X-ray diffraction peak, which is not found in ordinary Portland cement based materials.
Because a small amount of dehydrate gypsum retarder in ordinary Portland cement will participate in
the hydration reaction at an early stage, there is no obvious diffraction peak. From the two cementbased materials, the diffraction peaks of the unhydrated complete mineral phases C 4A3S, C2S and
C3S can be seen. Since the generated C-S-H gel belongs to the amorphous mineral phase and cannot
be reflected by X-ray diffraction, its diffraction peak is not obvious.
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3.2.3

Microscopic pore structure analysis

After the cement is hardened, the pore structure is the main factor affecting the strength and
durability of the material. Wu Zhongwei divides the pores in the hardened cement slurry into four
levels: harmless pores, less harmful pores, harmful pores and more harmful pores “Reference”. The
harmless pore size range is less than 20 nm, the less harmful pore range is 20-100 nm, the harmful
pore size range is 100-200 nm, and the harmful pore size is larger than 200 nm. The experiment used
nitrogen adsorption method to test the pore size distribution in the material, and compare and analyse
the difference of the onlooker structure of the two cement-based 3D printing concrete. Table 7 shows
the pore size distribution data of two cement-based 3D printing concrete. Figure 14 and Figure 15
show the pore volume pore size distribution curves of the concrete.
Table 7. Pore size distribution of OPC and SAC based 3D printing concrete

Average
pore
diameter
/nm

Total pore
volume
/(mL•g-1)

OPCbased

23.91

0.0395

SACbased

11.97

0.0378

Sample

Specific
surface
area

Pore size distribution /%
＜10nm

10-30nm

30-50nm

＞
50nm

6.61

15.06

38.12

38.59

8. 23

12.63

34.40

37.59

18.92

9.09

(m2•g-1）

Figure18. OPC-based concrete pore volume
pore size distribution

Figure 19. SAC- based concrete pore
volume pore size distribution

It can be seen from Table 7 that the total pore volume of the OPC and SAC-based concrete
specimens in the 28 days pore structure is less than 0.04 mL•g-1. This lower level indicates that the
internal structure of the 3D printing concrete is dense. Therefore, 3D printing concrete have better
mechanical properties and durability. As can be seen from Figure 18, Figure 19, the total pore volume
of SAC-3D is similar to that of OPC-3D, but the average pore diameter is only half of OPC-3D, and the
ratio of harmless pores smaller than 30nm is much lower than that of OPC-3D printing material. It
shows that the SAC-based concrete is more compact, which may be related to the hydration of SAC to
form ettringite which can better fill the micropores.
4.

CONCLUSION

The penetration strength of the OPC & SAC-3D -based fresh concrete is about 0.05MPa, and their
penetration strength can reach 0.7MPa at 27min and 35min.The compressive strength of the 3D
printed specimens after 28 days reached C40 level.
The compressive strength and reinforcement bond strength of the 3D printed specimens of the OPC
& SAC-3D -based concrete were 10.65% and 8.84% lower than those of the standard mold-casting
specimens, respectively. The inter-layer bond strength of the printed specimens was 2.53 MPa and
2.14MPa.
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There are a large number of acicular ettringite crystals in the SAC-based concrete hardened paste,
which fill in the interstices of the hydrated alumina gel and the hydrated calcium silicate gel. However,
in the microscopic morphology of the OPC-based concrete hardened paste, no obvious acicular
ettringite was visible, the most dominant hydrated phase being hydrated calcium silicate gel and tightly
packed together.
Both cement-based concrete have denser microstructure and less porosity. The total pore volume of
the two printed concrete hardened cement slurries in the sample pore structure tested by BET
nitrogen adsorption was less than 0.04 mL• g -1, which was at a relatively low level. This also shows
that 3D printed concrete has a dense microstructure.
5.
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ABSTRACT
The use of saturated salt solutions is a well established method to control the water vapor pressure of
closed systems. This approach follows simple phase rule restrictions, which can also be extended to
salt systems. For example by using the underlying thermodynamic principles it is possible to use the
so called humidity buffer method to derive thermodynamic data of hydrate phases different hydration
states. By applying the same approach to water-undersaturated hydrating clinker phases (C3A, CA)
we found that this simple method is suitable to measure critical humidities at which the hydration of
clinker phases stops. By assuming equilibrium conditions and applying different temperatures it was
possible to derive a set of thermodynamic data for clinker phases, which can be applied to predict
phase assemblages coexisting with clinker phases at water undersaturated conditions. An example for
the hydration of C3A in presence of calcium sulfate will be presented, which could be verified by
experimental data. In addition the approach can be used to optimize the composition of rapidly drying
systems e.g. used for flooring applications. Furthermore with the derived thermodynamic concept on
critical water activity it is possible to calculate RH – temperature plots for clinker phases at which
hydration practically comes to a standstill.
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1.

INTRODUCTION

Salt hydrate pair buffering is a well-known principle in physical chemistry. As a consequence of phase
rule constraints under equilibrium conditions the relative humidity (RH) above a mixture of salts with 2
differing hydration states will be buffered to constant values as function of temperature. As shown by
Chou & Roberts (2003 and 2005) this principle can also be used to derive missing thermodynamic
properties of salts with differing water contents e.g. goslarite – bianchite, epsomite - hexahydrite etc.
But until recently no associations of this principle were done with respect to cementitious systems. As
shown by Baquerizo et al. (2014 and 2015) the so called “hydrate pair - humidity buffer method” could
also be applied to obtain experimental data on critical humidities at which hydrates e.g. AFm phases
sensitive to water activity changes loose or take up water in the interlayers of the LDH type structure. A
comparison with other methods e.g. sorption balance or sorption calorimetry showed that this technique
is capable to obtain thermodynamic data such as enthalpies of hydration of AFm phases with differing
water contents.
A relation to assess clinker reactivity by RH measurements was so far not published in the scientific
literature. It is nevertheless well known that each clinker phase starts hydrating when a critical RH is
reached. This critical RH differs for each clinker phase. Dubina et al. (2011) investigated the
prehydration behaviour of clinker phases at 60 and 85% relative humidity. They showed that
prehydration of alite as well as of commercial cements (at the above humidities) may significantly retard
their hydration after contact with liquid water.
Later Flatt et al. (2011) showed that alite stops hydrating at RH< 80% due to a negative capillary
pressure that develops at low water activity by assuming an equilibrium between C3S, portlandite, C-SH and water vapour. Following that line of thinking Oye et al. (2006) showed by reducing water activity
via a solvent exchange approach with isopropanol that at water activities <~0.7 (at~63% isopropanol)
no significant hydration of alite was observed after 7d in this solution.
By applying thermodynamic methods incl. available data for clinker phases the calculated critical relative
humidity to induce hydration is often <<1% (see data by Jensen 1995). In most reported practical cases
the internal RH due to self-desiccation is usually > 50% RH despite the presence of unreacted clinker
phases. This means that there is a strong contradiction between experimental values and predictions
from thermodynamic approaches considering bulk chemical information only.
Jensen et al. (1998) suggested that the limited hydration of clinker phases at low RH is most likely a
consequence of thermodynamically hampered nucleation and results in very long induction times to
initiate hydration at low water vapour pressures. Berodier (2015) found that there is a critical pore size
which thermodynamically limits further growth of C-S-H and therefore reactions come to a standstill
independently of water activity. Others (Babushkin 1985; Barret et al. 1983; Breval 1977; Nicoleau et al
2013;) suggest decoupling the bulk thermodynamic properties of unhydrated clinker phases from the
surface thermodynamic properties of hydroxylated layers around the clinker grains. Bellmann et al.
(2012) suggested the presence of a passivation-type layer that physically hinders hydration.
Understanding of the water vapour pressure to enable hydration of clinker phases is relevant to a
number of practical applications. Autogenous shrinkage of (ultra)high performance concrete systems is
a serious problem concerning dimensional stability and the related risk of cracking. Fast drying systems
are often based on highly reactive calcium aluminate and/or calcium sulfoaluminate systems. These
systems are often based on empirical formulations and their complex drying and wetting behaviour is
not yet fully understood. The shelf life of packed cements also depends strongly on the water vapour
pressure as function of temperature. So far only a limited number of publications dealt with this subject
and could give clear guidance to cement producers and end-users on critical storage conditions as
function of RH and temperature. This paper should help to assess critical relative humidities of clinker
phases (here C3A and CA) at which significant hydration reactions will be observed by means of the
“hydrate pair - humidity buffer method”. In addition we will show how to integrate the results in a
thermodynamic framework enabling the prediction of phase assemblages including unreacted clinker
phase at low RH.
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2.
2.1

EXPERIMENTAL
Preparation of clinker phases

All syntheses were done from analytical grade reagents. C3A (3CaO∙Al2O3) and CA (CaO∙Al2O3) were
prepared from stoichiometric mixes of CaCO3 and Al2O3 at 1400 °C, based on the procedure given by
Matschei (2007) for C3A0. CA was prepared under the same conditions. Finally the clinker phases were
finely ground and sieved to a particle size < 63 um.
In addition some validation tests were set up to analyse the phase relations in the system C3A-CaSO4H2O at 25°C at undersaturated conditions. 2 different mixes consisting of freshly prepared anhydrite
made from dehydrated gypsum which was heated to 750°C, C3A and water.
2.2

Experimental methods

The hydrate pair - humidity buffer method reported by Baquerizo et al. (2014 and 2015) was used to
determine the critical self-buffered RH of the clinker phases studied when mixed with very low amounts
of water. For this, 4 to 7 g per phase were mixed with water (w/c ~ 0.05) inside sealed small glass bottles
(20 ml) in order to achieve a high interaction volume between clinker surface. The RH at a specific
temperature was measured (using a Testo 174H humidity probe) until no significant variations were
noticeable. Then the temperature was slightly increased and the RH was recorded until a new steady
state was reached again.
X-ray analyses were done at room temperature with a Bruker D8 Advance diffractometer (CuKα
radiation, 45 mA, 35 kV) equipped with a Super Speed detector, in the 2θ range 5-70°, with a step size
and time per step of 0.02° and 0.5 s, respectively. A low background- airtight specimen holder (Bruker
AXS) was used to avoid carbonation and drying during testing. Samples were mixed with small amounts
of rutile in order to correct for pattern displacement due to variations in sample height. For the analysis
of the pure clinker phases the peak profile and lattice parameters were determined by a LeBail fit [13]
using TOPAS 4.2 (Bruker AXS). For the pre-hydrated clinker samples only qualitative identification of
hydrated phases was carried out.
Thermogravimetry measurements were carried out with a Mettler Toledo TGA/SDTA 851e under N2
atmosphere, over the temperature range 25-1200 °C with a heating rate of 20 K/min, with the purpose
of identifying hydrated phases.
2.3

Thermodynamic framework

After the addition of water when using the hydrate pair - humidity buffer method, the RH will drop and
according to the phase rule constraints explained by Baquerizo et al. (2014) the final RH corresponds
to a steady state between the unreacted clinker phase and the hydrated phases formed, which we treat
here as a lower practical limit of hydration continuation.
Therefore the hydration reactions of clinker phases in this study are considered to follow the reference
reaction 1:

A(s) + (x)H2 O(l or g) ↔ A ∙ x H2 O(s)

(1)

where s, l and g refers to solid, liquid and gas phases, respectively. A is a clinker phase, x the number
of water molecules and A∙x H2O(s) refers to a hydrate phase. Please note that hydration of clinker
phases may produce two or more hydrated phases, but for simplicity this reference reaction is taken to
explain the calculation of the thermodynamic properties.
At isothermal conditions, if reaction (1) takes place at a specific RH, then the Gibbs free energy of
reaction (∆Gr°) is given by:
𝑎(A∙xH O)

∆𝐺ro = −𝑅𝑇ln𝐾 = −𝑅𝑇ln 𝑎(A) 𝑎(H2 O)x

(2)

2

By assuming that the activity of all solids equals 1.0,

∆𝐺ro = −𝑅𝑇ln[𝑎(H2 O)x ] = −x𝑅𝑇ln [

𝑓(H2 O)
]
1 bar

= −x𝑅𝑇ln [

𝑓∗ (H2 O) 𝑅𝐻
]
1 bar 100

(3)
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where T is the absolute temperature, K is the equilibrium constant, R is the gas constant (8.31451 J/K
mol), a(H2O) is the activity of H2O in vapour, f(H2O) is the equilibrium fugacity (in bar), f*(H2O) is the
saturation water vapour pressure of pure H2O (in bar) at T and RH is the equilibrium relative humidity.
If the RH at which reaction (1) takes place at different temperatures is known, then the standard enthalpy
of reaction ∆Hr° can be calculated with the van't Hoff equation as follows:
∂(ln𝐾)
∂(1⁄𝑇 )

=−

∆𝐻ro
𝑅

(4)

The standard entropy of reaction ∆Sr° can be calculated from the following equation:

∆𝐺ro = ∆𝐻ro − 𝑇∆𝑆ro

(5)

Hence with the thermodynamic framework described above we are able to obtain a preliminary dataset
of thermodynamic properties that can be used to describe solid phase assemblages including unreacted
clinker phases and hydrate phases at unsaturated conditions. The thermodynamic data were introduced
into the project database in GEM-Selektor, a software package including a GEM (Gibbs free energy
minimisation) solver (Wagner& Kulik et al (2012)0, a built-in thermodynamic database (Hummel et al.
2002) complemented with a cement database (cemdata18 see Lothenbach et al 2019) and a graphical
user interface.
In order to model the behaviour of cementitious systems in water-unsaturated conditions, a steam
component (see Lothenbach et al. 2002) was introduced in the project database. During modelling the
steam component will be incorporated into the gaseous phase and its fugacity in equilibrium conditions
will be calculated. Since the fugacity at water-saturated conditions is known, the predicted equilibrium
RH can be calculated as follows:

𝑅𝐻 =
3.
3.1

𝑓(H2 O)100
𝑓∗ (H2 O)

(6)

RESULTS
Humidity buffer method

As described in chapter 2.2 a few drops of water were added to 4 to 7g of C3A (Test 1 – 3) and CA (Test
4 and 5) to achieve a water/solid ratio of ~0.05. With that approach we assured that only limited amounts
of CA and C3A were reacting whereas a significant portion of the clinker phases remained in an
unhydrated or prehydrated solid state. Since the samples were sealed immediately after addition of
water a microclimate was established and was followed by continuous logging of temperature and RH
changes.
As shown in Figure 1 in the case of C3A the addition of some water drops led to an increase of the RH
to 100% RH for up to two hours, followed by a sudden drop to a minimum of ~ 47% RH in tests 1 and
2, then a slight increase was observed and finally the RH stabilizes at ~ 55% at 25 °C. There are 2
possible explanations for the observed humidity fluctuations i) it could be a technical issue resulting from
a possible drift of the RH meter or ii) the C3A reacted initially with water at high humidities to form of
C4AHx and C2AH8 which was later transformed to the more stable hydrogrossular C 3AH6. After reaching
a steady state at 25 °C and ~55% RH, the temperature in Test 1 and 2 was increased to 35°C and 45°C
(Test 2 only) respectively. As a consequence only a slight increase of RH was observed, which indicates
a relatively low sensitivity of the critical RH to different temperatures. In addition in Test 3 a similarly
prepared sample of C3A was stored directly at 35°C to see if the thermal history significantly impacts
the equilibrium RH. However, as shown in Figure 1 the sample reaches also ~58% RH after a couple of
days, which is similar to the sample which was previously stored at 25°C.
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Figure 1: Measured RH using the hydrate pairhumidity buffer method on C3A mixed with small
amounts of water (w/s ~ 0.05 – 0.07).

Figure 2 (Test 4) shows the results of 2 parallel measurements of the evolution towards the equilibrium
RH of a mixture of CA with water. As illustrated in Figure 2 the RH remains at 100% for ~6 hours, then
the RH decreased until a minimum steady state was reached at approximately 60% RH at 22 °C after
~7d. No significant changes were observed between 7 and 15 days. In a second experiment (Test 5)
we tested a different pathway to assess the equilibrium RH of CA in presence of water vapour. Here we
prehydrated a sample of CA which was stored for 6d in a desiccator with saturated K2SO4 at ~97% RH.
Afterwards we placed part of the sample in the humidity buffer setup and measured the changes of
relative humidity. Already after ~3d the steady state RH of ~60% was reached and remained stable until
about 21 d after starting the measurement.
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Figure 2: Measured RH using the hydrate pairhumidity buffer method on CA mixed with small
amounts of water (w/s ~ 0.05).
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3.2

Observed phase assemblages

In order to enable an estimation of the thermodynamic properties of the clinker phases with the above
described thermodynamic framework based on the experimental results of the hydrate pair – humidity
buffer method it is important to have at least a qualitative description of the reaction products during the
hydration of C3A and CA under self-desiccating conditions.
In order to enable a more quantitative assessment we used thermal analysis to assess the phase
assemblage during the reaction of C3A or CA with water.
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Figure 3: TGA patterns of the C3A and CA experiments
Based on the findings of the phase analysis (Figure 3) we can assume that both CA as well as C3A
react with the water respectively water vapor to form C 3AH6 i.e. hydrogrossular as main hydration
product. Additionally in order to maintain the mass balance constraints the formation of amorphous
aluminium hydroxide (AHx) is likely in the case of CA hydration. The differences in the total chemical
water content are mainly due to small differences of the initially added water. Nevertheless due to the
phase rule restrictions described in 0 there will be no impact on the thermodynamic equilibrium
conditions with respect to RH as function of temperature.
Based on the analysis for C3A we can formulate the following phase equilibria:
C3A(s) + 6H2O(l) or (g)  C3AH6(s)

(7)

Although the TGA of test 4 (Figure 3) confirmed the presence of some AFm phases (probably C2AH8)
for simplicity it was assumed that the measured RH corresponds to the equilibrium reaction (6.2):
3CA(s) + 12H2O(g)  C3AH6(s) + 2AH3
3.3

(8)

Thermodynamic Modelling

With help of the experimental data it is possible to estimate the thermodynamic properties of the studied
clinker phases. We hereby note that our results rather refer to a phase assemblage involving the surface
properties of the clinker phases in equilibrium with the surrounding gas phase and the precipitated
hydrate phases. Based on the experimentally determined equilibrium RH we calculated Gr according
to equation (3). With the known thermodynamic properties of water steam (see Lothenbach et al. 2019)
and the hydrates involved in reactions (7) and (8) we estimated the free energy of formation of C3A and
CA. As shown in Table 1 the obtained data differ substantially from the published bulk thermodynamic
properties of C3A and CA and we refer our data rather to altered surface properties similar to
hydroxylated layers rather than to a bulk phase and are therefore called C3Ahyd and CAhyd. Finally with
the obtained experimental data points at higher temperatures it was possible to estimate the enthalpy
of reaction using a van’t Hoff approach (Eq. (4)).
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Table 1: Estimated standard molar thermodynamic properties of C3Ahyd and CAhyd at 25 °C and
1 bar
Phase

∆Gf°
(kJ/mol)

∆Hf°
(kJ/mol)

S°
(J/mol K)

C3Ahyd

-3576.2

-3810.6

10.6

t.s.

C3A

-3382.3

-3560.6

205.4

0

CAhyd
CA

-2246.8
-2207.9

-2378.1
-2327.1

68.2
114.2

t.s.
0

Ref.

The modelled reaction behaviour is also shown in Figure 4 for the hydration of CA and C 3A according
to reactions (7) and (8). Three different conclusions can be derived from these calculation:
i)

in presence of water vapour hydration will take place at or above the RH indicated in the
modelled curve,

ii)

if the studied clinker phases are mixed with water in such a way that unreacted anhydrous
phases remain, then the predicted RH will be given by the modelled curve and the
anhydrous clinker phases would act as buffer of the limiting RH.

iii)

if the humidity of the surrounding environment is kept below the equilibrium RH of CAhyd and
C3Ahyd and their related hydrate phases, no significant prehydration is likely to occur.
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Figure 4: Comparison of experimental points (filled dots) and calculated stability plots based
on the estimated thermodynamic data of C3Ahyd and CAhyd.
To further apply the obtained data towards modelling of more complex systems we integrated the
obtained data for C3Ahyd and CAhyd in a modified version of the recently updated cemdata18 compilation.
The modelled hydration behaviour of C3A in the presence of CaSO4 at equilibrium conditions is shown
in Figure 5. The regions with liquid water present in the final phase assemblage agree very well with
experimental observations. Not surprisingly the point of the highest theoretical water binding capacity
coincides with the stoichiometry of ettringite. This explains why ettringite based hydrated cementitious
systems are also preferably used for application where fast drying and/or high water binding, e.g. for
flooring or repair systems, is of high interest. However care has to be taken to optimise a cementitious
system to obtain maximum ettringite contents as due to kinetic restrictions dimensional stability
problems as consequence of a late ettringite formation may occur.
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Figure 5: Calculated ternary phase diagram C3A-CaSO4-H2O at 25 °C and 1 bar. (V1 represents
the composition of the discussed validation test)
To further underlie the practical applicability of our calculations a validation experiments was set up
(indicated as V1 Figure 5) using the hydrate pair – humidity buffer method. Figure 6 a) shows the
evolution of RH as function of time for the experiment. The experimental observations are best explained
following the kinetic reaction path shown by the red arrow in Figure 5. For simplicity we assume in that
at the beginning an equilibrium close to gypsum or anhydrite saturation will be reached. Due to the
reaction of water with C3A and anhydrite the formation of ettringite was predicted and observed by XRD
investigations. After ~24 h a sudden drop of humidity occurs, which means that the phase assemblage
shifts from water saturation to undersaturation. Within 5 days the RH reached 38% and remained
unchanged until the end of the test after 35 days (Figure 6 a)). According to the phase diagram (Figure
5) at equilibrium conditions monosulfoaluminate, anhydrite and C 3A would have been expected as
phase assemblage (RH = 32%). Nevertheless the XRD analysis showed the persistence of ettringite
and no monosulfoaluminate was detected. Therefore the calculations were repeated taking the
metastability of ettringite into account. If we now re-model the phase assemblage again under
consideration of C3Ahyd, ettringite and anhydrite the calculated equilibrium RH agrees qualitatively and
quantitatively very well with the experimental one as indicated in Figure 6 b).
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Figure 6: a) Evolution of RH of a mixture C3A, CaSO4 and water (w/s ~ 0.05) and b) predicted vs
experimentally determined phase assemblages of the mix
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4.

DISCUSSION

Our study has shown that based on the thermodynamic constraints of the salt hydrate pair buffering
meth it is possible to obtain thermodynamic data e.g. here for clinker phases. The results of the
experiments and the calculations have demonstrated that in absence of water the present phase
assemblage may strongly impacts the internal/external relative humidity of a closed cementitious
system.
An important point to consider is that this work has illustrated that there is most likely no single critical
humidity value per clinker phase at which it starts to prehydrate in presence of water vapor. Based on
the assumptions we took at the onset of this chapter we estimated the thermodynamic properties of
hydroxylated clinker phase surfaces, which were considered in the construction of the phase diagrams.
According to our simulations the theoretical critical humidity at which C 3A or CA reacts with water can
change significantly as function of the accompanying phases. For example C 3A would start to form
C3AH6 above 55% whereas in presence of sulphate C3A hydration continues until 38% RH. This was
validated experimentally. Although of course this work is just a first attempt to assess rate-limiting
thermodynamic properties of clinker phases, the chosen practical approach requires more attention in
future work.
From the ternary diagrams of the subsystem CaO-Al2O3-CaSO4-H2O a number of observations were
made. The predicted phase assemblages containing liquid water, i.e. regions where complete hydration
was achieved, agree very well with experimental observations. In water deficient regions i.e. at RH’s <
100% it was shown that for example the formation of monosulfoaluminate is thermodynamically favoured
at low humidities even in presence of calcium sulphate where at water saturated conditions ettringite
would be modelled. This agrees well with the findings of Albert et al. (2006). Therefore if there are
systems in which monosulfoaluminate is formed at high humidities it will get stabilised if this cement
paste is exposed to drying conditions. However the opposite is happening for ettringite. Ettringite is
thermodynamically favoured to form at saturated conditions in presence of anhydrite or gypsum. If an
ettringite based system is exposed to drying in presence of unreacted C 3A then at RH < 43 % at 25°C
it should start to react with the remaining C3A to form monosulfoaluminate even in presence of gypsum
or anhydrite. Nevertheless our validation experiments showed that ettringite once formed at high
humidities is persistent also until very low humidities and a conversion to monosulfoaluminate was not
observed. This shows that in order to apply the thermodynamic phase relations in a practical way it is
important to have additional experimental knowledge of regions of metastability, which can then be
considered in the subsequent modelling attempt. As a consequence phase diagrams for practitioners
e.g. producers of screed, dry mortars etc. may need to be adapted for practical applications.
The experimental results obtained for the subsystem C3A-CaSO4-H2O demonstrate nicely the combined
power of thermodynamic calculations and focussed experiments to assess metastability constraints.
From the paste experiments shown in Figure 6 we knew that ettringite will remain as persistent phase
even at humidities < 40%. By applying a metastability criterion and supressing monosulfoaluminate
formation in the phase assemblages we were able to quantitatively predict the experimentally observed
phase assemblage and by omitting microstructural features, e.g. moisture gradients due to diffusion in
porous systems, we could predict very well the experimentally measured RH value.
5.
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ABSTRACT
Ternary cements with low clinker factors such as limestone calcined clay cement (LC3) are a
sustainable alternative to ordinary portland cement (OPC). The hydration process in LC3 cements is
more complex when compared to OPC due to the additional hydration reactions that takes place in the
presence of calcined clay and limestone. Modelling can therefore be an important tool in
understanding hydration process in the LC3 type cements. The microstructure development and phase
assemblage in LC3 cements were modelled from the physical and chemical properties of the raw
materials used. The impact of various parameters such as kaolinite content, clinker factor etc. on the
strength development was studied. It is shown that at lower clinker factors, it is beneficial to use a
lower grade of kaolinite clay. The formation of carboaluminate phases and the stabilization of ettringite
plays an important role in the development of strength in LC3 type cements.
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1.

INTRODUCTION

Limestone calcined clay cement (LC3) is a sustainable alternative to Ordinary Portland Cement (OPC)
produced by replacing clinker partially with calcined clay and limestone. In the LC3 systems, the
transformation of ettringite to monosulphate is prevented due to the formation of additional carbonate
AFm phases such as calcium hemicarboaluminate and calcium monocarboaluminates. This synergetic
reaction in the LC3 systems help in achieving mechanical and durability properties similar to OPC but at
a lower clinker factor (Antoni et al. 2012). Several industrial trial productions of the LC3 have carried out
in India (Krishnan et al. 2018a) with a clinker factor of 50%. However, one of the advantage of ternary
cement systems such as LC3 is the flexibility to modify the blend composition based on specific
requirements of the cement industry or the end user. For example, kaolinite clays with purity ranging
from 20% to 80% can be utilised for producing LC3 systems (Avet and Scrivener 2018b). It is also
possible to use alternate carbonate sources such as stone dust waste or dolomite instead of limestone
in LC3 (Krishnan and Bishnoi 2018). Therefore, it is important to optimise the LC3 blend composition to
ensure optimum utilisation of resources. In this paper, a design approach combining of experiments and
hydration modelling is presented which will be helpful in understanding LC 3 hydration mechanisms and
to optimise the blend composition.
2.

MATERIALS AND METHODS

Three LC3 blends with different clinker factors were produced in the laboratory for further studies. A
calcined clay with 57% kaolinite content and limestone with nearly 85-90% calcite content was used for
the preparation of LC3 blends. Quartz, hematite and anatase were the minor phases present in the
calcined clay whereas quartz was the minor phase present in limestone. The ratio of calcined clay to
limestone in the LC3 blends were kept constant at 2:1 by mass. The composition of the clinker (estimated
using Rietveld analysis) was 48% alite, 29% belite, 4.4% aluminate and 17.8% ferrite. Clinker was
directly procured from the plant of a major Indian cement manufacturer. Clinker, calcined clay and
limestone were ground together in a laboratory ball mill to produce the LC3 blends. It should be noted
that Indian clinkers generally contain low to medium alite content and high belite content.
The details of the blends used are shown in Table 1.
Table 1 – The details of the LC3 blends used
S
No.

Blend
Name

Cement
(%)

Calcined
Clay
(%)

Limestone
(%)

1

LC3-55

55

30

15

2

LC3-70

70

20

10

3

LC3-85

85

10

5

The compressive strength were determined by casting mortar cubes of size 70.6mm * 70.6mm *
70.6mm. A fixed water to cement ratio of 0.45 was used for casting mortar cubes with a cement to sand
ratio of 1:3 by mass. The cubes were cured in lime saturated water at 27°C till the time of testing. The
phase assemblage in the hydrating cement systems were monitored using X-ray diffraction on fresh
paste slices. A fixed water to cement ratio of 0.45 was used for preparing the paste. The degrees of
hydration of clinker phases in the LC3 systems were estimated using quantitative XRD analysis with
rutile as an external standard (O’Connor and Raven 1988).
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3.
3.1

RESULTS
Compressive Strength

The compressive strength of the LC3 blends at different ages are shown in Figure 1. The compressive
strength after 24 hours was seen to increase as the clinker content in the LC 3 systems was increased.
In spite of the difference in clinker factor, the compressive strength values at 28 and 90 days were similar
in LC3-55, LC3-70 and LC3-85 blends.

Figure 1 – Compressive strength in LC3 blends at different ages
3.2

Phase assemblage

The phase assemblage in the LC3 systems at 28 days and 90 days are shown in Figure 2. In the LC 355 system, no peak (18°) corresponding to portlandite are observed in the diffractogram. This suggests
that no pozzolanic reaction is possible in the LC 3-55 system beyond 28 days. A minor portlandite peak
is observed in the LC3-70 system, which disappears by 90 days. The intensity of the portlandite peak
was seen to increase from 28 to 90 days in LC3-85 system. Conversion of hemicarboaluminate to
monocarboaluminate was observed as the clinker factor of in the LC3 system was increased.

Figure 2 – The phase assemblage in the LC3 systems at 28 and 90 days
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3.3

Amount of clinker phases reacted

One of the interesting aspects of the LC3-55 hydration is the slowing down of clinker hydration after early
ages (Avet and Scrivener 2018a). Among the clinker phases, hydration of belite phase is most affected
in the LC3-55 system (Krishnan et al. 2018b). A significant increase in the degree of hydration of belite
is observed when the clinker factor of the LC3 systems are increased (Figure 3).

Figure 3 – The amount of belite left in LC3 systems at different ages

4.

OPTIMISATION OF LC3 BLENDS

The degree of pozzolanic reaction in the LC3 system in dependent on the portlandite that is available for
in the system. The production of portlandite is primarily dependent on the hydration of alite and belite
from the clinker phases. The amount of portlandite formed in the LC3 systems at a particular age was
determined using Equations 1 and 2 respectively. A lower C/S ratio was used for the C-S-H gel formed
in the systems, since it is seen that the C/S ratio of the C-S-H formed in blended cements is lower than
that of the C-S-H formed in OPC (Lothenbach et al. 2011). A value between 1.70-1.76 have been
generally reported for the C/S ratio of C-S-H gel in mature OPC systems. The amount of C3S and C2S
reacted at particular age was estimated from the quantitative Rietveld refinement. The Ca/Si ratio value
of 1.61 was determined by carrying out SEM-EDX analysis on the C-A-S-H gel formed in the hydrated
LC3 systems.
C3S + 5.39 H  C1.61SH4 + 1.39 CH

(1)

C2S + 4.39 H  C1.61SH4 + 0.39 CH

(2)

The portlandite reacts with calcined clay and limestone to form C-A-S-H gel and calcium
monocarboaluminate as per Equation 3.
0.5 AS2 + 2.41 CH + 0.27 Cc + 4.56 H  C1.61A0.23SH4 + 0.27 C4AcH11

(3)
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Figure 4 – Portlandite available in LC3 systems after 90 days and metakaolin required

Figure 4 shows the amount of portlandite that is available in the three LC 3 systems after 90 days and
the amount of metakaolin required for the complete consumption of the portlandite. At lower clinker
factors, the total amount of portlandite available also reduces. Therefore, kaolinite clay with lower purity
can be used. Figure 5 shows the purity of clay that needs to be used in the LC 3 systems to ensure
optimum utilisation of resources. The horizontal lines indicate the amount of metakaolin required for the
complete consumption of the portlandite available in the different LC3 systems.
In case of LC3-55 system, it is sufficient to use a clay with approximately 20% kaolinite content. Using
clays with more than kaolinite content greater than 20% in LC3-55 systems will give no additional benefit
from the point of view of later age strength due to the non-availability of portlandite. In the LC3-85 blend,
there will be portlandite remaining in the system even after using 100% pure kaolinite clay. Therefore,
the possibility of changing the calcined clay to limestone from 2:1 to 3:1 can be considered.

Figure 5 – The ideal clay selection chart for LC3 systems
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5.

CONCLUSIONS

In this study, a simple approach for predicting the optimal blend composition in LC 3 systems is proposed.
The approach used the degree of hydration of clinker phases as the input. The potential hydration
reactions in the LC3 systems were set up using experimental study, which was used for predicting the
phase assemblage and the portlandite available for the pozzolanic reaction. It was observed that at
lower clinker factors, it is beneficial to use a lower grade of kaolinite clay for producing LC 3.
6.
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ABSTRACT
The presence of soluble alkalis is known to play a critical role in the hydration process of ordinary
Portland cement (OPC). In this paper, the effects of sodium sulphate and hydroxides on the hydration
of OPC were studied using isothermal calorimetry, XRD and compressive strength measurements.
The sodium oxide equivalent of the ordinary Portland cement was found to be 0.5. The sodium oxide
equivalent was increased to 1.0 by making solutions of sodium hydroxide and sodium sulphates. As
the dosage of alkalis increases, there is a little increase in the amount of water required for achieving
standard consistency. Also, the time required for the initial setting decreases as sodium oxide
equivalent increases. An acceleration of the hydration reaction was observed during the first 24 hours
in the blends containing sodium sulphate and sodium hydroxide when compared to the control
specimen. Even the total amount of heat released after 24 hours was found to be higher for the blends
containing additional alkalis. Formation of additional ettringite was observed when sodium sulphate
was used. An improvement in early age compressive strength was noticed with the increase in alkali
content by both sulphates and hydroxides. However, at later ages, there was a significant drop in the
compressive strength in blends having higher sodium oxide equivalent.
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1.

INTRODUCTION

Alkali oxides (Na2O and K2O) are not added to cement in purpose but they enter cement through raw
materials or fuels which are rich in alkalis. Normally, alkalis exist in combination with sulphates forming
alkali sulphates (Jawed & Skalny 1977) under favourable condition inside the kiln. At times, they also
found incorporated into the clinker phases when enough sulphate is not readily available for alkali
sulphate formation. Alkalis prefers to be found doped with C3A rather than any other clinker phases
(Odler & Wonnemann 1983a).
Nowadays, usage of alternate fuels like pet coke which is rich in sulphur is allowed to manufacture
cement. Consequently, present day cements contain more alkali sulphates. However, a limit has been
put on the amount of alkalis that can be safely allowed in cement by standards of various countries. The
codes suggest the maximum allowable content keeping in mind the durability issues that might arise
during the service life of any structure. In contrast, alkalis can be beneficial in cement, like in enhancing
the rate of dissolution of clinker phases and making them take part in the reaction at an early stage and
in a rapid manner. The rate of dissolution of alkali sulphates are rapid in nature (Taylor 1999, Poupardin
& Suderman 2002). In contrast, the alkalis doped with the clinker phases reacts very slowly along with
that phase. Hence, alkalis present in any form in large quantities may not be adequate to accelerate the
rate of hydration of cement. Instead, alkalis present in small quantities and are easily soluble can
influence the kinetics of the reaction in a better manner. Thus, it becomes reasonable to study the
influence of soluble alkalis present in cement.
It has been reported that increasing Na2O equivalent more than 0.6% by mass of cement adversely
affects the overall mechanical properties of cement (Smaoui et al. 2005). Also, it has been stated and
proved to be correct by various researchers (Jawed & Skalny 1978, Odler & Wonnemann 1983a, b,
Juenger and Jennings 2001, Mota 2015, Mota et al. 2018) to date that alkalis present in cement increase
the rate of strength gain at early ages. Again, it is known from various available literatures on alkalis that
their addition increases early compressive strength at the expense of later strengths. On the other hand,
blended cements show low early strength and high later strengths. Hence, alkalis are used as activators
to increase the initial rate of reaction in cements where supplementary cementitious materials are used.
The alkalis added increase the rate of reaction and in turn the strength development.
The Na2O equivalent of any blend can be increased by adding alkali hydroxides (NaOH or KOH)
and alkali sulphates (Na2SO4 and K2SO4). Accordingly, in the current study, it is tried to understand the
influence of addition of sodium hydroxide (NaOH) and sodium sulphate (Na 2SO4) on OPC hydration.
The present paper is limited to the hydration studies, setting time, phase assemblage and compressive
strength of the blends having alkalis.
2.

MATERIALS AND METHODS

The oxide composition of clinker and gypsum obtained by conducting X-ray fluorescence (XRF) test are
presented in Table 1.
Table 1. Oxide composition of raw materials making OPC
Oxide (%)

CaO

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

SO3

H2O

Clinker

65.16

21.07

4.65

4.32

2.13

0.89

0.20

1.43

0.96

Gypsum
32.62 2.77 90.62 0.36
1.20 0.06 0.04 38.75 23.02
The OPC is prepared in lab by inter-grinding 95% clinker with 5% gypsum in 20 kg capacity
laboratory ball mill. The materials are inter-ground for 6000 rotations to ensure homogeneity in grinding
and to obtain proper fineness. The various balls of sizes 36 mm, 30 mm, 25 mm, 20 mm and 12.5 mm
are used for grinding and the material to ball charge ratio is maintained at 1:5.
The OPC obtained after following the above grinding protocol is analysed using particle size
analyser (Malvern Mastersizer 3000E). The particle size distribution of OPC and the result analysis is
shown in Figure 1 and Table 2 respectively.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 1. Particle size distribution of ordinary Portland cement
Table 2. Particle size analysis results of OPC
Material

D10

D50

D90

OPC

4.03 µm

16.7 µm

66.8 µm

The blend made with OPC is used as the control one, whose Na2O equivalent is calculated using
Equation (1) and was found to be 0.5.
Na2O eq. (%) = Na2O (%) + 0.658 × K2O (%)

(1)

Sodium hydroxide (NaOH) and sodium sulphate (Na2SO4) are added to OPC and the blends are
designated as NH and NS respectively. The exact amounts of alkali to be added to achieve the final
Na2O equivalent of 1.0% is shown in Table 3. The additional soluble alkalis are added to the mixing
water while preparing cement paste or mortar.
Table 3. Alkali adjustments to increase Na2O equivalent in NH and NS blends

3.
3.1

Blend

Type of alkali

Concentration of alkali

NH

NaOH

0.3680 M

NS

Na2SO4

0.1840 M

TESTS CONDUCTED ON CEMENT
Basic tests

Standard consistency of cement pastes and initial setting time tests were conducted on all the blends
to understand the influence of alkali addition on water requirement and setting behaviour of cement
pastes.
3.2

Isothermal calorimetry

Isothermal calorimetry test is conducted to understand the rate of hydration of cement paste. The
materials required for making the paste (powders and water) are kept at 27 ℃ one day prior to the test
for pre-conditioning. The test was conducted on a paste having 50 gm of cement at a water to cement
ratio of 0.45. The paste is prepared by hand with the help of vortex mixer to ensure homogeneity in
mixing. The calorimeter cups filled with paste were closed properly and placed in isothermal calorimeter
(Calmetrix I-Cal 8000) for logging. The rate of heat evolution and the total heat energy released during
the hydration reaction is recorded for next 24 hours.
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3.3

X-ray diffraction

Cement paste was prepared with a water to cement ratio of 0.45 and were filled in cylindrical moulds of
3 cm in diameter. The specimens cast were cured under lime saturated water kept at 27 ℃ until they are
tested. The slices of 3 mm thick were cut from cylindrical specimen at the time of testing. The test was
conducted on the slices prepared at 1, 3 and 28 days in X-ray diffraction machine (Bruker D8 Advance
Eco). The test was carried out on cement paste to identify and to quantify the hydration products that
are formed with age. The quantification of hydration products helps in determining the amount of various
clinker phases reacted and the overall degree of hydration of cement.
3.4

Compressive strength test

Compressive strength test is conducted on cement mortars having 1 part by cement and 3 parts by
standard sand confirming to Indian standards IS:650 (BIS 1991). The mortar is prepared at a water to
cement ratio of 0.45 and the moulds of size 70.6 mm × 70.6 mm × 70.6 mm were filled with the help of
vibrating machine. The cubes were demoulded after one day and cured in water, maintained at a
temperature of 27 ± 2 ℃ until the date of testing. The cubes were crushed in compressive testing
machine after 1, 3, and 28 days of curing. The average strength of three cubes tested is reported as the
compressive strength of that blend.
4.
4.1

RESULTS AND DISCUSSIONS
Hydration studies

The rate of heat evolution for the blends OPC, NH and NS is presented in Figure 2. The induction period
is shortened in case of NH and NS blends compared to control blend. Moreover, the rate of heat
evolution during induction period is more in NH and NS blends. The intensity of the main hydration peak
in NH and NS blends is more than the OPC blend. Unlike in NH and NS blends, a shoulder peak is
observed in OPC blends showing the aluminate hydration.

Figure 2. Effect of NaOH and Na2SO4 on the rate of heat evolution of OPC during initial 24 hours
The onset of the acceleration curve has been advanced in NH and NS blends due to the shortening
of the induction period. The slope of the acceleration curve is higher in case of NH and NS blends
compared to control blend as shown in Table 4. Though, the Na2O equivalent is same for both alkali
blends, the slopes of their acceleration curve are different (Table 4). Furthermore, sodium hydroxide
enhances the solubility of C3S in the system (Mota 2015) and hence a higher slope value is observed
in NH blend (Table 4).
The intensity of main hydration peak is more in blends having alkalis confirming their influence on
hydration. The high intensity main hydration peak in NH and NS blends indicates faster rate of reaction
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and formation of more hydration products during that stage. The aluminate peak is observed as a broad
hump after main hydration peak validating the delay in aluminates hydration. However, in NH and NS
blend, a distinct aluminate peak does not appear, rather it occurs along with the main hydration peak.
Accordingly, the intensity of main hydration peak is enhanced due to accelerated aluminate hydration.
Table 4. Characteristics of curves obtained from isothermal calorimetry
Blend

Rate of heat
evolution at
hydration peak
(mW/g)

Time of
occurrence
of peak
(hours)

Slope of the
acceleration
curve
(mW/ghour)

Time when
induction
period ends
(hour)

Cumulative heat
released till
induction period
(J/g)

OPC

4.06

6.75

0.95

1.47

13.29

NH

4.89

6.28

1.22

1.35

16.02

NS

4.44

6.37

1.10

1.40

16.53

The cumulative heat released during dissolution stage till the end of induction period is more in
blends containing alkalis due to the initial rapid reaction of aluminates (Table 4). However, this energy
released during initial few minutes, till induction period is cut off while plotting the graph of cumulative
energy released versus time as shown in Figure 3.

Figure 3. Effect of NaOH and Na2SO4 on the cumulative heat released during initial 24 hours
The total energy released at the end of 24 hours is more in NH and NS blends compared to control
one. The blends having sodium hydroxide releases more heat at a faster rate until about 12 hours which
can be witnessed from the slope of the curve (Figure 3). The blends containing sodium sulphate has
excess sulphates that contributes in more ettringite formation which in turn liberates more heat (Mota et
al. 2018). Consequently, the cumulative energy curve of NS blend overtakes the cumulative energy
curve of NH blends around 12 hours.
4.2

Phase assemblages

The two main crystalline hydration products, ettringite and portlandite which significantly conveys about
the degree of hydration are considered. The portion where these phases occur is plotted in the graph
from the overall X-ray diffractogram at 1, 3 and 28 days of hydration as shown in Figure 4.
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Figure 4. Effect of NaOH and Na2SO4 on the formation of hydration products at a) 1 day, b) 3
days and c) 28 days. E-Ettringite and P-Portlandite.
At initial ages like 1 day and 3 days (Figure 4), the formation of ettringite is more in alkali blends
due to higher rate of hydration compared to the control blend. This happens because the solubility of
sulphates is faster in high alkaline medium (Ghorab & Abou El Fetouh 1985) which eventually helps in
the formation of more quantity of ettringite. Also, the release of more portlandite in alkali blends indirectly
confirms that more silicates are reacted at the initial stages. The same trend is not observed at later
ages like 28 days (Figure 4). The amount of portlandite and ettringite formed are almost same in all the
blends at 28 days. It has been found from Rietveld refinement that the degree of clinker phases is
reduced at higher Na2O equivalent.
The amount of ettringite formed is quantified using QXRD technique and is presented in Table 5.
A very little increase is observed from 1 to 3 day and a significant increase is observed from 3 to 28
days in the formation of ettringite in OPC blend. However, in NH blend, the increase in ettringite’s
formation is less from 1 to 3 days and also from 3 to 28 days. On the other hand, in NS blend, the
amount of ettringite formed at 1 day is more due to the availability of additional sulphates coming from
alkalis. Also, a negligible increase is observed from 1 to 3 days and a little increase is observed from 3
to 28 days in ettringite’s formation.
Table 5. Amount of ettringite phase formed per 100g of anhydrous cement after 1, 3 and 28
days of hydration

4.3

Blend

1 day (g)

3 day (g)

28 day (g)

OPC

11.22

12.52

15.19

NH

10.98

12.09

14.48

15.57

16.01

18.09

NS
Consistency and setting time

The results of standard consistency and initial setting time conducted on all the blends used in the
present study is as shown in Table 6. The water required for standard consistency is increased with
addition of alkalis to ordinary Portland cement. The time taken by cement for initial setting decreases
with alkali addition.
The increase in water is due to the faster rate of dissolution during the initial aluminate reaction in
NH and NS blends. Further, the water demand is more in the sodium sulphate blend compared to sodium
hydroxide because of more ettringite formation which is evident from the values (Table 6).
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Table 6. Standard consistency and initial setting time of various blends
Blend

Standard Consistency (%)

Initial Setting Time (min)

OPC

0.30

157

NH

0.31

143

NS

0.32

151

The reduction in induction period (Figure 2) and the faster rate of reaction at initial stages (Figure
2 & Table 4) are main reasons for decrease in initial setting time in blends having alkalis. The ettringite
formation also contributes for the setting of cement (Chen & Odler 1992). Accordingly, the paste having
sodium sulphate sets at a little early age compared to the paste having sodium hydroxide.
4.4

Compressive strength test

The compressive strength results of all the blends at the end of 1, 3 and 28 days are as shown in Figure
5. The results are plotted with error bars which depicts the deviation of strength from the average ones.
The strength at 1 day is higher in blends having alkalis compared to control blend. At 3 days, NS blend
gives the highest strength amongst all. However, at 28 days, the strength gain is faster in the alkali free
blend compared to those having alkalis. Furthermore, the NS blend develops more strength over NH
blend, at all ages.

Figure 5. Variation of compressive strength at 1day, 3 day and 28 days
The blends with alkalis have higher early strength and the lower later age strength, which is in good
agreement with those reported in literature (Mota 2018). The high strength in NH and NS blends at 1
day is due to increase in the rate of hydration and formation of more hydration products. After 3 days of
hydration, NS blend records highest strength and NH blend shows the lowest value. At 3 days, NH blend
shows lesser strength than control one indicating the reduction in rate of strength gain. Unlike OPC
blend, the rate of strength gain is further reduced from 3 to 28 days in both alkali blends. Thus, the
compressive strength of NH and NS blends at 28 days is less than the control one.
The reduction in later age strength at high pH or in a solution having high alkalinity is probably due
to the possibility of dissolution of ettringite by disassociating into ions (Mota 2018). One more reason
being the change in the morphology of CSH gel (Ye & Radlińska 2017). The Ca/Si ratio in the CSH gel
comes down due to alkali uptake into the interlayers of CSH. Alkali ions present in the pore solution
prohibits the solubility of Ca2+ ions into the solution, which makes the formation of outer CSH difficult.
Reduction in CSH gel makes the paste more porous leading to low strength (Mota 2018).
The deviation in strength from the control specimen is more in the sodium hydroxide case rather
than the one with sodium sulphate, which can be attributed to the formation of more ettringite. At later
stages, the sulphates present in the system in whatsoever form is depleted. As a result, both the rate
and the amount of extra ettringite formed during the initial stage decreases, which is evident from 28
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days strength. This might be one of the probable reasons for decrease in later strengths, but this can
be investigated further.
5.

CONCLUSION

The conclusions drawn from the present study are as follows:





6.

The rate of heat evolution and the overall heat energy released for first 24 hours increases
with increase in the Na2O equivalent.
The setting time was affected by alkali addition which is evident from calorimetric curves at
initial stage.
The formation of ettringite was more in NS blend at all ages due to the availability of
additional sulphates from sodium sulphate.
The strength at early age can be increased by adding alkalis but the same is not true at later
ages as the degree of hydration of clinker phases reduces with increase in Na2O equivalent.
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ABSTRACT
Mixes used for sprayed concrete differ from those used for cast concrete in various aspects, the most
important one being the presence of setting accelerators, which control the chemical reactions during
the first hours of hydration. In particular, the use of alkali-free aluminium sulfate based accelerators
promotes the almost instantaneous and massive formation of ettringite, which facilitates rapid setting
and contributes to the strength gain needed to ensure good adherence between the shotcrete and the
substrate and to provide adequate mechanical support.
The use of supplementary cementitious materials and fillers in shotcrete has not been fully explored
yet. However, the same environmental criteria as for conventional concrete should be considered and
the development of low clinker formulas for shotcrete with a lower ecological footprint is of primary
importance.
In this paper data on the hydration of sprayed concrete are presented. Characterization techniques
such as compressive strength tests, isothermal calorimetry, shear modulus measurements, SEM and
in-situ XRD allowed to follow phases’ formation and strength development during the first 24 hours
after spraying, both in laboratory and real scale tests. In particular, the acceleration of the calcium
silicate hydration in the presence of fine limestone powder is discussed.
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1.

INTRODUCTON

In underground support applications, sprayed concrete mixes are designed to stabilize the substrate
and help maintaining the loading capacity of the bedrock. To meet these requirements the concrete
must reach very high strength in a short time frame, which is accomplished by accelerated hydration
reactions. Due to the presence of so-called ‘setting accelerators’, the hydration reactions of shotcrete
differ from those of ‘poured concrete’. The most commonly used accelerators nowadays, alkali-free
aluminium-sulfate based products, lead to massive formation of ettringite immediately after contacting
the fresh concrete at the spraying nozzle (Juilland 2009, Paglia et al. 2001, Prudencio 1998). The
ettringite network formed and the high-speed shooting help the shotcrete mix to stick to the receiving
surface. Moreover, organic acids, commonly present in these alkali-free accelerators, have been
reported to help increasing the solubility (reactivity) of alite, thus accelerating the ongoing silicate
hydration reactions (Juilland 2009, Salvador et al. 2016c).
The substitution of clinker by supplementary cementitious materials (SCMs) with the purpose to
increase the durability and the sustainability of the shotcrete has become a common practice in the
last years. However, only a reduced number of combinations (cement + SCMs) are currently being
used, mainly because of the potential reduction of early strength and the current standards and
guidelines for shotcrete (EN 14487-1, EN 14487-2, OEVBB 2009). In the course of laboratory and real
scale tests it has been demonstrated that mixtures with reduced cement clinker content can achieve
sufficient early strength if the mix design and shotcreting process are adequate. Fine limestone
powders were found to be more effective than silica fume (given a similar BET-surface) at improving
the early strength development of laboratory-tests samples (Briendl et al. 2019, Juhart et al. 2019,
Juhart et al. 2018b).
The contribution of microfillers (average particle sizes ≤1-3μm (Juhart et al. 2018a), in particular
limestone, to early strength development is associated with several possible mechanisms: (i) increase
of nucleation sites and strong impact on the interparticular distance (Berodier et al. 2014, Kumar et al.
2017, Lothenbach et al. 2011), (ii) chemical participation in the hydration process, as the presence of
limestone contributes to the formation of hemi- and monocarboaluminate and inhibits the
transformation of ettringite to monosulfoaluminate (Kakali et al. 2000, Kuzel & Pöllmann 1991, Kuzel
et al. 1996, Pommersheim & Chang 1988); and (iii) adsorption of Ca2+, CaH3SiO4+ ions or CaH2SiO40
aquo-complexes (from the pore solution) on negatively charged limestone surfaces, and subsequent
precipitation of C-S-H phases onto limestone surfaces (Ouyang et al. 2017, Tagafivar et al. 2018).
Shotcrete hydration in general and in the presence of fine fillers in particular is still a rarely explored
field of research. This is at least partly related to methodological difficulties like those induced by the
fast setting which complicates the analyses of time-resolved samples and thus the interpretation of
reaction pathways, and the reproducibility of realistic lab tests. In this paper we apply a suite of
methods suitable to study accelerated systems and show some results related to the effect of the
accelerator dosage and the additions of fine limestone filler on the hydration reactions in shotcrete.
2.

METHODS FOR CHARACTERIZING EARLY HYDRATION OF SPRAYED CONCRETE

For the successful development of shotcrete mixes with increased durability and sustainability, a
combination of well-established and novel testing methods is needed. Laboratory work and real
spraying tests are both necessary to validate the properties of newly designed mixes.
2.1

Strength development of accelerated mortar prisms

The production of mortar prims is a simple way to determine the effects of various admixtures (e.g.
accelerators, superplasticizers, retarders) or SCMs on the strength development of shotcrete. Due to
the very fast setting, the preparation of mortar prisms (40x40x160mm) has to follow a strict timely
procedure (Juhart et al. 2018b, Lindlar et al. 2009). At first fresh mortar is produced by mixing water,
binder and aggregates in a 5l Hobart mixer for 90 seconds at 150 rpm, with intermediate bowl
scraping. The mix is then left to rest for 10 minutes to allow sufficient dissolution of C 3A and calcium
sulfates. After that the selected amount of setting accelerator is added to the mix by means of a
syringe while mixing for 15 seconds at 300 rpm. The mortar is then rapidly poured into the prism
molds, while vibrating them, and finally the excess material is removed and the surface flattened with
a steel ruler. The time from accelerator addition until the prisms are finished should not exceed 60
seconds. The prisms are covered by a glass plate and stored at ≈100% RH and 20°C for 6h (wet
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storage). Afterwards the prisms are demolded and kept under wet storage for another 18 hours. Once
the first 24 hours have passed, the prisms are moved to under water storage at 20°C until the 28th
day. At different times (6h, 24h, 28d) compressive strength is determined with an electronically
controlled testing machine, on at least 4 prism halves. For the early strength tests (within 24 hours) a
constant but slow testing speed (e.g. 1mm/min) is needed to get accurate results.
2.2

MiniShot

The production of the mortar specimens described above does not completely resemble constructionsite shotcreting. The manner of shotcrete application, mainly how the accelerator is mixed and how
the concrete mix is then applied (cast, shot, etc.), has an influence on the early hydration reactions
(Salvador et al. 2016a). To get closer to “real conditions”, some lab-scale spraying facilities have been
developed in the last years. One example is the MiniShot device from Sika (Lindlar et al. 2014): a
paste consisting of water, binder, additives and the fine fraction (<125μm) of aggregates is pumped to
a miniature spraying nozzle, where the accelerator and compressed air are added. The mix is sprayed
on cells where the shear modulus (together with the temperature) is continuously monitored by means
of ultrasound wave propagation measurements. Apart from proving whether the sample is pumpable
and sprayable (at this scale), the main advantage of this technique is the very realistic intermixing of
the accelerator, a high shear rate through the spraying process and the reported correlation between
the shear modulus measured in the lab and the compressive strength of ‘equivalent’ real scale
shotcrete (Lindlar et al. 2015, Oblack et al. 2012).
2.3

Isothermal Calorimetry

The hydration process, and thus the development of the mechanical properties, is directly related to
the heat evolution caused by the exothermic hydration reactions. Therefore, isothermal calorimetry is
a useful technique to study the reaction pathways linked to early hydration, but also to characterize the
effects of different SCMs and/or additives on the hydration kinetics. To avoid missing most of the first
seconds and minutes of the reaction, the sample has to be transferred immediately after the
accelerator is added either from the mortar mixer or the MiniShot device to the calorimeter (Galan et
al. 2018). To follow the hydration process from the very beginning, e.g. the first seconds after the
accelerator addition, internal mixers are available. These should allow mixing directly in the
calorimeter; however, the mixer must have enough torque to guarantee homogeneous mixing after
accelerator addition.
2.4

In situ X-ray Diffraction

In-situ XRD methods are carried out to follow the chemical reactions of cement clinker during early
hydration of cementitious systems (Scrivener et al. 2004). For this method, paste samples are
prepared similarly to the mortars described above, expect for the aggregates. The accelerated paste is
quickly filled into a purpose-built sample holder. The surface is smoothed with a glass plate and then
the sample is covered with a polyimide film (e.g. Kapton) to protect it from water loss and carbonation.
Since the hydration of accelerated system is very rapid, the measurement time and 2θ range should
be chosen as short as possible, including the most relevant peaks of the phases involved and keeping
sufficient intensity for the smaller peaks. To determine the background contribution of the kapton film,
a single-crystal silicon waver is scanned with and without foil at analogous measurement conditions as
the sample (Briendl et al. 2019).
2.5

Scanning Electron Microscope (SEM)

SEM observations are useful to characterize the evolution of the microstructure upon hydration. The
early hydration of the hardening cement paste is stopped using a solvent-exchange method:
~5x5x5mm pieces are immersed in isopropanol for 2 days, and subsequently dried at ~20°C under a
slight vacuum (~ 3x104 Pa) for 7 days. The volume ratio between the sample and the isopropanol
should be between 1/50 and 1/100 to ensure a fast removal of the free water of the sample.
Additionally, for an optimal removal of the water, the isopropanol should be exchanged twice during
the first 24 hours. The dried pieces are gently crushed into very small pieces with a maximum
diameter of ~0.5mm and then placed on a microscope stub using adhesive carbon tape. The final step
before scanning is to coat the sample with a conductive material (e.g. gold-palladium or carbon) to
avoid charging (Scrivener et al. 2016).
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2.6

Real scale strength tests

Despite the possible assessment of the mechanical properties of newly developed mixes by means of
several laboratory methods, tests under real scale conditions are necessary to validate the results.
Differences between laboratory test and real-scale test include the following variables: coarser
aggregates, accelerator intermixing, pumpability and mix stability under high pump pressures (piston
pressure: 50-200 bar, and therefore resulting in concrete pressures up to 50 bar), spraying process,
adhesion to the rock surface, and rebound. According to (EN 14487-1) the early stage mechanical
properties of shotcrete (up to an age of 24 hours) are measured from (i) 0.2 to 1 MPa with a
penetration needle, whereby the penetration resistance is converted to compressive strength, and (ii)
from 2 to 16 MPa by means of a powder-activated Hilti tool, with which a stud is driven into the young
concrete and then pulled out again. The ratio of pull-out force to penetration depth is then converted
into compressive strength by means of calibration curves. The end term strength (e.g. after 28 days) of
shotcrete is usually measured on 100mm diameter drilled cores with a height/diameter ratio of 1.0.
3.

MATERIALS

For the laboratory tests a CEMI 52.5R (from now on called CEMI) and a CEMI 52.5N SR0 (from now
on called CEM SR0) were used. The mineralogical composition of the cements is shown in Table 1.
Table 1: Cement composition determined by XRD + Rietveld analysis
Phase

CEM I

Phase

CEM I

55.0

CEM
SR0
58.2

Alite

Phase

CEM I

3.8

CEM
SR0
3.4

Ferrite

7.4

CEM
SR0
12.3

Anhydrite

Belite

13.1

12.6

Arcanite

2.0

0.4

Periclase

4.2

-

C3A cubic

0.7

0.5

Bassanite

1.7

0.5

Portlandite

0.3

0.9

C3A ortho.

10.8

1.2

Calcite

0.9

9.5

Aphthitalite

-

0.5

In addition to the cements, two types of fillers were used for the investigations: quartz powder (>97%
SiO2) and fine limestone powder (99.9% CaCO3). For the mortar, calcitic sand of the grain fraction 04 mm was used. For the MiniShot experiments an additional coarser limestone filler (nekafill®, KFN
AG, Netstal, Switzerland) was used to imitate the effect of the fine fraction of the aggregates. The
amount of nekafill® needed was calculated to be the equivalent of 135 kg/m³ aggregates < 0.125mm in
real scale shotcrete. The dry particle density, average grain size (d 50) and BET surface of the cements
and fillers are shown in Table 2.
As setting accelerators two common alkali-free products based on Al2(SO4)3 were used for the
experiments (A1, A2). Furthermore, two PCE based superplastisizers (SP1, SP2) were chosen to
produce mixes with sufficient workability. For the MiniShot experiments a common acid based retarder
(0.5% of binder) was added.
Table 2: Characterisation parameters of the powders used

ID

Material

CEM I

CEM I 52.5 R

Dry particle
density ρs
[g/cm³]
3.16

CEM SR0

CEM I 52.5 N SR0

QP

d50 [μm]

BET [m²/g]

7.1

1.32

3.26

8.0

0.96

quartz powder

2.67

13.6

2.62

FL

limestone powder

2.72

0.9

8.20

NF

nekafill®

2.70

8.9

not measured
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4.

MIX DESIGN

To determine the effect of different accelerator dosages two mixes (CEMI-L-5 & CEM SR0), specified
in Table 3, were sprayed with the MiniShot (MS) device.
The impact of fine limestone powder (FL) on the early hydration was verified by two variant methods.
The first test series was based on the gradually substitution of OPC by limestone powder, the second
one with constant amount of OPC and substitution of quartz powder (QP) by limestone. In the first
case the water/cement (w/c) ratio and the accelerator/cement ratio were increased with increasing
limestone content; in the second approach, this effect was eliminated. The composition of the binders
(including the cement and filler e.g. limestone) is shown in Table 3. CEM SR0 mixes with a
water/binder ratio of 0.5 showed segregation, so the ratio was reduced to 0.4 for equivalent workability
to CEMI mixes.
For the real scale spraying tests equivalent compositions were used with the exception of the water
content: both for CEM I and CEM SR0 a w/c ratio of ~0.5 was used. Accelerator dosage (A1) was in
most cases around 8 wt.% by binder.
Table 3: Composition of the mixes produced
CEM I
Mix-ID
MS

CEM
QP
SR0
[wt.%]
100
-

FL

5
3
5
7
10
13
16
20
25
3
16
25

[V%]
5.8
3.5
5.8
8.0
11.4
14.8
18.1
22.5
27.9
3.6
18.6
28.6

paste

CEMI-L-5*
CEM SR0*
CEMI
CEMI-L-3
CEMI-L-5*
CEMI-L-7
CEMI-L-10
CEMI-L-13
CEMI-L-16
CEMI-L-20
CEMI-L-25
CEM SR0*
CEM SR0-L-3
CEM SR0-L-16
CEM SR0-L-25

95
100
97
95
93
90
87
84
80
75
-

100
97
84
75

CEMI-QP-40-L0

60

-

40

-

CEMI-QP-15-L25

60

-

15

25

mortar

mortar

FL

-

SP
(PCE)
[wt.%]†
1(SP1)
1(SP1)

1(SP1)

1 (SP2)

w/c

acc.

0.53
0.40
0.50
0.52
0.53
0.54
0.56
0.57
0.60
0.63
0.67
0.40
0.41
0.48
0.53

[wt.%]†
6/8(A1)
6/8(A1)

0.83

6(A1)

6(A2)

27.2

* also tested in real scale
† by binder
5.

RESULTS AND DISCUSSION

In this section the effect of several variables (cement type, accelerator dosage, fine fillers addition) on
the hydration of shotcrete are analysed. Additionally, the suitability of the various techniques to assess
the shotcrete properties is discussed.
5.1

Effect of cement type and accelerator dosage

When the accelerator is added to the shotcrete mix at the spraying nozzle, mainly ettringite (C3A•3C
•H32) is formed due to the reaction of the Al 2(SO4)3 from the accelerator and the Ca2+ from the cement.
In case of high Al2O3/(SO4)2- ratios (>0.67) in the accelerator and/or low sulfate concentrations in the
solution, determined by the solubility of the sulfate phases (bassanite>gypsum>anhydrite), also early
monosulphoaluminate (AFm) phases can form within the first minutes (Herrera et al. 2019).
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Due to the lower Ca-sulfate and C3A content in CEM SR0, lower amounts of calcium, needed for the
formation of ettringite, are available within the first hours of hydration. That is why, most likely, the
shear modulus of CEM SR0 reached much lower values than CEM I mixes (CEMI-L-5), where the
supply of calcium at early times was considerably higher because of the higher C 3A content (Figure
1a). This effect is also observed in the calorimetry curves (Figure 1b) of both mixes sprayed with 6%
accelerator, where a faster (and more pronounced) silicate reaction is observed for CEMI-L-5 than for
CEM SR0. It should be noted that due to the time lost (≈5 minutes) between spraying and starting the
calorimetry measurement, the height of first peak, representing mainly ettringite formation, is not fully
recorded and therefore not included in the cumulative heat. Furthermore, the addition of fine limestone
can enhance the hydration, which means not all the differences in the hydration process between
CEM SR0 and CEMI-L-5 should be attributed to the cement composition (see chapter 5.2).
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12 14
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22

CEMI-L-5 acc.6%

CEMI-L-5 acc.8%

CEM SR0 acc.6%

CEM SR0 acc.8%

Figure 1a: Effect of accelerator dosage on
the shear modulus of CEM SR0 and CEMIL-5) (Galan 2018).
5.2

24
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8
6
4
2
0
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100
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Cum. Heat [J/gpowder]

16
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12
10
8
6
4
2
0

Heat flux [mW/gcement]

Shear modulus [GPa]

An increased amount of setting accelerator in MiniShot sprayed mixes from 6 to 8% leads to an
increase of the shear modulus in the first hours, probably due to the higher amount of ettringite
formed. This increase is levelled out with time (ca. 8h for CEMI-L-5 and 15h for CEM SR0) Afterwards
samples with 6% accelerator surpass the 8% samples in terms of strength. The higher amount of
formed ettringite counterbalanced by the less pronounced development of C-S-H phases may be
related to space restrictions (Galan et al. 2018).
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CEM SR0 acc 6%

12 14
Time (h)
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22
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CEMI-L-5 acc 6%

Figure 1b: Heat evolution of MiniShot sprayed
samples (CEM SR0 and CEMI-L-5) with 6%
accelerator dosage.

Impact of fine limestone on the early hydration of shotcrete

The influence of fine limestone powders on (early) hydration was investigated by means of
compressive strength tests, in-situ XRD measurements and SEM. For these samples a fixed amount
(6 wt.% of binder) of setting accelerator A2 was used. To gain optimal workability for producing the
mortar prisms, additionally 1 wt.% superplasticizer (SP1) was added.
5.2.1 Strength development of accelerated mortar
Figure 2a shows that the addition of 3 wt.% fine limestone leads to an significant increase in strength
after 6 hours, increasing from 5.1 MPa (CEM I) to 7.1 MPa (CEM I-L3) in the case of CEM I samples.
CEM SR0 samples seem to need much more limestone powder to achieve a comparable effect;
however, no tests between 3 and 16% were carried out. Further substitution leads to a less
pronounced increase in strength and even slight decrease, which can be explained by the
counterbalancing effect induced by increasing the w/c ratio. Nevertheless up to 25% of the cement
can be replaced by fine limestone without a decrease in the 6 hours early strength.
After 24 hours no correlation between the compressive strength of CEMI based mortar prisms and the
limestone content can be observed (values ranged from 27.6 to 35.8 MPa). CEM SR0 mixes show a
slight decrease in 24 hours compressive strength at higher dosages. Probably the further hydration
reaction is slowing down due to the high accelerating effect, associated with the increased formation
of hydration products, in the first hours. The final strength after 28d is not influenced by the limestone
but strongly dominated by the w/c ratio, which tend to result in lower values with increasing limestone
content. The higher 28 days compressive strength of CEM SR0 mixes in comparison to CEMI is
explained by the lower w/c ratios of SR0 mixes (Figure 2b).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
0.7

80

32

0.6

8
0.5
4

w/c [-]

Rc [MPa]

16

Rc,28d [MPa]

75
70
65

Rc,28d = 30.21x(w/c)-1.02
R² = 0.85

60
55
50

2

0.4
0

10
20
UFL content [V%]
Rc,6h (CEMI)
Rc,6h (CEM SR0)
w/c (CEM I)

30

Rc,24h (CEMI)
Rc,24h (CEM SR0)
w/c (CEM SR0)

45
40
0.4

0.5

0.6

0.7

w/c [-]
Rc,28d (CEMI)

Rc,28d (CEM SR0)

Figure 2a: 6h and 24h compressive strength Figure 2b: 28d compressive strength of
of accelerated mortar prisms with increasing accelerated mortar prisms with increasing
limestone content (n=4).
limestone content (n=4).
5.2.2 Mineralogical alterations
The mineralogical evolution of selected mineral phases during early hydration in a mix without
(CEMI-QP-40-L0) and with limestone powder (CEMI-QP-15-L25) is shown in Figures
3a & 3b. The main ettringite peak (~10.5° 2θ) increases up to the 3rd hour of hydration in both mixes.
After that, ettringite intensity decreases. In the absence of carbonates, this decrease is associated
with the transformation of ettringite to monosulfate (1) (Kuzel 1996); however, the monosulfate peak
could not be clearly detected in these fast-scanning in-situ XRD measurements.
C3A•3C •H32 + 2C3A + 4H → 3C3A•C •H12

(1)

In the presence of fine limestone, hemicarbonate (main peak at ~12.5° 2θ in Figure 3b) and/or
monocarbonate are formed and transformation of ettringite to monosulfate is supressed (Kakali et al.
2000).

Figure 3: 24h in-situ XRD plot from 9-23° (2θ), CoKα, scanning speed: 21.95sec./° (2θ):
a: CEMI-QP-40-L0, b: CEMI-QP-15-L25; E=Ettringite, P=Portlandite, HC=Hemicarbonate,
G=Gypsum.
The limestone powder also seems to influence the formation of gypsum (~13.5° 2θ). The sample
containing 25% limestone shows a significant amount of neo-formed gypsum during the first 20
minutes, while only very minor amounts of gypsum are observed in the limestone-free samples. It is
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likely that gypsum crystallized directly from the pore solution supersaturated with respect to sulfate
minerals, with sulfate ions being available from dissolution of the easily soluble bassanite, soon after
the contact with water (slight false setting was observed) before accelerator addition. With time
gypsum dissolved and the sulfate and calcium ions participated in further hydration reactions, e.g.
ettringite formation. The longer stability of gypsum in the presence of limestone may relate to the
common ion (Ca2+) effect and the competition between gypsum and limestone to react with C 3A
(Bizzozero et al. 2015, Salvador et al. 2016b, Zajac et al. 2014).
5.2.3 Morphology
The morphology of the accelerated cement pastes was observed on samples stopped after 6 hours of
hydration (Figure 4a & 4b). Ettringite can be clearly identified by the hexagonal- acicular needleshaped appearance. The dimensions of the ettringite crystals do not differ in both samples (maximum
length about 2 μm). The formation of strength-giving C-S-H phases, affected by the addition of fine
limestone, can be appreciated in the micrographs: in the sample without limestone powder (CEMI-QP40-L0) (Fig. 4a) much lower amounts of C-S-H and a generally higher amount of open pores can be
observed. The addition of fine limestone results in a significantly denser network of hydration products
(Fig. 4b).

a

b

Figure 4: SEM images of stopped samples after 6h of hydration, gold-palladium coating: a:
CEMI-QP-40-L0, b: CEMI-QP-15-L25 (Zeiss DSM 982 Gemini microscope, tungsten filament).
5.3

Lab vs. real-scale testing of shotcrete

Within the frame of the Advanced and Sustainable Sprayed Concrete (ASSpC) project, several mixes
were sprayed under construction site conditions (Juhart et al. 2019). As an example, Figure 5 shows
the strength evolution of CEMI-L-5 and CEM-SR0 together with the lab shear modulus of equivalent
mixes.
The real-scale early strength follows a similar trend as the shear modulus (Figure 5a & 5b); however,
the strength curves are shifted to the left (earlier time) with respect to the modulus ones. Another
difference is the relative distance between the CEMI and CEMSR0 curves: the difference in strength
between both mixes is levelled after about 8 h, whereas the shear modulus values do not converge in
the first 24 hours. The real-scale strength after 6 hours is higher than that of the equivalent mortar
prisms in both cases (CEM SR0: 7.22 MPa vs. 2.72 MPa; and CEMI-L-5: 14.7 MPa vs. 6.58 MPa)
while the 24 h compressive strength in mortars is higher than in real scale shotcrete (CEM SR0: 15.27
MPa vs.33.08 MPa; and CEMI-L-5: 16.58 MPa vs. 31.48 MPa). This behaviour indicates also an
influence of the spraying process regarding to faster hydration at early hours and reaching lower
values at 24 hours and beyond. The strength of the shotcrete at 28 days (CEM SR0: 55.6±1.5 MPa
and CEM I: 41.1±1.9 MPa) is considerably lower than that of the ‘equivalent’ mortar prisms (Figure 2:
CEM SR0: 75.63±1.90 MPa and CEMI-L-5: 62.47±1.49 MPa). However, the development of strength
with time follows a very similar trend in both cases: CEM I + fine limestone- systems start earlier to
gain strength but increase at a slower pace after one day than the SR0 systems, these latter reaching
higher values after 28 days.
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Figure 5b: Shear modulus of MiniShot
sprayed mixes made with 8% accelerator
(Galan 2018).

The differences in the strength values reached by the mortar prisms and the real-scale shotcrete can,
beside the influence of the spraying process, be explained by several reasons: (i) the possible layering
and inhomogeneity in sprayed systems, (ii) the changed w/c ratio in case of mix CEM SR0, (iii) the
different size and shape of the specimens used (40x40x160 mm prisms and 100x100 mm cylinders),
(iv) higher ambient temperatures (up to 35°C) in case of the real-scale tests in comparison to MiniShot
spraying in the lab at 20°C and (v) the different maximum grain size and binder/aggregate ratio.
6.

CONCLUSION

The investigation of accelerated systems at early times is challenging among other things because of
the fast hydration reactions due to the addition of the setting accelerator. Well-known procedures for
the investigation of hydration reactions must be modified and changed in order to obtain satisfactory
results.
Cements containing considerable amounts of C3A showed higher shear modulus and strength values
in the very first hours compared to C3A „free“ cements, probably due to the higher Ca 2+ ion availability
in the pore solution.
MiniShot tests (with shear modulus monitoring) together with compressive strength measurements of
equivalent mortar prisms could predict to a large extent the mechanical performance of equivalent
real-scale shotcrete.
Similarly to normal concrete fine limestone powders contribute to the inhibition of monosulfate and to
the formation of carbonate-AFm phases.
Fine limestone powders increase significantly the early strength and enhance the hydration of
cementitious systems accelerated by means of alkali- free sulfate based setting accelerators. This is
very important in systems where cement is replaced by SCMs in order to gain better durability and
sustainability, without compromising the mechanical performance of the shotcrete.
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ABSTRACT
Tricalcium silicate, i.e. C3S, is the most abundant constituent of Portland cement and it accounts for
the early strength development of hydrated cement. Studying the kinetics and mechanism of its
hydration can lead to a better understanding of the morphology of the final product, i.e. C-S-H, and
thus to a higher chance of influencing the resulting cement properties.
Graphene oxide is an oxidized form of graphene, laced with oxygen-containing groups. Its hydrophilic
behaviour permits to disperse it into hydraulic matrices to modify morphology and performance of the
hydrated products. At first, the research delves into the hydration of C3S over time, with the purpose
of following the development of C-S-H morphologies and identifying some chemical and physical
parameters that can affect them; then, it focuses on the effect of graphene oxide on C3S dissolution
and relevant C-S-H product. The investigation is based mainly on FT-IR spectroscopy highlighting the
peaks emerging at increasing reaction times. Complementary used instrumental techniques are SEM,
Raman and thermal analyses (TGA and DSC). The spectroscopic analysis is particularly addressed at
the infrared range between 900 and 1100 cm-1, that is characteristic of the absorption of polymerized
SiO2 and C-S-H as well. By confining the investigation to the simple C3S/H2O system we intend to get
mainly qualitative results on the interaction of C-S-H, both kinetics and morphology, with GO and
explore the possibility to modify the nanostructure of cement.
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1.

INTRODUCTION

Graphene is the “wonderful material” of these years and it is not surprising that the Flagship of research
in Europe is there waving. Many academic and industrial fields, from electronics to batteries and supercapacitors, from clothing to composite, from 3D printing to flexible displays are investigating the
opportunities offered by this material. In this framework, researchers on materials for the construction
industry, one of the largest industry worldwide, with a production of 4.1 billion tons in 2016 (as reported
by Cembureau), are exploring graphene as an opportunity for improving the mechanical performances
of cementitious materials. First of all, carbon nanomaterials are considered of high value to improve
performance and durability of the cement matrix, because of their high strength (Lee et al. (2008)
reported a Young’s modulus of 1.0 TPa and an intrinsic strength of 130 GPa for a GO monolayer), and
then because of their high specific surface area and their effect on porosity, which permits to refine the
nano/ microstructure and to have a more homogeneous pore distribution (Li et al. (2015); Yang et al.
(2017)). However, not all the results are in complete agreement. For example, according to Chuah et al.
(2014) and Lv et al. (2014), graphene oxide (GO) enhances the resistance of cement, since the sheets
can bridge microcracks within the matrix and increase strength and toughness, with some reshape of
the microstructure and potential positive effect on durability. Horszczaruk et al. (2015) too found that
embedment of GO in cement results in significant enhancement of the Young’s modulus, but they
observed no modifications in the morphology of the products and no effect on the kinetics of hydration.
Further differences in behaviour have been reported by Ghazizadeh et al. (2018), who found that GO
temporarily retards the hydration of Portland clinker, while it accelerates that of OPC (Ordinary Portland
Cement). They attribute this difference to a two-fold behaviour of GO: retardation is due to the interaction
of GO with the surface of hydrating clinker grains, which temporarily hinders the formation of
precipitation nuclei, while this doesn’t occur with OPC, because of the seeding effect of gypsum on
sulphate ions. It is important to observe that GO has oxygen-containing polar functionalities (epoxy,
carboxyl, hydroxyl) that may enhance the interaction with the hydrated products and improve the
dispersion. Use of polycarboxylate superplasticizer and ultra-sonication process is suggested to help
the stabilization of GO dispersion over time (Babak et al. (2014)).In this paper, we investigate the effects
of GO addition (0.05%, 0.10%, 0.20% and 0.30% by weight of solid) on C-S-H formation, starting from
the single phase C3S, which is the most abundant component of Portland clinker. C-S-H is the core
product of hydrated cement and is responsible for most of the mechanical and durability properties of
the final material. In this study, we adopt a very simple model, with a high water-to-solid ratio, according
to fundamental studies on the subject (Haas and Nonat (2014); He et al. (2014)). Previous preliminary
studies performed in Politecnico di Milano, CMIC laboratory (Romani (2015)), have permitted to optimize
the instrumental investigation on cement–GO composites by Raman and SEM analysis. This work
integrates with two previous research works on a system based on (C+S) and on C2S respectively, of
which the present study uses the same experimental conditions.
2.
2.1

EXPERIMENTAL PROCEDURE
Materials

Alite was supplied by Italcementi HeidelbergCementGroup. C3S is the main component of OPC and it
hydrates according to (1):
C3S + H2O  C-S-H + CH

(1)

where C-S-H is the typical notation used in the cement world for the calcium silicate hydrated products
and CH for portlandite (Ca(OH)2). C3S size was: D10= 3.39 µm, D50=11.8 µm and D90=127 µm, with a
Blaine specific surface area of 3190 cm2/g.
Graphene oxide (GO), 4 mg/ml aqueous dispersion, was provided by Graphenea Inc., San Sebastian,
Spain. Its monolayer content was higher than 95% and its oxygen content was 41-50%. A dispersing
PCE comb-polymer, based on an acrylic backbone 30% grafted with chains of PEG 1000) was added
to the aqueous system to increase GO dispersion. Reagent grade potassium thiocyanate (KSCN) was
used for infrared analysis.
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2.2

Compositions

Five different combinations of C3S with water and GO were prepared: the compositions are reported in
Table 1. High diluted dispersions, water to cement ratio equal to 50 (wt/wt), were adopted (Haas and
Nonat (2014)). PCE concentration in water was more than one order of magnitude lower than
corresponding typical concentration in basic cementitious mixtures (paste/mortar) and therefore
assumed negligible on hydration kinetics.
Table 1. The compositions of C3S samples
Sample code

C3S (g)

Water (g)

Dispersant
(wt. % in water)

Graphene Oxide
(wt. % in C3S)

C3S-Control

2.000

100

0.009

0

C3S-GO-0.05

2.000

100

0.009

0.05

C3S-GO-0.10

2.000

100

0.009

0.10

C3S-GO-0.20

2.000

100

0.009

0.20

C3S-GO-0.30

2.000

100

0.009

0.30

The samples were prepared by mixing the demineralized water, the GO and the dispersant in a glass
beaker. To improve the GO dispersion, the beaker was placed inside an ultrasonic bath at 59 KHz for
30 min at 285 W. C3S was added to the liquid mixture, which was kept for 4 weeks under continuous
mechanical agitation in a jacketed reactor at controlled temperature (25°C).
Samples were collected from the reactor at 2 hours, 24 hours, 48 hours, 1 week, 2 weeks, 3 weeks and
4 weeks, and occasionally at further time intervals. The samples were centrifuged at 4000 rpm for 5 min
and the supernatant removed. After that, a solution of methanol and acetone (50/50) was added to the
cement paste, to halt the hydration reaction. Eventually, to dry the samples, they were placed inside a
water-pump mild-vacuum oven, operating at room temperature for 8 hours.
2.3

Analytical investigations

2.3.1 Infrared and Raman analyses
FTIR spectra were recorded using a Nexus Nicolet FT-IR spectrometer (Nicolet Instrument. Inc.,
Madison, WI 53711, USA) coupled with an infrared microscope Continuμm Thermo Electron Corporation
(GMI, Inc, Ramsey, Minnesota, USA). Spectra were acquired in transmission mode using KBr pellet
pressed under vacuum (300 mg of KBr, 1 mg of dried product and 0.25 mg (precisely weighed) of KSCN
as reference for quantitative evaluation).
Raman analyses were performed by Horiba Jobin Yvon Labram HR800 (HORIBA Jobin Yvon IBH Ltd.,
Glasgow, UK) dispersive Raman spectrometer equipped with Olympus BX41 microscope and a 50X
objective (resolution, 2 cm −1; acquisition time, 30 s; 4 accumulations). The 785 nm excitation laser line
with a power of 0.4 mW was selected in order to prevent possible photo-induced thermal degradation
of the samples.
2.3.2 TGA
The instrument was a Seiko Exstar 6000 TG/DTA 6300 thermal analyser (Seiko Instruments Inc., Chiba,
Japan). The analyses were carried out in air, from room temperature to 800°C, with constant heating
rate of 10°C/min.
2.3.3 SEM
SEM analysis were performed by Zeiss Evo 50 EP instrumentation (Carl Zeiss AG, Oberkochen,
Germany) equipped with lanthanum hexaboride (LaB6) thermoionic source, at 20 kV.
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3.
3.1

EXPERIMENTAL RESULTS AND DISCUSSION
FTIR spectroscopy

3.1.1 Preliminary analysis
As the intensity of a peak is directly proportional to the amount of the corresponding phase, to get
indication of the progress of the reaction, we calculated the ratio between the intensity of the relevant
peaks of C-S-H and C3S. Two peaks were consequently selected to carry out the progress of the
reaction: the peak at 963-970 cm-1, attributed to some C-S-H form, and the one at 881 cm-1, attributed
to un-hydrated C3S. With the latter, some inaccuracies might have occurred, as the peak is very close
to the carbonates absorption (see Figure 1). Alternative peaks for un-hydrated silica are too weak and
noisy to be used for relative measurements. The results, expressed in terms of absorbance ratio, i.e.
the ratio between the absorbance at 963-970 cm-1 and that at 881 cm-1, within the same spectrum,
indicate that the C-S-H/ C3S ratio tends to raise by increasing the amount of GO, especially at the limit
of 0.30% (see Figure 2).

Figure 1. FT-IR spectra at different times, C3S-GO-0.30 sample (0.30% GO)

Figure 2. Absorbance ratio vs time at different percentages of GO (0, 0.05, 0.1, 0.2 and 0.3) for
the reaction of C3S_GO_XX samples.
In order to try and improve the reliability of the kinetic evaluation, the most intense FTIR absorption peak
of pure KSCN (the internal standard salt) that did not interfere with those of reagents and products during
hydration, was selected, 2068 cm-1.
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Figure 3. FT-IR spectra at different times, C3S-GO-0.20 samples (0.20% GO) prepared with the
standard test salt KSCN
3.1.2 Kinetic investigation
The absorbance of the peak of C-S-H at 963-970 cm-1 was compared to that of the standard by adding
the same amount of salt in all the preparations (Figure 4).
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Figure 4. FTIR normalized absorbance at 963-970 cm-1, sample C3S_GO_0.XX
It is evident from the graph that the samples with GO have higher normalized absorbance than the
control, meaning a higher amount of C-S-H at equal hydration time.
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Moreover, Figure 4 shows that the rate of hydration of C3S from the beginning to 7 days as well as the
normalized absorbance at 963-970 cm-1 at 7 days, depend on the content of GO: the higher the amount
of GO (e.g. C3S_GO_0.30), the steeper the tendency curve and the higher the amount of C-S-H. The
result is in line with those obtained by other authors regarding the acceleration effect of GO on cement’s
hydration (Lu et al. (2017)).
3.1.3 Interaction GO-Ca
Graphene oxide interacts to some extent and through different forms, with the dissolved calcium ions in
the aqueous dispersion. In fact, in the experiments, GO alone shows very good dispersion in water, but
when a little amount of calcium oxide is added, GO rapidly produces flocculation caused by
complexation of GO with calcium ions. In order to improve the dispersion, a very low amount of PCE
was added to the aqueous composition. In any case, interactions between GO and Ca++ remained highly
probable with potential reduction of the availability of calcium for the reaction of hydration. This
interaction might explain the slowing down of the reaction that resulted in the first research (Gronchi et
al. (2018)) and in the second as well (Distefano et al. (2018)) where the reagents to produce C-S-H were
(C+S) and C2S respectively, see (2) and (3):
1st research: C + S + H2O  CH + S  C-S-H

(2)

2nd research: C2S + H2O  C-S-H + CH

(3)

A possible hypothesis of the different effects of (C+S), C2S and C3S on the kinetic of hydration is that
C3S does not interfere negatively with the synthesis of C-S-H because of the greater amount of the
available calcium. On the other hand, it may promote the nucleation of C-S-H gel by reactive groups
[Han et al. (2017)] with global positive influence on hydration.
3.2

Raman spectroscopy

Figure 5. Raman spectra at different times of hydration, C3S-GO-0.10 sample.
The wavenumber of the D peak, associated with the out-of-plane vibrations of sp2 carbons, only
occurring with structural defects, is 1350 cm -1, that of the G peak, associated with the in-plane vibrations
of sp2 carbons, is 1580 cm -1. The shape and the intensity ratio between the two peaks are typical of GO.
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Their progressive disappearance over time means that GO does not remain separated in the matrix but
interacts with it (Ferrari (2007)). The three peaks at 800-880 cm-1 are due to the un-hydrated C3S phases
(Ibáñez et al. (2007)), in fact they are only present in the initial stages.
3.3

TGA

Figure 6 and Figure 7 show data collected from the thermogravimetric analyses. The series coded as
“Pores water” refers to the range of temperature 150-390°C, while the series “Portlandite” refers to the
range 390-500°C. The percentage of water lost in the range 150-390°C is attributed to the water trapped
in the pores of C-S-H and to the crystallization water (Taylor (1998)), and hence it can be related to the
amount of C-S-H present in the sample. The percentage of water lost in the range 390-500°C is due to
the degradation of portlandite, (4):
Ca(OH)2  CaO + H2O

Figure 6. Water loss from pores in the range
150-390°C, (recalculation with zero loss at
150°C)

(4)

Figure 7. Water loss from portlandite in the
range 390-500°C, (recalculation with zero loss
at 390°C).

The loss of water from pores and from portlandite as well, are both increasing over time, as expected.
Moreover, the slope of the graphs is steeper at the beginning and then it decreases, again as expected.
From the data reported in Figure 7, it results that the samples with GO produced more portlandite than
the “Control”, as suggested by the position of the relative curves, above the reference. Just the C3SGO-0.05 curve of the series “portlandite” after one week is surprisingly below the others. It is still unclear
whether this is caused by a critical percentage of GO inside C3S and further investigation is necessary.
Moreover, careful examination of the initial trend of the reaction, shows that the effect of the addition of
GO is predominant at earlier times of hydration (Lu et al. (2017)).
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3.4

SEM

Figure 8. SEM image, Control sample (20k x)

Figure 9. SEM image, C3S-GO-0.05 sample
(20k x)

Figure 10. SEM image, Control sample (25k
x)

Figure 11. SEM image, C3S-GO-0.30 sample
(25k x)

Figure 8-Figure 11 show SEM photographs taken on samples at 4 weeks of hydration. In
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Figure 8, just an amorphous structure with incoherent and shapeless particles is present, probably due
to low reactivity and low amount of C-S-H produced. Instead, in Figure 9, the “honeycomb” structure of
C-S-H is clearly visible (see also Figure 11), and the structure is more aggregated, indicating a higher
amount of C-S-H. The difference from a less hydrated (left, 0% GO) to a more hydrated (right, 0.30%
GO) structure is appreciable also in Figure 10 and Figure 11, at a higher magnification. Without GO the
material is less aggregated, whereas with 0.30% of GO, it is more compact and some “honeycomb”
structures associated to calcium silicates are present. This kind of morphology precedes the formation
of elongated fibres and lamellae that intertwine to cooperate to the resistant structure of cement. In the
current study, we used a high water/ cement ratio, so the hydrating structures tend to stay separated
from each other and this is probably the reason for the formation of the C-S-H “honeycomb” predominant
structure.
4.

CONCLUSIONS

In previous research carried out starting from (C+S) (Gronchi et al. (2018); Bianchi (2017)) and C2S
(Distefano et al. (2018)), the GO showed a retarding effect on hydration. Instead, the same experimental
procedure applied to C3S and here presented, seems to support the opposite trend. In this case, the
presence of GO in the aqueous system (water to solid ratio equal 50:1) led to a slight increase in the
kinetics of hydration, as demonstrated by infrared and thermal analyses. An exception is represented
by the anomalous result of the sample C3S-GO-0.05 in the range 390-500°C, which might be due to the
existence of a hypothetical critical concentration of GO for the system but which needs further
investigation to be confirmed. A possible explanation for the different behaviour of the reactions starting
from (C+S) and C2S with respect to that from C3S might be attributed to the different amount of calcium
ions available for the synthesis of C-S-H: it could be argued that because GO links calcium ions, it
hinders the hydration reaction when the amount of calcium is limited, i.e. in the case of (C+S) and C2S.
The existence of the interaction between GO and calcium is well supported by literature (Zhao et al.
(2016)) and anyway it is plausible because of the polar oxygen functionalities that GO bears. Moreover,
the Raman spectra showed that the GO did not remain isolated in the cement matrix, but it interacted
with the system itself. The slight acceleration of the hydration with C3S is probably caused by some
prevailing nucleation effect on cement hydrates as already proposed by other authors (Lu et al. (2017)).
5.
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ABSTRACT
The advantages of treating prefabricated components made of Ultra-High-Performance Concrete
(UCPC) at 90 °C are largely recognized, while hydrothermal treatment at 185 °C and the corresponding
saturation pressure of 1.1 MPa, in contrast, is not applied in building practice so far and was studied
only by a few researchers.
In the research presented, the parameters pre-storage-time before treatment and dwell time in the
autoclave were systematically varied. The results illustrate in which way compressive strength
increases with the duration of treatment. Already samples which were only heated up and immediately
cooled down show an increase in strength compared to the 28-day reference of about 10 %. After 20 h
the maximum increase of about 25 % is reached. Interestingly the compressive strength of samples
treated very long hardly decreases. It can be therefore concluded that for the composition investigated
the achievable mechanical strength is not severely sensitive regarding the duration of the treatment.
Also, pre-storage times before autoclaving longer than 0.5 days showed no significant impact on
strength development.
The phase composition measured by XRD exhibits significant changes compared to the reference. The
amount of ettringite and portlandite have vanished, the cement clinker phases are substantially
decreased and hydroxylellestadite and hydrogarnet are formed as new phases. The increase in
strength can be assigned to an improved pozzolanic and hydraulic reaction. Contradictory to literature,
there was found no tobermorite, a mineral which is known to be susceptible for disintegration at long
autoclaving duration. This explains why no significant strength loss appeared.
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1.

INTRODUCTION

In Europe, North America and Asia there is an increasing application of ultra-high performance (UHPC)
concrete which ranges from ambitious support structures over ornamental facade elements to smaller
components like floor tiles and repair systems (Qiu et al. 2017, Bouhours et al. 2017, Mary et al. 2017,
Doiron 2017). The growing popularity is also reflected by the issuing of standards (AFNOR 2016,
AFNOR 2016a, ASTM 2017), technical bulletins (SIA 2015, DAfStb 2017) and pre-normative studies
(JSCE 2006). Until now UHPC elements are mostly prefabricated and often steam cured at about 80 to
90°C as soon as the formwork can be removed. As for ordinary concrete the thermal treatment
significantly accelerates strength development and is therefore especially efficient for mixtures with a
high percentage of slower reacting secondary cementitious materials. The improved reactivity leads to
a faster formation of the characteristic calcium silicate hydrates (C-S-H phases) by hydraulic and
pozzolanic reaction but not to the formation of new phases (Feylessoufi et al. 1997, Yazıcı 2007, Selleng
et al. 2017). Opposed to ordinary concrete, where high treatment temperatures at an early age were
found to be detrimental for the further strength development (Soutsos et al. 2018), the compressive
strength of later age can even be increased for heat treated UHPC elements (Schmidt et al. 2017,
(Schachinger et al. 2008). Due to the accelerated hydration autogenous shrinkage is largely completed
after thermal treatment (Yazıcı 2007, Garas 2009 et al. 2018). Mindess et al. further measured a
decrease of over 70 % in the tensile creep coefficient as well as in the specific tensile creep at 7 days
of loading and attributed this to an enhancement of the fibre-matrix-interface during thermal treatment
(Mindess et al. 2003).
Hydrothermal treatment, technically called autoclavation, is subject of research but not established yet
in the production of prefabricated UHPC elements. It is widely agreed on that independent from the
mixture design the compressive strength of UHPC can be further increased by a hydrothermal treatment
compared to steam curing and achieved in a much shorter time (Yunsheng et al. 2008, Neville 2011,
Yazıcı 2007, Yazici et al. 2009). There is some discussion whether the application of a saturation
pressure is redundant because the very dense microstructure of UHPC induces high water vapor
pressure inside the material at temperatures above the boiling point and therefore leads to a certain
self-autoclavation (Feylessoufi et al. 1997, Dehn 2001). Own research, however showed a considerable
loss in flexural strength between specimens which were treated hydrothermally and specimens heattreated at atmospheric pressure which is thought to be caused by microcracks due to thermal and hygric
strain (Müller et al. 2008). During hydrothermal treatment at high temperatures the chemistry of
hydration is altered and new crystalline phases develop besides the C-S-H phases characteristic for
ordinary concrete and UHPC (Yazıcı 2007). Different researchers found the mineral phases tobermorite,
jennite and xonotlite which are also typical for cognate building materials produced by autoclavation like
autoclaved aerated concrete and calcium silicate bricks (Cheyrezy et al. 1995, Lehmann 2013, Yazıcı,
et al. 2013). Lehmann and Yazıcı both reported a strength loss after prolonged hydrothermal treatment
which they attributed either to grain size growth (Lehmann 2013) or to the transformation of tobermorite
into other crystalline C-S-H-phases (Yazıcı 2007).
Since there is still very few research on the optimization of hydrothermal treatment regarding pre-storage
time before the treatment and dwell time in the autoclave, the following study focused on a systematic
research of this factors. Aim was to link the compressive strength measured to the microstructure
evolved under different hydrothermal treatments.
2.
3.1

EXPERIMENTAL
Sample geometry, composition of UHPC and hydrothermal treatment

To minimize temperature differences over the sample volume during heating and cooling, small
cylindrical samples with a diameter and a height of 22.6 mm were produced for the experiments
(Figure 1). The small sample size has the added benefit that regular testing machines could be used for
the strength measurements. The higher variation in the measurement results due to the small sample
geometry was compensated using eight samples for averaging.
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Figure 1. Cylindrical samples produced for the experiments
To keep the system as simple as possible for the microstructural analysis, a pure quarzitic mixture was
used (Table 1). The mixture was based on the mixture M2Q developed by Bornemann et al.
(Bornemann, Schmidt et al. 2001) for the collaborative research in frame of the DFG Priority Program
SPP 1182 and was slightly adjusted in the content of water and super-plasticizer to reach a targeted
slump flow measure of 28 cm with the V-funnel test. Including the water contained in the superplasticizer
the water/binder (cement plus microsilica) ratio is 0.24. The mixture was prepared within 11 minutes in
a 10 Litre high energy mixer and cast into silicone moulds. In a first step all solid components were
mixed and afterwards the superplasticizer was added in two portions. One day after preparation the
samples were demoulded and stored under water at 23 °C until hydrothermal treatment in a laboratory
autoclave (volume 640 ml) at 185 °C and corresponding water vapour pressure of 1.1 MPa (Figure 2).
The heating rate was 1.5 K/min and the cooling rate 0.3 K /min.

Table 1. Composition of UHPC
Material

Content in kg/m³

CEM I 52.5 R

832

Microsilica (uncompacted)

135

Quartz powder (0-0.125 mm)

207

Quartz sand (0-0.5 mm)

975

PCE superplasticizer (solid content 35.1 %)

40 (14 + 26)

Water

209

After the treatment the samples were stored under water again until their compressive strength was
tested at the age of 28 days. The reference samples were continuously stored under water at 23 °C.
The pre-storage time before the hydrothermal treatment was varied between 1 and 27 days and the
dwell time increased up to 8 days. The shortest treatment comprised heating up the samples to the
maximum temperature followed by immediate cooling. The research design comprised in total 77
combinations of pre-storage and dwell time (Figure 3).
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Figure 2. Scheme of sample treatment until testing

Figure 3. Research design

3.2

Compressive strength

Compressive strength was measured force-controlled and loading velocity adjusted to the small
cylinders according to (DIN EN 12390-3 2009). To compare the hydrothermally treated samples with
the reference, a regression function for the strength development of the cylinders stored under water at
23 °C was established from a high number of measurement data using the Weibull model without delay
t0 (1) and the experimentally fitted parameters for the final strength (f c = 203 MPa), the shape (k = 0.30)
and the scale (T = 4.9) (FHWA 2006, Selleng et al. 2017).
fc,t = fc [1-exp(-(t/T)k)]

(1)

The regression function (Figure 8) allows to assess the impact of the process parameters on the
compressive strength. For the comparison with the reference it is assumed that after the hydrothermal
treatment strength development is completed.
3.1

Phase analysis

The XRD analysis was carried out in Bragg-Brentano-Geometry at solid samples which were ground
with ethanol to obtain a smooth and homogeneous surface and fixed to a special sample holder (Figure
4). For the measurements a DTex silicon strip detector and Cu-Kα radiation were used. In a preliminary
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analysis using two-dimensional X-Ray powder diffraction (2D-XRD) it could be clarified that the
measurement of solid cylinders produces not representative reflexes for the coarse quartz fraction but
delivers correct intensities for all other phases. Also, the comparison with conventionally prepared
powder samples showed the feasibility of the fast-qualitative analysis of solid samples which additionally
offers the possibility of a depth-dependent analysis (Simon et al. 2018). All diffractograms were recorded
from 5 to 65° 2θ with a step width of 0.02° and a scan speed of 0.5 °2θ/min. To enhance the statistics,
the solid samples were randomly twisted and measured for several times.

Figure 4. XRD-measurement of solid sample
3.

RESULTS AND DISCUSSION

4.1

Compressive strength

The analysis of the compressive strength depending on the pre-storage time illustrates that the time
span between demoulding and hydrothermal treatment has no impact on the strength development.
Specimens which were hydrothermally treated for 24 hours (grey dots in Figure 5) reach about 120 %
of the reference strength regardless of their pre-storage time before autoclavation, ranging from 8 hours
to 25 days (Figure 5).

Figure 5. Compressive strength of UHPC cylinders treated at 185 °C / 1.1 MPa normalized to
strength of reference sample as function of pre-storage time

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
The duration of the hydrothermal treatment, in contrast to the pre-storage time, strongly affects the
achievable strength (Figure 6). Already samples which were only heated up to 185°C and immediately
cooled down again after the temperature was reached, show an increase in compressive strength
compared to the reference of about 10 % on average. By increasing the dwell time up to 20 hours the
strength gain can be enhanced by another 15 % to about 125 % of the reference strength. This
magnitude of strength increasement corresponds well to the results of Yazıcı et al. (Yazıcı et al. 2009),
who included into their study also mixtures with a high content of fly ash and ground granulated blast
furnace slag, which are characterized by a slower strength development. After a dwell time of 20 hours
no further increase but also no significant decrease in compressive strength was measured (Figure 6).
The average strength of 15 sets of 8 specimens each, which were treated for 24 hours after different
pre-storage times, is 124 % of the reference strength (Figure 5). This corresponds precisely to the
average value measured for the set of 8 cylinders which were treated after a pre-storage time of 12 days
for 182 hours (Figure 6).

Figure 6. Compressive strength of UHPC cylinders treated at 185 °C / 1.1 MPa normalized to
strength of reference samples as function of dwell time
(pre-storage time varies between 1 and 27 days)
For the comparison with the long-term strength of the reference it was anticipated that strength
development is completed as soon as the hydrothermal treatment is finished. The exemplary compilation
in Figure 7 shows that the compressive strength after 8 days of the specimens which were prestored for
7 days and hydrothermally treated for 16 hours exceeds the reference strength by about 50 %. Over
time the strength development of the reference increases according to the regression function
determined experimentally while the strength development of the autoclaved specimens is assumed to
be finished. This means, the strength of the hydrothermally treated specimens is higher than the
reference also on a long-term perspective. In a former study the efficiency of different conventional
thermal treatments was studied in detail regarding the parameters protective measures against drying
as well as pre-storage and dwell time (Selleng et al. 2017). To illustrate the efficiency of the hydrothermal
treatment compared to a conventional treatment, the predicted strength development of the specimens
which were pre-stored for 7 days and then heat treated wrapped in foil at 90 °C for 144 hours was also
included into Figure 7. The comparison shows that 16 hours of hydrothermal treatment at 185 °C and
1.1 MPa are more effective than the conventional heat-treatment, even when the latter one is applied
for the unrealistic but favourable long duration of 144 hours (6 days).
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Figure 7. Development of compressive strength over time of the UHPC specimens treated
hydrothermally for 16 hours at 185 °C / 1.1 MPa compared to the reference and specimens
which were treated wrapped in foil at 90°C in the oven for 144 h
4.2

Phase composition

The phase analysis compared to the reference revealed that after four hours of hydrothermal treatment
ettringite and portlandite have vanished and the clinker phases are reduced (Figure 8). Two new
crystalline phases are formed. Within hydroxylellestadite (Ca 5(SiO4)1.5(SO4)1.5(OH)) the sulphate
stemming from the ettringite is bound and within the mineral phase hydrogarnet
(Ca3(Al,Fe)2(SiO4)x(OH)4(3 − x); 0 < x < 3) ) the aluminium from the decomposed ettringite is incorporated.
With increasing dwell time in the autoclave, the phase composition changes only in the reduction of the
clinker phases. The presence of unreacted clinker phases even after very long dwell times of 120 hours
illustrates that the availability of water and space is the limiting factor. Due to the very dense
microstructure of the UHPC no water is transported from the autoclave into the bulk of the sample so
that the water resulting from the decomposition of the ettringite at temperatures above 90°C is the only
source for a further pozzolanic and hydraulic reaction.
The phase analysis demonstrates that the gain in compressive strength can be attributed to an
increased pozzolanic and hydraulic reaction and not as expected from former research to the formation
of crystalline tobermorite. Tobermorite which is known to be the main strengthening phase in autoclaved
aerated concrete (AAC) (Matsui et al. 2011, Arabi et al. 2015) was also found in autoclaved UHPC by
some researchers (Yazici et al. 2009, Lehmann 2013) while it could not be detected by others (Heinz et
al. 2012).
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Figure 8. Diffractograms of UHPC cylinders hydrothermally treated for 120 h, 24h and 4 h at
185°C / 1.1 MPa compared to the reference stored in water, e – ettringite, K -clinker,
p-portlandite, q-quartz, g- hydrogarnet, h- hydroxylellestadite.
The reason for the diverging phase composition in several studies is probably the different mole ratio of
CaO to SiO2 caused by the various mix compositions used. While for the formation of tobermorite a
mole ratio of the starting material of 0.78 is the optimum, the mole ratio for C-S-H lies between 1 and 2
(Taylor 2004). A further reason for the formation of different phases could be the use of different sample
sizes. Feylessoufi et al. (Feylessoufi et al. 1997) could prove that the formation of crystalline phases is
favoured by strong gradients of temperature and pressure across the cross section, which can be largely
eliminated with the small sample geometry chosen. In the production of AAC tobermorite is formed
metastable and its disintegration under equilibrium conditions into xonotlite and quartz is known to be
accompanied by a strength loss (Bernstein 2011, Galvánková et al. 2016). Therefore, the fact that
despite a very long dwell time in the autoclave no strength loss was observed corresponds well with the
result from the microstructural analysis.
The measurement of solid samples as they were taken out of the autoclave without prior grinding (Figure
1b) revealed that the phase composition on the surface differs from the one in the bulk material. Within
the light greyish deposit which formed at the surface tobermorite and calcite can be detected, whereas
these mineral phases cannot be identified any longer after the sample was grinded (Figure 9).

Figure 9. Comparison of the diffractograms measured at the surface and in the bulk of the
sample after hydrothermal treatment at 185 °C/ 1.1 MPa
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The identification of tobermorite only at the surface and not inside of the autoclaved samples indicates
that its formation in the bulk was not possible. Very likely, it was prevented by a lack of water, a lack of
space as proposed by Gundlach et al. (Gundlach et al. 1969) or the combination of these two factors.
Another reason could be that the tobermorite crystallites in the bulk material are, likewise with typical CS-H phases, too small to be detected with the x-ray diffractometer used.
4.

CONCLUSION

The systematic analysis of the process parameters pre-storage time before autoclavation and dwell time
illustrates that hydrothermal treatment at 185 °C and the corresponding saturation pressure of 1.1 MPa
is a very efficient way to improve early strength. With the heating and cooling rates applied already
samples which were only heated up to 185°C and immediately cooled down, show an increase in
compressive strength compared to the 28-day reference of about 10 % on average. 125 % of the
reference strength can be reached within 20 hours. For longer autoclaving times beyond 20 hours no
more increase but also no significant decrease was measured. From the results it can therefore be
concluded that strength development is far less sensitive to the autoclaving duration as expected, which
makes an industrial production of autoclaved elements less prone to faults.
The increase in strength could be attributed to an increased pozzolanic and hydraulic reaction, combined
with a decomposition of ettringite. The most probable reasons which prevented the formation of
tobermorite are a lack of space and water, as the disintegration of ettringite provides only a limited
source of water. Furthermore, its decomposition resulted in the formation of hydroxylellestadite and
hydrogarnet, which bind the sulfate and aluminum. Provided these phases remain stable, this even
could allow for the use of sulfate bearing raw materials, an aspect that will be examined in further
research projects.
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ABSTRACT
In cement hydrates, calcium aluminate hydrated products such as hydrocalumite-type and ettringitetype hydrates are able to immobilize various anions in their structure. In these products sulfate anions
are able to be exchange with various anions. In this study, we investigate the immobilization of
selenate ion using calcium aluminate hydrates and the influence of gypsum on selenate immobilization
by their hydrates. In the system of CaO-Al2O3-SeO3-H2O synthesized from Ca3Al2O6, CaSeO4 and
H2O, the kind of hydrates and the amount of selenate immobilization depended on mixed mole ration
of selenate ion3 to Al2O3. As the SeO3/Al2O3 ratio was less than 1.00, hydrocalumite-type hydrates
were produced. At the leaching test, 99.9% of selenate was immobilized in their solid. When the ratio
were from 1.0 to 3.0, hydrocalumite-type and ettringite-type hydrates were formed. At the leaching
test, about 99.4% of selenate was immobilized in solid. Furthermore ettringite-type hydrate and
CaSeO4 were formed as the ratio was over 3.0. At the leaching test, less than 95% of selenate were
immobilized. When gypsum was mixed to hydrates containing selenate ion, the kind of hydrates and
the amount of selenate immobilized depended on the sum mole ration of selenate and sulfate ion to
Al2O3. As the mole ratio of (SeO3+SO3)/Al2O3 was less than 1.00, hydrocalumite-type hydrate was
formed. When the mole ratio was from 1.00 to 3.00, hydrocalumite-type and ettringite-type hydrates
were formed. As the ratio was over 3.0, ettringite-type hydrate and gypsum were formed with more
than 1.0 g/L selenate solution.
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1. Introduction
Tri-calcium aluminate (3CaO·Al2O3) and tetra-calcium aluminate ferrite (4CaO·Al2O3·Fe2O3)
in Ordinary Portland Cement are reacted with gypsum or calcium carbonate to produce either
hydrocalumaite-type (3CaO·Al2O3·CaX·nH2O: X is a divalent anion.) or ettringite-type
(3CaO·Al2O3·3CaX·nH2O : X is a divalent anion.) hydrated products. Their hydrated products
change with the molar ratio of anion to Al2O3. Hydrocalumaite-type hydrated products are able
to be anion-exchange reaction between anions in hydrocalumite-type hydrated products and
outer anions. Hydrocalumite-type hydrated products have layer structures. The fundamental
layers, which are similar to calcium hydroxide, have positively charged [Ca2Al(OH)6·H2O]+
layers. Their Interlayers have water molecules and various anions such as chloride ion (Cl-),
sulfate ion (SO42-), carbonation ion (CO32-), nitric acid ion (NO3-) and so on.
Ettringite-type hydrated products have positively charged [Ca3Al(OH)6·12H2O]+ columns.
Water molecules and anions are placed in the three dimensional space of the columnar
structure. Various anions such as SO42-, CO32, chromate ion (CrO42-) and selenate ion (SeO42-)
get into ettringite type structure. It is very important for cement manufacturing to fix of heavy
metal oxoacid anions such as CrO42-, SeO42-, arsenate ion (AsO43-), arsenite ion (AsO33-) and
so on. The reason for this is that a tiny amount of these heavy metals are contained in wastes
and their ashes. Then, Elution from cured concrete using ordinary Portland cement made from
these wastes should be kept below the environmental standard value. In japan, these
environmental standard values of arsenic and selenium in wastewater and groundwater are
extremely low values of 0.1 and 0.01 mg / L, respectively.
Various researchers have clarified the solubility of these heavy metal immobilized hydrated
products.[1]-[5] The authors have also studied about fixation of heavy metals, focusing on
anion exchange reaction by calcium aluminate hydrated products such as hydrocalumite-type
and ettringite-type hydrated products[6]. We focus on SeO42- in this report. A hydrated products
containing SO42- are produced and examined for selenate fixation.
2. Experimental
2.1 Materials
Calcium aluminate hydrated products were generated by hydrated reaction mixed with water,
3CaO·Al2O3, gypsum and calcium selenate (CaSeO4). 3CaO·Al2O3 was synthesized from
calcium carbonate and aluminum hydroxide and calcined in a laboratory electric furnace on
the burning condition at 1350 ºC for 3 hours at three times. This tri-calcium aluminate did not
contain other products as 12 CaO·7 Al2O3 and CaO detected by XRD.
2.2 Synthesis of hydrated products containing SeO42Hydrated products containing SeO42- were generated with water, 3CaO·Al2O3, gypsum and
CaSeO4. Mixing ratio of CaSeO4 to 3CaO·Al2O3 were from 0.5 to 4.0 in molar ratio. Mixed ratio
of powder to water was 0.6 in weight. Their mixture were cured at 20 ºC for 56 days. After 56
days, the solid samples were soak in excess acetone, and dry in a vacuum desiccator for 1
day. The dried samples were identified by XRD, and the amount of combined water was
estimated by the loss on ignition at 1000 ºC.
2.3 Reaction of hydrated products containing SeO42- and gypsum
Hydrated products containing SeO42- and gypsum were mixed in water. The mixing ratios of
gypsum / hydrated products were 0.1g / 1.0 g and 0.2 g / 1.0g. 15ml water was added to their
powders. After 7 days, the suspension samples separated the solid phase and the liquid by
filtration. The solid were soak in excess acetone, and dry in a vacuum desiccator for 1 day.
Then, their solid samples were analyzed by XRD, TG-DTA and so on. The concentrations of
selenium in the liquid phases were measured by an atomic absorption spectrometer.
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SeO42- / Al2O3
molar ratio

Table 1 Hydrated products
detected by XRD
SeO42- / Al2O3 molar Hydrated products
ratio for preparation detected by XRD

4.0

0.50－1.0

SeO4-Hc

3.0

1.25－3.0

SeO4-Hc, SeO4-Ett

2.0

3.0

SeO4-Etｔ

1.5

4.00－

SeO4-Ett, CaSeO4

1.0

SeO4-Hc : 3CaO·Al2O3·CaSeO4·nH2O
SeO4-Ett : 3CaO·Al2O3·3CaSeO4·nH2O
a)

0.5
5

10

15
20
25
30
35
2θ / deg. (CuKα)
SeO4-Hc : 3CaO·Al2O3·CaSeO4·nH2O
SeO4-Ett : 3CaO·Al2O3·3CaSeO4·nH2O
CaSeO4

Figure 1 XRD patterns of hydrated
products reacted with Ca3Al2O6,
CaSeO4 and water
b)

c)

20μm
Figure 2 SEM photographs of the
products
a) SeO42- / Al2O3 molar ratio is :0.5
b) SeO42- / Al2O3 molar ratio is :1.0
c) SeO42- / Al2O3 molar ratio is :3.0

3. Result and discussion
3.1 Calcium aluminate hydrated products
containing SeO42XRD patterns of calcium aluminate hydrated
products containing SeO42-, reacted with
3CaO·Al2O3, CaSeO4, gypsum and water, are
shown in table 1 and figure 1. The numbers in
figure 1 represent the molar to molar ratio of
SeO42- / Al2O3 for preparation. Calcium aluminate
hydrated products changed with the SeO42- /
Al2O3 molar ratio. When the SeO42- / Al2O3 molar
ratios were less than 1.0, hydrocalmaite-type
hydrated products were formed detected by XRD.
Ettringite-type and hydrocalmaite-type hydrated
products were formed when the molar ratios of
SeO42- / Al2O3 were from 1.0 to 3.0. When the
molar ratios were over 3.0, Ettringite type
hydrated products and CaSeO4 were generated.
A series of SEM in Figure 2 pictures showing
the hydrated products containing SeO42-. Figure
2 a) shows hydrated products at the SeO42- /
Al2O3 molar ratio of 0.5. Figure 2 b) shows the
products at the molar ratio of 1.0 and Figure 2 c)
shows at the ratio of 3.0. It was confirmed that
hydrated grains in Figure2 a) and Figure 2 b)
were the panel-shaped crystals. Hydrated
particles in Figure 2 c) were observed to be
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Se Concentraiton in solution （㎎/L）

Needle-type crystals. Phase identifications
detected by XRD were consistent with these
10000
photographs observed by SEM.
3
1000
10
Next, the selenium concentrations in liquid
phase are shown in Figure 3, after these
100
102
hydrated products soaked in the water. The
concentrations of selenium in solution
10
increased with increases in the addition of
SeO42- / Al2O3 molar ratio in the hydrated
11
samples. When the ratios of SeO42- / Al2O3 were
less than 1.0, the concentrations of Selenium in
0.1
10-1
solution were less than 1.0 mg / L. In these
-2
0.01
cases, more than 99.99% of selenium in
10
0
1
2
3
4 hydrated products were immobilized. When the
SeO42- / Al2O3
SeO42- ratio were from 1.0 to 2.0, the selenium
molar ratio
concentration in solution were shown about 55
Figure 3 Selenium concentration in
mg /L and about 99% of selenium fixed in the
solution after soaking test
solid phase. As the selenium ratio were over
3.0 in molar, selenium concentrations in
solution were over 500 mg / L and less than 94% selenium were chemically fixed in the
hydrated products. The Liquid-solid partitioning of selenium by calcium aluminate hydrated
products varied considerable with the type of hydrated products. These changes of SeO42concentration in solution and calcium-aluminated hydrated products containing SeO42- were
similar to that of CrO42-

104

3.2 Influence of selenium fixation on added gypsum by calcium aluminate hydrated
product containing SeO42Soaking test mixed calcium-aluminate hydrated products containing SeO42- were examined
to clarify the influence of selenium fixation on added gypsum. Table 2 are shown the hydrated
products detected by XRD after soaking test. Hydrocalumite or ettringite type hydrated
products are generated as calcium aluminate hydrated products containing SeO42- or SO42-.
Both SeO42- and SO42- are divalent anions and similar oxoacid ions. Then, formations of solid
solution type hydrated products containing SeO42- and SO42- are also conceivable. SO42- / Al2O3
Table 2 Hydrated products detected by XRD after soaking test
SeO42-／A2O3
molar ratio
0.5

1.0
1.5

Before
soaking test
SeO4-Hc

2.0

SeO4-Hc
SeO4-Ett

3.0

SeO4-Ett

4.0

SeO4-Ett
CaSeO4

Aftre soaking test
added 0.1g-gypsum

Aftre soaking test
added 0.2g-gypsum

SO42—Hc

Hc
SO42—Ett

Hc
SO42—Ett

Ett
Ett, Gyp

Ett, Gyp

SeO4-Hc : 3CaO·Al2O3·CaSeO4·nH2O Hc : 3CaO·Al2O3·Ca(SeO4, SO4)·nH2O
SO4-Ett : 3CaO·Al2O3·3CaSO4·nH2O Ett : 3CaO·Al2O3·3Ca(SeO4, SO4)·nH2O
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1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Peak area ratio of
hydrocalumite 110
detected by XRD

Peak area ratio of
ettringte 110
detected by XRD

molar ratio in the suspension samples are
Table 3 SeO42- / Al2O3 molar ratio
shown in table 3. When the molar ratios of
in the suspension samples
(SO42- + SeO42-) / Al2O3 for preparation were
Adding
Adding
over 3.0, ettringite type hydrated products
SeO42-／A2O3
0.1g
0.2g
molar ratio
and gypsum were formed . As the (SO42- +
gypsum
gypsum
SeO42-) / Al2O3 molar ratios were from 1.0 to
0.5
0.36
0.72
3.0, ettringite and hydrocalumite type
0.75
0.39
0.78
hydrated products were generated in
2suspensions. When the ratios of (SO4 +
0.8
0.39
0.79
2SeO4 ) / Al2O3 were below 1.0, ettringite
1
0.41
0.81
type hydrated products were not formed in
1.25
0.47
0.94
spite of added gypsum. Hydrated products
detected by XRD were dependent on the
1.5
0.52
1.04
22molar ratio of (SO4 + SeO4 ) / Al2O3.
1.75
0.56
1.12
In Figure 4, XRD peak area ratios of (a)
2
0.63
1.26
ettringite 110 and (b) hydrocalumite-type
3
0.82
1.64
hydrated products 110 are shown. Their
ratios of peak area are considered to have
4
0.98
1.96
the same meaning as the ratios of
production volume. The peak area ratio of ettringite type hydrated products 110 increased as
the molar ratios of (SO42- + SeO42-) / Al2O3 were increased from 1.0. The peak area ratio of
hydrocalumite-type hydrated products 110 decreased as the molar ratio of (SO42- + SeO42-) /
Al2O3 were decreased to 3.0. The divalent anion / Al2O3 ratio of hydrocalumite-type hydrated
products in mole is 1.0 and the divalent anion / Al2O3 ratio of ettringite-type hydrated products
in mole is 3.0. Then, the amount of hydrocalumite-type and ettringite-type hydrated producst
depended on the change of (SO42- + SeO42-) / Al2O3 molar ratio. Figure 5 shows the ettringite
110 peaks measured with XRD (Used CuKα1). SO42--ettringite (Ca3Al2O6·3CaSO4·32H2O) 110
peak appears around 2θ = 15.6 ° (The interplanar distance was 5.68 Å). And SeO42--ettringite
(Ca3Al2O6·3CaSO4·32H2O) 110 peak appears around 2θ = 15.4 ° (the interplanar distance was
5.65 Å). There was a difference in the angle at which these peaks appeared depending on the
conditions. It seems that the decrease in the concentration of SeO42- in solution was caused
by the difference in the content of S eO42- and SO42-, but there seems to be room for further
study on this point.
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Figure 4 XRD peak area ratio of ettringite type 110 and hydrocalumite type 110
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a) SeO42- / Al2O3 molar ratio : 0.75

b) SeO42- / Al2O3 molar ratio : 1.0
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Figure 5 XRD patterns of ettrinigite 110 peaks
a) SeO42- / Al2O3 molar ratio : 0.75
c) SeO42- / Al2O3 molar ratio : 2.0
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Figure 6 Selenium concentration in solution after soaking test
(a) the horizontal axis is SeO42- / Al2O3 molar ratios
(b) the horizontal axis is(SeO42- + SeO3) / Al2O3 molar ratios
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Next, the concentrations of SeO42- in solution after soaking test were shown in Figure 6. The
horizontal axis in figure 6 (a) were shown that the molar ratios of SeO42- / Al2O3 for preparation.
And in figure 6 (b) the ratios of (SO42- + SeO42-) / Al2O3. When the more ratios of SeO42- / Al2O3
for preparation were from 1.0 to 1.5, the selenium concentrations in solution were decreased
in adding gypsum in figure 6 (a). The products detected by XRD were not changed in
comparison to the products before soaking test. Other hands, as the more ratios were below
1.0 and over 1.5, the SeO42- concentrations were increased in adding gypsum. These samples
were changed in before soaking test. When gypsum was added, in many cases, an increase in
of SeO42- concentration in the solution was confirmed. However, in the system in which the molar
ratios of (SeO42- + SO42-) / Al2O3 were from 1.0 to 2.0, the SeO42- concentration decreased, and it
was confirmed that the decreases of SeO42- concentration in solution are caused by the coexistence
with SO42-. However, the concentration of SeO42- in solution was generally the same tendency as
that of a system not containing SO42-, for example, 1 ppm or less in (SeO42- + SO42-) / Al2O3 molar
ratio, And 1 to 50 ppm by molar ratio. (SeO42- + SO42-) / Al2O3 were 1 to 3, and when the ratio were
3 or more, it was shown about 100 ppm or more. In this study, discussions are made on the basis
of formulation composition, but it should be discussed based on solid phase composition.
However, in both SO42- and SeO42-, the solid-liquid partitioning of selenium by the hydrated
calcium aluminate product takes values of 99 to 90%, respectively, and it is considered that there
is no problem even if examining it based on the formulation composition as a standard.
4. Summary
The immobilization of SO42- using calcium aluminate hydrates and the influence of gypsum
on selenium immobilization by their hydrates have been investigated. The following results
are derived.
1) In the system of CaO-Al2O3-SeO3-H2O synthesized from Ca3Al2O6, CaSeO4 and H2O,
production of two kinds of hydrated products and the amount of selenate immobilization
depended on the mixed molar ratio of SeO42- to Al2O3.
As the SeO42-/Al2O3 ratio was less than 1.00, hydrocalumite-type hydrates were produced.
When the ratio were from 1.0 to 3.0, hydrocalumite-type and ettringite-type hydrates were
formed. Furthermore ettringite-type hydrate and CaSeO4 were formed as the ratio was over
3.0.
2) When gypsum was mixed to hydrates containing SeO42-, the kind of hydrated products
and the amount of selenate immobilized depended on the sum molar ratio of SeO42- and
SO42- to Al2O3. As the molar ratio of (SeO42-+ SO42-)/Al2O3 was less than 1.00, hydrocalumitetype hydrate was formed. When the molar ratio was from 1.00 to 3.00, hydrocalumite-type
and ettringite-type hydrates were formed. As the ratio was over 3.0, ettringite-type hydrate
and gypsum were formed with more than 1.0 g/L selenate solution.
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ABSTRACT
It is known that the inclusion of mineral additions on cement paste can cause different effects on the
early hydration reaction of Portland cement suspensions. Because of this, in the literature are
proposed some methods to determine the enhance caused by filler effect on this period. However,
many of the additions used in the civil construction industry are reactive powders under normal
conditions per se, or in association with Portland cement. Considering that using this kind of addition
the global hydration reaction is affected, mainly due to the reaction of material added and/or the
nucleation effect, the method proposed in this work aimed isolate this later effect. Then, there was
used the own pre-hydrated cement as mineral addition after different periods of prehydration (2, 4 and
6 hours), kept constant the water-to-cement ratio. After this stage, the same amount of anhydrous
Portland cement was added and the heat release monitored using isothermal conduction calorimetry.
Adapting the methodology for the calculus of the degree of hydration, it was possible to demonstrate
the effect of changes on the physical properties of particles, like specific surface area and particle size
distribution, discounting the effect of the surface charge and the mineralogical composition promoted
by the chemical reaction of phehydrated. The methodology used in this work can also be useful for the
assessment the effect of heterogenous nucleation caused by other kind of mineral additions, reactive
or not.
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1.

INTRODUCTION

The use of prehydrated cement in the civil construction, although not much explored in the literature,
has wide practical application, as for example, in the fiber cement industry, in which the cut material
from the blanket - known as a retail - is reused into the process for obtaining new products (Oliveira
2010). It is also the consequence of production problems that cause an unplanned time-lag between
mixing and molding, as occurs, for example, in the case of truck-mixer and pump breakage or even the
interruption of power supply during a concreting.
The prehydration affect the development of microstructure of the product because the material presents
different physicochemical composition compared with anhydrous Portland cement, affecting the
hydration reaction and the gain on the consistency of the blends (Maciel et al. 2015). In addition to that,
in practical condition there are no adequate control in the conditions of prehydration, like environmental
temperature, mineral addition, use of admixtures, time of reutilization, and other variables that affect a
lot the intensity of growing the hydrated compounds.
This prehydrated addition promotes changes in the dilution and particle size distribution of anhydrous
Portland cement, and creates pits of nucleation. While the first one are associated only to cement
substitution by any kind of mineral addition, the last one depends on the fineness of the addition
(Berodier & Scrivener 2015).
As the hydration is based on dissolution-precipitation mechanism, when a material with high specific
area is present, more space becomes available for the precipitation of hydrates (Garrault et al. 2005;
Oey et al. 2013), resulting in a microstructure with lower density and better particle packing (Berodier &
Scrivener 2014, 2015). Various works already highlighted how prehydration influences heat flow during
early reaction (Dubina 2013; Stoian et al. 2015).
In literature, there were found some works evaluating the effects of the physical characteristics of
particles on hydration (Lawrence et al. 2003; Cyr et al. 2005), isolating the nucleation effect after the
addition of the quartz in substitution to mineral addition. Considering that quartz does not affect the
reaction, it is possible to determine the effect of the nucleation of the mineral addition. However, if this
material has a reaction of their own, like using prehydrated Portland cement, that methodology does not
explain fully the physical effect on hydration after the addition.
So, this work was carried out with the objective of illustrating the impact of the association of anhydrous
Portland cement and prehydrated cement on early chemical reactions. Furthermore, it is shown how it
is possible to adapt a methodology (Lawrence et al. 2003; Cyr et al. 2005) to quantify the nucleation
effect caused by prehydrated addition discounting its own reaction.
2.
2.1

EXPERIMENTAL PROCEDURE
Cement prehydration and mixture

The Portland cement used in this work was named as OPC and contain around 92% of clinker, 3% of
gypsum and up to 5% of limestone. This is a binder that follow the old Brazilian standard (ABNT NBR
5733, 1991) and was the purest cement marketed in Brazil up to 2018. Currently, the limit of additions
in the binders was increased in up to 5% by this kind of cement.
For prehydration, cement and deionized water were added into a beaker and the suspension was stirred
for 2 minutes on a mixer IKA Labortechnik RW 20, maintaining the constant speed of 1,000 rpm. After
mixing, the suspension was maintained for the following prehydration periods (2, 4 and 6 hours) in a
closed container to prevent water evaporation. Every 30 minutes the container was agitated to resuspend the particles. It is important to state that these set times to produce the prehydrated material
were choose in function of the setting time of this binder (around 4 hours).
After the prehydration period, the anhydrous cement was added to the composition until the water/solids
was 0.5. In all systems the anhydrous cement content was 50%. The suspension was further dispersed
for 2 minutes by using an adapted high shearing energy (Makita RT0700C) and was used to further
tests.
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2.2

Cement and prehydrated characterization

Figure 1 presents the physical characteristics of the materials. The particle size distribution was
quantified in a Sympatec equipment, model Helos KR with range 0.1 to 350 micrometers, the specific
surface area (SSA) was determined according to the BET method - Brunauer / Emmett / Teller held in
an equipment Belsorp Max, Bel Japan, with pretreatment of samples at 40°C for 16 hours and 10 -2 psi
pressure, and the real density was quantified in a multipycnometer equipment, Quantachrome
Instruments. The real density and the SSA tests were performed in samples whose hydration were
stopped as detailed in other work (Maciel et al. 2018).
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Figure 1: Particle size distribution, real density and Specific Surface Area (SSA) of cement
The obtained curve to OPC is similar as the commonly found in literature, with 90% of the particles
smaller than 30 µm. In addition, there is a difference lesser significant between the particle size
distribution of anhydrous and prehydrated cement, especially in the range near of the main peak of the
curves (15 µm), which is related to the decrease of particle size by dissolution.
In contrast, a presence of particles in the range above 50 µm was observed, which is related to the
formation of hydrates on the surface of the particle. That formation of these hydrates also is responsible
by greater Specific surface area (SSA) of the prehydrated in comparison with anhydrous cement. That
characteristic has important practical implications, since decreases the availability of water for the
separation of the particles because of its more difficult wetting, as well as influences the hydration
kinetics by providing more space for the precipitation of new hydrates. With relation to real density of
the OPC and the prehydrated, it is noted that the real density along hydration decreases slightly because
the hydrates have lower density than the sum between the anhydrous cement and water.
The chemical characteristics of the cement was obtained by X-ray fluorescence (XRF) in an Axios
Advanced equipment, Panalytical, and thermogravimetric analysis (TGA) in a thermobalance Netzsch,
STA 409 PG under N2 atmosphere, with a temperature range of 50°C to 1050°C. The mineralogical
composition was obtained by X-ray Diffraction (XRD) in an equipment Bruker AXS X, Model D8
Advanced.
Tables 1 and 2 illustrate the chemical characteristics of anhydrous and prehydrated cement, and in
Table 3 is presented the main crystallographic phases (C3S, C2S, C3A, C4AF, portlandite and gypsum).
Additionally, in Figure 2 is detailed two phases (portlandite and gypsum) where there were notable
differences in peak intensity counting between anhydrous and prehydrated cement.
Table 1: Chemical compositions of cement (%)
Compositions

CaO

SiO2

Al2O3

Fe2O3

SO3

K2O

MgO

TiO2

SrO

P2O5

LOI

Content

60.8

19.4

5.68

2.97

3.10

0.62

1.06

0.19

0.22

0.14

4.12

LOI – loss on ignition
The anhydrous Portland cement presents high amount of Ca and Si, and lower amount of Al, illustrating
the predominance of silicate phases of clinker (alite and belite). The SO3 content indicates high level of
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calcium sulfate added as a setting regulator and the loss on ignition of 4.12% shows an adequate level
of volatile carbonate (this result was confirmed by thermal analysis). Around 1.94% of portlandite was
identified by TGA, showing that the binder has a little amount of hydrated compounds, but this is not a
problem to use this product in this work.
Table 2: Quantification of cement components by TGA (%)
Component

Bound water (50-350°C)

Portlandite

Calcium Carbonate

Residual mass

OPC

0.65

1.94

5.14

95.04

PH_2h

1.68

1.90

5.77

95.11

PH_4h

1.77

2.36

5.75

94.90

PH_6h

2.16

3.67

5.95

94.09

Table 3: Mineralogical Phases found according XRD
Mineralogic Phase

Molecular composition

Data Sheet

Angle (2θ)

C3S – Alite

3.CaO.SiO2

ICOD 00-042-0551

34.5

C2S – Belite

2.CaO.SiO2

ICOD 01-073-2091

32.6

C3A - Tricalcium aluminate

3.CaO.Al2O3

ICOD 00-001-1060

32.7

4.CaO.Al2O3.Fe2O3

COD 96-900-3349

12.2

CaCO3

ICOD 01-072-1651

29.4

Ca(OH)2

ICOD 01-084-1273

20.8

CaSO4.2H2O

COD 96-101-0982

18.1

C4AF – Brownmillerite
Calcite
Portlandite
Gypsum
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PH_6h
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Figure 2: OPC and prehydrated diffractograms of portlandite and gypsum
The results of thermal decomposition and chemical and mineralogical analysis are complementary and
convergent, since it was possible to detect the presence and the amount of portlandite, calcium
carbonate and bound water. Moreover, it was possible to confirm that the cement is within of the
standards in relation to the carbonate content (~5%) and with small amount of hydrates (<2%).
The amount of portlandite, as expected, was significantly higher in the prehydrated material than in
OPC, presenting linear correlation with the time of reaction. Considering the reaction of the aluminates,
the gypsum is strongly dissolved during the prehydration, but not fully consumed up to 6 hours.
2.3

Monitoring the chemical reaction

All the tests were monitored for 36 hours in a calorimeter TAMAir, TA Instruments. Considering that the
average environmental temperature in Brazil is around 25°C, it was chosen to carry out all the tests
using this condition. The pastes were mixed according presented in 2.1 and inserted into an ampoule
whose was sealed. As a reference was used another empty ampoule and the heat released was
calculated comparing the sample and reference channels.
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3.

RESULTS

3.1

Heat flow during the hydration reaction

Figure 3 shows the heat flow released during the hydration reaction of the pastes with pure OPC
(reference) and using the three different prehydrated suspensions, in the first 36 hours of reaction.
The symbol (◊) represents the setting time obtained according to the ASTM C1679-13 – Standard
Practice for Measuring Hydration Kinetics of Hydraulic Cementitious Mixtures Using Isothermal
Calorimetry: the thermal indicators of setting time may be taken as the time to reach 50% of the average
maximum heat of the main hydration peaks (e.g. the main peak of heat flow after the finish of
acceleration period).
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250

Cumulative heat (J/g)

Heat flow (W/g)

This time is defined as the elapsed time from the moment when the water is added to the cement to the
time at which the paste starts losing its plasticity. In the suspensions with prehydrated, the setting time
is strongly anticipated by the formation of new products. Although the relationship between chemical
reaction and stiffening of the microstructure is often not direct (Romano et al. 2018), the correlation
between setting time and cumulative heat is excellent in the case of prehydrated suspensions.
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Figure 3. Heat flow and cumulative heat of the prehydrated and the samples after prehydrated
addition
It was verified that the hydration kinetics after the addition of the anhydrous cement is strongly influenced
by the prehydrated, especially in relation to the anticipation and intensification of the reactions in the
first hours of hydration as well as the anticipation of the reactions of the aluminates.
However, only the observation of this results is not enough for the understanding of how the reaction is
impacted by the prehydrated reaction itself or by the nucleation effect caused by addition of the
prehydrated. Thus, it is necessary to quantify these respective effects on the hydration kinetics of the
system, specially by the addition of particles with higher specific surface area.
3.2

Quantification the impact of PH on the nucleation effect

The indicator chosen for the quantification of the reaction progress was the global degree of hydration
(), defined from the relation between the mass of hydrated cement (C h) and the initial amount of cement
(C), as indicated in Equation (1). This relation can be also used to characterize the degree of hydration
when a fraction of cement (p) is replaced by prehydrated, where C0 is the initial amount of cement
without substitution.

𝛼(𝑡) =

𝐶ℎ (𝑡)
𝐶ℎ (𝑡)
=
𝐶
𝐶0 (1 − 𝑝)

(1)

From a theoretical point of view, estimating the cement hydration process through a simple degree of
hydration is not trivial, because a lot of simultaneous and consecutive reactions take place in the
different clinker phases presenting different kinetic reactions. However, in practice the global parameter
has shown to be a very reliable description of the overall process (Lawrence et al. 2003; Cyr et al.
2005).
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In this work, the degree of hydration of each composition was estimated from the relation between the
released heat over time (Q(t)) normalized by the total amount of cement in the respective suspension
and the cement hydration heat (Q∞), as illustrated in Equation (2):

𝛼(𝑡) =

𝑄(𝑡)
𝑄∞

(2)

The value of Q∞ is related to the amount of heat, at Joules per gram of anhydrous cement, relating to
the complete hydration of binder. It is estimated the amount of each individual Portland clinker phase,
whether from Bogue calculation, Rietveld’s refinement or any other method the total heat is determined.
In this work it were used the composition obtained from XRF to estimate the main phases of the clinker
by Bogue with the typical values released by each phase detailed in other work (Lawrence et al. 2003),
as indicated on Table 4. In the same table it is showed also the value of Q∞ related to OPC (Q∞ =
∑miQi).
Table 4. Theoretical Q∞ of clinker phases used to estimate the hydration heat of the cements,
according to the number of clinker phases (Lawrence et al. 2003).
C3S

C2S

C3A

C4AF

Contents (%)

57.6

12.2

9.0

10.0

Q∞ (J/g)

510

260

1100

410

Q∞ OPC

465,48 J/g

In order to eliminate the effect of the substitution content on the total reaction, the degree of hydration
of the prehydrated should be calculated by the following Equation (3):

𝛼𝑃𝐻(𝑡) = 𝛼(𝑡) ∙ 𝑝

(3)

From this equation it is possible to obtain the evolution of the degree of hydration of the prehydrated
suspensions. The same kind of calculation can be performed with only the anhydrous cement added
after the prehydration period. The sum of this value with the degree of hydration of the prehydrated
results in a theoretical value of evolution of the hydration as shown in Figure 4. In the same figure there
are also shown the degree of hydration of the experimental suspensions as a function of the
prehydration period and the degree of hydration of the suspension without prehydrated (OPC). For all
periods of prehydration, the theoretical evolution of the degree of hydration (prehydrated + OPC) is
similar to that obtained by experimental results, indicating which that methodology of analysis has
physical meaning.
With a detailed evaluation it is possible observe that up to 16 hours of reaction the experimental results
are slightly higher than the calculated in all periods of prehydration. This difference can be better seen
in Figure 5 where it is presented the evolution of the ∆α, difference between the degree of hydration
measured with and without prehydrated as well as the found between the degree of hydration measured
and calculated (prehydrated + OPC). It is possible affirms that the difference between both curves
represents the physical effect of the prehydrated particles because the addition of the degree of
hydration only from prehydrated in the analysis allows the discount of its own reaction.
In the first 4 hours of hydration, the pastes that were prehydrated for 4 and 6 hours have a lower degree
of hydration than the theoretical. One hypothesis for this initial decrease in reaction kinetics is that the
addition of the anhydrous cement and the subsequent mixture shear the surface of the prehydrated
particles. The adsorbed hydrates serve as nucleation points for the formation of new hydrates. Thus,
removing the adsorbed hydrates results in a delaying of the initial reaction after anhydrous cement
addition (Berodier & Scrivener 2014). In addition, it can be said that the higher ionic concentration of the
solution decreases the dissolution kinetics of the anhydrous cement, changing the dissolution
mechanism of the particle surface according to geochemical theory (Juilland et al., 2010).
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Figure 4. Degree of hydration (α) of the OPC, calculated (prehydrated + OPC) and experimental
cement pastes
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Figure 5. Difference between the degree of hydration (∆α) of the calculated and experimental
cement pastes in function of the period of prehydration
With the advances of the hydration, between 4 and 16 hours, the measured degree of hydration is higher
than the calculated in all the suspensions, and the difference is greater with the increase of the
prehydration period. The variation between the degree of hydration of the OPC and the experimental
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results indicates a greater impact of the prehydrated addition. However, in this trend, it is included the
reaction of the own prehydrated and not just nucleation effects.
Already the differences between the calculated results (prehydrated + OPC) and the experimental ones
represented by the dash lines indicate, more accurately, the effect of the physical characteristics of the
particles on the reaction of the suspension with prehydrated.
So, the larger surface area of the prehydrated contributes to the acceleration of the global chemical
reaction, although the reaction rate is only slightly higher as shown in Figure 3. It is worth mentioning
that the analysis methodology already counts the anticipation of the aluminate reactions caused by the
early consumption of sulphate.
Finally, in the last phase of the reaction, the degree of experimental hydration is significantly lower than
the theoretical, regardless of the period of prehydration. It may be noted that the acceleration of the
reactions in the previous step take away spaces for the formation of new hydrates in the prehydrated
systems. This also indicates how prehydration generally impairs hydration, although the kinetics can be
accelerated in the first few hours.
4.

CONCLUSIONS

This work presented a methodology that allows quantifying the nucleation effect of a reactive mineral
addition in cement suspensions by discounting the addition reaction itself. For this, a methodology
already found in the literature was adapted with the addition of prehydrated cement in suspension with
different periods of prehydration but with the same anhydrous cement content.
It was verified that the addition of prehydrated positively influences the reaction kinetics in the early
reaction due to the greater fineness, specific surface area of the prehydrated and lower amount of setting
regulator (due to the higher consumption of gypsum after up to 6 hours of hydration).
Of course, the longer the prehydration period, the finer the addition and the higher the nucleation effect
found. However, in later periods of reaction (after 16 hours), the reaction is lower by the addition of the
prehydrated, proving its deleterious effect on the hydration of cement suspensions.
Finally, it can be said that the methodology has potential for application to the analysis of nucleation
effect not only for prehydrated cement, but also for other kind of supplementary cementitious material.
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ABSTRACT
A significant reduction in the carbon dioxide emission associated with cement production can be
obtained by partly replacing Portland cement by SCMs, which in most cases are aluminosilicate-rich
materials such as fly ashes, slags and calcined clays. During hydration of the Portland cement - SCM
blends, this results in the formation of a calcium silicate hydrate (C-S-H) phase that incorporates a
significant amount of aluminum. The present study aims to structurally characterize and quantify the
uptake of Al in the C-S-H phase, which is a key-factor for our understanding of the fundamental
chemistry of Portland cement blends with substantial SCM replacements.
Systematic series of C-A-S-H samples with Ca/Si ratios of 0.6 - 1.6 and Al/Si ratios of 0.05 - 0.20 have
been synthesized from calcium hydroxide and colloidal silica and characterized by 27Al and 29Si MAS
NMR, X-ray diffraction and thermal analysis. The 27Al NMR spectra have been acquired at multiple
magnetic fields (7.1, 9.4 and 14.1 T) including an ultrahigh magnetic field of 22.3 T. The spectra
reveals the presence of tetrahedral, five-fold and octahedrally coordinated Al sites associated with the
C-S-H structure, where their relative quantities depend on the Ca/Si ratio and the degree of Al
incorporation. Overall, we attempt to establish a model for the C-S-H structure incorporating various
amounts of aluminum and use the quantitative information on the Al uptake to improve the description
of the C-A-S-H phase in thermodynamic modelling of Portland cement - SCM blends.
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1.

INTRODUCTION

Portland cement is the most widely used construction material in the world. The consumption of cement
in volume is over 4.1 billion tons per year, which is only surpassed by water. Due to the massive
production of Portland cement, it is responsible for 5 - 7% of the anthropogenic CO2 emissions, which
originate mainly from the decomposition of limestone and the intense usage of fossil fuel. With
increasing climate changes, the reduction of the CO2 footprint from the cement production represents a
highly important research and industrial challenge, and it is clear that society’s requirements for
sustainable cement cannot solely be met by the usage of alternative raw materials and more
environmentally friendly power supplies.
The addition of supplementary cementitious materials (SCMs), such as fly ash, slags and calcined clays
to cement represents a valuable approach to efficiently reduce the amount of limestone in the production
of concrete and thereby the ‘materials’ CO2 footprint of cement production. SCMs comprise often high
contents of aluminium and silicon, which will modify the composition and hydrate phase assemblages
of hydrated Portland cements and also the microstructure of the calcium silicate hydrate (C-S-H) phase.
C-S-H or its Al substituted analogue, C-A-S-H, is the major binding component in hydrated Portland
cement with diverse length of silicate chains, depending on the effective Ca/Si ratio in the system, and
thereby modified by the additions of SCMs. The basic C-S-H structure, including the incorporation of
aluminium, is illustrated in Figure 1 for two chains of tetrahedrally coordinated silicate units, exhibiting a
structural analogy with the dreierketten structure found in tobermorite-like C-S-H, and sandwiching the
seven-fold coordinated calcium layer.

Figure 1. Illustration of the aluminosilicate chain structure of the calcium aluminosilicate hydrate
(C-A-S-H) phase. Q1: silicate tetrahedra at the end of a chain or in a silicate dimer, Q2p: pairing
site in a dreierketten unit, Q2b: bridging position in the dreierketten structure with two unshared
oxygens, Q2p(1Al): pairing site with one neighbouring aluminium in the bridging position of the
dreierketten unit (from Andersen et al. 2004).
In the presence of aluminium, longer silicate chains are often obtained through the replacement of silicon
in the bridging site (Q2b) or by occupying a vacancy between two paired tetrahedral silicate units, forming
Si-O-Al bonds in the chain structure (Richardson et al. 1993). Besides incorporation into the main silicate
chains in the form of tetrahedral aluminium, an appreciable amount of aluminium may also occur in fivefold and octahedral coordination. The five-fold coordinated aluminate units are present in the interlayer
of the C-A-S-H structure (Faucon et al. 1999, Andersen et al. 2006), resulting in an increase in basal
spacing (L’Hôpital et al. 2015, 2016). The octahedrally coordinated Al has been proposed to be located
at the surface of the C-A-S-H phase, partly based on its thermally unstable properties (Andersen et al.
2006). However, these aluminium species are not ubiquitous and for C-A-S-H phases in equilibrium,
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they have preferentially been observed for high Ca/Si C-A-S-H and in the presence of a low pH value
(L’Hôpital et al. 2015). The quantities of Na2O and K2O, present in Portland cements and often included
in C-A-S-H synthesis, govern the pH value of the pore solution and thereby affect the dissolution of
minerals and the concentration of elements. In addition, the alkalinity after hydration can promote the
so-called alkali-silica reaction (ASR). A main part of the concomitant alkalis (i.e. Na+ and K+ ions) is
generally associated with the C-A-S-H phase. A part of calcium ions either in the interlayer or at the
surface of the C-A-S-H can be replaced by alkali ions, resulting in shorter silica chains and a reduction
of the basal spacing of the interlayer (L’Hôpital et al. 2016). This replacement of Ca2+ by Na+ or K+ may
result in a smaller NMR shielding of the silica units of the silicate chains, as seen by solid-state 29Si
NMR (L’Hôpital et al. 2016), although the precise mechanisms remain unresolved. Experiments with
variable Ca/Si ratios of the C-A-S-H, equilibrated with sodium or potassium hydroxide, indicate a
reduction of the alkali uptake by C-A-S-H with increasing dissolved calcium concentrations. This
correlation may reveal a seemingly competitive relation between calcium and the alkali ions in C-A-SH. Moreover, two types of resonances are detected by 23Na NMR for some C-A-S-H compositions
synthesized in NaOH solutions, depending on the drying conditions. Viallis et al. tentatively assigned
these two peaks to a NaCl precipitate and outer-sphere Na+ ions at the surface of the C-A-S-H by
observing 23Na NMR of pure NaCl and considering the high hydration energy (-405 kJ mol-1) of Na+,
respectively (Viallis et al. 1999). On the other hand, Renaudin et al. have presented a contradicting
assignment where the two resonances are proposed to originate from sodium sites in the interlayer of
the C-A-S-H structure (Renaudin et al. 2009). This difference in 23Na resonance assignment may reflect
differences in the synthesis protocols (e.g. curing and drying conditions) or unresolved mechanisms for
alkali uptake. The incorporation of alkalis in C-S-H has been the subject of several studies, however,
the role of alkalis in C-S-H or C-A-S-H remains still not clear.
The aim of this work is to study the location and quantity of Al in the different environments of the C-AS-H phase as a function of composition and use this information to obtain a better description of the CA-S-H phase formed in Portland cement – SCM blends. Synthetic C-A-S-H samples with an Al/Si ratio
of 0.1 and Ca/Si ratios in the range 0.6 – 1.6 have been prepared by curing the reagents in a 1.0 M
NaOH solution for three months. Additionally, C-A-S-H samples with Ca/Si ratios of 0.8 and 1.0 are
separately prepared in 0.1 M and 0.5 M NaOH solutions to follow the effect of alkali concentration on
the incorporation of alkalis and aluminium in the C-A-S-H. Multinuclear solid-state NMR (23Na, 29Si and
27Al) are employed to characterize the nano-scale structure of the C-A-S-H phases and semiquantitatively investigate the incorporation of aluminium and sodium in the C-A-S-H structure. In 27Al
NMR, multiple magnetic fields (7.1 and 14.1 T), including an ultrahigh magnetic field of 22.3T, are
employed to increase the resolution of structurally distinct sites by increasing chemical shift dispersion
and reducing the second-order quadrupolar broadening.
2.
2.1

EXPERIMENTAL METHODS
Sample preparation

The C-A-S-H samples were prepared by mixing SiO2, CaO and CaO∙Al2O3 (CA), targeting molar ratios
of Ca/Si = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 and Al/Si = 0.1 in equilibrium with 1.0 M NaOH solutions. In
additional, samples with 0.5 M and 0.1 M NaOH solutions have been prepared for Ca/Si ratios of 0.8
and 1.0. All syntheses used a solution/solid ratio = 45 and all preparations were conducted in a N2-filled
glove box. SiO2 was provided by Aerosil 200, Evonik and used as-received. CaO was obtained by
burning CaCO3 (Merck, pro analysis) at 1000 °C for 12 hours. CA was obtained from the reaction of
CaCO3 and Al2O3. The syntheses were performed in 100 mL PE-HD containers which were placed on
a horizontal shaker (rate of 100 rpm) at ambient temperature (~20°C). The hydration was stopped after
3 months, followed by collecting the solid through filtration by a 0.45 µm nylon filter, and washing with a
50% v/v water - ethanol solution and a 94 vol.% ethanol solution. The samples were lyophilized for 7
days and stored in a desiccator.
2.2
29Si

Solid-state NMR

MAS NMR experiments were carried out on a Bruker-400 (9.39 T) spectrometer using a home-built
CP/MAS NMR probe for 7 mm o.d. zirconia rotors and a spinning speed of ν R = 6.0 kHz. The spectra
used single-pulse excitation with a pulse length of 2.75 µs for an rf field strength of γβ1/2π = 45 kHz, a
recycle delay of 30 s, and 2048 scans. 29Si chemical shifts are referenced to tetramethylsilane (TMS),
using an external sample of β-Ca2SiO3 (larnite, Scawt Hill, N. Ireland) at -71.33 ppm as a secondary
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reference. The deconvolutions of the 29Si NMR spectra were performed by the DMFit software (Massiot
et al. 2002). 27Al MAS NMR spectra of all samples were recorded on a Varian Direct-Drive VNMR-600
spectrometer (14.09 T) using a home-built 4 mm CP/MAS probe for 4 mm o.d. zirconia rotors, νR = 13.0
kHz, a pulse length of 0.5 µs for an rf pulse strength of γβ1/2π = 60 kHz, 1H decoupling (γβ1/2π = 50
kHz), a recycle delay of 2 s, and 4096 scans. A few samples were also analysed on a Varian INOVA300 spectrometer (7.05 T) using a homebuilt 5 mm CP/MAS probe, 5 mm o.d. zirconia rotors, νR = 10.0
kHz, a pulse length of 0.5 µs for an rf pulse strength of γβ1/2π = 60 kHz, no 1H decoupling, a recycle
delay of 1 s and 32768 scans. In addition, a narrow-bore Bruker 950/54 us2 magnet (22.3 T) with a
Bruker AVANCE III HD console has also been employed, using a triple-resonance (H-X-Y) 2.5 mm MAS
probe, νR = 25.0 kHz, a pulse length of 0.5 µs for an rf pulse strength of γβ1/2π = 62.5 kHz, no 1H
decoupling, a recycle delay of 1 s, and 8192 scans. 27Al chemical shifts are referenced to a 1.0 M
aqueous solution of AlCl3·6H2O. The 23Na MAS NMR spectra were acquired at 14.09 T, using the same
conditions as the 27Al NMR experiments at this field strength. 23Na chemical shifts are relative to a 1.0
M aqueous solution of NaCl.
3.
3.1

RESULTS AND DISCUSSION
29

Si MAS NMR of C-A-S-H samples

Based on previous studies (Richardson et al. 1993, 1997), it is well-known that there is a strong relation
between the chemical composition and the microstructure of C-A-S-H phases. This is also apparent
from the 29Si MAS NMR spectra in Figure 2, which show a clear trend in variation of the 29Si resonance
intensities as a function of Ca/Si ratio used in the synthesis. With increasing Ca/Si ratio, intensity shifts
gradually from the Q2 resonances to the Q1 peaks, originating from silicate end-groups or dimers,
thereby reflecting a decrease in mean chain length of silicate tetrahedra, corresponding to a structure
dominated by silicate dimers at high Ca/Si ratio. The individual spectra have been deconvolved (Figure

Figure 2. 29Si MAS NMR spectra (9.39 T, R = 6 kHz, 30 s relaxation delay) for the C-A-S-H samples
with Ca/Si = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and Al/Si = 0.1, and prepared in 1.0 M NaOH.
3) using five different silicate sites. The three dominating types of silicate sites (Q 1, Q2p and Q2b)
correspond to the basic sites of the dreierketten structure, i.e., end member, pairing and bridging
positions, respectively. Two peaks are used for the Q2p site, corresponding to the dominating resonance
at -84.3 ppm (Q2pa) and its shoulder at lower frequency, -86.7 ppm (Q2pb). Moreover, the Q2p(1Al)
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resonance is observed in the presence of aluminium, reflecting the replacement of silicon in bridging
positions by aluminium. The deconvolutions employ a few restrictions to obtain the most reliable results;
the line shapes are fixed to a 0.5/0.5 fraction of Lorentzian/Gaussian line shapes each with linewidths
(FWHM) below 3 ppm. For the Q2p(1Al) site, the line with is fixed 2.1 ppm in all spectra, which has been
found to be a valuable approach in similar studies of C-A-S-H phases resulting from Portland cement
hydration (Andersen et al. 2004, Skibsted & Andersen 2013). Furthermore, for the silicate bridging sites
of the dreierketten units, the fraction of pairing sites are two times larger, Q2p/Q2b = 2.0 (where Q2p =
Q2pa + Q2pb), which is also used as a constraint in the present work. From the deconvolved intensities of
̅̅̅̅), the mean chain length of pure silicate (CL
̅̅̅̅Si), and the
these resonances, the mean chain length (CL
Al/Si ratio of the synthesized C-A-S-H samples are obtained using following expressions.
Al Si =

Q 2p (1Al)

2  Q1 +Q 2p +Q 2b +Q 2p (1Al) 

3


2  Q1 +Q2p +Q2b + Q2p (1Al) 
2

CL= 
Q1

CLSi =

2  Q1 +Q2p +Q2b +Q2p (1Al) 

 Q1 +Qp2 (1Al) 

(1)

(2)

(3)

Figure 3. 29Si MAS NMR spectra (9.39 T, black lines) for the C-A-S-H samples with Ca/Si = 0.6,
0.8, 1.0, 1.2, 1.4, 1.6, Al/Si = 0.1, and prepared in 1.0 M NaOH. Deconvolutions of the spectra (red
lines), corresponding to the sum of individual peaks shown by the dashed lines and resulting in
the parameters listed in Table 2.
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Table 1. Average 29Si chemical shifts and linewidths for Q1, Q2p(1Al), Q2b, Q2pa and Q2pb
resonances used in the deconvolutions of 29Si MAS NMR spectra of the C-A-S-H samples with
Ca/Si = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, Al/Si = 0.1 and prepared in 1.0 M NaOH (c.f. Figure 3).
Chemical shift
(, ppm)

Linewidth
(FWHM, ppm)

-78.45 ± 0.15

2.36 ± 0.37

-80.84 ± 0.07

2.10

2
b

-82.22 ± 0.40

2.59 ± 0.37

2
pa

-84.34 ± 0.30

2.00 ± 0.10

2
pb

-86.71 ± 0.15

3.00

Q

1

2

Q p(1Al)
Q
Q
Q

Table 1 summarizes the average chemical shifts and linewidths for the five different silicate sites used
in the deconvolution of the six 29Si NMR spectra (Figure 3), from which the relative intensities are
̅̅̅̅, and ̅̅̅̅̅
obtained and the atomic-scale characteristic parameters, Al/Si, CL
CL Si, for the silicate chains are
calculated according to eqs. (1) – (3), as listed in Table 2. The pure silicate chains length decreases
from 6.00 for Ca/Si ratio of 0.6 to 2.74 for Ca/Si ratio of 1.6 in the presence of more available calcium
with a corresponding increase in the fraction of Q1 sites, indicating that the chains are highly broken and
consist largely of dimers surrounding the CaO layer. However, the degree of polymerization are somewhat longer, when the amount of aluminium in the chains also are considered (i.e., ̅̅̅̅
CL).
Table 2. Relative intensities for the five types of silicate sites used in the deconvolutions, Al/Si
ratios, average aluminosilicate chain lengths and pure silicate chains length for the C-A-S-H
samples with Ca/Si = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, Al/Si = 0.1, and prepared in 1.0 M NaOH
Al/Si

̅̅̅̅̅̅
CLSi

̅̅̅̅
CL

10.86

0.087

6.00

13.64

32.94

5.17

0.096

4.54

8.08

17.14

34.24

-

0.087

4.11

6.96

13.34

12.50

25.18

-

0.067

3.21

4.36

53.02

10.80

12.12

24.05

-

0.054

3.13

3.98

58.97

13.99

9.05

17.99

-

0.070

2.74

3.63

1

2

Q

2
pb

(%)

(%)

(%)

(%)

CaSi-0.6

15.94

17.41

21.72

34.07

CaSi-0.8

24.79

19.27

17.83

CaSi-1.0

31.24

17.38

CaSi-1.2

48.98

CaSi-1.4
CaSi-1.6

27Al

Q

2
pa

Q p(1Al)

3.2

Q

2
b

Q
(%)

Identification of aluminum sites by 27Al MAS NMR

MAS NMR is a valuable tool to identify different Al coordination types, which are clearly reflected by
the 27Al chemical shifts. Tetrahedrally coordinated aluminium, Al(IV), associated with the main sheet of
silicate chains shows a resonance ranging from 58 to 75 ppm, depending on the type of cation or
functional group present for charge balance. Five-fold aluminium is identified by a broad peak at around
35 ppm and octahedrally coordinated Al resonances are seen below 20 ppm. Figure 4 illustrates singlepulse 27Al MAS NMR spectra of C-A-S-H samples with variable Ca/Si ratios (0.6 to 1.6). A rather broad
resonance in the spectral region of tetrahedral aluminium is observed in all spectra and appreciable
amounts of five-fold and six-fold coordination are apparent for Ca/Si ratios of 1.0 and above. The relative
fraction of the three types of coordinated aluminium can be determined by spectral integration or
deconvolutions, using the approximate resonance regions of 50 to 80 ppm for Al(IV), 25 to 50 ppm for
Al(V) and -5 to 20 ppm for Al(VI), as summarized in Table 3.
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Figure 4. 27Al MAS NMR spectra (14.09 T) for the C-A-S-H samples with Ca/Si = 0.6, 0.8, 1.0, 1.2,
1.4, 1.6, Al/Si = 0.1 and prepared in 1.0 M NaOH.
Al(V) and Al(VI) species are favoured at high Ca/Si ratio, where the fraction of these sites corresponds
to 50% of the total Al content for the Ca/Si ratio of 1.4. In comparison, Al(V) and Al(VI) sites constitutes
only 4 – 10% of the total Al intensity at the lower Ca/Si ratios of 0.6 and 1.0. From these fractions, the
amount of Al(IV) incorporated into the C-A-S-H structure can be calculated from the original amount of
Al used in the specific synthesis. These quantities are given by the Al(IV)/Si ratios in Table 3, providing a
new measure for the Al/Si ratio of the silicate chains in the C-A-S-H structure. The validity of this Al(IV)/Si
ratio from 27Al MAS NMR is supported by recent work on C-A-S-H phases in equilibrium with the
synthesis solutions where the aqueous concentrations of the involved elements, Si4+, Al3+, Ca2+ and OHwere determined (L’Hôpital et al. 2016). It is clear from that work that fraction of aluminium and silicon
ions in solution is very small, on average 0.01 mM and 1.89 mM corresponding to 0.02% and 0.9% Al
and Si in solution, respectively, implying that nearly all of these elements will be present in the solid
phase, considering the ‘low’ solution/solid ratio used in the syntheses. As a consequence, the Al(IV)/Si
ratio obtained from 27Al NMR (Table 3) can be correlated with the Al/Si ratio for silicate chains indirectly
determined from the 29Si NMR spectra (Table 2).
Table 3. The relative fraction of Al(IV), Al(V) and Al(VI), and the Al(IV)/Si of the C-A-S-H determined
from the 27Al NMR spectra.
Al(IV) fraction

Al(V) fraction

Al(VI) fraction

Al(IV)/Si in solid

CaSi-0.6

0.90

0

0.10

0.090

CaSi-0.8

0.96

0

0.04

0.096

CaSi-1.0

0.81

0.03

0.16

0.081

CaSi-1.2

0.65

0.08

0.27

0.065

CaSi-1.4

0.50

0.08

0.42

0.050

CaSi-1.6

0.70

0.04

0.26

0.070
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Figure 5 shows the correlation between the quantity of Al uptake in C-A-S-H phase determined from
27Al NMR and indirectly from 29Si NMR by the observation of the Q2 (1Al) resonance. This graph shows
p
a very good agreement between the two measures and a 1:1 correlation. This supports the validity of
our deconvolution approach for the 29Si NMR spectra (e.g., the Q2p(1Al) resonance at -80.8 ppm with a
linewidth of 2.1 ppm) and the assignment of all resonances in the tetrahedral region to aluminum
incorporated in the silicate chains of the C-A-S-H structure. A similar correlation has been reported from
27Al and 29Si NMR studies of C-A-S-H phases resulting from white Portland cement hydration (Andersen
et al. 2003), however, the absolute amount of Al associated with the silicate chains was not reported
from 27Al NMR in that study. Thus, the correlation in Figure 5 provides a new important result, since it
shows that it is only the tetrahedral coordinated aluminium that accounts for the Al/Si ratio determined
by 29Si MAS NMR. Thus, neither the five-fold or six-fold (the TAH phase) aluminium contributes to the
intensity of the Q2p(1Al) resonance. For the five-fold coordinated Al site, this is in agreement with the
proposed location of the pentahedral AlO5 units in the interlayer of the C-S-H structure (Andersen et al.
2006), i.e., in an environment where they do not take part in covalent Al-O-Si bonds. If it is assumed
that the TAH phase, seen by the resonance at 5.0 ppm in the 27Al NMR spectra, also are associated
with the silicate chains, the intensity for the TAH resonance should also be considered in the calculation
of the Al/Si ratio from 27Al NMR. The leads to higher Al/Si ratios from 27Al NMR, in particular for the high
Ca/Si ratios, and do not result in a linear correlation (not shown) with the Al/Si ratio determined by 29Si
NMR. Although, the TAH phase may be associated with the C-A-S-H phase, this result strongly suggests
that the TAH resonance does not originate from AlO 6 octahedra located in the vacancies from absent
silicate bridging sites of the C-A-S-H structure (c.f. Figure 1, absent bridging Si in the lower silicate
chain).

Figure 5. Al/Si ratio of the C-A-S-H samples determined indirectly by 29Si NMR as a function of
the Al(IV)/Si ratio determined by 27Al NMR. The 1:1 correlation is shown by the red dashed line.
The 27Al NMR spectra (Figure 5) also reveal the presence of at least two distinct Al sites in tetrahedral
coordination. A clear distinction of these sites is complicated by the second-order quadrupolar
broadening of the resonances. However, a reduction in this second-order quadrupolar broadening is
achieved by acquiring the spectra at higher magnetic fields, as illustrated in Figure 6. Here, the spectrum
obtained at the ultra-high magnetic field shows the presence of three distinct tetrahedral resonances. A
further improvement in resolution may potentially be obtained by the two-dimensional multiple-quantum
(MQ) MAS NMR experiment. However, for the C-A-S-H sample studied in Fig. 6, this does not result in
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a significant improvement in resolution, suggesting that the tetrahedral resonances are affected by
chemical shift dispersion, reflecting the amorphous structure of the C-A-H phase.

Figure 6. 27Al MAS NMR spectra of the central transitions for the C-A-S-H sample prepared at 0.1
M NaOH (Ca/Si = 1.0, Al/Si = 0.1) collected at 7.05 T (νR = 10.0 kHz), 14.09 T (R = 13.0 kHz) and
22.3 T (R = 25.0 kHz). The asterisk indicates a spinning sideband.
3.3

Incorporation of alkalis in C-A-S-H

Alkalis in C-S-H or C-A-S-H phases can generally serve as charge compensator either in the interlayer
of the structure or at the surface of the particles. Charge deficits originate mainly from the deprotonation
of silanol groups (SiOH) and the replacement of silicon by aluminium in the bridging sites. In an alkalifree system, calcium plays the role of charge-balance, whereas the C-S-H structure can be structurally
reorganized when alkalis are involved. Alkalis can replace the role of calcium, leading to shorter silicate
chains because of the formation of more CaO layers, which is supported by 29Si NMR and investigations
of phases in aqueous solution (Chen et al. 2004, Sun et al. 2006, L’Hôpital et al. 2016). In this study,
23Na NMR qualitatively and quantitatively investigates the role of sodium on the C-A-S-H phases. Figure
7 shows 23Na MAS NMR spectra of the C-A-S-H samples with variable Ca/Si ratios. It is found that the
resonance located at roughly -3.7 ppm dominates in all spectra, however, an additional shoulder is
observed at 4.4 ppm for Ca/Si of 0.6 and 0.8. The peak at -3.7 ppm originates from Na surrounded by
six water molecules ([Na(H2O)6]+) and is comparable with the peak observed in 23Na NMR spectra for
outer-sphere complexes from the interaction between silica gel and a 0.1 M NaOH solution (Kim &
Kirkpatrick 1997). However, additional structural characterizations are needed for a more detailed
structural assignment. The amount of sodium in the C-A-S-H samples is quantified by integration of the
23Na centerband and using these measures in combination with the actual sample amounts. These
intensities are shown in Figure 8 (left), displaying a strong correlation between the incorporated quantity
of sodium and the Ca/Si ratio of the C-A-S-H synthesis. The overlapping role of sodium and calcium in
both the interlayer and at the surface leads to a competitive behaviour. In the presence of higher
aqueous calcium concentration, the alkali uptake is inhibited as evidenced by the 23Na NMR data (Figure
8), which is consistent with a previous study using mass-balance calculations (L’Hôpital et al. 2016).
The intensity for the Ca/Si = 1.6 sample is higher than expected, which is attributed to the supersaturation of portlandite. The formation of portlandite can consume calcium ions and thereby enhance
the uptake of alkalis, which can be detected by thermosgravimetric analysis (not shown). Furthermore,
the dissolved concentration of alkalis plays also a decisive role on the alkali incorporation in C-A-S-H.
Figure 8 (right) illustrates a positive relation between the concentration of NaOH used is the synthesis
and the incorporated amount of sodium for C-A-S-H samples with Ca/Si of 0.8 and 1.0, a trend which
tentatively are described by a Langmuir isotherm.
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Figure 7. 23Na MAS NMR spectra (14.09 T, R = 12.0 kHz) for the C-A-S-H samples with Ca/Si = 0.6,
0.8, 1.0, 1.2, 1.4, 1.6, Al/Si = 0.1, and prepared in 1.0 M NaOH.

Figure 8. Left: Incorporated amount of sodium (intensity/g) determined by 23Na MAS NMR as a
function of the Ca/Si ratio. Right: The incorporated amount of sodium (intensity/g) in C-A-S-H
samples (Ca/Si = 0.8 and 1.0, and Al/Si = 0.1) determined by 23Na NMR as a function of the
concentration of NaOH used in the synthesis.
4.

CONCLUSION

In this study, C-A-S-H samples have been prepared with targeted Ca/Si ratios in the range of 0.8 to 1.6,
Al/Si = 0.1, and in the presence of 1.0 M sodium hydroxide (for selected samples 0.5 M and 0.1 M
NaOH). By the application of 29Si and 27Al NMR, variations in microstructure have been detected. Longer
silicate chains are observed at lower Ca/Si ratio and further extended by the incorporation of aluminum
tetrahedra in the bridging sites of the C-A-S-H structure. The high Ca/Si-ratio samples are dominated
by silicate dimers and a larger fraction of five-fold and six-fold coordination aluminium. Also, the 23Na
NMR data indicates a strong relation between the Ca/Si ratio and the quantity of sodium in C-A-S-H.
The AlIV/Si ratios, determined on an absolute scale from 27Al NMR experiments, and their 1:1 correlation
with the Al/Si ratios from 29Si NMR gives direct evidence for that all tetrahedral Al sites, observed in the
27Al NMR spectra, originates from tetrahedral sites in the silicate structure. Thus, the five-fold
coordinated Al or Al in octahedral coordination are not involved in covalent Al-O-Si bonds that would
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affect the 29Si chemical shifts. The precise location of the different types of tetrahedral Al in the chains
of the C-A-S-H phase is not clarified and further structural characterizations are necessary to obtain an
improved understanding of aluminum in the structure of C-A-S-H.
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ABSTRACT
Be it the Taylor’s “cement chemistry”, Lea’s “Chemistry of cement and concrete” or Bye’s “Portland
cement”, the hydration mechanisms proposed in these books have been refuted over the last decade
of research. Arguments stem both from experimental and modelling approaches. New hypotheses and
models are thus required to understand the hydration mechanisms.
The needle model partly bridges this gap. It proposes a new interpretation of the main hydration peak
and later ages of alite hydration.
Keywords: Cement hydration, alite hydration, main hydration peak, later ages, C-S-H needles
ue and usefulness of models.
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Introduction
In order to understand the complexity of the microstructure development, a natural path is to understand first
the hydration of each reactant in order to disentangle their impact in the whole system. For that reason, alite, the
main component of OPC (roughly 2/3 of its mass) has been extensively studied for at least a century [2]. Yet the
mechanisms of alite hydration are still in debate today [3] [10] [20] [25].
The recently emerging consensus regarding alite hydration concerns only the first two stages out of the five
successive stages of the reaction. Several ideas have been proposed for the physico-chemical mechanisms
involved in the remaining ones and in particular about the main hydration peak (stage III and IV of figure 1) which
is still the subject of debate [9] [10].
The debate on the main hydration peak evolves around the question: “What causes the transition from the
acceleration period to the deceleration period?”. Two main hypotheses1 are found in the literature and reference
textbooks: the nucleation and growth hypothesis and the diffusion-controlled hypothesis [10] [20] [21] [22] [23].
This last hypothesis argues that a transition from one mechanism to another one occurs at the time of the
peak: whenever the C-S-H layer is thick enough it starts acting as diffusion barrier which leads to the deceleration
period. The nucleation and growth hypothesis states the opposite: that such a peak in the heat flow is a natural
consequence a single mechanism that starts at the onset of C-S-H precipitation and ends after approximately a
day.
This last hypothesis has been corroborated and qualified by Bazzoni [6]. In her thesis Bazzoni studied the
hydration of alite with the latest microscopies techniques and observed that C-S-H nucleates and grow as needles
(figure 2) during the first day. She carefully measured the nucleation rate, length and width of the needles with
time and suggested that the transition was not caused by the impingement of the C-S-H (since most needles stop
growing before they impinge) but rather by the combined effect of needles finishing their growth and the alite
surface being completely covered.
The list of arguments against the old hypotheses will be detailed in the talk. A brief list can be found in section
1.2.1 and 1.2.2 of [1] whereas an extensive list can be found in sections 2.1.4 and 2.1.5 of the chapter 2 of [24].

1

Though variations coexist within each hypothesis
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Figure 1: Archetype of the calorimetric curve of alite hydration (adapted from [9])

Figure-2 : C-S-H needles on alite grains (image from [6] on the left and from [5] on the right)

1.

The needle model
The initial aim of the present model was to quantify the heat released thanks to the careful measurements of
the needles characteristics to check whether it would account for a transition from acceleration to deceleration and
whether or not the predicted heat flow corresponds to the measured one.
Yet by relying only on well-defined physical quantities the model goes beyond this objective: it also helps
understanding the impact of other factors such as the PSD (Particle Size Distribution), the dissolution of the small
grains and the sphericity and roughness of the grains. In particular, these last two hypotheses are not taken into
account by some hydration models developed so far (these hypotheses are absent from the quoted papers [11-
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19], they are not questioned or raised).
2. How the model works in short
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
2.1 𝑉𝐶−𝑆−𝐻 (𝑡) as the key quantity
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
The central quantity of the model is the volume of C-S-H at any time: 𝑉𝐶−𝑆−𝐻 (𝑡). Once this quantity is
determined, the volume of 𝐶3 𝑆 consumed can be readily computed from the reaction equation:
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝜂1 𝑉𝐶3𝑆
+ 𝜂2 𝑉𝐻𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 ⟶ 𝜂3 𝑉𝐶−𝑆−𝐻

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

+ 𝜂4 𝑉𝐶𝐻

(8)

From these quantities, the heat flow per gram of alite H(t) can be calculated according to:

H(t) = 𝛥𝑟 𝐻
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

and 𝑉𝐶−𝑆−𝐻

𝑑𝑡

𝜂1 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑉
(𝑡)
𝜂3 𝐶−𝑆−𝐻
𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑉𝑎𝑙𝑖𝑡𝑒

(

)

(10)

(𝑡) is the weighted sum of the volume of C-S-H produced by each grain size population:

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑉𝐶−𝑆−𝐻

𝑑

∞

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
(𝑡) = ∫0 𝑝(𝑟). 𝑉𝐶−𝑆−𝐻
(𝑡, 𝑟)𝑑𝑟

(12)

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
where 𝑝(𝑟) is the PSD and 𝑉𝐶−𝑆−𝐻 (𝑡, 𝑟) the volume of C-S-H contained in the needles that have nucleated
and grown from time 0 to t on a grain of radius r.

Figure 3: Grain models. Grains are in reality not smooth sphere (left) but deformed and rough (right)

2.2 Geometrical description of the needles and grains
C-S-H needles are represented by cylinders of length l(t) and radius r(t). In addition needles are defined by a
nucleation rate per unit area 𝑘𝑛 (𝑡). All these parameters have been studied by S.E.M. and
S.T.E.M. by Bazzoni. The length l(t) is modeled by an exponential decay law so that by three times the
characteristic growth time needles have reached 95% of their final length. The assumption of a constant aspectratio of 10 has been made (r(t)=l(t)/10).
In order to account for the size, shape and specific surface of a grain, three parameters are used: its radius r,
its form factor F and its roughness factor Rou. This is summarized by figure 3
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3. Model predictions and discussion
3.1 Input quantities
In order to run the code associated with these models the parameters listed in table 1 need to be defined.
Table 1: List of all the input parameters of the model.
Parameters

Quantity

Symbol

Value

Unit

Grain parameters

Particle Size Distribution
Form factor
Roughness

PSD
F
Rou

1-100
¼
3

𝜇𝑚
No unit
No unit

Final length
Final radius
Final nucleation rate
Characteristic time

𝑙𝑚𝑎𝑥
𝑟0
𝑘𝑛
𝑡𝑛

400
40
30
1

Characteristic growth rate

Tc

4

h

Heat of reaction

𝛥𝑟 𝐻

524

J/𝑔𝐶3𝑆

Alite density

𝑀𝑎𝑙𝑖𝑡𝑒

3.1

𝑔/𝑐𝑚3

Volumetric
stoichiometric coefficients

𝜂1 , 𝜂2 , 𝜂3, 𝜂4

1;1.318;1.57;0.593

No unit

Needle
parameters

Thermodynamic
parameters

nm
nm
/𝜇𝑚2 /ℎ
h

.

Figure 4: On the left: log-normal PSD used for the simulation. Right: resulting simulated calorimetry curve based on the
value of table 1 and percentage of free surface with time.

3.2 Transition from acceleration to deceleration
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The simulated calorimetric curve is plotted on figure 3 right. The first and most striking feature is that the correct
order of magnitudes for the size and time of the peak are obtained straight from the value of table 1 only. This is
something new in the literature as all the developed models so far need to be calibrated i.e. values were tried for
the different input parameters until a reasonable fit was found. Secondly both the acceleration and deceleration
are reproduced which is typical of the nucleation and growth family of models. Thirdly since the free surface is
recorded, it can be compared with the statement of Bazzoni. At the time of peak, it seems that neither the surface
is completely filled with needles (only 70% is filled) nor needles have completely finished their growth (at the time
of the peak the first needle which has nucleated has only reached 80% of its final length) though indeed
qualitatively most of the surface is filled and most of the needles have exceeded half their final length.
It is striking to note that by contrast with other nucleation and growth models the transition here is not due to
the impingement at all (since it is completely neglected) but because needles stop growing even when they still
have space.
3.3 Impact of the dissolution of the small grains
On figure 5 are plotted in blue the calorimetric curves of the powder defined by table 1 and the would-be curve
if the dissolution of the small grains was neglected. The left plot corresponds to the PSD of figure 4 left while the
right plot corresponds to the same log-normal PSD except for the center which was taken at 5 μm instead of 10
μm initially.
The first thing to notice is that the dissolution of the small grains is significant and cannot be neglected. As the
dotted line shows all the grains below 16 μm have vanished by the end of the day, which means that a significant
part of the PSD on figure 4 has vanished accordingly. This is even more the case when it is shifted to be centered
at 5 μm which explains why the difference between the blue and red curve is more important on the right plot than
on the left one.
The second thing to notice is that the two red curves have the exact same shapes. In addition, since one PSD
is twice as fine as the other one the magnitude of the calorimetric curve of the finer powder is exactly twice as high
as the coarse one.
The third thing is that this linearity is lost when the grain dissolution is taken into account: not only is the right
blue curve not twice as big as the left one but the shape of the peak changes. The finer the powder the stronger
the impact and the steeper the deceleration period. When this deformation is strong enough the time of the peak
may even be slightly shifted to the left.
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Figure 5: Impact of the dissolution of the small grains for two different PSD: either centered at 10 μm as on
figure 4 (left), or at 5 μm (right). In red (dominant curve) is presented the would-be curve if the dissolution of
the small grain was neglected. In dotted line is plotted the evolution of the grains which have been dissolved
at time t.

3.4 Impact of the roughness and sphericity of the grains
The impact of the specific surface of the powder is linked to the shape factor F and roughness factor Rou of
the model. On figure 6 are plotted three curves: in blue is replotted the blue calorimetric curve of figure 4, in black
a powder twice as rough and in red a powder made only of perfectly smooth and spherical grains. The specific
surface has a significant impact: there is an order of magnitude difference between the peak of the blue and red
curves. Moreover, the shape of the curve evolves significantly from the red curve where the right arm is much
broader than the left arm (as on the red curves of figure 5) to the black curve where the peak is nearly symmetrical.
This result weakens the relevance of models that assume the grains to be smooth spheres. What is interesting
is that these models are still able to fit the curves. Indeed, there is an indeterminacy of their interpretation that is
subtle. By playing with the various coefficients, with the diffusion coefficient, the n-exponent in the Avrami-Cahn
laws for example, or the growth rate of the hydrates they are able to fit most calorimetric curves. Because they do
not take as input parameters the roughness and shape of the grains nor the dissolution of the small grains they
are necessarily forced to interpret in term of their own input parameters and what is problematic is that the values
of such backfitted parameters thus become meaningless.
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Figure 6: Impact of the roughness and sphericity of the grains on the heat flow rate released and the maximal size
of the grain dissolved. In blue (middle curve) is replotted the blue curve of figure 4 right; in black (biggest curve) the
would-be curve for grains twice as rough and in red (lowest curve) the would-be curve if the grains were assumed
perfectly smooth and spherical. In dotted lines are plotted the evolution of the maximal grain dissolved at any time.

Conclusion
Old hypotheses found in the reference textbooks from Taylor, Lea and Bye, nucleation and growth by impingement
and diffusion barrier, are outdated: they are not able to explain the main hydration peak.
The needle model provides a new interpretation of the peak: it coincides with the time at which most of the needles
have covered the alite grain and gradually entering their slow growth regime. Why the needles initially grow fast and
then slow down remains a question to investigate. This is discussed in sections 4.3 and 4.3 of [1] and in section 5.2
of the conclusions of [24].
The needle model also enabled for the first time the understanding of the impact of the dissolution of the small
grains: they do not explain the transition from acceleration to deceleration though they do lower and slightly shift the
peak left. This is discussed in sections 4.1 and 4.2 of [1].
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ABSTRACT
Ultra-high performance concrete (UHPC) is defined as a cementitious material whose compressive
strength exceeds 150 MPa, and have excellent rheological properties. UHPC typically has low porosity
and high packing density, attributed to use of constituent materials with a wide range of particle sizes,
and an extremely low water-to-cement ratio (i.e., 0.20). Its fresh and hardened state properties have
been widely investigated according to various materials and mix designs, while its hydration kinetics is
rarely discussed. Herein, we investigate the hydration kinetics and reaction products of UHPC
submitted to various curing conditions (i.e., air-cured, water-cured, and steam-cured) because curing
conditions have detrimental effect on the mechanical and other hardened state properties of UHPC.
The reaction products and kinetics of UHPC were characterized by means of X-ray diffraction,
thermogravimetry, nuclear magnetic resonance spectroscopy at various curing ages. This information
was carried forward onto thermodynamic modelling of the phase assemblage of the UHPC. In
conclusion, the effect of curing conditions of UHPC is discussed in relation to its reactivity and reaction
products.
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1.

INTRODUCTION

For many decades there have been attempts to develop advanced cementitious binder system
exhibiting superior fresh and hardened properties. These include macro-defect-free cement [2], slurry
infiltrated fibre concrete [8], reactive powder concrete [18], and engineered cementitious composite [10].
These new types of cement systems are manufactured with high binder content, extremely low waterto-binder (w/b) ratio with a high dosage of superplasticizer, incorporation of silica fume, and fine
aggregates.
The term ultra high performance concrete (UHPC) generally refers to a cementitious material exhibiting
compressive strength greater than 150 MPa, excellent workability in the fresh state, is typically
fabricated at a very low w/b ratio using Portland cement, silica fume, fine/crushed quartz, and fine
aggregates. These constituent materials play a key role in refining the pore structure of UHPC. The use
of superplasticizer is by far the most important as it enables fabrication of UHPC at w/b ratios as low as
0.14 [19]. The dense microstructure of UHPC is not only attributed by the very low w/b ratios, but also
by densely packed solid materials, hydration/pozzolanic reaction [19], and enhanced reaction by filler
effect [9]. Use of steam or elevated temperature curing is often employed to promote the pozzolanic
reaction of silica fume [19]. These lead to development of microstructure with almost no pores, which
attribute to exhibiting excellent durability properties such as carbonation, sulfate attack, and chloride
ingress [1].
X-ray studies of UHPC revealed that most of reaction products in UHPC are X-ray amorphous, as similar
with ordinary hydrated Portland cement [6]. Notable difference of UHPC from the reaction products of
ordinary Portland cement binders is less degree of hydration of clinkers, and lower quantity of portlandite
in the binder matrix, while it is reported that the rate at which alite reaches its maximum degree of
hydration is similar in both systems [6].
Thermodynamic modelling of cementitious materials including hydrated Portland cement and its
derivatives is an effective tool that visualizes the changes occurring in a given system in the course of
the hydration reaction process [13]. This technique is particularly useful for calculating the phase
assemblage of given systems in conjunction with investigating the influence of variables such as
compositions and temperature, which would otherwise be difficult to be experimentally determined [11,
13]. The modelling is conducted by minimizing the Gibbs free energy and computing equilibrium of
phase assemblage and speciation from the elemental composition [13, 15]. Another strong advantage
of this tool is its applicability for cementitious binders other than Portland cement such as Portland
cement incorporating supplementary cementitious materials and fillers[3, 4], alkali activated cements
[16, 17] and calcium sulfoaluminate binders [5, 14].
Despite the available techniques which may provide a new insight into the microstructural and chemical
properties of UHPC, most studies of UHPC focus on investigating the effect of constituent materials
(i.e., fibres), and mechanical and structural properties. In particular, hydration behaviour of UHPC is
rarely discussed in the relevant research community in spite of its relation and significance on the
various hardened properties including strength development. Against this backdrop, this study
investigates hydration kinetics of UHPC by employing multiple characterization techniques and
thermodynamic calculations.
2.
2.1

MATERIALS AND METHOD
Materials and sample preparation

Ordinary Portland cement (Sampyo Cement Corp.) belonging to Type 1 as specified in ASTM C150,
and silica fume (Elkem Corp.) were used as binder materials for UHPC. The mineralogical composition
of the cement is shown in Table 1. Silica powder (Dayoung Refractory Material Co. Ltd.) was used as a
filler since use of fillers may affect reaction kinetics by filler effect, whereas no aggregate was used. The
mixture proportion used is summarized in Table .
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Table 1. Mineralogical composition of Portland cement quantified by X-ray diffraction Rietveld
refinement analysis
Minerals

Amount (wt. %)

Alite

49.9

Belite

24.1

Aluminate

2.6

Ferrite

11.1

Calcite

7.0

Gypsum

1.1

Bassanite

7.2

Table 2. Mix proportion of UHPC samples used in this study
Cement

Silica fume

Silica powder

Water

Superplasticizer

1

0.25

0.25

0.193

0.036

Samples were prepared by mechanically mixing the dry materials for 5 mins, then adding water and
superplasticizer to the dry mixture. All samples were initially cured in a sealed condition for 24 hours at
room temperature. The samples were either continuously cured in the identical condition (A-series), or
were cured at 100% R.H. after the initial 24 hours (B-series). Otherwise, the samples were cured at 90
oC and 100% R.H. for 3 days after the initial 24 hours, then were cured at room temperature and 100%
R.H. (C-series) to assess the effect of elevated temperature which is typically applied for production of
UHPC at this period of curing regime.
2.2

Characterization

The samples after 1, 4, 28, 90, 180 days of hydration were crushed to powder and immersed in
isopropanol and dried in a vacuum desiccator to arrest the hydration in the samples. These samples
were characterized by X-ray diffraction (XRD), thermogravimetry (TG), nuclear magnetic resonance
spectroscopy (NMR), and these experimental information was used to predict phase assemblage by
thermodynamic calculations.
XRD was conducted using an Empyrean (PANanalytical) with CuKɑ radiation at 40kV and 30 mA. TG
was conducted on an EA 1108 CHNS-O/FISONS instrument. The samples were heated at a rate of 10
oC per minute to 1000 oC in N atmosphere. Solid-state 29Si magic-angle-spinning (MAS) NMR spectra
2
were acquired at 79.51 MHz, a spinning speed of 11 kHz, pulse width of 30o and repetition delay of 22
seconds. A HX-CPMAS probe, 4 mm zirconia rotor were used.
2.3

Thermodynamic modelling

The phase assemblage of the UHPC samples was predicted using the Gibbs energy minimization
software GEM-Selektor (http://gems.web.psi.ch/) [7, 20]. CEMDATA 14.01 database which contains
thermodynamic properties of solid, solid solutions and aqueous species were used [11-13, 15].
3.

RESULTS

The XRD patterns of the UHPC samples after 1, 4, 28, 90, and 180 days of reaction are shown in Fig.
1. The samples showed peaks with notable intensity due to the presence of unreacted clinkers such as
belite, and ferrite. The amorphous hump due to silica fume is also noted in the XRD patterns of the
samples. The presence of portlandite is observed in A-series samples even in the ones cured for 180
days, while it is mostly absent in the C-series samples. This implies that elevated temperature curing in
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the UHPC samples significantly enhanced the reaction kinetics of silica fume which consumed
portlandite.
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Figure 1. X-ray diffraction patterns of UHPC samples at various hydration time
The degree of reaction of cement clinkers and silica fume was obtained by XRD Rietveld refinement
analysis and deconvolution of 29Si MAS NMR spectra of the UHPC samples after various hydration time.
This information was used as the modelling input for thermodynamic calculations. A typical phase
assemblage of system is shown in Fig. 2. It shows that calcium-silicate-hydrate (C-S-H) consumes
significant amount of volume in the binder matrix. It is noted that precipitation of amorphous silica is
inevitable due to the increased degree of reaction reached in the silica sources at later ages.
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Figure 2. Phase assemblage of B-series UHPC predicted by thermodynamic modelling
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4.

CONCLUSION

The present work investigated the hydration kinetics of products of UHPC prepared via various curing
conditions. The degree of reaction of cement clinkers and silica fume in UHPC samples after various
hydration time was experimentally determined. The reactivity information experimentally gathered was
used to calculate the phase assemblage by means of thermodynamic modelling. The modelling result
revealed that the main hydration product of UHPC is C-S-H while other phases such as ettringite and
amorphous silica may form. This study can be useful to extend the current understanding of the
microstructural feature of UHPC.
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ABSTRACT
Calcium silicate hydrate (C-S-H) is the main hydration product in Portland cement and contributes significantly to the physical, chemical, and mechanical properties. Supplementary cementitious materials
(SCMs) such as blast furnace slag, fly ash or silica fume serve as replacement of Portland cement and
lead to different C-S-H compositions with high aluminum content. However the role of aluminum on CS-H is not well understood yet. The aim of this study is to identify aluminum binding sites in C-S-H and
determine the relations between Ca/Si ratio and occupancies of the different Al sites.
C-S-H with different Ca/Si and Al/Si samples were synthesized from CaO, SiO2 and CaO·Al2O3. Up to
1 M NaOH was added to prevent AH3 and stratlingite formation. The effect of the Al/Si, equilibration
time and alkali on the structure of the solid phase was investigated by thermal gravimetric analysis
(TGA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR); the aluminum in solution was quantified by ion chromatography. The aluminum uptake in C-S-H was found to increase with
dissolved aluminum concentration, especially at the presence of alkali hydroxides. Due to the slow
formation kinetic, rearrangement of the C-A-S-H structure was observed between 3 and 15 months of
equilibration time.
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1. Introduction
C-S-H gel is the most important hydration product of Portland cement and represents about 60~70%
of the fully hydrated cement paste. Moreover, it is decisive for critical properties of concrete, including
setting, hardening, shrinkage, creep as well as the mechanical properties. Supplementary cementitious materials (SCMs) such as blast furnace slag and fly ash are utilized to partially replace Portland
cement, leading to different C-S-H compositions with high aluminum content. Some research efforts
have been devoted to investigate the effect of Al-substitution in C-S-H (C-A-S-H) (Geng et al., 2017;
Haas & Nonat, 2015; L’Hôpital, Lothenbach, Kulik, & Scrivener, 2016; L’Hôpital, Lothenbach, Saout,
Kulik, & Scrivener, 2015; Lothenbach, 2018; Myers, L’Hôpital, Provis, & Lothenbach, 2015a), less attention has been devoted to the relation between aluminium, calcium, and silicon concentrations in solution and the composition of C-A-S-H gels at relatively high alkalinity(Haas & Nonat, 2015; L’Hôpital,
2014; L’Hôpital, E, Lothenbach, Scrivener, & Kulik, 2016; Myers, L’Hôpital, Provis, & Lothenbach,
2015b). Such systematic information on both the aqueous and solid composition is needed to further
develop thermodynamic models, used for calculating the composition of synthetic C-A-S-H systems or
the C-A-S-H composition in hydrating cements (Lothenbach, Le Saout, Gallucci, & Scrivener, 2008).
Fourier transform infrared (FTIR) is a rapid and economical technology and provides both chemical
and structural information on a wide range of amorphous, nano-crystalline and crystalline materials.
FTIR has been used in several studies to characterize C-S-H with without and with aluminum and alkalis (García Lodeiro, Fernández-Jimenez, Palomo, & Macphee, 2010; García Lodeiro, Macphee,
Palomo, & Fernández-Jiménez, 2009; García-Lodeiro et al., 2010; Garcia-Lodeiro, Palomo,
Fernández-Jiménez, & MacPhee, 2011; Yu, Kirkpatrick, Poe, McMillan, & Cong, 1999) , but systematic studies on the effect of aluminium and alkalis are missing.
In this paper, C-S-H with a constant Ca/Si= 1.0 is investigated. The effect of aluminium at Al/Si molar
ratios from 0.05 to 0.2 on C-S-H in the presence of high sodium hydroxide concentrations is studied.
The structure and the chemical composition of the resulting C(-A)-S-H gel are investigated by XRD,
TGA, FTIR and IC after equilibration times of 3 and 15 months.

2. Material and methods
2.1 Synthesis
Calcium oxide (CaO), silica fume (SiO2) and monocalcium aluminium (CA: CaO•Al2O3 ) were selected
as the starting materials. CaO and CA were obtained as described in detail in (L’Hôpital et al., 2015)
C-A-S-H samples were synthesized by mixing stoichiometric amounts of SiO2 (Aerosil 200, Evonik),
CaO, CaO•Al2O3 (CA) and 1.0 mol/L NaOH solution at a water/solid ratio of 45 in a N2-filled glove box.
During the synthesized process, the initial Ca/Si molar ratio was fixed at 1.0, and the initial Al/Si molar
ratios varied from 0.05 to 0.2. The C-A-S-H samples were prepared in PE-HD containers and equilibrated for 3 and 15 months on a horizontal shaker moving at 100 rpm at 20°C. The solid and liquid
phases were separated by vacuum filtration using 0.45μm nylon filter after 3 and 15 months for each
equilibration time, separate samples were prepared. The filtered solids were then washed with a 50%
v/v water–ethanol solution, secondly washed with a 94 vol.% ethanol solution and finally freeze-dried
during 7 days. The dried solids were stored in N2-filled desiccators at a fixed relative humidity (~30%)
using saturated CaCl2 solutions. NaOH pellets were applied as and CO2 traps

2.2 Analytical techniques
The composition of the liquid phase was analysed by ion chromatography (IC) as soon as possible after filtration to avoid carbonation or/and precipitation. The concentrations of Al, Ca, Na, Si in solutions
diluted by factors 10, 100 and 1000 were quantified using a Dionex DP series ICS-3000 ionic chromatography system. Independent measurements of solution with known compositions indicated a measurement error ≤ 10%.
Thermogravimetric analysis (TGA) was conducted on using 20–30 mg ground powder adopting a
heating rate of 20°C/min from 30 to 980°C with a Mettler Toledo TGA/SDTA 8513 instrument. Mass
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losses between 30 °C and 550 °C were assigned to the combined dehydration and dehydroxylation effects of C-A-S-H, katoite, hemicarbonate and monocarbonate products during heating.
Powder X-ray diffraction (XRD) data were collected using a PANalytical X'Pert Pro MPD diffractometer
equipped with rotating sample stage in a theta-2theta configuration applying CuKα radiation (λ=1.54Å)
at 40 mV voltage and 40 mA intensity with steps of 0.019° 2theta with a fixed divergence slit size and
an anti-scattering slit on the incident beam of 0.25° and 0.5° 2theta. The samples were scanned between 5° and 70° 2theta with an X'Celerator detector.
Attenuated total reflectance (ATR) Fourier Transformation-Infrared (FTIR) spectra were collected by
averaging 32 scans on a Bruker Tensor 27 FT-IR spectrometer by transmittance between 340 and
4000 cm−1 at a resolution of 4 cm−1 on ~3 mg of powder. The obtained IR spectral data was preprocessed using the software package OPUS (Bruker Optics GmbH, Ettlingen, Germany). Baseline correction and normalization were applied to every recorded spectrum.

3. Results and discussion
3.1 X-ray powder diffraction analysis
The XRD results show that C-A-S-H phases are the dominant reaction products of each sample (Figure 1). Portlandite (CH, PDF#00-004-0733) and katoite (C3AH6 , PDF# 00-024-0217) are also observed in these systems as reaction secondary products. Traces of natrite (Na2CO3, PDF# 98-0068104), hemicarbonate (Ca4Al2O6(CO3)0.5(OH) (H2O)11.5, PDF# 00-041-0221) and monocarbonate
(Ca4Al2 (CO3) (OH)12 (H2O)5, PDF# 01-087-0493) are also identified in some samples, which is attributed to minor carbonation during sample preparation, storage and/or analysis. Neither strätlingite
nor Al-hydroxide is observed in any of the samples.
C

C

Al/Si 0.2
Al/Si 0.15
Al/Si 0.1

C

C

Al/Si 0.05

5

C
Hc

K

C

K

Mc

8
[°] (Cu K)

K

Hc

K

20

C

K

Mc Hc
Mc

10

72q

6

9

10

C

30

C

C

K
K

K

N NK

K

40

2q [°] (Cu K)

(a)

C

C

Al/Si 0.2

K

C

K

C

Al/Si 0.15
P

P

Al/Si 0.1

P

N
50

C

P
Al/Si 0.1
3 months

Al/Si 0.05
60

70

C Al/Si 0.1
15 months

10

20

30

40

50

60

70

2q [°] (Cu K)

(b)

Figure 1(a) XRD of C-A-S-H (Ca/Si= 1.0) in 1.0 M NaOH after an equilibration time of 15 months.
(b) XRD of C-A-S-H (Ca/Si= 1.0 and Al/Si ratio of 0.1) in 1.0 M NaOH after an equilibration time of
3 and 15 months. C: C-A-S-H, K: Katoite, N: Natrite, Hc: Hemicarbonate, Mc: Monocarbonate, P:
Portlandite
Figure 1(a) shows the effect of additional alumnium on the XRD partterns of C-S-H. The addition of
aluminium leads to a decrease of the peak position of the d002 in C-A-S-H from ~ 8.0° 2θ CuK () to
around 7.3° 2θ CuK () at Al/Si = 0.2, indicating that the uptake of aluminium results in a clear widening of the C-S-H interlayer distance. With the increase of Al/Si, the interlayer distance ascends from
11.0Å to 12.1Å. In addition, the increase of the Al/Si ratio leads to a higher intensity and sharper reflections at 8° 2θ CuK () and at ~16° 2θ CuK () to a maximum at Al/Si = 0.15, which indicates the
formation of a more ordered C-A-S-H products along the c-direction (Myers et al., 2015a).
Figure 1(b) shows the XRD pattern of C-A-S-H (Al/Si = 0.1) after different equilibration times. After 3
months equilibration, portlandite is present in addition to C-A-S-H due to the high pH caused by the
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presence of 1 M NaOH. After 15 months, portlandite disappeared and katoite was present instead, indicating that the samples were not yet in equilibrium after 3 months and that the structural rearrangement in the solid phase continued. The position of C-A-S-H main peaks is the same, but the intensity
of the d002 indicating basal spacing in C-A-S-H increases, indicating the formation of a more ordered
C-A-S-H along the c-axis with time.

3.2 Thermogravimetric analysis
Similar results are obtained from the TGA data as from XRD. Figure 2 shows mainly the broad weight
loss between 40 and 600°C due to the dehydrating of C-A-S-H. In addition, some small weight loss
peaks at ~300 °C in the derivative of the mass loss curve for the samples with Al/Si of 0.05, 0.1 and
0.2 could be assigned to katoite (C3AH6). The relatively broad band of Al/Si 0.15 from ~230-360°C is
attributed to hemicarbonate and/or monocarbonate. There is also some minor carbonation identified in
samples of Al/Si 0.05 and Al/Si 0.15, by peaks centred at ~650 °C and ~710 °C, which could happen
during sample preparation, storage and/or analysis. The weight loss between 450 and 500 °C is tentatively assigned to the decomposition of C-N-A-S-H as suggested by Myers et al. (2015a).
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Figure 2. TGA of C-A-S-H (Ca/Si= 1.0) in 1.0 M NaOH after an equilibration time of 15 months.
The weight loss indicated by † between 450 and 500 °C is tentatively assigned to the decomposition of C-N-A-S-H.

3.3 IR spectroscopy
FTIR spectra of C-A-S-H are given in Figure 3 together with their second derivatives to identify the
peak positions more clearly. As shown in the FTIR spectra in Figure 3, all samples contain a group of
bands in the range of 800-1100 cm-1, corresponding to asymmetric and symmetric stretching vibrations of Si-O bonds; a group of bands in the range of 550-750, attributed to the bending vibration of SiO-Si; and a group of bands in the range of 400-500 cm-1 due to the deformation of SiO4 tetrahedra.
The main band at about 931 cm-1 was described as the Si-O stretching vibration of silica connected to
two neighbors, Q2, in Yu et al. (1999). However, this band was also observed as the main band for CS-H with Ca/Si higher than 1.2, where Si NMR data have shown that very little Q2 is present the C-S-H
structure (L’Hôpital et al., 2016), indicating that this band corresponds to the stretching vibration of SiO independent of its connectivity. The shoulder at 900 cm-1 could be assigned to the Si-O stretching
vibration of Q2, as previous reported for C-S-H by Yu et al. (1999). And the peak at 812 cm -1 is ascribed to the Si-O stretching vibration of silica connected to one neighbor, Q1, consistent with Yu et al.
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(1999). The increase of Q2 and the decrease of Q1 upon the addition of aluminium indicate an increase of the dreierketten chain length, in accordance with NMR results of L’Hôpital et al. (2014) in
samples without alkali hydroxides. This change in silica connectivity confirms that Al substitutes Si in
C-S-H.

2nd derivative of "Transmittance" (a.u.)

Transmittance (a.u.)

In addition, the Si-O-Si bending vibration at 670 cm-1 becomes less intense as the Al/Si increases, also confirming structural reordering due to the substitution of Al to Si increases the range of the Si-O-Si
angle and occupancy of neighboring sites.(Yu et al., 1999) The absorption band at 540 cm .-1 assigned
to Si-O-AIVI decreases in intensity and moves toward lower frequencies due to the changes of the average in the Me-(O-Si) distance, angle and bond strength (Stublan & Roy, 1961).
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Figure 3. FTIR spectra and the second derivation of the FTIR intensity of C-A-S-H after an equilibration time of 15 months

3.4 Aqueous concentrations
Figure 4 shows the dissolved concentrations as a function of the Al/Si ratio and time. The dissolved
aluminium concentration increases as a monotonic function of the Al content. The presence of aluminium leads also to slightly higher silicon concentrations and lower calcium concentration. The same
trends are observed when Ca/Si decreases in C-S-H, indicating that Al at least partially replaces silica
in the silica chain, which is consistent with the observation from FTIR. It should be noted that the dissolved aluminium concentrations measured at this high alkali concentration (1 M NaOH) represent
about 10% of the total aluminum in the sample, while in the absence of alkali hydroxide (L’Hôpital et
al., 2015) ) less than 0.2% of the total aluminium is observed in the solution. After 15 months, the aluminum concentration and silicon concentrations are slightly lower while the calcium concentration is
slightly higher than after 3 months of equilibration time. This can be attributed to observed changes in
the minor secondary phases (destabilization of portlandite and formation of katoite) and to the structural rearrangement of the C-A-S-H structure consistent with the XRD and FTIR data presented above.
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Figure 4. Evolution of the dissolved aluminium, calcium and silica concentrations as a function
of Al/Si ratio in C-A-S-H after 3 months (empty symbols) and 15 months (filled symbols) equilibration time. Square: aluminium, triangle: silicon, circles: calcium. The calcium concentrations
of the samples with Al/Si = 0.15, 0.2 after 3 months are below the measurement limit of 0.03
mmol/L. Measurement error ±10%.
Based on the initial sample composition, the measured aqueous concentrations and the amount of
minor phases determined by TGA, the composition of the C-A-S-H equilibrated for 15 months was calculated and compiled in Table 1. The presence of more aluminium increases aluminium uptake in C-SH as shown in Table 1. Most aluminium is incorporated in C-S-H and only less than 0.5% of katoite
(C3AH6) was observed (Table 1).
Table 1. C-A-S-H composition determined from mass balance equilibrated for 15 months
Total
Al/Si

0.05
0.1
0.15
0.2

C-A-S-H composition
(molar ratios)
Ca/Si
0.97
1.00
1.00
1.00

Ca/(Al+Si)
0.93
0.92
0.88
0.85

Al/Si
0.045
0.092
0.136
0.179

Secondary phases (wt%)*
Katoite
0.40±0.08
0.19±0.04
0.37±0.07

Hemicarbonates
4.67±0.93
2.14±0.43
-

Natrite
0.36±0.07
-

*Quantified by TGA

Figure 5 shows a plot of the aluminium uptake in C-S-H versus dissolved aluminium concentration.
The presence of alkalis, for both NaOH and KOH, leads to much higher dissolved aluminium concentration. The secondary phases such as strätlingite and aluminium hydroxide are not stable at high alkali hydroxide concentration. Although the aluminium sorption in C-S-H is supressed compared to the
same Al/Si ratio in alkali hydroxide free C-A-S-H, the higher aluminium uptake in the presence of alkali
results from the higher dissolved aluminium concentration.
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Figure 5. Al/Si ratio in C-S-H as a function of the aluminium present in the solution. Diamond:
samples with sodium hydroxide 1M in this work equilibrated for 15 months, square: samples
from(L’Hôpital, E et al., 2016) with potassium hydroxide equilibrated for 6 months, triangle: alkali free samples from(L’Hôpital, E et al., 2016) equilibrated for 6 months. All samples with Ca/Si=
1.0.

4. Conclusions
This study shows that the fraction of aluminium incorporated in C-S-H increases with the increase of
aluminium concentrations in the surrounding solution.
In the presence of 1.0 M NaOH, most of the aluminum present (Al/Si = 0.05 to 0.2) is taken up in C-AS-H, while only a minor fraction (< 5%) is present in secondary phases.
At high aluminium concentration, a moderate increase of the silicon concentration is observed while
the calcium concentrations decrease. At high aluminium content C-A-S-H with increased ordering
along c direction is observed and also after long equilibration times. The analysis of the liquid and solid
phases indicates an important uptake of aluminum in the silica chains as well as a continuing structural rearrangement between 3 and 15 months of equilibration time.
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ABSTRACT
Paper focuses on the hydration mechanism of model cements composed of synthetic clinker phases
and gypsum with variable amounts of ground waste expanded perlite (WEP). Ground WEP presence
results in changes in the course of hydration during first 24 hours. Changes are similar to ones
observed in undersulphated cements i.e. the additional calorimetric peak related to the renewal
reaction of aluminates appears earlier. Conductometric data show that the highly reactive pozzolan
influences the hydration rate of tricalcium aluminate. In the presence of ground WEP the formation of
larger amount of C-S-H phase which has sulphates immobilization properties was detected. Results
suggest accelerated transformation of ettringite to monosulphate.
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1. INTRODUCTION
The reaction of tricalcium aluminate phase, critical for moderate cement setting occurs through the
formation of the so-called ettringite – (CaO)3(Al2O3)(CaSO4)3·32H2O. In many cases the occurrence of
this reaction has no effect on the shape of calorimetric curve described above. However, when the
proportions between the aluminate phase and gypsum decline from those enabling the covering of
aluminate crystals surface with ettringite and further very slow calcium aluminate transformation into
hydrates, the additional peak appear on the calorimetric curve. Then, on the calorimetric curve a socalled “sulphate depletion peak” can be observed. This is an additional exothermic peak related to the
start of delayed aluminate hydration and it can be found during the decelerating period on the
calorimetric curve attributed to the hydration of Portland cements or cements with mineral additives
(Nocuń-Wczelik 2001; Pacewska et al. 2012).
Quennoz et al. (Quennoz & Scrivener 2013) classified the synthetic cements into those in which the
gypsum/C3A ratio is approximately equal to the level in Portland cement and those in which the
gypsum/C3A ratio is lower (undersulphated cement). At alite/C 3A ratios close to those found in
commercial cement, the amount of gypsum has a major impact on hydration. When the gypsum content
is too low, system reacts in an “undersulphated” way. It means the reaction of C3A with gypsum occurs
with the formation of monosulphate before the main calcium silicate reaction takes place. It is important
phenomenon, because the formation of hydrated sulphate aluminates prior to the silicate effect delays
the reaction of the alite. When using the proper amount of calcium sulphate, this phenomenon occurs
in the second half of the silicate effect, and the reaction of alite is accelerated (Berodier & Scrivener
2014; Kotwica et al. 2016).
The studies of phase composition and the measurements of heat evolution rate as a function of time
are good methods of the characterization of cement hydration process. Alite, tricalcium aluminate and
calcium sulphate are the main Portland cement phases. Many investigations have been made on pure
clinker phases, aimed in the determination of the properties of cement composites in fresh and hardened
state (Mota et al. 2015; Bishnoi & Scrivener 2009; Juilland et al. 2010; Scrivener et al. 2015).
Recent publications present the theories related with the effect of supplementary cementitious materials
(SCMs) on the cement hydration mechanism, which is still the subject of scientific debate (Scrivener et
al. 2015). The effect of mineral additives on the mechanism of early reaction of cement with water is
explained based on the studies of hydration kinetics (Berodier & Scrivener 2014; Scrivener et al. 2015).
The authors claim that the most of mineral additives affect the early stage of cement hydration only due
to their "physical" presence and not due to a chemical reaction (Berodier & Jeanne 2015; Scrivener et
al. 2015; Berodier & Scrivener 2014). The physical phenomenon called “filler effect” means the
improvement of SCM to the packing density and the fact that SCM particles supply more nucleation
sites for cement hydrates when the early hydration of cement can be accelerated (untill about 24 hours)
(Lothenbach et al. 2011; Berodier & Scrivener 2014; Puerta-Falla et al. 2015).
The materials such as silica fume and metakaolinite behave differently as compared to the other SCMs
in the cement paste environment. These materials are conventionally classified as highly active
pozzolans due to their high pozzolanic activity and large specific surface area. Authors devoted several
publications to this topic (Rahhal et al. 2007; Talero & Rahhal 2009; Antoni et al. 2012). Talero et al.
presented the results of calorimetric tests in which they investigated the effect of silica fume and
metakaolinite on the rate of heat evolution for the two types of cements (with high and low C 3A content).
They observed an additional intense exothermic peak (sulphate depletion peak), clearly distinguishable
on the calorimetric curve, partially overlapping with the main silicate effect. In the case of cement with
low C3A, the induction period was shortened and the total heat evolution intensity increased with the
increase of silica fume content. For cements containing significant amount of tricalcium aluminate an
additional exothermic effect occurred after approx. 14-18 hours of hydration. The occurrence of the third
strongly outlined exothermic effect visible on the calorimetric curve depends on the amount of gypsum
in cement and the presence of silica fume (highly reactive pozzolan). The authors put forward the
hypothesis that the intensity of the additional exothermic effect depends on the SO3/C3A ratio (which
correlates with the results for model cements without mineral additives (Quennoz & Scrivener 2013)),
as well as on the amount of active pozzolan introduced.
The expanded perlite is used in the building materials technology mainly as a lightweight filler improving
the thermoinsulation properties. Unfortunately, a huge amount of fine-grained by-product is delivered
accompanying the processing of natural perlite. This by-product is a material of very low bulk density
(50-150 kg/m3). Therefore several problems appear, dealing with the hazard of dusting, as the transport
and storage are concerned. Grinding of this material causes destruction of the cellular structure of waste
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expanded pearlite and makes it a material with a high specific surface area and chemical activity. Results
obtained by authors (Kotwica et al. 2017; Kotwica et al. 2016; Rashad 2016; Różycka & Pichór 2016)
allow to classify ground waste expanded perlite as material of high pozzolanic activity.
This paper focuses on the interaction between cement phases and high performance pozzolanic
materials: ground waste expanded perlite and silica fume during early hydration periods. More precisely
it focuses on the mechanism of hydration process of different combination of calcium silicate, tricalcium
aluminate and gypsum with variable amount of high reactivity pozzolan – ground waste expanded perlite
(WEP) in this work.

2. EXPERIMENTAL
2.1. Methods
Phase compositions were carried out using Philips PW 150/70 diffractometer, a divergence slit size
0.05° 2θ.
The heat of hardening was measured in the conducting differential microcalorimeter (of our own
construction). The reference temperature was kept constant at the level 25°C.
Elmetron ECF-1 sensors and Elmetron CX-701 multifunction device were using to carried out
conductometric tests. The constant of conductivity vessel – 0.42 1/cm. The ratio of water to solid
(water/(C3A+gypsum)) for all suspensions was 50. The reference mixture - 5g of [1 mol C3A : 0.7 mol
gips] and the same with 10 and 20% of WEP were added to 250 g of water (constant water to
(C3A+Gypsum) ratio). The tests were carried out at constant temperature 25 oC in a water bath and the
suspensions were mixed using a magnetic stirrer..
Immobilization of SO42- has been tested according to the following procedure. The mixture of alite with
pozzolan at a mass ratio 4:1 (25% of pozzolan) were mixed with saturated gypsum solution
(concentration of SO42- ions - 1200 mg/l) at mass ratio 1:6. Samples were mixed for 48 h with magnetic
stirrer. Then samples were filtered and the solutions were analyzed using an inductive excited plasma
emission spectrometer Perkin Elmer OPTIMA 7300DV (ICP-OES) to determine the SO42- concentration
in mg/l (procedure similar to (Kapeluszna et al. 2017)). DTA/TGA measurements were carried out using
Netzsch thermoanalyser STA 449F3 Jupiter with sample initial mass of 40 mg, in synthetic air
atmosphere with gas flow of 40 ml/min.

2.2. Materials
Alite was synthesized by sintering compacted powders of amorphous SiO 2, calcium carbonate, alumina
(1.5%) and magnesium oxide (0.8%) at 1500 °C (using the formula proposed by (Jeffery 1952)). C3A
was synthesized by sintering compacted powders of calcium carbonate and alumina oxide at 1400 °C.
Obtained phases were ground to specific surface area of 4000 cm 2/g for alite due to it is the most
common specific surface for common cements. The specific surface area for C 3A is lower - 2800 cm2/g
to avoid an immediate reaction (acc. to Blaine). Figure 1 present the characteristics of phase
composition of alite and tricalcium aluminate.
Waste expanded perlite was first compacted in order to allow grinding and then it was ground in steel
ball mill to destroy the cellular microstructure and to receive highly reactive pozzolan. Chemical
composition (Table 1), phase composition (Figure 2) and microstructure (Fig 3.) have been examined.
Ground waste expanded perlite is an aluminosilicate glass with about 6 % of alkalis (as sodium oxide
equivalent) and with specific surface area 57000 m 2/g (BET method).
Silica fume was used as commonly known high performance pozzolan to compare it with the ground
waste expanded perlite and to determine their influence on the kinetics of heat evolution and SO 42immobilization in C-S-H (specific surface area of silica fume - 213000 m2/g (BET method)). The grain
size distribution of two used pozzolans is shown in the Figure 4.
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Figure 1. X-ray pattern of alite and tricalcium aluminate.

Table 1. Chemical composition of waste expanded perlite and silica fume.
Compound

WEP
0.6
76.2
12.5
1.3
0.5
0.7
3.1
4.5
0.4
99.8

Intensity

LOI
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
TiO2
Total

Content [%]
Silica fume
0.3
94.0
0.6
0.1
0.1
1.5
1.8
1.0
99.4

400
350
300
250
200
150
100
50
0
5

15

25

35
45
[o 2θ CuKα]

55

65

Figure 2. X-ray pattern of ground waste expanded perlite used in experiments.

The active chemical ingredients (SiO2 and Al2O3) are determined according to ASTM C379-65T:1965
standard. The pozzolanic activities of two materials are shown in Table 2.
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Table 2. Pozzolanic reactivity – content of chemically active SiO2 and Al2O3.
Content [%]
SiO2 Al2O3 SUM
48.2
6.6
54.8
74.3
0.2
74.5

Name
WEP
Silica fume

Figure 3. a) - Broken cellular microstructure of waste expanded perlite (SEM); b, c) Morphology
of ground waste expanded perlite grains observed with TEM.
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Figure 4. Grain size distribution of ground waste expanded perlite and silica fume.

2.3. Model cement preparation
Model cements with different proportions of Alite-C3A-Gypsum-Pozzolan were prepared. In order to
simulate commercial cements the alite/C3A mass ratio of most model cements was kept constant at
85/15. Gypsum was added to ground alite and C3A by dry mixing. Pastes were prepared and cured at
20oC. Deionized water was used in all pastes. WEP was introduced to the pastes in two ways. It was
added to model cement in the amount of 5, 10, and 20% in respect to cement mass and on the other
hand, some part of cement was replaced with WEP. Compositions of mixtures are presented in Table 3
and 4.
Table 3. Model cements - various C3A/gypsum molar ratio.
Name
G3P0
G5P0
G6P0
G7P0
*W/C

(Alite:C3A)
(85:15)
[g]
4.00
4.00
4.00
4.00

Gypsum
[g]

WEP
[g]

W/C*

C3A/gypsum
(molar ratio)

0.15
0.25
0.30
0.35

0.00
0.00
0.00
0.00

0.63
0.63
0.63
0.63

2.55
1.53
1.50
1.09

– water to (alite+C3A) mass ratio
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Table 4. Model cement with various amounts of waste expanded perlite as addition and the
reference sample with commercially used pozzolan - silica fume (G6SF20/D).

Name
REF.
G6P0/D
G6P5/D
G6P10/D
G6P20/D
G6SF20/D

(Alite:C3A)
(85:15)
[g]

Gypsum
[g]

WEP
[g]

Silica Fume

5.00
4.65
4.65
4.65
4.65
4.65

0.35
0.35
0.35
0.35
0.35

0.25
0.50
1.00
-

1.00

W/C

C3A/gypsum
(molar ratio)

0.50
0.53
0.53
0.53
0.53
0.53

1.50
1.50
1.50
1.50
1.50

[g]

3. RESULTS
The heat evolution of model systems composed of alite, C 3A and gypsum is mostly influenced by the
gypsum content. Depending on the amount of sulphate ions, the mixtures behave in an undersulphated
or properly sulphated way (Figure 5). The model cement G3P0 is undersulphated. The characteristic
sharp peak on the calorimetric curve occurs before and apart of the dormant period of alite reaction
(main silicate peak) (Quennoz & Scrivener 2013). It causes the delay of silicate reaction, since the main
“silicate” peak is lower as compared to that for properly sulphated systems. The total heat evolution is
lower at a later time after 5 hours comparing properly sulphated cement – G5P0 and G6P0. The peak
appears later with increasing gypsum content – G7P0. Based on the preliminary tests, it was decided
to use 6% of gypsum in relation to the weight of the model clinker (sum of alite and C 3A mass) – molar
ratio of C3A/gypsum =1.5.

a)

b)

Figure 5. Model cements - various C3A/gypsum molar ratio. a) rate of heat evolution, b) total
heat evolution.
The time of the occurrence of the effect related to the renewal C3A reaction is related to the degree of
reaction of alite. The intensity of the main silicate effect decreases (Figure 5), what probably lowers the
degree of reaction of alite; this corresponds to the experimental data given in (Quennoz & Scrivener
2013).
It can be seen that the presence of ground waste expanded perlite affects the heat evolution profile.
Depending on the WEP addition the system behave in an undersulphated or properly sulphated way.
WEP presence increases the amount of total heat evolved value. The additional exothermic peak occurs
earlier with the increasing amount of expanded perlite in the paste; this is visible in Figure 6. It can be
assumed that the C3A hydration inhibition layer less chemically stable and new C 3A portion starts to
dissolve. The same phenomenon is observed for silica fume (Figure 7). The rate of heat evolution is
slightly higher and additional effect occurs earlier, probably due to larger specific surface area and higher
reactivity.
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a)

b)

Figure 6. Model cement with various addition of waste expanded perlite; a) rate of heat
evolution, b) total heat evolved.

Figure 7. Model cement with addition of waste expanded perlite and silica fume; a) rate of heat
evolution.

The results of examinations of the amount of total heat evolved after 25 hours presented in the table 5
confirm that the presence of highly reactive pozzolans affects not only the shape of the calorimetric
curve but also the total heat evolved value, which is important from the technological point of view.

Table 5. Total heat evolved after 25 hours of hydration.
Sample
G3P0
G5P0
G6P0
G7P0
G6P0/D
G6P5/D
G6P10/D
G6P20/D
G6SF20/D

Heat [J/g]
after 25 hours
254
301
350
277
354
371
376
375
442

XRD analysis shows that the peak at 33,17o 2θ corresponding to C3A phase is smaller in the paste
containing WEP, as compared to the reference paste (Figure 8). It means the greater degree of C3A
reaction in the presence of WEP. Moreover, the presence of WEP causes a faster consumption of
gypsum in the system – lack of the peak at 29,17o 2θ derived from gypsum (Figure 8 on the right).
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Figure 8. X-ray patterns of reference cement (left – G6P0/D) and cement with 20% of waste
expanded perlite (right – G6P20/D); WEP-waste expanded perlite. G-gypsum.
The endothermic peak on the DTG curve with a maximum at about 110 °C corresponds to the ettringite
dehydration (Figure 9). After 9 hours of hydration this peak is definitely higher as compared to the
reference sample, because the rate of C3A reaction is in this case much higher, as already mentioned.
The DTA/TG analysis confirms the presence of monosulphate at the same time due to the presence of
endothermic effect at 210oC. Monosulphate is formed when the SO 3/C3A is too low to allow ettringite
formation. It is possible that the balance of the solid/liquid phase and mutual ratio of the amount of
sulphates to aluminates is disturbed at this time. This fact requires the additional more detailed studies.
The smaller endothermic effect with maximum at about 470 oC for sample with WEP proves the
pozzolanic reaction of waste expanded perlite. The reaction with Ca(OH)2 begins already after 9 hours
which may be related to a greater degree of C3A reaction in the system. It means that highly active
pozzolans participate in the chemical reaction and formed additional amount of C-S-H.

Figure 9. DTG curve of reference cement (black curve G6P0/D) and cement with 20% of waste
expanded perlite (red curve – G6P20/D) after 9 hours (left) and 20 hours (right) of hydration.
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The presence of an additional exothermic effect with the greater intensity observed on the calorimetric
curve is a subject of scientific polemics up to this day. The explanations proposed in the literature
(Rahhal & Talero 2009; Rahhal et al. 2007) do not allow to fully explain observed changes. The
hypothesis towards the ion adsorption on the surface of pozzolan is not supported by appropriate
experimental data (Rahhal et al. 2007; Rahhal & Talero 2009). The incorporation of sulphur into the CS-H phase was confirmed by the elemental analysis, however the hypothesis concerning the ability of
C-S-H to buffer SO42- ions was also not supported by the experimental data (Quennoz & Scrivener
2013). However, one can find that the presence of WEP affects the hydration process and the shape of
calorimetric curve. This effect is similar to the situation when the gypsum/C 3A ratio is lowered
(undersulphated system).

Conductivity [mS/cm]

The suspension of tricalcium aluminate in the presence of gypsum shows a specific conductivity
changes vs. time. The reference mixture - 5g of [1 mol C3A : 0.7 mol gips] and the same with 10 and
20% of WEP were examined by conductivity method (constant water (C3A+gypsum) ratio). The process
of dissolution of gypsum seems to be slightly accelerated in case of WEP modified mixtures (Figure 10)
due to the shorter time of conductivity stabilisation at the first step, up to about 200 minutes. The ionic
conductivity of the solution is controlled in this case by the presence of solid gypsum. At the same time,
the adsorption of SO4 2- ion and slow precipitation of calcium sulpho-aluminate hydrates on the surface
of C3A grains take place.The characteristic narrow peak of high conductivity located at about 580
minutes of hydration on the conductometric curve of reference sample (C 3A/G- without WEP) is
associated with the re-dissolution of the C3A phase. It can be explained by the increasing concentration
of Ca2+ and [Al(OH)4]- ions in the solution. With higher addition of highly active pozzolanic WEP, this
peak appears at the shorter time of hydration. The presence of WEP also causes a faster consumption
of SO42- ions from the liquid phase.

5
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3
2

C3A/G/
C3A/G/10%WEP
C3A/G/20%WEP

1
0
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250

500
Time [min]

750

1000

Figure 10. Conductivity vs. time of C3A-gypsum mixtures with various amount of waste
expanded perlite (water/solid=50; [1 mol C3A : 0.7 mol gips]).

The immobilization of sulphate ions in the alite-pozzolan hydrating suspension was investigated and
the results were compared to the suspension of neat alite paste. The hydration of samples was carried
out in a saturated solution of gypsum (1200 mg/l determined by ICP-OES). The SO42- concentration
after 6 hours of hydration was the highest for suspensions containing ground WEP and silica fume, due
to the elution of SO42- ions from both mineral additives (Figure 11). After about 12 hours, the
concentration of sulphate ions decreases significantly because of the C-S-H phase formation in the
system.
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Figure 11. Immobilization of SO42- ions in C-S-H.
The hypothesis proving the incorporation of sulphur in C-S-H has been confirmed. The C-S-H phase
immobilizes the sulphate ions, and the significant incorporation of SO 42- into C-S-H phase occurs after
12 hours in case of all suspensions.
However, there are no significant differences between the concentration of SO42- in the reference sample
and samples with highly active pozzolans after 24 hours. Observations suggest that the incorporation of
sulphate ions into the alite hydration products is not the main reason for the changes observed on the
calorimetric and conductometric curves.

4. CONCLUSIONS
It can be seen that the presence of ground waste expanded perlite affects the heat evolution profile.
Depending on the WEP addition the system behaves in an undersulphated or properly sulphated way.
The heat evolution data show that the addition of special kind of high performance pozzolan influences
the shape of calotimetric curve and promotes higher hydration rate. In the presence of this pozzolan,
the shape and the position of the effect related to the reaction of aluminates is altered. An additional
peak on calorimetric curve occurs after exhaustion of solid gypsum.
Conductometric data correlate with the results from calorimetric measurements. The presence of ground
WEP causes faster re-dissolving of the C3A phase. The peak corresponds to the acceleration of C 3A
dissolution. It means that high-active pozzolan affects the chemical durability of the layer inhibiting C 3A
hydration – ettringite or monosulphate depending on the C3A/gypsum molar ratio.
The results of XRD studies exhibit the modification of phase composition and accelerated hydration of
C3A phase in the presence of waste expanded perlite.
The ground waste expanded perlite, due to the high content of active SiO2 and Al2O3, reveals pozzolanic
activity causing a reduction of calcium hydroxide in the paste. It brings about the formation of larger
amount of C-S-H phase which has immobilisation properties in relation to SO 42- ions. This is one of the
reason for the C3A/gypsum molar ratio disruption but it does not fully explain the shift of additional effect
observed on the calorimetric curve; the further studies are required.
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ABSTRACT
In this paper, a centrifuge device is proposed to facilitate the intrusion of a low-melting point metal alloy
into the pore space of hardened cement paste. X-ray microtomography is combined with metal
centrifugation porosimetry (MCP) to quantitatively investigate 3D pore structure. Fresh cement paste is
poured into prefabricated tube to produce cavity to hold metal alloy. The low-melting-point metal alloy
is melted and introduced into pore space in pastes with water cement ratio of 0.5 and 1.0 at a
temperature of 65℃. 3D pore structure is quantitatively analyzed by X-ray microtomography after the
molten metal alloy has been consolidated. A new threshold value segmentation method for pore space
was proposed using conversion coefficient on region of interest (ROI). Porosity and pore size
distribution are tested by MCP and compared with the results based on mercury intrusion porosimetry
(MIP). The results show that the contrast between pore space and solid phase in the X-ray
microtomography device image is improved. The total porosity obtained by MCP was found to be
consistent with the results obtained by MIP.
Keywords: X-ray techniques; 3D pore structure; Quantitative characterization; Cement; Metal alloy
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1.

INTRODUCTION

Cement-based materials are considered as one of the most vital materials, as they play an
important role in infrastructure development [1]. These materials consist of liquid, solid and gas
phases whose properties are strongly correlated with the performance of modern concrete [2, 3].
Porosity in cement-based materials is directly associated with the mechanical performance as
well as transport properties

[4].

Hence, quantitative characterization of pore structure of

cement-based materials is important to assess the performance of concrete [5].
Several commonly used techniques are available for characterization of pore structure in
cement-based materials, including small-angle X-ray scattering, Brunauer-Emmett-Teller
adsorption and mercury intrusion porosimetry (MIP)

[6].

Among them, MIP technique is the

most widely employed technique in research due to its advantages such as large dynamic
range of pore size characterization (from a few nanometers to a few hundred micrometers),
high performance and short testing durations. However, this method has limited applications
due to the ink bottle effect and it assumes a cylindrical pore geometry

[7].

Due to these

assumptions, the estimation of pore parameters such as porosity, pore connectivity and
surface-to-volume ratio by the MIP method are inaccurate. Moreover, the detailed topology of
actual 3D pore structure has not be obtained until now, which is crucial to the performance in
cement-based materials. Although, scanning electron microscopy (SEM) has been
conventionally applied to analyze pore structure as it offers a high resolution, the low contrast
between pore space and solid phase limits the information of pore structure to 2D only.
As a well-established technology technology, X-ray computed tomography (X-ray CT) can
achieve the visualization of 3D pore structure

[8].

However, current results mostly focused on

pore structure of concrete with larger pore size, such as foamed concrete
concrete

[11]

[9, 10]

and cracked

due to high contrast between pore space and solid phase. The limited application

of X-CT in common or high performance concrete are mainly due to the fact that the threshold
value between pore space and solid phase in CT slice figure is not obvious arising from
relatively low attenuation. Therefore the classification of threshold value is subjective

[12].

In

addition, the resolution of ordinary X-ray CT and micro X-ray CT used are not enough for micro
pore scale research

[13].

Hence there is need for techniques that have a high contrast and a

high precision to image 3D pore structures in cement-based materials.
In this study, a novel contrast enhanced X-ray microtomography technique has been employed
for the first time to quantitatively characterize 3D pore structure in cement pastes. The metal is
centrifuged into pore spaces to enhance their contrast in X-ray microtomography images.
2.

MATERIALS AND METHODS

2.1 Materials and instrumentation
2.1.1 Preparations of specimen
The cement used in this study is a Chinese standard Graded P•Ⅱ52.5 type Portland cement
with a density of 3150 kg/m 3 and specific surface area of 369.60 m2/kg. Its chemical
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composition is listed in Table. 1. It has an initial and final setting time of 132 min and 187 min,
respectively. Its compression and flexural strength for a 28 day curing duration under standard
conditions are 59.60 MPa and 9.20 MPa, respectively.
Table 1 Chemical composition of cement
Chemical composition (%)
Cement
Content

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

L•O•I

21.35

4.67

3.31

62.60

3.08

2.25

0.11

0.65

0.95

Cement pastes were prepared with water cement ratio (w/c) of 0.5 and 1.0. Cavity formation
was facilitated in the prepared specimens to hold the molten metal using the proposed device,
as shown in Fig. 1(a). Firstly, the fresh cement paste was poured into the tube and then
pressed down the bar-pipe plug to produce the cavity. After the setting and hardening of the
paste, the bar-pipe plug was dialed out carefully and replaced with the pipe cap, curing paste
at 20±1℃/95% RH for 28 d and 14 d (Table. 2). Finally, the specimens were soaked in ethyl
alcohol for 3 d to terminate hydration and dried at a temperature of 65℃ in the air oven until
mass constancy to exclude gas in pores of the hardened cement paste.
Table 2 Sample information
Centrifuge Speed

Intrusion Pressure

(RPM)

(MPa)

28

4000

12.02

0.5

28

4000

12.02

B

0.5

14

4000

12.02

C

1.0

14

4000

12.02

Sample name

w/c

Age (days)

Untreated

0.5

A

2.1.2 Proposed centrifuge device design
The experimental set-up used to intrude the metal into the sample consisted of an in-house
developed thermal-insulation centrifuge tube (Fig. 1(b)) and a centrifuge machine (maximum
speed: 4000 r/min) (Fig. 1(c)). Firstly, the molten metal was injected into the cavity of sample.
Then, the sample was tightly and hermetically coated with extruded polystyrene (heat
conductivity coefficient 0.030 W/ (m·K)) to maintain the experiment time (65℃). Finally, the
sample was placed in a centrifuge tube for to be subjected to the centrifugal process at 4000
r/min for 30 min. Subsequently, the specimen was cooled below 47℃, after which a cylinder
with diameter of 1.0 mm 1.0 mm was drilled for X-ray microtomography (Fig. 2). Three
samples were prepared under the conditions listed in Table.2.
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Fig. 1 Schematics of the proposed centrifugal device design. (a) Cavity formation
device, (b) Thermal-insulation centrifuge tube and (c) Centrifuge machine

Fig. 2 cylinder drilling for MCP testing
2.1.3 Metal alloy properties
The alloy used in this experiment has a chemical composition of bismuth, tin and other trace
elements. The alloy has a melting point of 47℃ and a specific gravity of 9.4 g/cm3. Although
the volume change of the metal on crystallization was not experimentally determined, an
estimate of 0.0057 mm/mm expansion for a 500 h post-casting duration was considered for a
similar metal

[14].

The metal alloy-cement paste contact angle changed with temperature

between 110°~130°, which is close to the mercury-paste contact angle (117°~140°)

[15],

as

shown in the Fig. 3. In order to facilitate energy-saving and avoiding decomposition of ettringite
in hydration products, a temperature of 65℃ was chosen for the experiment.
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Fig. 3 (a) Diagram of Contact angle, (b) Contact angle between the metal alloy and the
cement paste as a function of temperature
2.1.4 Experimental parameters
In this study, the model of X-ray microtomography scanner was Y.CT Precision (Zeiss,
Germany) and the type of detector was Y.XRD 1601. The intensity of the X-ray beam after
sample penetration was measured by 1024 detectors. The voltage and current of X-ray tube
was 40 kV and 75 µA, and the rotation angle of sample platform was 360°. A tray was placed
on the sample platform and a support device was placed at the top of the tray. All samples
were scanned at the same station using the X-ray microtomography over a 5 hour scanning
time, and images with a pixel size of 1 μm were reconstructed using VGStudio MAX software.
The metal alloy-paste contact angle was measured by high temperature vacuum contact Angle
tester (Dataphysics, OCA25HTV). Solid metal alloy was heated into melted metal alloy in the
temperature of 65℃ and dripped to the surface of paste, then the contact angle was
measured subsequently.
2.2 Centrifuge intrusion procedure
Due to capillary action and a favorable contact angle between the molten metal and paste, an
external force can drive the molten metal into the pore space

[15].

Other factors such as the

density of the metal, the speed of the centrifuge device and the centrifugal radius are also
relevant. For the proposed device, the intrusion pressure P can be calculated as (Fig. 2),
1
P   2  (2 RX  X 2 )
2

where, ω is the centrifuge speed, which is chosen to be 4000 rad/s in the experiment, ρ=9.4
g/cm3 is the density of the molten metal, R=48.0 mm is the distance from the center of
centrifuge to the surface of molten metal in the tube, X=82.0 mm is the depth of molten metal
to the upper surface of the cement sample.
3.

RESULTS AND DISCUSSION

The different phases in the samples could be seen with improved contrast since the atomic
number of elements in the cement pastes (Si, Ca, O, Al, etc.) was lower than the metal alloy
constituents (Bi, Sn, etc.) in the pores. The high gray values (brightness) in the image

4

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
indicated that the molten metal was favorably intruded into the pore structure

[16].

The areas of

high brightness show the zone of pore structure occupied with the metal, from which the area
of pore space can be easily determined based on the image, as shown in the Fig. 4.
Appropriate image thresholding was performed using Image-Pro Plus software to highlight the
metal zone and to calculate the porosity and pore size distribution of the specimens.
3.1 Reconstruction of 3D pore structure
In order to distinguish pore space and solid phase, the intruded samples (A, B and C),
untreated sample and the metal were examined by X-ray microtomography system under the
same conditions. The 3D pore structure of sample A, B and C filtered by VGStudio MAX
software based on the threshold of 184~255, 183~255 and 180~255, respectively, is shown in
Fig. 4.

Fig. 4 The image of untreated sample and intruded samples (A, B and C)
3.2 Porosity in 3D pore structure
As shown in Fig. 5, gray level intensity was found to be the lowest in the untreated sample and
increased for the samples A, B, C and the metal, in that order. This is attributed to the fact that
the gray level is closely related to the density and the composition of sample

[15].

The peak of

the gray level in X-ray microtomography image of the metal was mainly composed of heavy
metal elements (bismuth, tin, etc.), which was higher than that of the untreated sample and the
samples (A, B and C). Based on the threshold of 194~255, 174~255 and 125~255 in grey
value of the metal, the porosity of sample A, B and C were calculated as 22.74%, 27.24% and
50.53% respectively, which were consistent with values obtained using MIP (25.28 %, 29.61%
and 53.34%). The relative errors between the proposed method and MIP were 10.05%, 8.00%
and 5.27% for the tested samples. The porosity based on MCP was slightly lower than that
determined by MIP, due to pore wall breakage caused by high pressures when using MIP [7].
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Fig. 5a) The gray level of the X-ray microtomography image and b) comparison of
porosity between MCP and MIP
3.3 Pore size distribution in 3D pore structure
The pore size distribution is an important parameter used to describe the probabilities of
different apertures in modern concrete. Sample A, B and C were visualized in direction X, Y
and Z, as shown in Fig. 6. The smallest pore size was 2 μm because of the accuracy of
instrument, and the pore size distributions in the three directions were similar. The most
probable aperture decreased for sample A, B and C, in that order. This can be attributed to the
fact that lower w/c can increase density of the paste and reduce space for the melted metal
intrusion, similar to the influence of a longer curing time.
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Fig. 6 Pore size distribution in X, Y, Z directions for 3D pore structure of sample A, B and C
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Pore size calculated by MCP was compared with the results tested by MIP as shown in Fig. 7.
It is evident that the most probable aperture calculated by MCP was slightly greater than
determined by MIP. This can be explained by the randomness and irregularity of the pore
structure in the cement-based material. The calculated direction of pore size by MIP is based
on the volume of mercury entered, which strongly correlated with the metal-paste contact
angle

[15].

In other words, geometric surface of minimum-value aperture in the same pore

space is preferentially filled by mercury, which named section pore size demonstrated in the
vertical plane [13, 15, 16], as shown in Fig. 8. To circumvent this mismatch, the fixed direction

[17]

(direction X, Y or Z) of pore size investigated by MCP should be chosen before calculation.
The calculated direction of pore size by MCP is based on the fixed direction of pore size, which
strongly correlated with the selection of direction. Mostly, the pore size based on MCP is not
minimum-value aperture in the same pore space, which named non- section pore size shown
in the non-vertical plane of Fig. 8. From geometry considerations, the non-section dimension is
larger than section dimension, which is analogous to the hypotenuse of a rectangular triangle
being greater than the right-angle side. Therefore, the Φ (MCP) is longer than or equal to Φ
(MIP). Directivity is one of the main features of the pore size distribution in cement-based
materials, which is unavoidable for further analysis of porous materials

[17, 18].

Although the

phenomenon can be observed in Fig. 8, porosity obtained using MCP and MIP was very
similar.
35
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Fig. 7 Comparison between MCP and MIP in the Pore size distribution from direction X

Fig. 8 Pore size based on MCP and MIP
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CONCLUSIONS

X-ray microtomography combined with metal centrifugation porosimetry (MCP) was applied for
the first time to quantitatively investigate 3D pore structure in hardened cement paste. The
contrast between pore space and solid phase in X-ray microtomography image was improved
due to the invasion of the low-melting-point metal. A high contrast 3D pore structure was
obtained based on objective thresholding of grey level in the microscope images. The porosity
determined by MCP was close to MIP for the samples examined in this study with relative
errors of 10.05%, 8.00% and 5.27%. It was established that the proposed MCP method is a
powerful and reliable technique for studying the 3D pore structures in porous materials.
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ABSTRACT
In this paper, in-situ X-ray Computed Tomography (XCT) experiment was carried out for the
continuous characterisation and observation of cement microstructure evolution in the 1st day’s
hydration. XCT data was firstly validated and correlated in this study by the SEM-BSE image of the
cross section of OPC samples. EPMA elemental analysis of OPC samples is correlated with the greyscale of XCT data. The correlation of XCT, SEM-BSE imaging and EPMA results reveal that most
hydration of Ordinary Portland Cement sample (OPC) finished in the first 1.5 hours and the inclusion of
SrCl2 as nuclear waste simulating nuclide into OPC samples prevents the hydration reaction at early
ages.
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Introduction
Cementitious materials have been widely used as solidification and encapsulation barrier for
intermediate level radioactive waste (ILW), primarily due to their beneficial immobilisation properties.
Ordinary Portland Cement (OPC) is the key ingredient, which acts as a hydraulic binder, resulting in a
hardened monolithic compound. The immobilisation properties of OPC stem from the formation of
various hydrated phases, possessing a high density of reactive sites for the incorporation of
contaminants [1-3]. In the context of nuclear waste disposal, 90Sr is a key radioactive isotope that is
produced as a fission product from operation and decommissioning of of nuclear power plants. The
effect of Sr on the cement hydration and associated hardening process is not well understood yet.
The chemical phases controlling the solubility of Sr in cementitious systems are Celesite (SrSO 4) and
Strontianite (SrCO3) with as solubility of around 10-4 and 10-6 mol/L, respectively [4]. The addition of
strontium aluminate (SrAl2O4) to cement systems was also investigated, highlighting a retarding effect
on the setting behaviour, ultimately resulting in crack-free samples with high strength. For the overall
incorporation of Sr into cement systems, the fraction of Sr appears to be proportional to the C3A
content. High alumina cement can absorb more Sr during hydration [5-6]. However, Sr (and other
radionuclides) are often present in cation-exchange resins, which were used to reduce activity in
aqueous plant and waste streams. The Sr-loaded resin is then immobilised in cementitous matrices.
Experiments about the compressive strength, leaching behaviour, and raditation stability of these
cement mixture were carried out to understand the durability of these systems [7]. The leaching of Sr
into the cement phase and the associated Sr-distribution with respect to the immobilised resin may,
however, affect the overall performance of these systems.
The main focus of the study reported here is to better understand the effect of Sr (in the form of SrCl 2
admixtures) on the hydration process in cement. Cement powders were mixed with different
concentrations of SrCl2 and de-ionized water (DI water) and the hydration process characterized. A
preliminary study of the incorporation of Sr-loaded cation exchange resins in cement systems was also
conducted,

Experimental
Five cement admixture were prepared, with the blended cement water paste poured into plastic cylinder
container with dimension of 40mmX18 mm (diameter X height). Table 1 gives a summary of all tested
admixtures. Anhydrous SrCl2 solution was used for this study. All samples were characterized by X-ray
powder diffraction (XRD), X-ray Computed Tomography (X-ray CT), Laser Scanning Confocal
Microscopy, and the bleed water analysed via Inductively Coupled Plasma - Atomic Emission
Spectrometry (ICP-AES).

Cement Samples

OPC (g)

Sr𝐶𝑙2 (g)

Deionized water (g)

Total (g)

(W/S)

OPC only

10

0

5

15

0.5

OCP + 5% Sr𝐶𝑙2

9.5

0.5

5

15

0.5

OCP + 7.5% Sr𝐶𝑙2

9.25

0.75

5

15

0.5

OCP + 10% Sr𝐶𝑙2

9

1

5

15

0.5

OCP + 15% Sr𝐶𝑙2

8.5

1.5

5

15

0.5

Table 1 Composition of all cement admixtures (W/S = water solid weight ratio)
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XRD experiment
XRD was used to obtain information about the formation of crystallographic phases during the first 48
hrs of hydration for OPC and all OPC & SrCl2 samples. Hourly XRD scans were recorded directly after
mixing the cement paste with DI water. A angular scan range between 5-85° was used, with a step
size of 0.033 and 1.48 s/step. A Cu Kα X-ray source with a wavelength of 1.5406Å was employed.
Each scan took approximately 1 hr to complete, with the XRD scanner then immediately reset for the
next scan.

Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-AES)
ICP-AES was used to analyse the bleed water that formed during the hydration process. The OPC
only sample, 7.5% and 15% samples were analyzed. 0.1ml of the bleed water was collected, and then
diluted to 100ml with 2 (vol.%) nitric acid for ICP-AES analysis.
3D Laser Scanning Confocal Microscopy
3D Laser Scanning Microscope enables the reconstruction of three-dimensional surface topographical
structures, also known as optical sectioning [9]. The technique was applied to characterize surface
height changes over time. After mixing, the surface heights of all samples was recorded for the first 24
hours, using a Keyence VK-X200K 3D laser scanning microscope at 10x magnification.
X-ray Computed Tomography
X-ray CT was applied to obtain preliminary information about the distribution and leaching behaviour
of Sr-loaded cation exchange resin embedded in cement. [10] Cation resin beads were immersed in a
2 mol SrCl2 solutions for 24 hours, then removed from the solution and directly mixed into cement
matrices. An equal mass of virgin cation exchange resin (without Sr) was also mixed into the cement.
After 28 days of curing, the mature cement sample mixed with resin beads with a diameter of 4.56 mm
was scanned using ZEISS Xradia Versa 520 with a voltage of 80KV. The exposure time for this scan
is 1s and the resolution of the scan is 3 microns. After the scan, the XCT data is reconstructed with
Avizo software.
Results and discussion
Snap-shots of the XRD results of the pure OPC sample during the first 48 hrs of hydration is shown in
Figure 1. After 12 hours the hydration was completed, with the initiation of the main hydrate product
Calcium Hydroxide (CH) and its byproducts Calcium Carbonate (CC). The large CC peaks are most
likely related to the presence of CO2 in the air and the large surface to volume ration of our samples.
During the hydration process, the anhydrates C3S (Ca3SiO5) is consumed in the first 12 hours. From 12
hours to 48 hours the phase composition of the OPC sample seems not to change anymore, with the
spectra showing similar peaks and associated peak intensities
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Figure 1: XRD results of pure OPC directly after mixing (0 hr), after 12 hrs, 24 hrs and 48 hrs
(CC: CaCO3, Calcium Carbonate, C3S: Ca3SiO5, Alite; CH: Ca (OH) 2, Calcium Hydroxide).

Figure 2: XRD results of the OPC & 7.5% SrCl2 sample directly after mixing (0 hr), after 12 hrs, 24
hrs and 48 hrs (Friedel’s’ salt: Ca2Al (OH) 6(Cl, OH)·2 H2O)
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The XRD results for OPC & 7.5% wt. SrCl2 sample are shown in Figure 2. With the addition of SrCl2,
the hydration of OPC is retarded. Compared with the OPC sample in Figure 1, very little CaCO 3 or CS
are produced and the main product here in Figure 2 is SrCO 3, which fits with results reported in a
previous study [4]. The reactions of OPC & SrCl2 sample occurred 12 to 24 hours after mixing with water
when Friedel’s salt and SrCO3 is formed.
To understand whether the formation of bleed water can cause the disappearance of XRD peaks, ICPAES analysis of the bleed water was carried out. The bleed water was analysed after formation, with
samples for analysis obtained typically during the first 24 hrs of hydration. The composition of the bleed
water was analysed for Sr and Ca concentrations. Table 2 summarizes results for the three analysed
samples.

Sample

Ca

Sr

Ratio: Ca/Sr

OPC

5.059

0.525

10

OPC & 7.5% SrCl2

0.2051

2.321

0.01

OPC & 15% SrCl2

0.2251

2.376

0.01

Table 2: ICP-AES results of the Ca and Sr concentrations in ppm for analysed bleed water.

The ICP-AES results show that with the addition of SrCl2 into OPC changes the elemental compositions
of bleed water. In pure OPC, the bleed water contains very little Sr (0.53 ppm) compared to Ca (5.1
ppm). When the OPC powder is mixed with 7.5% SrCl2, the Sr concentration increased in the bleed
water to 2.3 ppm and the Ca element concentration was reduced to 0.21. After changing the
concentration of SrCl2 to 15% SrCl2, the results did not significantly change. This suggests that the Sr
leaching reached its upper limits here in the bleed water.

In line with bleeding water formation, it was noted that the surface of the samples retracted slightly.
The surface height of all samples was reduced due to the volume shrinkage and drying shrinkage of
cement samples during hydration. In order to quantify the effect of SrCl2 on the volume shrinkage and
drying shrinkage, surface height changes during the first 24 hrs were recorded for all samples with the
Keyence 3D Laser scanning confocal microscope. The surface height change after 6 hrs, 12hrs and
24 hrs is shown in Figure 3.
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Reduced Height from surface

Figure 3: Surface height changes of all samples after 6 hrs, 12 hes and 24 hrs of hydration as a
function of Sr-loading.
The surface height of the OPC sample reduced by 0.15 μm in the first 6 hours, and the reduction
reaching 0.45 μm after 24 hours. When 5% SrCl2 is added into the OPC samples, the surface height
reduction increased to 1.56 μm in the first 6 hours, almost 10 times more than the OPC sample. If the
concentration of SrCl2 is further increased, the surface reduction is more obvious, reaching a reduction
of sample surface height reaches of 1.28 μm after 24 hours, almost 30 times of that of pure OPC.
Therefore, the inclusion of SrCl2 into OPC sample causes far larger volume shrinkage and drying
shrinkage. [11] This is in line with observations of bleed water contents increasing when more SrCl2 is
mixed into OPC.
A preliminary study was conducted using cement with Sr-loaded and virgin resin beads using X-ray
CT. The idea was (i) to understand whether the Sr-loaded resin leached Sr into the cement, and (b) to
test ways to distinguish Sr loaded and virgin ion exchange resin. The 3D distribution of resin beads
inside the cement mixture is reconstructed in Figure 4. The different colours of the beads indicate that
they are not connected with each other, whereas, the same colour would mean they are direct
neighbours and connected.
In Figure 4, the cross section of the cement sample also shows the resin beads with surrounding
cement matrix. Since XCT is sensitive to the mean atomic number of the scanned area of cement
sample, phases with higher mean atomic numbers appear brighter. [12]
The resin beads loaded with Sr show a brighter ring around the beads, while the virgin resin beads
without Sr show no ring. In order to verify whether these ring area of beads contains Sr, the cement
sample was cut along the cross section and imaged in the SEM for EDX analysis]. As Figure 5 shows,
the Sr exists around the edge of the area where a resin bead was imaged, with remnants of Sr observed
via EDX. This indicates that Sr can leach out of the exchange beads into the cement matrix. [13]
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Figure 4: (a) Segmented X-ray CT image of the distribution of the cation exchange resin in the
cement sample with (b) showing a reconstructed cross-section of this sample with two types of
resin beads; virgin and Sr-loaded beads
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Figure 5: SEM results of a cavity where a resin bead was present in the cross section of cement
sample, with (b) EDX spectrum indicating the presence of Sr in this area.
Conclusion
The paper presented the results of a study about the effect of SrCl2 as simulant for radioactive nuclide
on the cement hydration process. The results could be summarized as follows:
XRD results showed that the hydration of pure OPC sample finished in the first 12 hours with the
initiation of Calcium Carbonate (CC) and Calcium Hydroxide (CH) as main hydration product. From the
hydration of 12 hours to 48 hours, the phase composition of OPC sample on the surface doesn’t
change anymore.
With the addition of SrCl2, the hydration of OPC sample is retarded. Very little CaCO 3 is produced and
the main product is SrCO3. The reaction of OPC&SrCl2 sample mainly occurs from 12 to 24 hours when
most of SrSO4 and Friedel’s salt is formed.
The ICP-AES analysis proved the existence of Sr element in the bleed water; it suggests Sr ion almost
reach its upper limits in the bleed water when OPC is mixed with 7.5% of SrCl2 by weight ratio.
The inclusion of SrCl2 into OPC sample can cause much larger volume shrinkage and drying shrinkage.
X-ray CT showed the distribution of resin beads inside the cement samples, with SEM-EDX analysis
showing that the Sr is present in the cement matrix . Sr will tend to locate around the edge of resin
beads.
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ABSTRACT
Calcium (alumino) silicate hydrate (C-(A-)S-H) is the principle binding phase in Portland cement-based
concrete and governs the physical and mechanical properties of Portland cement-based cementitious
materials. In this study, micromechanical properties of synthetic C-(A-)S-H have been investigated with
nanoindentation considering the influence of various parameters including conditioning environment,
holding time of compression pressure to prepare sample compacts, pressure level, carbonation, and
indentation test parameters. Increasing conditioning relative humidity (RH), holding time and
compression pressure was found to enhance the compactibility and indentation modulus of C-(A-)S-H.
Carbonation caused decalcification of C-(A-)S-H to form carbonate polymorphs and led to a significant
reduction in the indentation modulus of all the samples. The indentation modulus of C-(A-)S-H was
found to be independent of loading rates in the range of 0.025 to 0.1 s-1. Also, compressed C-(A-)S-H
powder generally yielded a lower indentation modulus as compared to hydrated cement paste, mainly
attributable to different phase bonding, packing density, chemical composition and presence of
impurities. The findings call for careful sample preparation and selection of test parameters to achieve
consistent nanoindentation test data of synthetic C-(A-)S-H.
Keywords: nanoindentation, calcium (alumino) silicate hydrates, micromechanical properties
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INTRODUCTION
Calcium (alumino) silicate hydrate (C-(A-)S-H) is the principle binding phase in Portland cement-based
concrete. C-(A-)S-H governs the physical and mechanical properties of Portland cement-based
materials (Geng et al., 2017). Understanding the micro-mechanical behavior of C-(A-)S-H is essential
to improving the engineering performance of these cementitious materials. Nanoindentation is one of
the direct techniques used to measure the mechanical properties of materials at a submicron scale and
has gained extreme popularity as reflected by a great number of citations received by early pioneering
works (Oliver & Pharr, 1992; Pethicai, Hutchings, & Oliver, 1983). The technique has also been widely
adopted for micro-mechanical characterization of cement-based materials. An early work on pure
constituents of Portland cement clinker showed that C 3S, C2S, C3A, C4AF exhibited a similar range of
elastic moduli between 125 and 145 GPa (Velez, Maximilien, Damidot, Fantozzi, & Sorrentino, 2001).
Hydrated cement pastes, on the other hand, exhibited a bi-modal structure with low-stiffness and high
stiffness C-(A-)S-H phases with mean elastic moduli of 21.7 GPa and 29.4 GPa, respectively,
independent of water-binder ratios (Georgios Constantinides & Ulm, 2004; G. Constantinides, Ulm, &
Van Vliet, 2003). A coupled chemo-mechanical investigation of cement paste with and without natural
pozzolan showed that the modulus values of C-(A-)S-H phases also depend on their chemistry and
presence of other phases such as AFm or AFt (W. Wilson, Rivera-Torres, Sorelli, Durán-Herrera, &
Tagnit-Hamou, 2017).
In addition to the use of hardened cement paste, evaluation of micro-mechanical properties of C-(A-)SH using nano-indentation could be performed with compressed C-(A-)S-H powder (Hu & Li, 2015). The
use of compressed C-(A-)S-H powder has attracted significant attention, as single-phase C-(A-)S-H with
variable compositions or intermixes with polymers can be readily synthesized without considering the
heterogeneity of hardened cement pastes (Zhou et al., 2018). However, a considerable deviation in
indentation moduli between hardened cement pastes and compressed powder has been reported, with
compressed synthetic C-(A-)S-H generally displaying lower mechanical properties (Hu & Li, 2015).
Various factors could influence indentation results of cement-based materials including: surface
roughness (Miller, Bobko, Vandamme, & Ulm, 2008), impurities inherent in C-(A-)S-H phases such as
nano-crystalline Ca(OH)2 within (Chen, Sorelli, Vandamme, Ulm, & Chanvillard, 2010), load intensity
and microcracks (Pelisser, Gleize, & Mikowski, 2012), presence of guest ions (Al) (Hunnicutt, Mondal,
& Struble, 2016), and Ca leaching or Ca/Si molar ratio of C-(A-)S-H (G. Constantinides et al., 2003; Kim,
Foley, & Taha, 2013; Pelisser et al., 2012). For compressed C-(A-)S-H samples, a positive correlation
between indentation modulus and level of compaction was also reported (Foley, Kim, & Taha, 2012).
Using virtual experiment, it was demonstrated that homogeneous C-S-H regions in hydrated cement
pastes are too small to induce independent distributions in elastic modulus plots, raising question on the
application of statistical nanoindentation for mechanical characterization of hydrated cement phases
(Trtik, Münch, & Lura, 2009).
A comprehensive study is needed to elucidate the influence of different factors on nanoindentation
experiments to improve the accuracy and the significance of this technique for cement-based materials.
This paper aims to investigate the effects of conditioning environment, holding time of compression
pressure adopted to prepare in sample compacts, pressure level, carbonation and indentation
parameters on the indentation modulus of compressed C-(A-)S-H powder using nanoindentation. In
addition, mature cement paste was used in the indentation experiment to correlate to the results
obtained from the homogenous compressed powder. Thermal gravimetric analysis (TGA) and Raman
spectroscopy were also used to comprehend the chemical composition of the C-(A-)S-H powder. The
outcome of the present study could serve as a guideline to obtain more reliable results for indentation
moduli of compressed C-(A-)S-H powder.
1.
1.1

MATERIALS AND METHODS
Materials

C-(A-)S-H samples were synthesized with a fixed bulk Ca/(Al+Si) molar ratio of 1 while bulk Al/(Al+Si)
molar ratios were varied between 0 (A0) and 0.1(A1). The inclusion of Al served to simulate hydration
products formed when supplementary cementitious materials (SCMS) are used as cement replacement
(C. Li, Sun, & Li, 2010; Love, Richardson, & Brough, 2007). The samples were kept at 80 °C in Teflon
bottles for 3 months by mixing stoichiometric contents of SiO2 (Aerosil 200, Evonik), CaO and
* Corresponding author. Tel: +971589365897
E-mail address: kemal.celik@nyu.edu (Kemal Celik
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CaO·Al2O3 at a water-solid ratio of 45 in a N2-filled glove box. The relatively high temperature was
adopted in order to achieve a quick equilibrium of about 56 days (Myers, L'Hôpital, Provis, & Lothenbach,
2015) and to mimic the internal condition of typical mass, geopolymer and precast concrete which
usually experiences high internal temperature induced by either heat of hydration or high temperature
curing. The solid C-(A-)S-H samples were vacuum filtered by using 0.45 μm nylon filter papers and then
dried in N2-filled desiccators in the presence of NaOH pellets for 14 days, followed by freeze-drying for
4 days. Paste produced with ordinary Portland cement (OPC) type I with a water-binder ratio of 0.55
and moist curing for 90 days were also used for comparison.
1.2

Sample conditioning and testing parameters

The samples were removed from the vacuum and conditioned until stable weights were achieved under
four environments : (i) room temperature in sealed containers after freeze-drying, (ii) room temperature
under 11% relative humidity (RH) using saturated lithium chloride (LiCl) with procedure as outlined by
other researchers (Foley et al., 2012; Kim et al., 2013; Taylor, 1997), (iii) room temperature under 75%
(RH) using saturated sodium chloride (NaCl) (Greenspan, 1977), (iv) 30 °C under 80% RH in a
conditioning chamber whose CO2 concentration was maintained at 20%. In the compact making
process, two parameters on pressure levels and holding times were investigated. The pressure intensity
would create different porosity levels which were expected to affect mechanical properties of C-(A-)SH. Similarly, the holding time induced a compaction and creep within the matrix and hence was
postulated to influence the mechanical response of C-(A-)S-H. Other parameters of interest include
loading and unloading frequency and strain rates implemented in the nanoindentation test. Table 1
summarizes the parameters and corresponding sample annotations in which RH stands for relatively
humidity, P for applied pressure, T for holding time, VA for as received condition at room temperature,
C for 20% CO2 carbonation at 80% RH, F for frequency, and S for strain rate. Numerical values of 0, 1,
2 and 3 were assigned for pressures of 50, 95, 200 and 300 MPa, respectively. Similar numerical
annotation was used for the strain rates and indentation depth. The cement sample was annotated as
OPCWB55.
Table 1: Conditioning, pressing and indention test parameters
Conditioning
Sample
Vacuum
A0

11% RH

75% RH

Pressing
20% CO2
and 80%
RH

√

95
95
95
95
95
95
95
95
50
200
300
95
95
95
95

√
√
A1

√
√
√

A0
A0

A0
A1
A0

1.3

Pressur
e (MPa)

√
√
√
√
√
√
√
√
√

Holding
time
(min)
30
30
30
30
30
30
0
60
30
30
30
30
30
30
30

Test
parameters
Strain rate
(s-1)
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.025
0.1

Annotation

A0-VA-P1-T30
A0-RH11-P1-T30
A0-RH75-P1-T30
A1-VA-P1-T30
A1-RH11-P1-T30
A1-RH75-P1-T30
A0-RH11-P1-T0
A0-RH11-P1-T60
A0-RH11-P0-T30
A0-RH11-P2-T30
A0-RH11-P3-T30
A0-C20-P1-T30
A1-C20-P1-T30
A0-RH11-P1-S0
A0-RH11-P1-S2

Thermogravimetric analysis

The conditioned samples were used for thermos-gravimetry/differential thermal analysis with SQ600
TG/DTA series under nitrogen gas at a flow rate of 100 ml/min. The temperature was regulated from 20
oC to 1000 oC with a ramping rate of 10 oC/min. All surface water was assumed to be evaporated at
145 °C (Kim et al., 2013). Dehydration of gel water from C-(A-)S-H was assumed to occur between
145 °C and 350 oC. It was also assumed that decomposition of Ca(OH)2 occurred between 350 oC and
500 oC while decarbonation of CaCO3 took place from 600 to 800 oC (Scrivener, Snellings, &
Lothenbach, 2016). The remaining content is associated with C-(A-)S-H. Other endothermic peaks were
assigned to other hydration products that could have formed in the system.
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1.4

Nanoindentation

In preparation for nano-indentation, a technique similar to that outlined by Kim et al. (Kim et al., 2013)
was adopted. About 0.1 g of the conditioned samples were retrieved from the conditioning chamber,
compacted into the die’s sample compartment and immediately pressed to avoid exposure to air to
different pressures and maintained at different holding times with a 100 kN-capacity Universal Testing
Machine (UTM) to create 5 mm compacts. PTFE heavy duty lubricant was used on the wall surface of
the sample compartment to reduce skin friction and to ensure an efficient load transfer. A loading rate
of 0.5 mm/min and a preload of 25 N were adopted in the compression test. Two end disks polished to
0.5 µm were used to sandwich the powder to yield the compact samples with a roughness fit for direct
nanoindentation. The pressed samples were subsequently mounted on an aluminum platform using
crystal bond to fix them in place. Nona-indentation was then performed with Keysight G-200
Nanoindenter using a diamond Berkovich tip. Sample conditioning and preparation processes are
depicted in Figure 1. Fractured surfaces of the cement paste were also subjected to indentation after
immersion in acetone and vacuum drying. Polishing was avoided to minimize its influence on indentation
results and as a result several locations needed to be tested to collect sufficient data for statistical
analysis.

(a)
(b)
(c)
(d)
Figure 1: Sample preparation process for nanoindentation: (a) compact making with 100 kN
universal testing machine, (b) sample compact and die components, (c) sample mounted on
platform with crystal bond, and (d) nanoindenter
The Basic method was performed to find the elastic modulus of the synthetic samples. In the Basic
method, the hardness and modulus properties of the material are measured at a target indentation depth
(Agilent Technologies, 2013; G. Constantinides et al., 2003). For this study, a main target indentation
depth of 350 nm with a peak load hold time of 10 secs to account for creep and thermal drift was
implemented. The main target indentation depth of 350 nm was used to achieve optimum interaction
volume larger than the nanogranular globules (Georgios Constantinides & Ulm, 2007) but smaller than
the homogeneous isotropic region of a typical phase (Trtik et al., 2009). For homogeneous materials, a
larger indentation depth is not expected to have a great influence on indentation results. A total of 72
points were performed on each C-(A-)S-H sample. A Poisson’s ratio of 0.24 as adopted by other
researchers for C-(A-)S-H was applied in the stiffness calculation (Georgios Constantinides & Ulm,
2004). Silicon dioxide was used as a reference and to verify the accuracy of the method and the tip. As
both elastic and plastic deformations concurrently occurred during indentation loading, only the initial
unloading portions of the load-displacement curves were used in the elastic modulus calculation (X. Li
& Bhushan, 2002).
The effective indentation modulus (Er), which takes into account deformation of the indenter during
loading, can be found from Eq. 1, respectively (Velez et al., 2001).
Er = S√π/(2 β√A)

(1)

where A is the projected contact area which is a function of indentation depth upon surface contact, S
is the contact stiffness derived from the initial portion of the unloading curve, and β is a correction factor
for indenter geometry (1.034 for Berkovich tip (Agilent Technologies, 2013). The elastic modulus of the
material (Ep) is obtained using Eq. (2):
1/Er = (1-υ2)/Ep + (1-υi2)/Ei

(2)

where υ is the Poisson’s ratio for the test material, Ei and υi are the elastic modulus and Poisson’s ratio,
respectively, of the indenter. For a diamond tip, Ei = 1141 GPa and υi = 0.07 (Agilent Technologies,
2013).

2

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.5

Raman spectroscopy

Raman spectra for all samples prepared under different conditionings and pressures were recorded with
a confocal Raman microscope (alpha300 RA from WITec GmbH, Ulm, Germany) under a 488 nm laser
source and a lens-based spectrometer with a CCD camera over a spectral range. The detector used
was a SP2300i from Princeton Instruments (Acton, MA) equipped with a triple grating turret and Peltier
cooled at -60°C. Detectors with 1800 l/mm graze for high resolution scanning from 100 cm -1 to 1200 cm1 were used. Calibration was performed on a silicon wafer using the 520 cm -1 emission band. Point data
acquisition in Confocal Raman mode was performed with an integration time of 5 sec and overaged
over 10 scans. Data analysis was obtained using the Project 5.0 software from Witec. First
wavenumbers of the spectra were recalibrated to achieve the Rayleigh band to a value of zero by
changing the excitation wavelength. Then, Raman signal analysis was initiated with the following steps:
(i) Cosmic Ray Removal, (ii) data smoothing with Savitzky-Golay function, (iii) background subtraction
with a shape size between 30-60, and (iv) peak assignment.
1.6

Scanning electron microscopy (SEM)

SEM of selected pressured samples was conducted with Quanta FEG 450 under back scattered electron
(BSE) mode to observe surface porosity and indented regions. Images were captured at 3 kV with a
probe current of 2.5 nA.
2.
2.1

RESULTS
Powder compression and unloading

Typical compression responses of the C-S-H powder samples loaded to different ultimate pressures are
depicted by conventional stress-displacement curves in Figure 2. It is observed that the stressdisplacement responses of the three samples exhibited a similar trend although the curves did not
overlap, attributable to different levels of the initial manual compaction. As the stress increased, the
slopes of the curves also increased as a result of sample densification. Squashing of particles and a
reduction in inter- and intrapartilculate voids and bonding occurred and a cohesive mass was formed
(Leuenberger & Rohera, 1986). Toward the end of the compression, holding the loading platen when
the target load was achieved led to a decrease in the resulting stress, attributable to particle
rearrangement and consolidation. Highlighted in Figure 2 is also a sudden small jolt in loads due to a
slight misalignment occurring when the plunger’s bottom end reached the hollow of the sample
compartment.

300
A0-RH11-P1-T30
A0-RH11-P2-T30
A0-RH11-P3-T30

250

Stress (MPa)

200

150

100

50

0
0

1

2

3

4

5

6

7

8

9

10

Displacement (mm)

Figure 2: Stress-displacement curves C-S-H samples loaded to different ultimate pressures of
95, 200 and 300 MPa
2.2

Thermogravimetric results

Weight loss and differential weight loss results for C-(A-)S-H and OPC paste samples are given in Figure
3. Early mass losses with endothermic peaks centered between 80-145 oC correspond to dehydration
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or mass loss of nanopore water and interlayer water in C-(A-)S-H system (Myers et al., 2015). Higher
humidity led to higher adsorption of water on the surface of C-(A)-S-H and thus resulted in more
prominent endothermic peaks in the vicinity of 100 oC for A0-RH75, A0-C20, A1-RH75 and A1-C20.
Dehydration of samples exposed to carbonation occurred over a shorter temperature range and this
was attributed to higher energy required to adsorb moisture to molecular surfaces and to less ability to
hold water of C-(A-)S-H carbonated phases (Johannesson & Utgenannt, 2001). Dehydration of gel water
from C-(A-)S-H occurred between 145 and 350 oC, as observed by other researchers (Kuzel, 1976). In
contrary to OPCWB55, there are no apparent peaks 460 oC for all C-(A-)S-H samples, indicating that
there is negligible Ca(OH)2 in the latter samples. The broad peak at 500 oC in both A0 and A1 was
attributed to the decomposition of C-(A-)S-H (Myers et al., 2015). Carbonation caused decalcination of
C-(A-)S-H, leading to the formation of calcium carbonates (CaCO 3) (Black, Garbev, & Gee, 2008) and
apparent endothermic peaks between 600-800 oC representing one or a combination of the three
polymorphs of CaCO3 (calcite, aragonite and vaterite) (Goto, Suenaga, Kado, & Fukuhara, 1995). A
slight carbonation occurred for both samples conditioned under a relative humidity of 75%, which may
have occurred during sample handling. At 810 oC, decomposition of C-(A-)S-H to wollastonite (CaSiO3)
(Trojer, 1968) were observed to occur in all uncarbonated C-(A-)S-H samples. No such decomposition
occurred for C-(A-)S-H under 20% CO2 environment, attributable to decalcination and removal of
calcium from the less stable C-(A-)S-H. An absence of the endothermic peak at 810 oC for OPCWB55
may imply that more stable C-(A-)S-H products were formed from cement paste. Similar profiles for both
relative sample mass and differential weight loss occurred for both A0 and A1 under freeze drying and
RH11. As compared to A0-RH75, A1-RH75 showed a mass loss profile that is more similar to those of
samples conditioned at lower humidity levels and could be attributed to the enhanced cross-linking of
C-(A-)S-H products with the presence of Al (Myers et al., 2015) and the resulting ability to accommodate
less water in the system.
(b) C-S-H with Al/(Al+Si) = 0.1

(a) C-S-H with Al/(Al+Si) = 0
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Figure 3: Thermal gravimetric analysis results for: (a) C-S-H, (b) C-A-S-H with Al/(Al+Si) = 0.1
under different curing conditions, and (c) OPC cement paste
2.3
2.3.1

Nanoindentation results
Load-indentation depth response

Load-indentation depth response for all the 72 indentation points of A0-RH11-T30-P1 are graphically
presented in Figure 4. A linear or elastic response is observed for the early stage of loading, after which
a combined linear-plastic response occurred. The 10 sec holding time led to deformation beyond the
350 nm target depth at constant peak load. A linear response was observed during the early unloading
branch and from this, the indentation or elastic modulus was estimated. Total unloading was initiated
when the residual loads reached 10% of the corresponding peak loads. It is also noted that selected few
curves exhibited ultimate deformations well exceeding those of other samples, possibly due to the
presence of pores at the tip of the indenter. A few other curves also showed irregularity with apparent
shoulders over the loading region, which could have been caused by a fracture or collapse of
surrounding solids during loading (Hu & Li, 2014). The irregular responses represented only about 10%
of the overall load-indentation depth curves and this implies that the direct indentation without polishing
could provide good quality data for analyses. For the purpose of this study, all the outliers were removed
before further analyses were performed.
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Figure 4: Load-indentation depth for A0-RH11-T30-P1 sample
2.3.2 Influence of conditioning
Relative frequency plots of elastic modulus results from nano-indentation are given in Figure 5 for A0
and A1 samples conditioned under freeze drying (VA), RH11 and RH75. The corresponding compacts
were prepared with a pressure of 95 MPa and a holding time of 30 minutes. The average elastic modulus
and standard deviation values for the individual nano-indentation tests are also given in Figure 5. It is
observed that freeze drying and 11% RH did not have a noticeable influence on the mechanical
properties of C-(A-)S-H due similar water retention levels achieved under the two conditioning regimes.
Increasing conditioning RH to 75% resulted in an increase in elastic modulus data. C-S-H exhibited a
12% increase in indentation elastic modulus from 5.98 GPa under freeze-drying to 6.71 GPa under 11%
RH. This could be attributed to an enhanced attraction or sliding of C-S-H sheets as aided by the
presence of moisture (Foley et al., 2012). C-A-S-H generally exhibited higher modulus as compared to
C-S-H and this could be attributed to a promoted cross-linking and polymerization of C-A-S-H (Myers et
al., 2015) or its different morphology and the associated compactibility characteristics. A foil-like and
coarser morphology was shown with X-ray ptychographic images for C-A-S-H synthesized at 80C, while
C-S-H synthesized was found to be more fibrillar (J. Li et al., 2019). The results are consistent with the
correlation between Al content and mechanical properties of Al-bearing C-(A-)S-H measured by highpressure XRD (Geng et al., 2017). Due to the typical normal distribution of the relative frequency plots,
no more graphs will be provided for the indentation results.
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Figure 5: Elastic modulus from nanoindentation for: (a) A0-VA-P1-T30, (b) A0-RH11-P1-T30, (c)
A0-RH75-P1-T30, (d) A1-VA-P1-T30, (e) A1-RH11-P1-T30, (f) A1-RH75-P1-T30
2.3.3

Influence of holding time

Average modulus values for A0-RH11-P1-T0 and A0-RH11-P1-T60 with holding time of 0 and 60
minutes were found to be 5.01 GPa (SD σ =1.69 GPa) and 6.67 GPa (SD σ =1.93 GPa), respectively.
It is clear that a longer holding time increased the elastic modulus of the compact. In comparison, under
the same conditioning environment, the average elastic modulus value for A0 samples was 5.72 GPa
for a holding time of 30 minutes. The enhancement of mechanical properties with holding time was
attributed to an increase in densification resulted from creep and densification of the matrix under
sustained pressure. A similar densification response to holding time was observed for Al2O3 powder of
different sizes (Wang, Chen, & Hirai, 2000).
2.3.4

Influence of pressing pressure

Average modulus values for A0-RH11-P0-T30, A0-RH11-P1-T30, A0-RH11-P2-T30, and A0-RH11-P3T30 minutes were found to be 4.71 GPa (SD σ =1.69 GPa), 5.72 GPa (SD σ =1.91 GPa), 11.98 GPa
(SD σ =3.08 GPa), and 18.55 GPa (SD σ =3.99 GPa), respectively. It is noted that increasing pressure
in preparing the compacts also increased the elastic modulus values, attributed to the densification of
the matrix under higher applied pressure. Interestingly, the data exhibited a wider spread with increasing
pressure. The standard deviation increased from 1.69 to 3.99 GPa when the pressure increased from
45 to 300 GPa. It is postulated that when the matrix became more densified, the modulus response
would be more sensitive to any inherent defect such as air voids, leading to a higher variation in the
modulus data. A plot for average elastic modulus against maximum applied pressure is given in Figure
6 and a linear relationship was revealed between the two parameters. With y-intercept set to zero, a
slope of 0.062 and R-square of 0.995 were obtained for A0 samples. It is also noted that for the same
pressure level and conditioning relative humidity, the modulus obtained in this study corresponds to very
low density (VLD) C-S-H with an average elastic modulus of 7.5±2.0 GPa as reported by other
researchers (Foley et al., 2012) and this could be attributed to the influence of silicate polymerization as
a result of different Ca/Si ratios used in the sample synthesis (Kim et al., 2013) and an absence of
Ca(OH)2 in the studied samples due to the adopted high water-solid ratio.
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Figure 6: Average elastic modulus values against ultimate applied pressures for C-S-H samples
conditioned under RH11
2.3.5

Influence of carbonation

Statistical results for A0 and A1 compacted samples conditioned under 20% CO2 and RH of 80%,
pressed to 95 MPa with a holding time of 30 minutes were found to achieve a mean of 3.0 GPa (SD σ
=1.47 GPa) and 3.26 GPa (SD σ =1.31 GPa), respectively. The data revealed that carbonation
considerably reduced the elastic modulus of both C-(A-)S-H samples. A reduction of 49.8% and 50.0%
in average modulus values were observed for A0 and A1 under freeze drying, respectively. Carbonation
was found to reduce overall porosity for cement paste due to the formation of higher molar volume
CaCO3 through carbonation of Ca(OH)2 and decalcination of C-(A-)S-H (Morandeau, Thiery, & Dangla,
2014). The reduction in porosity should lead to an enhanced mechanical response of concrete and its
binding phase. In contrary, the reduction in elastic modulus obtained from the nano-mechanical test
adopted in this study could be dominated by decalcination of C-(A-)S-H (Black et al., 2008) and a
resulting increase in porosity in the nano-size range of 2-7 nm (Johannesson & Utgenannt, 2001).
Consistently, a reduction in compressive strength of concrete under carbonation was shown by other
researchers (Atiş, 2003).
2.3.6

Influence of nanoindentation test parameters

The strain rates were observed to have no noticeable influence on the elastic modulus results. Statistical
results for A0-RH11-P1-S០, A0-RH11-P1-T30 (strain rate of 0.05 S-1) and A0-RH11-P1-S2 were found
to have means of 5.57 GPa (SD σ =1.91 GPa), 5.72 GPa (SD σ =1.91 GPa), and 5.59 GPa (SD σ =1.81
GPa), respectively. The findings imply that the mechanical properties of C-(A-)S-H is not dependent on
the loading rates in the range of 0.025 to 0.1 s-1. Tensile and compressive strength of concrete are
known to increase with increasing strain rate (Ross, Tedesco, & Kuennen, 1995). An absence of the
characteristic for the fundamental binding phase C-(A)-S-H under nano-indentation could be attributed
to relatively low strain rates implemented in this study or possibly strain-rate independence of C-(A-)SH.
2.3.7

Cement paste indentation results

Relative frequency plot of elastic modulus results of fractured surfaces of cement paste sample is given
in Figure 7. A total of 100 points were acquired. Deconvolution was performed using Gaussian fit with
Origin Lab and four major phases were identified. The average modulus values of 12.4, 24.6, 38.0 and
50.8 GPa could be assigned to low-density C-(A-)S-H with low Ca content (G. Constantinides et al.,
2003), low density C-(A-)S-H, high density C-(A-)S-H plus Ca(OH)2, and anhydrous clinker plus
hydrates, respectively (William Wilson, Sorelli, & Tagnit-Hamou, 2018). The data for low modulus were
ignored as they were postulated to arise from surface roughness and the presence of inherent surface
voids. It is also important to note that the phase modulus data obtained from cement paste were
generally much higher than the synthetic C-(A-)S-H. At a pressing pressure of 300 MPa, the average
modulus for the synthetic C-S-H was found to be only 18.55 GPa, less than the 24.6 GPa for low-density
C-(A-)S-H obtained from cement paste. It has been shown that the stiffness of C-(A-)S-H is dependent
on various parameters such as relative Ca content (G. Constantinides et al., 2003), Ca/Si molar ratio
(Pelisser et al., 2012) and the presence of other impurities in the phase (Chen et al., 2010; Hughes &
Trtik, 2004; William Wilson et al., 2018). In addition to the different chemical composition and impurities,
the higher modulus of OPC paste would be due to better phase bonding and packing density. Surface
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preparation and the associated roughness were also shown to have a great effect on nano-indentation
results of cement-based materials (Miller et al., 2008).
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Figure 7: Elastic modulus from nanoindentation for cement mature cement paste
2.4

Raman spectroscopy results

Figure 8 presents Raman spectra obtained for external surfaces of C-S-H and C-(A-)S-H compacts. The
broad peak in the 305.4 cm -1 region was attributed to the lattice vibration of Ca-O polyhedral (Garbev et
al., 2007). A band at 356 cm-1 was attributed to Ca(OH)2 (Tarrida, Madon, Le Rolland, & Colombet,
1995) and its absence confirms that Ca(OH)2 was not present in the system, consistent with TGA results.
The peak at 444.1 cm -1 was attributed to non-bridging oxygen atoms of SiO4 (Ortaboy et al., 2017) while
that at 600–700 cm-1 was due to the symmetric stretching motion or vibration of the Si-O-Si bridges
(Martinez‐Ramirez, Frías, & Domingo, 2006). The disappearance of peaks in the 600–700 cm-1 region
under 20% CO2 conditioning implies that the bridging was broken down under carbonation. A small peak
at 704.5 cm-1 under carbonation was attributed the remaining Si–O–Si bending vibration. The peaks in
the 900–1000 cm-1 region were due to C-S-H gel vibration (Martinez‐Ramirez et al., 2006). A weak
shoulder peak at 1075.3 cm-1 could be observed in C-A-S-H and was attributed to Si-O vibration at Q3
sites in the presence of Al (Ortaboy et al., 2017). Under carbonation, the peak totally disappeared due
to decalcination while a spectrum in the range of 1030-1100 cm-1 corresponding to C-O stretching
vibration (Martinez‐Ramirez et al., 2006) became prominent. It is also observed that the spectrum
corresponding to C-O spectrum existed in all samples, despite of different magnitudes, and this was
attributed to surface carbonation due to exposure to air after nanoindentation.
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Figure 8: Raman spectroscopy of (a) C-S-H, (b) C-A-S-H with Al/Al+Si = 0.1 under different
curing conditions
2.5

SEM results

Figure 9 showed BSE images of the surfaces of A0-RH11-P0-T30 and A0-RH11-P1-T30 compacts. It
is revealed that the grains of C-S-H and pores are more apparent in A0-RH11-P0-T30 prepared with a
lower pressing pressure of 50 MPa. The higher porosity led to the observed lower elastic modulus values
for the sample. The indentation map of A0-RH11-P1-T30 in Figure 9 (c) shows the prevalence of pore
underneath the indented regions and this is postulated to be the main factor accounting for the
distribution of micromechanical properties in a typical sample. Consequentially, over void regions, the
reduced effective bearing area would lead to a reduction in elastic modulus values. It is observed that
all indented regions were generally well defined with no presence of cracks or material pileup, thus
confirming the consistency and accuracy of the test data.

(a)
(b)
(c)
Figure 9: BSE images for showing (a) surface of A0-RH11-P0-T30, (b) surface of A0-RH11-P1T30, and (c) indentation map of A0-RH11-P1-T30
3.

CONCLUSIONS

In this study, nano-indentation was performed on compressed C-(A-)S-H powder. The influence of
various factors including conditioning environment, holding time for the applied pressure to create
compacts, pressure level, carbonation and indentation parameters on micromechanical properties was
investigated. TGA and Raman spectroscopy were also implemented to characterize chemical footprint
of the samples. From the results and discussion, the following can be concluded:






Pressed samples could be directly used in indentation without further polishing requirements.
Increasing conditioning relatively humidity (RH), holding time and compression pressure
enhanced compactibility and indentation modulus of C-(A-)S-H.
Carbonation caused decalcination of C-(A-)S-H to form carbonate polymorphs and led to a
significant reduction in indentation modulus of all the samples. Yet, the micromechanical
properties of C-(A-)S-H was found to be independent of indentation loading rates in the range
of 0.025 to 0.1 s-1.
In addition, compressed C-(A-)S-H powder generally yielded lower indentation modulus as
compared to hydrated cement paste, mainly attributable to different phase bonding, packing
density, chemical composition and presence of impurities.

The study demonstrated the various factors that could influence indentation results of compressed C(A-)S-H powder and the finding implied that comparison between indentation data from different
experiments or C-(A-)S-H powder under different preparation conditions could be a challenge.
4.
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ABSTRACT
A new experimental technique based on focused ion beam milling (FIB) and nanoindentation allows
assessing fracture data of hydrates directly via mechanical bending on a micro-meter scale. The
micro-beams were cut out using the FIB and loaded by nanoindenter. Load-displacement curves for
individual phases provide elastic modulus, tensile strength and fracture energy on the scale of a few
micrometers. The tensile strengths reached values of 264 MPa for outer product, 700 MPa for inner
product and 655 MPa for CH, respectively. Supremum fracture energies were in the range 4-20 J/m2.
The experimentally obtained values served for identification and validation of the multi-scale numerical
model that was built on three levels; C-S-H globules (1-100 nm), cement paste level (1-100 µm) and
level of internal defects (10 µm-1 mm) . Simulation of random packing of C-S-H globules reproduced
well experimental data, yielding tensile strength of the globule as 2500 MPa. A weak size effect was
found on the scale of C-S-H up to 1000 nm, signalizing high ductility and weak strain localization.
Internal defects in the form of entrapped/entrained air or shrinkage cracks reduce further tensile
strength by a factor of approximately 5 for mature cement paste with w/c=0.35.
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1.

INTRODUCTION

Elastic properties, tensile strength and fracture energy belong to basic mechanical properties used in
fracture mechanics. Standard testing involves properties assessment on centimeter to meter sized
samples whose dimensions are far above the size of microstructural heterogeneities. It is also well
known fact that cementitious materials exhibit quasi-brittle behaviour on wide range of scales.
Microstructure-based predictions that take microlevel heterogeneity into account need experiments at
a substantially smaller scale, at the level of micrometers.
By now, the mechanical quantification of microlevel components has been provided almost exclusively
by nanoindentation (Fischer-Cripps, 2002). This technique allows penetrating specimen's surface by a
sharp indenter leading to the evaluation of mechanical information from shallow depths, typically
below 1 µm on cement components. Nanoindentation has been successfully used to assess the
stiffness of individual phases at the submicron level of cement paste. The elastic moduli of anhydrous
clinker minerals were measured, for example by (Velez et al. 2001, Němeček 2009), the elastic moduli
of C-S-H phases (Tennis & Jennings 2000), low- and high-density C-S-H gels were firstly reported by
Constantinides and Ulm (Constantinides & Ulm 2004) and confirmed by other researchers on various
cementitious systems (Mondal et al. 2008). In this paper, we focus our attention to the basic
microscopic level of cement paste which spans the range from 1 µm to approximately 100 µm and
which forms the binder of all standard cementitious systems (Hlobil et al. 2016).
In this paper, we introduce a unique experimental method that allows cutting out a micrometer sized
cantilever beam using the Focused Ion Beam (FIB) milling technique from a heterogeneous
composition of cement paste (Němeček et al. 2016). High precision geometry of the beams is reached
with FIB. The beam is loaded in bending with the help of a nanoindenter and mechanical response is
determined. Careful selection of homogeneous-like regions allows assigning results to dominant
chemical phases, particularly the inner product and the outer product that are rich of C-S-H and
Portlandite (CH). From these tests, it is possible to determine tensile strength of the individual phases
and, in some cases, fracture energy needed to break the cantilever. The experimental part is a
stepping stone for the development for up-scaling and down-scaling models for fracture properties and
strength scaling. At second, we propose a three level numerical model for prediction of cement paste
tensile strength. In the down-scaling direction, identification of tensile strength of a C-S-H globule was
carried out. Smeared crack model with strain-softening was used in the framework of damage
mechanics. In the up-scaling direction, the tensile strength of C-S-H products is described well in
accordance with experimental evidence gained on micro-beams. The tensile strength of cement paste
is further reduced by internal defects whose size is in mm- and sub-mm range as shown at the end of
the paper.
2.

MATERIALS AND METHODS

2.1

Samples and material microstructure

Samples of well hydrated cement paste were prepared from pure Portland cement CEM-I 42.5R with a
standard chemical composition given in Table 1. Water to cement ratio used for preparation of the
paste was 0.40. Samples were cast into small cylindrical moulds and stored in water for 7 years, thus
the degree of hydration approaches 95%. Then, samples were cut into 5 mm thick slices and polished
with a metallographic procedure (Němeček et al. 2016) to get a flat and smooth surface with the
roughness of several tens of nm. Such surface is suitable for nanoindentation and FIB analyses. After
polishing, the samples were stored in an inert gas (argon) to limit carbonation besides testing times
when samples were exposed to ambient lab humidity 20-40%.
Table 1. Chemical composition of cement
Item

CaO

SiO2

Al2O3

Fe2O3

MgO

TiO2

K2O

Na2O

SO3

MnO

Ca f.

Wt. %

63.77

20.51

4.74

3.3

1.05

0

0.95

0.15

3.07

0.09

0
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At the level of cement paste (i.e. below 100 µm) the samples are characterized with a heterogeneous
microstructure composing mainly of the inner and outer products that are rich in C-S-H gels and
amorphous nano-crystallites of Ca(OH)2, then larger Portlandite crystals and a small portion of
unhydrous grains of clinker minerals, see Figure 1. These products can be distinguished in SEM-BSE
images. The inner product (mainly high density C-S-H mixed with other hydrates) occurs as rims
around anhydrous clinker particles or is located at the places of former clinker grains past full
hydration. The phase is characterized by dark grey colour in the back-scatter electron (BSE) mode of
SEM micrographs. The outer product (mainly low density C-S-H regions mixed with other hydrates and
small part of capillary porosity) are places of lighter grey colour with visible submicron porosity. The
outer product is often mixed with other phases like large CH crystals and clinker remnants that are the
brightest areas seen in BSE images. Inner product forms less portion of the sample volume (~28%)
while more porous outer product forms majority of the sample volume (~50%). Large Portlandite
crystals (CH) appear in the microstructure (~10%). The rest of the volume is occupied by unhydrated
clinkers (~3%) and capillary porosity (~12%) with the main pore radii in the level of 10-2 −10-1 µm, see
(Němeček et al. 2016) for details. The situation is illustrated in Figure 1. Approximate volume fractions
of the phases received from segmented image is shown in Figure 1b. Note that these fractions are just
approximate and depend on original SEM-BSE image pixel luminosities and on colour thresholding.

a)

b)

Figure 1. (a) SEM-BSE image of cement paste and (b) processed image with approximate phase
composition (blue= pores, red= CH, green= C-S-H, white= clinker)
2.2

SEM and FIB

After polishing, the samples were scanned and small micro-beams prepared with the FIB technology.
FEI Quanta 3D FEG dual beam instrument combining SEM and FIB was used for fabrication of all the
samples. The FIB technique uses a ﬁnely focused beam of gallium ions for precise milling of
microscopic samples with various geometries. For our purposes, the sample geometry was chosen to
be a cantilever beam of 20 μm length and triangular cross-section with approximate dimensions of 3 –
4 μm in height and width. The final milling step was done at an accelerating voltage of 30 kV and a
current of 1 nA. Details on the fabrication can be found in (Němeček et al. 2016). Part of the beams
was prepared with a notch at the fixed end. After FIB milling, the micro-beams were observed by SEM
to scan their actual dimensions and position in a particular microscopic phase. An example of the
milled beam is shown in Figure 2.
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Figure 2. Microbeam prepared in CH

2.3

Nanoindentation

Nanoindenter Hysitron Tribolab-700 system was used for characterization of mechanical response of
micro beams in two ways. First, standard imprints were performed in the vicinity of the beams to reveal
elastic properties of the tested phase. Secondly, the indenter was used as a loading tool to bend
cantilevers and record the force-displacement diagram in the displacement controlled regime. From
the diagrams, tensile strength ft have been calculated for unnotched beams as

ft 

Fmax Lh
,
3I y

(1)

the fracture energy Gf,sup was computed as

G f ,sup 

1
Af



wmax

0

Fdw

(2)

where Fmax is the maximum force measured by the nanoindenter, L is the cantilever length, Iy the
cross-sectional second moment of inertia, h the height of the triangular beam cross-section, wmax is the
peak deflection and Af is the fracture area (Af = bh/2 for the triangle, or taken from SEM images after
the rupture). Note that the fracture energy was computed as the supremum estimate based on the
assumption that the micro-beam shows no snap-back and that the maximum force corresponds to the
maximum energy release rate with a limiting stable crack propagation.
3.
3.1

RESULTS AND DISCUSSION
Microbending tests

Results of the micro-bending tests as recorded by nanoindenter and recalculated into non-dimensional
stress and relative deflection quantities, see Figure 3 and Table 2. It can be seen that the beams
behave approximately linearly up to the break and the steep brittle fracture like unloading branch.
Although the machine is depth-controlled, the stability of the post-peak control is not well maintained
and must be treated as approximate only. The tensile strength is, therefore, captured well while the
fracture energy estimate was calculated as the supremum estimate by (2). The results agree well with
previously obtained results of elastic properties of individual cement paste constituents (Němeček et
al. 2013) and also with energy calculations derived from bulk nanoindentation (Němeček et al. 2016).
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Figure 3. Results of micro-mending tests for individual phases

Table 2. Results from nanoindentation and micro-bending tests.
Property

Outer product

Inner product

CH

Young’s modulus (GPa)

24.9±1.3

33.6±2.0

39.±7.1

Tensile strength (MPa)

264.1±73.4

700.2±198.5

655.1±258.3

19.7±3.8

19.7±3.8

19.9±14.4

8

8

11

Fracture energy, supremum (J/m2)
Number of tests

3.2

Three-scale fracture model

Previously, a four-scale fracture model successfully validated compressive strength of cement pastes
with w/b0.157,0.680 after 1 day of hydration (Hlobil et al. 2016). The basic assumption of the model
was that the tensile failure of C-S-H globules leads to progressive failure on higher scales. At that
time, downscaling approach identified apparent uniaxial tensile strength of the high density C-S-H as
107 MPa, which is almost 7× lower than tensile strength measured from microbending tests.
Recently, a molecular dynamics model of C-S-H gel, formulated as cohesive polydisperse particles,
yielded tensile strength as C-S-HLD =550 MPa and C-S-HHD =720 MPa (Davie & Masoero 2015).
Those values are comparable with microbending tests in Table 2, considering that outer product
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contains certain portion of capillary porosity. AFM nanoscale investigation of C-S-H tensile strength
(modified C-S-HLD from alite hydration) yielded 930 MPa, which is again comparable with
microbending results (Plassard et al. 2005). In order to match current C-S-H experimental data with
the previous multiscale fracture model, strength scaling needs further improvement. In this regard, we
propose three levels, see Figure 4, where each level represents:




Level 1: CSH. C-S-H globules are intermixed with gel pores.
Level 2: Cement paste. Level 1 acts with capillary porosity, other hydration products,
unreacted clinker, unreacted SCMs.
Level 3: Defects. Level 2 is enriched with defects in the form of cracks and air voids.

Figure 4. Three-level hierarchical multiscale model
3.3

Material model for compressive and tensile failure

Material model used in following simulations utilized the framework of isotropic damage mechanics
with the stress-strain law

σ  (1  )D : ε

(3)
where σ and ε denote stress and strain tensors, D stands for elastic stiffness tensor and ω denotes
damage parameter reducing the stiffness due to damage evolution. The damage parameter ω lies in
the range <0;1>; ω=0 corresponds to untouched virgin material and ω=1 to fully damaged material
with no capability of sustaining any stresses. Evolution law for ω depends on history of the strain
tensor through so called equivalent strain  which is a scalar function measuring level of strain at a
given point. The micro-cracks start to grow when  reaches its critical value (usually equals to the
largest strain level reached in the loading history of the material). Different definitions of equivalent
strain enable for modelling different mechanical behaviour. In our model, combination of Rankine and
Griffith criteria is used (Griffith 1924). Rankine criterion is defined as



1

(4)

E

where σ1 is the maximal (tensile) principal stress and E is Young modulus, provides control of strain
evolution in tension. Griffith’s criterion, on the other hand, controls strains in compression and it is
defined as

 

1 ( 1   3 )2
n E ( 1   3 )

(5)
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where σ3 is the minimal principal stress and n is a ratio between compressive and tensile strength of
the material and plays a role of a free parameter (by Griffith’s derivation is 8 for brittle materials). The
micro-cracks start to grow when one of the two criteria is fulfilled. Up to that point, the material is
assumed to be linearly elastic.
The post-peak behaviour is based on a smeared crack model where a network of microcracks is
replaced by an equivalent cohesive crack. The normal stress perpendicular to the crack is related to
the crack opening rather than to a crack strain in order to circumvent problems with strain localization
and mesh-size dependence. Resulting objective description of the softening shape of the stress-strain
relation is known as a cohesive law. Various types of softening can be considered, we adopted the
linear form as


w
  ft 1 
 w
f






(6)

where σ represents stress perpendicular to the crack, w is a crack opening related to equivalent strain
through w  h and h is related to finite element size using crack-band approach. Maximal crack
opening wf corresponds to fully open crack, transmitting no stress. The evolution law for the damage
parameter can be obtained with the help of simplifying assumption that the stress acts on the crack
mainly in a direction of the maximum principal strain, perpendicular to the crack. Such assumption
leads to relation   (1   )E and finally, combining with (6)
2
  0   hE 0 
  1   1 

    2G f 

(7)

where  0  f t / E is the equivalent strain at peak stress and 2G f  ft w f is the fracture energy. Note
that (7) contains element size in order to remove the mesh sensitivity.

3.4

Results for C-S-H level (Level 1)

This level considers C-S-H globules intermixed with gel pores. Spatial distribution is random and
volume fraction of C-S-H globules depend on packing densities. A single globule is described only by
its position vector without any rotational degree of freedom, i.e. possible orientation of the globule is
neglected. The C-S-H globule corresponds to one pixel. The simulations use pixel size of 3.333.33
nm, placed in a regular mesh 3030, representing 100100 unit cell, see Figure 5. This size provides
reasonable balance between micro-structure variability and computational efficiency. Each pixel is
represented by a quadrilateral linear element. Figure 5 shows characteristic microstructures of C-SHLD and C-S-HHD. Boundary conditions are assigned as periodic on horizontal sides, ensuring to
impose uniaxial macroscopic stress when loaded by vertical eigen-strain.

Figure 5. Microstructures 100100 nm made from 3030 pixels. Green colour represents the
C-S-H globule, black stands for lumped gel porosity. Packing density of 0.63 corresponds to CS-HLD (left), packing density of 0.74 shows C-S-HHD (right).
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Strength scaling depends on packing density, see Figure 6. Theoretical tensile strength of C-S-H
globule was determined by downscaling from atomistic simulations (Davie & Masoero 2015) and
microbending tests to C-S-H globule, yielding 2500 MPa (disjoining pressure is considered implicitly).
Introducing packing density =0.63 for C-S-HLD led to ft=248.1 MPa and =0.76 for C-S-HHD resulted
in ft=464.16 MPa. Each value of packing density corresponds to mean value of 10 random
realizations.

Figure 6. Strength of C-S-H gel depending on packing density. C-S-HLD and C-S-HHD are marked
with black circles. The blue whiskers-boxes represent experimental results obtained from
micro-bending tests.
3.5

Results for Cement paste level (Level 2)

NIST database provided µCT images which served as a starting point for simulations (Bentz et al.,
2002). Voxel size is 0.95 µm. Absorption of X-ray correlates with material density, therefore, pores
with negligible absorption appear as black voxels, unhydrated cement particles as white (density 3.043.73 g/cm3). Hydration products have similar density and they cannot be distinguished based on X-ray
absorption only.
Detailed study considered only one cement paste with w/c=0.35 ratio at time 136 hours. CEMHYD3D
model provided further information about the paste; degree of hydration 0.60, clinker volume fraction
0.18, capillary porosity 0.22, C-S-H volume fractions 0.37, other hydration products 0.23. Figure 7
shows original and filtered µCT image with thresholded microstructure. Hydration products were
segmented randomly into C-S-H and other hydration products. In addition, Figure 7 displays a
characteristic slice from CEMHYD3D model for a comparison.

Figure 7. Characteristic µCT image 200200 pixels for w/c=0.35 and t=136 h (left) and
corresponding thresholded image (middle). Black colour corresponds to porosity, white colour
represents unhydrated clinker grains, blue colour stands for CH and other hydrates and green
colour stands for C-S-HLD. Microstructure from CEMHYD3D model (right) segmented to four
phases, size 100100 µm.
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Statistical size-effect was tested on 2D microstructures cut out from thresholded µCT image, see
Figure 8. In order to speed up computation, one finite element represented four pixels from µCT
image. The maximum size was 400400 finite elements, representing overall 760760 µm size. The
results show that the average tensile strength at 95 µm, ft,95=42.8 MPa decreases to ft,760=32.1 MPa
for 760 µm size. Extrapolation to 950 µm leads to ft,950=31.1 MPa thus the scaling coefficient for one
order of magnitude is 42.8/31.1=1.38.
Similar paste with ID 1499 in our database Cembase shows splitting tensile strength of 7.3 MPa. It is
evident that statistical size effect as such cannot explain mismatch between simulation (31.1 MPa)
and macroscopic experiment (7.3 MPa) and other strength-decreasing mechanisms must exist.

Figure 8. Statistical size-effect on w/c=0.35 hydrated for 136 hours.

3.6

Results for Level with internal defects (Level 3)

Internal defects can reach several mm as demonstrated on macro-defect-free cements (Birchall et al.
1981). A single defect can decrease tensile / compressive strength substantially. The effect of internal
defects was carried out on 2D microstructures with an embedded crack of length 80-1600 µm. Those
microstructures were loaded in a perpendicular direction to the crack where the matrix had Young's
modulus 10 GPa and Gf 3 J/m2, see Figure 9. The results show that crack length 1.0 mm decreases
strength 5 which is the missing link in correct strength scaling.

Figure 9. Microstructure 32003200 µm with embedded crack of size 640 µm. The legend
shows isotropic damage in the material. Impact of crack size on tensile strength reduction.
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4.

CONCLUSIONS

A new experimental technique and numerical methods show that
1. Microbending tests carried out on micro-meter sized cantilever beams present a new
technique for assessing fracture properties directly on heterogeneous components of cement
paste.
2. Identification of C-S-H globule tensile strength yielded 2500 MPa by means of downscaling.
3. Internal defects of mm size exist in cement pastes, decreasing several times tensile and
consequently compressive strength. Introducing the level of internal defects allows then
correct upscaling from molecular simulations and microbending beam tests to measured
macroscopic tensile strength. Origin of internal defects lies likely in entrapped air and chemical
shrinkage causing microcracks. Statistical size effect in the form of Weibull distribution cannot
explain correct strength decrease for cement pastes.
4. Further experimental data are needed focusing on internal defects using non-destructive
techniques such as µCT.
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ABSTRACT
The expansion of supersulfated cement (SSC) and Portland slag cement (PSC) is closely related to the
ettringite formation. Contour maps of slag-gypsum-Portland cement clinker system were designed to
organize the relationship between the ettringite formation and expansion, and to compare the
expansion behavior of SSC and PSC in ternary slag-gypsum-clinker system. Hydration, phase
evolution and ettringite crystallization were monitored through quantitative XRD and Pore solution
analysis. There was critical calcium sulfate and clinker content related to expansion of slag –gypsumclinker system. The preparation of SSC for controllable expansion should follow the strategy: high
gypsum content vs low clinker content; low calcium sulfate content vs high clinker content. The critical
SO3 content of PSC should not exceed 4.5% to avoid excessive ettringite formation. The ettringite
content was found to have a stronger correlation with expansion of slag-gypsum-clinker system.
Ettringite crystallization increases with the increase of calcium sulfate and clinker content, which can
account for the deleterious expansion caused by excessive ettringite formation. The comparison of
macroscopic tensile stress and measured tensile strength reveals the potential failure of slag-gypsumclinker system.
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1.

HINTRODUCTION

The replacement of supplemental materials could reduce CO 2 emissions of cement industry. The
introduction of blast furnace slag cement in cement has development the Portland slag cement (PSC)
and super sulphated cements (SSC), which are alternatives to PC due to their environmental benefits.
The SSC were made by ground granulated blast furnace slag, calcium sulphate and lime containing
components such as Portland cement or clinker (Singh et al.1995, Konsta-Gdoutos et al. 2003,
O’Rourke et al.2009). The PSC was made by ground granulated blast furnace slag, cement and calcium
sulphate (Gruyaert et al, 2010).
Understanding the microstructural development and prediction of the engineering properties based on
cement composition is significantly important. The ettringite formation is associated with many factors,
such as calcium sulphate type, sulphate content, the aluminate phase, temperature and water to cement
ratio (Whittaker et al. 2014, Luz & Hooton 2015, Rubert et al.2018). Among of them, calcium sulphate
and aluminates phases are the predominant factors influencing ettringite formation, expansive
behaviour, shrinkage compensation of slag-gypsum-clinker system.
Gypsum, bassanite and anhydrite are the common sulphate sources used in SSC (Erdem & Ölmez
1993, Magallanes-Rivera, 2014). Not only the calcium sulphate source but also the sulphate content
influences the ettringite formation (Rubert et al. 2018, Bijen & Niël E.1981). The SSC contains relatively
higher calcium sulphate content, as a result more ettringite forms during hydration compared to Portland
cement. Usually the SO3 content of PSC is below 4.5%, even not sufficient for completely ettringite
formation, resulting less ettringite content and even monosulfate phase forms in hydrated cement
matrices. The clinker content will also influence the ettringite formation. Generally, increase of clinker
could promote ettringite formation and strength development. Previous studies of SSC recommended
that the Portland cement clinker content should not exceed 5% and even previous studies have revealed
that the optimal Portland cement clinker for strength development of SSC was around 2% (Dutta &
Borthakur. 1990, Bijen & Niël.1981). For PSC, more clinker was needed for activation of the reactivity
of slag. There may be a counterbalance between the calcium sulphate and clinker content on ettringite
formation and expansion of slag – calcium sulphate-clinker system. Worries about deleterious
expansion or cracking risk by excessive ettringite formation is always present, though the SO 3 content
of PSC obviously lower than that of SSC. Few studies have considered the interaction or synergistic
effect of sulphate and clinker content on ettringite formation.
The formation of ettringite often results in volume expansion, though suitable expansion in a certain
range could maintain the volume stability of cement based materials. It is important that expansion
should be well regulated, especially in ettringite rich cements. Previous studies on expansion
mechanism associated with ettringite formation in cement systems have been done on many cement
types, especially Portland cements. The expansion of cement based materials could be induced by
ettringite formation, which brings solid volume increase (Odler & Gasser. 2010, Mehta.1973) Ogawa et
al. (1982) proposed that when ettringite precipitates on the surface of cement particles, it will bring
pressure which induces the expansion of cement. Another theory related to cement expansion indicates
that colloidal ettringite could absorb a large number of water molecules and cause repulsion between
particles, as a result expansion occurs (Mehta & Wang.1982). The absence of direct evidence for certain
expansion mechanism caused by ettringite formation has brought controversy conclusions. The
crystallization stress (Bizzozero et al. 2014, Chaunsali and Mondal. 2016) caused mainly by ettringite
formation has been introduced for expansion mechanism study of cement based materials. Biaaozero
et al. (2014) analyzed the calcium sulfoaluminate cement pore solution for ettringite saturation, high
gypsum content, high ettringite saturation index and high crystallization pressure. The results of Ref
(Hargis et al. 2018) show similar trend for hydrostatic stress for calcium sulfoaluminate cement, cement
with high gypsum content shows higher 1 day hydrostatic stress than tensile strength, hence cement
exhibits expansion.
The present work aims to consider the interactive roles of gypsum and clinker content on ettringite
formation and expansion of slag-gypsum-clinker system. The contour map was implemented to exhibit
the ettrigite content and expansion with various cement compositions. The crystallization stress from
ettringite formation was introduced to seek for the critical reason for deleterious expansion.
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2.
2.1

MATERIALS AND METHODS
Raw materials

The cement was prepared with Portland cement clinker, granulated blast furnace slag and natural
gypsum. Table 1 gives the chemical composition of them determined by X-ray Fluorescence (XRF).
2.2

Experiments and methods

2.2.1 Design of experiments
A ternary system was designed to organize the effect of various cement compositions on expansion and
ettringite content of of slag-gypsum-clinker system. From the contour map, the interactive or conflictive
effect of gypsum and clinker on ettringite formation and expansion could be well organized. The
composition of slag -gypsum-clinker system was shown in Figure 1. The sample coordinates are
indicated by the directions of the arrows; for example, the sample coordinate 70-10-20 indicates that the
sample contains 70% slag, 10% gypsum and 20% clinker.
2.2.2 Sample preparation
The w/c ratio of cement paste was 0.30. The samples were cured at 20 ± 1 °C during the first 24 hours,
and then the specimens were demolded and cured in water at 20 ± 1 °C. For pore solution and tensile
strength experiments, the paste cylinders were casted with same w/c ratio of 0.30.
2.2.3 Rietveld XRD analysis
The cement paste fragments were immerged in isopropanol for free water exchange and then dried in
an oven at 40oC before XRD analysis. Then the fragments were grinded to powders passing a sieve of
200 mesh. The XRD measurements were performed in a PANalytical X’Pert Pro MPD diffractometer in
using Cu Kα radiation. The rietveld refinement of the XRD patterns was performed by TOPAS Academic
software. A list of crystal structures were used in the rietveld refinement, such as alite (De la Torre et al.
2002), gypsum (De la Torre et al. 2004), ettringite (Goetz-Neunhoeffer et al. 2006), monosulfate
(Allmann 1977), calcite (Maslen et al. 1993 ), portlandite ( Chaix-Pluchery et al. 1987), tricalcium
aluminate (Mondal & Jeffery 1975), Corundum (Riello et al. 1997) and belite (Mumme, 1995). The cell
parameters, adsorption zero shift error, Lp factor, shape parameters, and phase scales were well
considered during the refinement. The internal standard method was used to determine the Amorphous
and Crystalline non-quantified (ACn) contents, and corundum was used as the internal standard.
2.2.4 Expansion measurements
Cement pastes with prismatic size (25 * 25 * 280 mm) was used for expansion measurements. The
cement specimen was demolded after 24 hours of hydration and then cured in water at 20 ± 1 °C. The
length measurements were taken on three cuboids for each sample, and the average of three was
calculated.
2.2.5 Pore solution analysis
To investigate the expansion mechanisms of cement samples, the pore solutions were analyzed. The
pore solution was taken by a high compressive pressure device to squeeze out the free water in the
pores. The compressive pressure for pore solution taken was about 400-600 MPa. The total
concentrations of the calcium, aluminate and sulfate were determined by the inductively coupled plasma
atomic emission spectrometry (PerkinElmer optima 8000). The pH value of pore solution was
determined by pH meter (TOLEDO FE 438) and then the hydroxide concentration was calculated.
The saturation index of solid hydration products was calculated by the ion concentrations, using the
Gibbs Free Energy Minimization software (GEMS 3.3). The saturation index (SI) can be expressed as
the formula below (Rothstein et al. 2002).
SI = ln (

K
)
K sp

(1)

The crystallization stress (σC) of ettringite can be determined based on Correns’s formula (Correns
1949):
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σ𝑐 =

𝑅𝑇
𝑣

K

ln (K )

(2)

sp

where R equals to 8.314 J/K/mol, T represents the absolute temperature (K), νis the molar volume of
ettringite (707 cm 3/mol), Ksp is the solubility product of ettringite. The macroscopic tensile stress from
ettringite precipitation can be determined by the model of Coussy (Coussy 2005), as shown in the
following formula below:

σ = bS𝑐 σ𝑐

(3)

Where b represents the Biot coefficient and 0.6 was chosen for cement pastes (Ghabezloo et al. 2008),
SC represents the volume fraction of ettringite in total pore volume and σc is the crystallization stress.
The volume fraction of ettringite, the total pore volume and capillary porosity were needed for calculation
of Sc. The weight fraction of ettringite in the hydrated cement matrix was determined by the rietveld
XRD. The volume fraction of ettringite was obtained by the conversion of ettringite content based on the
pore volume. The solvent exchange method was used to determine the capillary porosity of the cement
paste samples (Day &Marsh.1988). The cement samples were cut into small segments and immersed
in isopropyl alcohol for 24 h. The samples were dried at 40 oC in a vacuum desiccator. The capillary
porosity was calculated by dividing capillary pore volume by the sample volume. The capillary pore
volume was the volume of the removed water during the drying process.
Table 1. Chemical composition of raw materials (%)

Sample

SiO2

CaO

Fe2O3

Al2O3

SO3

TiO2

K2O

MgO

P2O5

Others

LOI

Slag

34.15

40.17

0.38

13.83

1.74

0.78

0.39

7.64

0.02

0.44

0.31

Clinker

22.81

66.59

3.18

3.70

0.48

0.27

0.76

1.69

0.10

0.23

0.25

Gypsum

2.41

31.89

0.11

0.09

44.97

0.15

0.48

1.55

---

0.49

20.17

Figure 1. Composition design in slag–gypsum–clinker system, the point with arrows shows the
composition of the sample.
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3.

RESULTS AND DISCUSSION

3.1

Expansion

Figure 2 a) shows the expansion of cement with high gypsum and low clinker content as a function of
time. The expansion ratio increased slightly with rise of gypsum content at a same clinker content. The
maximum of expansion is below 25* 10-4. Figure 2 b) shows the expansion of cement with low gypsum
and high clinker content as a function of time. The expansion also increased slightly with rise of clinker
content at a same gypsum content. Figure 2 c) shows the expansion of cement with high gypsum and
high clinker content. Obviously, the expansion of increased sharply with the rise of clinker and gypsum
content, even micro cracks were observed in these specimens. The above phenomena means that the
increase of gypsum and clinker content would increase the expansion, the counterbalance between
gypsum and clinker content for controllable expansion should be considered. Critical gypsum or clinker
content related to cement expansion should be further investigated.
The ternary contour of slag-gypsum-clinker system was used to express expansion ratio based on
various cement compositions as shown in Figure 3. There was obvious deleterious expansion area and
low expansion area based on the expansion value (50*10 -4) recommended by GB/T 2938-2008
(Chinese standard, 2008). Deleterious expansion will occur in cements with more calcium sulfate and
clinker. When the gypsum content is below 10%, there is no significant expansion regardless of the
clinker content. When more gypsum (>20%) was introduced, the corresponding clinker content should
be reduced below 5% to ensure the controllable expansion.
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Figure 2. Expansion of hydrated slag-gypsum-clinker system as a function of time (a) Cement
with high gypsum and low clinker content (b) Cement with low gypsum and high clinker
content (c) Cement with high gypsum and high clinker content
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Figure 1. Expansion contour of slag–gypsum–clinker pastes at 28 days.
3.2

Hydration characters and evolution of ettringite

From expansion contour, it can be conclude that the cement composition significantly influence the
expansion of slag-gypsum-clinker system. That is to say that the expansion is influenced by the
proportions of calcium sulphate, clinker and slags. For further investigation of expansion, hydration
evolution of cement with low clinker vs high gypsum content, high clinker vs low gypsum content, high
gypsum vs high clinker content was studied. Figure 4 shows XRD patterns of the selected cement
samples as a function of time. The sample 80-15-5 and 70-25-5 represent the SSC related samples with
high gypsum vs low clinker content. The sample 70-5-25 and 60-10-30 represent the PSC related
samples with low gypsum vs high clinker content. The sample 70-15-15 and 60-20-20 represent the
expansive areas related samples with high gypsum vs high clinker content.
For SSC cements with same clinker content as shown in Fig 4 a) and b), the main reflection of ettringite
was observed in all time span and the intensity grew slightly, which indicated an ongoing ettringite
formation. For sample 70-5-25, monosulfate rather than ettringite was observed, indicating that the 5%
gypsum is insufficient for ettringite formation. For expansive cements with high gypsum vs high clinker
content, the intensity grew slightly indicated increased ettringite contents as hydration going on (Figure
4 e and f).
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3.3

Relation between ettringite content and expansion

The formation of ettringite often results in volume expansion of cement based materials, especially in
ettringite rich cements. Doubts on expansion mechanism associated with ettringite formation in cement
systems have brought ongoing debate (Mehta & Wang.1982, Odler & Gasser 2010, Hargis et al. 2018).
There have been several attempts to find a relationship between the expansion and ettringite content of
cement based materials (Odler & Gasser. 2010, Chaunsali and Mondal. 2016).
Thee ettrigite content of cements after 28 days hydration was determined by the Rietveld XRD. Figure
5 a) exhibits the ettringite content contour maps of slag- gypsum-clinker systems after days of hydration.
The contour map were developed to evaluate the effect of complex interactions among different
compositions on ettringite content of hydrated cement matrix. It is interesting that ettringite contour has
the similar trend with the expansion contour (as shown in Figure 3), the high ettringite content area
coordinates with the high expansion area. The ettringite content of SSC related samples is from 1017%, obviously higher than that of the PSC related cement sample. Figure 5 b) compares the expansion
against the ettringite content, the results reveal that the expansion increased with the increase of
ettringite content. However, the expansion increased sharply when the ettringite content exceeds 20%.
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3.4

Pore solution chemistry and stress from ettringite crystallization

Table 2 exhibits the pore solution chemistry of hydrated cement at 28 days and saturation index of
ettringite. As expected, the Ca and S concentration of samples with more gypsum was found to be
higher than that of samples with less gypsum. Another key factor that affects ettringite saturation is the
clinker content, namely the pH value. The pH of chosen samples reveals that more clinker leads to high
pH. Aluminum concentrations in the pore solution of cement samples were found to be obvious different,
and all of them was lower than 1 mmol/L. The Al concentration in SSC related samples was extremely
lower than the other samples.
The calculation of macroscopic tensile stress has been developed based on the methods shown in the
materials and methods section. Figure 6 shows the macroscopic tensile stress and measured splitting
tensile strength of selected cement samples at 28 days of hydration. The macroscopic tensile stress of
sample 70-15-15 and 60-20-20 was higher than that of the other samples. Even the macroscopic tensile
stress of 70-15-15 and 60-20-20 was higher than their splitting tensile strength, indicating risk of
cracking. Furthermore, the crystallization stress was found to be lower or similar than the tensile strength
for cement with less clinker or less gypsum. The prediction suggests that SSC and PSC related cement
samples are unlike to crack, as long as the gypsum or clinker content is well regulated. For PSC, the
SO3 content should be restrained below 4.5% to avoid the excessive ettringite formation. For SSC, the
acquirement of expectable expansion and optimal strength development of SSC should counterbalance
the gypsum and clinker content: combination of high gypsum content vs low clinker content or low
calcium sulphate content vs high clinker content was recommended.
Table 2. Pore solution chemistry of hydrated cement at 28 days and saturation index of
ettringite (%)
Slag-gypsumclinker

Ca
(mmol/L)

Al
(umol/L)

OH
(mmol/L)

SO42(mmol/L)

pH

Ettringite
saturation index

70 – 25 – 5

15.91

0.637

22.39

36.50

12.66

0.523

80 – 15 – 5

11.12

0.893

17.38

33.29

12.53

0.316

70 – 15 – 15

2.777

67.70

69.18

12.37

13.17

2.86

60 – 20 –20

11.33

44.32

129.67

21.97

12.98

3.74

60 – 10 – 30

0.454

105.89

151.35

1.58

13.11

1.15
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Fig. 6. Comparison of crystallization stress and splitting tensile strength of cement pastes at 28
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4.

CONCLUSIONS

The following conclusions from this study can be drawn:
The expansion of slag –gypsum-clinker system was significantly influenced by both the gypsum and
clinker content. When more gypsum was introduced in SSC, the clinker content should be reduced to
ensure the controllable expansion. For PSC, the critical SO3 content should not exceed 4.5% to avoid
excessive ettringite formation.
An increase of gypsum and clinker content increased the macroscopic tensile stress from ettringite
crystallization, which cam account for the occurrence of deleterious expansion in cement with high
gypsum content and high clinker content.
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ABSTRACT
In this paper, the influence of CKD (cement kiln dust) on the chemical and physical properties of OPC
and slag cement was studied. The reference cements used in this experiment were CEM I 42.5R,
CEM III/A 42.5N (54wt% of slag), obtained from the one of the Polish cement plant. The chemical
compositions of CKD and reference cements were determined. The CKD replacements in addition to
reference cements was 0, 0.7 and 1.7wt% to satisfy the chlorine ions concentration less than or equal
to 0.1wt% in all blended cements in accordance with standard PN-EN 197-1. The chemical analysis of
cement binders were followed by determination of insoluble residue as well as loss on ignition,
chlorine, alkalis and sulphate contents. The physical properties of cement binders were examined
including hydration heat, water for normal consistency and initial setting time, compressive strength
and microstructure. The results showed that substitution of cement with CKD up to 1.7wt% has not
significant effect on the properties of cement according to standard PN-EN 197-1. At 1.7wt% of CKD,
the blended cements represent the same strength class as compared to that of reference cement
without CKD. In conclusion, the CKD may be used as partial substitution of Portland, without negative
influence on their physical and mechanical properties.
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1.

INTRODUCTION

The cement kiln dust (CKD) forms in cement plants during the manufacturing process, when the cement
kiln’s temperature is ranging between 800 and 1000°C (Lea 1983). It is collected from cement kiln
exhaust gases and consists of entrained particles of cement clinker, unreacted and partially calcined
raw materials and fuel ash enriched with alkali sulphates, halides and other volatiles (Abeln et al. 1993).
The chemical composition of CKD is similar to that of raw materials used in the production of Portland
cement clinker. An important difference is the higher content of volatile components: alkalis (K2O and
Na2O), sulfur and chloride in CKD (Daugherty & Wist 1975, El-Didamaony et al. 1993, Haikal et al. 2002,
Adasaka & Taubert 2008, Pavia & Regan 2010). Its main phase component is calcium carbonate
(CaCO3), but there are also, in a smaller amount, quartz (SiO2), anhydrite (CaSO4), alkali sulphates and
chloride compounds, for example KCl, NaCl, KNaCl2 (Abd El-Fattah & El-Didamony 1981).
The CKD are characterized by high variability of parameters, for example they exhibit high chemical and
granular heterogeneity. Their properties is varied based on the initial fed raw materials used and the
type of fuel, clinker production technology or the method of dust removal.
Approximately 30 million tons of CKD are produced worldwide each year (Dyer et al. 1999), and finding
a way to use or dispose of this material has become a rather urgent problem for the cement
industry. Some CKD can be returned to the kiln as raw mix, but this is limited by the tendency for the
recycled CKD to increase the alkalis and chloride contents of the cement clinker to unacceptable
levels. High alkalis contents can promote deleterious reactions with aggregate particles that damage
the concrete, while chloride ions corrode reinforcing steel.
Because CKD contains a high proportion of soluble alkalis, this material may be used as a potential
activator for blended cements containing pozzolans and and hydaulic slags. The alkalis present in CKD
may play an important role in activating of aluminosilicate-containing minerals, fly ash and slag, when
CKD is used as a major component in such binder systems (Wang at al. 1994, Palomo at al. 1999, Shi
& Day 1999).
The addition of CKD to cement causes the increase in water needed to obtain standard consistency
cement paste (Najim et al. 2014). This is probably attributed to the high ability of CKD in absorbing
mixing water due to the free lime content of CKD in comparison with OPC, that is, the CKD has higher
hydraulic modulus (%CaO/(%SiO2+%Al2O3+ %Fe2O3). The produced lime is very active component that
rapidly react with water to produce Ca(OH)2.
Dyer et al. (1999) studied the properties of cementitious binders containing CKD, pulverised-fuel ash
and Portland cement. For a given Portland cement content, optimum strength is achieved in blends
containing approximately 10% cement kiln dust for Portland cement levels up to 80%. Beyond this level
a CKD/fly ash ratio of one is optimal. The isothermal conduction calorimetry results and measurements
of calcium hydroxide levels indicate that this was due to an acceleration of the reactions of the blend
constituents by the dust.
The physical properties of cement CEM III in the presence of CKD was analysed by Heikal et al. (2002).
The results confirm that the required water of normal consistency is increased with the content of CKD
in blend. The addition of 2.5wt% CKD to slag cement retards the initial and final setting time due to the
excess of mixing water. With the increase in the amount of cement dust from 7,5 to 10wt%, the initial
and final setting times are accelerated. This may be due to the increase in the amount of excess alkalis
in CKD, which act as a good activator for the hydration of granulated slag.
In Poland, the cement kiln dust may be used only as nonclinker component of cement, in content no
more than 5wt% of cement according to standard PN-EN 197-1 (2012). The higher proportion of CKD
in cement blend is impossible due to the limitations of the total concentration of alkalis and Cl- ions in
cement. The alkalis concentration (K and Na) in cement is limited by national standard PN-B-1970
(2013). The content of alkalis in Portland cement CEM I, expressed as Na2Oeq, must be below 0.6wt%,
and the content of reactive alkalis is limited to 0.30-0.47wt%. This excludes the ASR alkaline reaction
in the leading to the destruction of concrete. The introduction of blast furnace slag increases the
summary content of alkalis in cement blend, which in this case is limited to 2wt% by PN-B-19707 (2013).
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While the content of active The standard chloride content in the CKD is massively higher than that for
the OPC, therefore, the increase in Cl- content with increasing CKD replacement is clearly justifiable.
The total concentration of chloride in cement is limited to 0.1wt% in accordance to PN-EN 197-1 (2012).
This paper presents investigation the influence of cement kiln dust (CKD) addition on the physical and
mechanical properties of Portland and slag cement. The CKD was added to each of these cements in
amount of 0.7 and 1.7 mass%. The following properties of cement blends were analysed: the hydration
heat, standard consistency and initial setting time of cement pastes as well as the compressive strength
of cement mortars.
2.
2.1.

EXPERIMENTAL
Characterization of raw materials

The following raw materials were used in the investigations: the cement dust kiln (CKD) passed through
the cement’s kiln dust collection system, the Portland cement clinker, limestone, granulated blast
furnace slag and gypsum as an initial setting time regulation additive. The chemical composition of raw
materials as presented in Table 1.
Table 1. Chemical analysis of raw materials used in the experiment
Chemical
analysis
(wt%)
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
Na2Oeq
ClCaOfree

CKD
7.64
2.62
1.57
42.71
1.07
8.91
0.43
29.45

5.60
1.60

Portland
cement
clinker
20.32
4.57
3.01
65.55
1.01
5.02
0.17
0.33
0.39
0.018
1.42

Blast furnace
slag

Gypsum

39.61
6.86
1.13
43.96
7.17
0.33
0.42
0.50

21.60
5.27
3.47
66.78
2.22
0.29
0.15
0.22





0.020







Limestone
3.13
0.92
0.34
94.43
1.11
0.07






The mineral composition of Portland cement clinker as calculated by conventional Bogue’s equations
are C3S 63.03wt%, -C2S 11.04wt%, C3A 7.02wt%, C4AF 9.15wt% and CaSO4 8.53wt%. Content of
main phase component in this Portland cement clinker is typical for production of cement blends
according to PN-EN 197-1 (2012).
As it is show in Table 1, the CKD is characterized by high concentration of chlorides, alkalis and
sulphates as compared to Portland cement clinker, which may limit the possibility of using of this material
in cement production. Also the higher content of free CaO in CKD is visible.
Using CKD as a constituent of cement, the high alkalis content in this material has to be taken into
account. As it is shown in Table 1, the content of Na2O and K2O in Portland cement clinker is respectively
0.17 and 0.33wt%. The CKD is characterized by much higher concentration of alkalis, especially K2O,
which is increased to 29.45wt%. The total concentration of alkalis in CKD, expressed as Na 2Oeq is
19.81wt%, while that for OPC is below 0.4wt%.
The high alkalis content of CKD presents potential problems with alkali-silica reaction (ASR) between
the pore fluid and the aggregate in Portland cement mortar and concrete. However, an external supply
of alkalis increases the pH of the pore solution, which plays an important role in activating the
aluminosilicate containing material, for example blast furnace slag used in conjunction with CKD in
cement system (Konsta-Gdoutos & Shah 2003).
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In addition to higher amount of alkalis in CKD, the free CaO and sulphate contents may also influence
its interaction with blast furnace slag. During hydration of CKD, the free CaO immediately converse to
calcium hydroxide and the glassy phase of alumina in slag reacts with external sulphates to form
ettringite, which may has influence to development of early-age strength.
It should be also considered high concentration of Cl- ions in used CKD, of about 5.60wt% (Table 1).
Therefore, it is suggested to limit the amount of CKD in cement to 5wt%, and the chloride presents in
CKD will have not be increased risk for corrosion of reinforcing steel, making CKD concretes appropriate
for reinforced concrete. It should be taking into account that the chloride permeability is increased with
the increase in the CKD replacement of cement (Maslehuddin et al. 2007). The use of CKD should be
evaluated thoroughly prior to using it in reinforced concrete.
The reference cements used in the experiment were: CEM I 42.5R (further referred as CEM I) and CEM
III/A 42.5N (named as CEM III). Taking into account the percentage of Cl- ions in cement clinker and
slag and the acceptable chloride content in cement (0.1wt%) conforming to standard PN-EN 197-1
(2013), the maximum CKD additive in studied cement blends was 1.7wt%. Moreover, the dosage of
0.7wt% CKD was also used, which in turn gave a total amount of Cl - ions at the level of 0.05wt% in
cement blends. The CKD was added by reducing the amount of Portland cement clinker in the blend.
The composition of cement blends used in this experiment are presented in Table 2.
Table 2. The composition of cement blends used in the experiment
Component (wt%)
Cement code

Portland
cement
clinker

Blast
furnace
slag

CEM I

89.0

CEM I_0.7CKD

88.3

CEM I_1.7CKD

87.3

CEM III

41.0

53.5

CEM III_0.7CKD

40.3

53.5

CEM III_1.7CKD

39.3

53.5

Limestone

Gypsum

CKD

Blaine
fineness
(cm2/g)




4.5

6.5

0.7
1.7




5.5

4800±50

0.7
1.7

The all raw materials were stored at room temperature (approximately 25C). The cement blends were
prepared by grinding raw materials to surface area of 4800±50 cm2/g by Blaine method according to
standard PN-EN 196-6 (2011).
2.2. Experimental methods
Cement pastes for microcalorimetric studies are prepared by mixing water and cement for several
minutes. The w/c ratio in all samples is constant, 0.5. Hydration of cement pastes takes place in
differential microcalorimeter at 25°C for 72 h (a microcalorimeter BMR, Institute of Physical Chemistry,
Polish Academy of Science).
Measurements of standard (normal) consistency and initial setting time of cement pastes were made
according to procedure described in PN-EN 196-3 (2012), using manual Vicat apparatus. The standard
consistency of a cement paste was defined as the amount of water (in percentage by weight of dry
cement) that permits the Vicat plunger to penetrate to a depth of 62 mm from the bottom of the Vicat
mould. The initial setting time of cement paste of standard consistency was defined as that time which
will permit a Vicat needle to penetrate to a depth of 63 mm from the bottom of the Vicat mould.
The compressive strengths were determined on standard mortars (450 g cement, 1350 g standard sand,
w/c = 0.5) in accordance with PN-EN 196-1 (2016). For each mortar, the 3 prism specimens having
40×40×160 mm dimensions were prepared. Specimens were stored for 24 h in closed box, which was
filled with water to obtain high humidity. After 24h the samples were dismantled from the form and stored
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under water. At the required age of 1, 2, 7 and 28 days, the specimens were taken from their wet storage,
broken in flexure into two halves and then each half is tested for compressive strength.
3.
3.1.

RESULTS AND DISCUSSION
Microcalorimetric measurements

50
Total heat, Q(t) [kJ/kg]

Hydration heat generation,
dQ/dt [[J/gh]

The microcalorimetric curves, that is the rate of hydration heat generation versus time and the curve of
total heat generation as a function of time, are presented in Figure 1 and Figure 2 respectively for cement
CEM I and CEM III. Total heat liberated by the cement pastes after 24, 41 and 72 hours of testing are
given in Table 3.
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Figure 1. Calorimetric curves of cement pastes CEM I
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Figure 2. Calorimetric curves of cement pastes CEM III
Table 4. Hydration heat of cement pastes

Cement code

Total heat [J/g]
at 24 h

at 41 h

at 72 h

CEM I

178.9

236.7

287.5

CEM I_0.7CKD

186.8

247.8

299.8

CEM I_1.7CKD

179.0

243.0

292.8

CEM III

116.3

162.2

213.9

CEM III_0.7CKD

111.1

153.1

199.9

CEM III_1.7CKD

117.1

160.6

207.9

72
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Addition of CKD to Portland and slag cements does not change the hydration mechanism. The
microcalorimetric curves of cement paste with CKD show the amount of total hydration heat released
and the heat release rates over time do not differ significantly in the comparison to reference cement
paste without CKD.
In the earliest period of hydration, as soon as 15 min after start of reaction, the first maximum is occurred
on microcalorimetric curve. It correlates to hydration of Portland cement clinker and creation of products
such as C-S-H, C-A-H and Ca(OH)2 (so-called preinduction period). After that follows period of rest, the
hydration heat release is relatively small, but still measurable. The pH and Ca +2 ion content that had
rapidly increased during mixing period slows down dissolution of clinker phase. During this period, the
solution becomes saturated in Ca+2 ion, but Ca(OH)2 does not precipitate, most probably because of its
slow germination rate in comparison with that of competing C-S-H. For all cement pastes, CEM I and
CEM III (with and without addition of CKD) the induction period lasts about 2h.
Next period is characterized by sudden activation of hydration triggered by precipitation of lime when
there is almost no more silicate in aqueous phase. Dissolution of all Portland cement phases is
accelerated by sudden consumption of Ca+2 and OH- ions. Heat evolution starts to increase, slowly at
first (endothermic Ca(OH)2 precipitation), but more rapidly at later stage. Hydrated silicate and aluminate
phases start to create some interparticle bonding, resulting in progressive stiffening of paste.
The induction period of reference Portland cement CEM is between 90 and 185 minutes of hydration
and lasts 95 minutes (Figure 1a and Figure 2a). For reference slag cement CEM III, the induction period
is between 105 and 265 minutes and lasts 160 minutes, which is due to the partial replacement of the
Portland clinker by the blast furnace slag (Table 2).
The introduction CKD to the cements has not significant effect on the beginning and the end of induction
period during hydration of cements CEM I and CEM III (Figures 1a and 2a). For sample CEM I_1.7CKD,
the induction period is started after 90 minutes, and its end follows after 190 minutes of hydration (Figure
1a), which gives 100 minutes in length. For slag cement containing 1.7wt% CKD (sample CEM
III_1.7CKD), the induction period is between 85 and 235 minutes of hydration (Figure 2a), so its length
is 150 minutes. It means that 1.7wt% of CKD prolongs the induction period up to maximum 10 minutes
in comparison to reference cement without CKD, which indicates that CKD can be considered as inert
additive to the cement.
Small disproportions in the value of hydration heat generation after 24, 41 and 72 hours have been
noticed, but they are only few percent. After 41 hours, the total hydration heat of reference Portland
cement is 236.7 J/g and the Portland cement with CKD is 247.8 and 243 J/g respectively for 0.7 and
1.7wt% addition of CKD (Table 4). It means that this group of cements cannot be classified as low
hydration heat (LH) cements according to standard PN-B-19707 (2013), which limited total heat to 270
J/g after 41 hours. For prepared CEM III laboratory cements with or without CKD, the hydration heat at
41 hours of hydration does not 160 J/g (Table 4), which indicates that they are low hydration heat slag
cements. The low heat cement is specially blended to provide a lower heat of hydration in concrete. This
unique attribute makes it ideal for mass concrete pours where the rate of temperature rise and the
maximum temperature achieved must be controlled in order to reduce the risk of thermal cracking.
At the end of induction period, the alite and belite in the cement start to react, with the formation of
calcium silicate hydrate and calcium hydroxide. This corresponds to the main period of hydration (period
of maximum heat evolution), during which the cement strengths are increased. For Portland cement
group, the maximum hydration heat generation on the microcalorimetic curve is about 645 minutes of
hydration process (Figure 1a), and the heat value is 80.4 J/g for CEM I, 80.7 J/g for CEM I_0.7CKD and
73.4 J/g for CEM I_1.7CKD (Figure 1b). For slag cements CEM III, CEM III_0.7CKD and CEM
III_1.7CKD the maximum hydration heat generation is about 685 minutes (Figure 2a), and the heat
value is respectively 51.4, 51.6 and 51.2 J/g (Figure 2b).
3.2.

Standard consistency and initial setting time of cement pastes

The water demand for standard consistency and initial setting time of cement blends are given in Table
5. The water of consistency and setting time for Portland and slag cement paste contains variable
amounts of CKD are plotted as a function of CKD respectively in Figure 3 and Figure 4.
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The standard consistency of CEM I paste require less water (131.5 g water per 500 g of cement blend)
compared to CEM III paste (129.5 g water per 500 g of cement blend). Also, the addition of blast furnace
slag causes the prolongation of initial setting time of cement pastes.
The water demand of cement pastes CEM I and CEM III with CKD addition, expressed as a w/c ratio, is
increased for all used replacement percentage (Table 5). This may be attributed to the high amounts of
alkalis, sulphates and volatile salts as well as the higher surface area of CKD that require more water
and accordingly reduce the plasticity of paste (El-Aleem et al. 2005, Heikal et al. 2002). For CEM
I_1.7CKD paste, the water of consistency is increased by 4% in comparison to reference CEM I paste.
For CEM III_1.7CKD, the increase in water demand is 5% as compared to reference CEM III paste.
Table 5. Standard consistency and initial setting time of cement pastes

Cement code

Standard consistency
Cement [g]

Water [g]

Initial setting
time [min]

w/c [%]

CEM I

500

129.5

25.9

164

CEM I_0.7CKD

500

130.0

26.0

162

CEM I_1.7CKD

500

135.0

27.1

160

CEM III

500

131.5

26.3

185

CEM III_0.7CKD

500

132.0

26.4

180

CEM III_1.7CKD

500

136.5

27.3

175

27,5
27.5
CEM I

CEM III

w/c [%]

27,0
27.0

26,5
26.5
26,0
26.0
25,5
25.5
0

0,6
1,2
0.6
1.2
CKD content [%]

1,8
1.8

Figure 3. Water of standard consistency of cement pastes
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Figure 4. Initial setting time of cement pastes
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The initial setting time of reference Portland cement paste is 164 minutes, whereas the initial setting
time of reference slag cement is increased to 185 minutes (Table 5). The slag hardens very slowly and
hence reduces the hydration rate of cement blends. The slow rate of hydration in blast furnace slag can
be accelerated by increasing fineness of particles. However, it must be remembered that cements CEM
I and CEM III used in the experiment were prepared by grinding raw materials to comparable Blaine
fineness of 4800± 50 cm 2/g (Table 2). The greater elongation of initial setting time of CEM III is due to
dilution of Portland cement clinker portion in addition to the increase of water of consistency.
The introduction of CKD to both cements, CEM I and CEM III, causes the decrease in their initial setting
time up to respectively 160 and 175 minutes at 1.7wt% CKD dosage (Table 5). The lower setting time
of sample CEM I_1.7CKD and CEM III_1.7CKD is considered to be affected from the high amount of
alkalis in CKD, which accelerate hydration and lead to fast setting. Moreover, the decrease in initial
setting time of cements containing CKD may be also caused by considerably higher amounts of free
lime and sulphates in CKD, and immediate conversion of available free lime to calcium hydroxide, and
formation of ettringite crystals.
The greater shortening of initial setting time of slag cement paste is mainly due to the excess amount of
alkalis and lime which can accelerate the hydration of slag cement paste. In this case the K2O and Na2O
may increasing in activity pointes that leads to increase in C-S-H formed, which is the main cementing
phase. Moreover, the surface of CKD may serve as a nucleation site during the early hours of cement
hydration process. The initial setting time of CEM III_1.7CKD paste is decreased by 10 minutes as
compared to reference CEM III paste. In the case of CEM I_1.7CKD paste, the initial setting time is
decreased only by 4 minutes as compared to reference CEM I.
3.3.

Compressive strength of cement mortars

The results of compressive strength of all blended cement mortars CEM I and CEM III after are given
respectively in Tables 6 and 7. For each blend the measured compressive strength is an average of
three prismatic test specimens of 40×40×160 mm broken in flexural strength determination.
Table 6. Compressive strength of hardened mortar CEM I with CKD addition

Cement code

Compressive strength [MPa]
at 1 day

at 2 day

at 28 day

at 90 day

CEM I

11.4

24.5

56.4

59.6

CEM I_0.7CKD

13.2

26.0

58.7

63.2

CEM I_1.7CKD

13.5

27,3

60.4

66.0

Table 7. Compressive strength of hardened mortar CEM III with CKD addition

Cement code

Compressive strength [MPa]
at 1 day

at 2 day

at 28 day

at 90 day

CEM III

11.5

26.3

48.8

56.6

CEM III_0.7CKD

11.6

27.7

50.4

57.5

CEM III_1.7CKD

11.8

29.7

52.7

58.6

The compressive strength of cement blends CEM I and CEM III containing CKD as a partial replacement
of Portland cement clinker addition of CKD increases with curing time for all hydrated cement mortars,
which is demonstrated respectively in Figures 5 and 6.
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Figure 6. Compressive strength of hardened cement mortars CEM III up to 90 days
At 1 day of hydration, the compressive strengths of all slag cement mortars, with or without CKD, are
lower than those of Portland cement mortars containing the same amount of CKD addition. This is due
to lower content of Portland cement clinker in slag cement blends caused by partial substitution of this
component by blast furnace slag (all slag cements contain 53.5wt% of blast furnace slag – Table 2).
With time of hydration the increase in compressive strength of both hardened cement mortars containing
CKD is greater, which may be attributed to higher content of available free lime and sulphates in CKD
contributing toward higher strength of cements by forming the calcium hydroxide and ettringite phase.
The development of compressive strength of hardened slag cement mortars containing CKD is greater,
which is resulted from the increase of the hydration products and their accumulation such as C-S-H (the
main source of strength) within the available spaces giving a compact matrix with higher strength (Khan
et al. 2000). In addition, the increased values of compressive strength with the presence of CKD is
mainly due to the enhanced activation of the granulated slag fraction of slag cement with the alkalis
present in CKD leading to the formation of excessive amounts of hydration products. These hydrates
act as binding centres between the unhydrated parts of cement grains leading to relatively higher
strength values. Probably the blends containing higher content of CKD, the negative effect on the
mechanical properties will be obtained at later hydration ages as a consequence of higher contents of
alkalis, sulphates and chlorides of the blends having relatively higher CKD contents (formation of
sulphoaluminate, chloroaluminate as well as carboaluminate hydrates with low strength). Moreover, the
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increase in content of CKD causes the increase of w/c ratio and in, as a result, an increase in porosity
of cement matrix. Therefore, in the presented experiment the substitution of Portland cement clinker by
1.7wt% of CKD is acceptable.
The compressive strength values of all hardened mortars with the addition of CKD show differences,
which, however, do not effect on the strength class of these cement blends as compared to reference
cement without addition of CKD. In each case, they are still cements type respectively CEM I 42.5R or
CEM III/A 42,5N according to standard PN-EN 197-1 (2013).
It is advisable to restrict the quantity of CKD to 5%, as a replacement of Portland cement, from the both
the strength and durability view point.
4.

CONCLUSION

The paper presents the results of testing the properties of cements CEM I and CEM III containing CKD
up to 1.7% by mass of blend, which resulted from the limitation of the total amount of Cl - ions in cement
blends in accordance with PN-EN 197-1: 2012. The results of standard (normal) consistency and the
initial setting time of cement pastes with the addition up to 1.7wt% CKD does not show significant
differences with respect to cements without CKD. The compressive strength values of hardened cement
mortars with the addition of CKD shows some differences, but these differences do not affect on the
strength class of analysed cement blends. In each case, they are still cements CEM I 42.5R or CEM
III/A 42,5N. The results indicate the possibility of using CKD as a secondary additive for cements CEM
I and CEM III according to standard PN-EN 197-1, without affecting on their physical and mechanical
properties. However, the potential application of CKD as partial replacement of Portland cement in
mortar and concrete requires the control concentration of alkalis, sulphates and chlorides in it. The high
alkalis content of CKD presents potential problems with alkali-silica reaction. The use of CKD with high
chloride content may cause corrosion of steel in reinforced concrete. Also, the resistance of hardened
cement pastes to sulfate solution attack is decreased with the CKD addition as partial PC substitute.
The study of durability of cements were not carried out.
5.

LITERATURE

Abd El-Fattah WI & El-Didamony H (1981). Thermal investigation of electrostatic precipitator kiln dust.
Thermochimica Acta, Volume 51, pp 297-306.
Abeln DL, Scxhreiber RJ & Yonley C (1993). Detailed illustration of contingent management practices
for cement kiln dust research and development bulletin. SP115T, Portland Cement Association, Skokie,
IL.
Adaska WS & Taubert DH (2008). Beneficial uses of Cement Kiln Dust. Published as part of proceedings
of the 50th Cement Industry Technical Conference, Miami, United States of America, 19-22 Maj 2008.
Daugherty KE and Wist AO (1975). Review of cement industry pollution control, American Ceramic
Society Bulletin , Volume 54, Issue 2, pp 189-192.
Dyer TD, Halliday JE & Dhir RK (1999). An investigation of the hydration chemistry of ternary blends
containing cement kiln dust. Journal of Materials Science, Volume 34, Issue 20, pp 4975-4983.
El-Aleem SA, Abd-El-Aziz MA, Heikal M & El-Didamony H (2005). Effect of cement kiln dust substitution
on chemical and physical properties and compressive strength of Portland and slag cements. Arabian
Journal for Science and Engineering Volume 30, Issue 2B, pp 263-273.
El-Didamaony H, Helmy IM & Amer AA (1993). Utilization of cement dust in blended cement. Pakistan
Journal of Scientific and Industrial Research, Volume 35, pp 304-308.
Haikal M, Aiad I & Helmy IM (2002). Portland cement clinker, granule slag and by-pass cement dust
composites. Cement and concrete research, Volume 32, Issue 11, pp 1805-1812.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Heikal M, Aiad I & Helmy MI (2002). Portland cement clinker, granulated slag and by-pass cement dust
composites. Cement and Concrete Research, Volume 32, Issue 11, pp 1805-1812.
Khan MI, Lynsdale CI & Waldron P (2000). Porosity and strength PFA/SF/OPC ternary blended pastes.
Cement and Concrete Research, Volume 30, Issue 8, pp 1225-1229.
Konsta-Gdoutos MS & Shah SP (2003). Hydration and properties of novel blended cements based on
cement kiln dust and blast furnace slag. Cement and Concrete Research, Volume 33, Issue 8, pp.12691276.
Lea, FM (1983). The chemistry of cement and concrete, London, Edward Arnold Ltd.
Maslehuddin M, Al-Amoudi OSB, Rahman MK, Ali MR & Barry MS (2007). Properties of Concrete
incorporating Cement Kiln Dust. Conference: International Conference: Sustainable Construction
Materials and Technologies.
Najim K, Mahmod ZS & Atea Abdu-khaliq M (2014). Experimental investigation on using cement kiln
dust (CKD) as a cement replacement material in producing modified cement mortar. Construction and
Building Materials, Volume 55, Issue 5, pp 5-12.
Palomo A, Grutzeck MW & Blanco-Varela MT (1999). Alkali activated fly ashes: A cement for the future.
Cement and Concrete Research, Volume 29, Issue 8, pp. 1323-1329.
Pavia S & Regan CD (2010). Influence of cement kiln dust on the physical properties of calcium lime
mortars. Materials and Structures, Volume 43, Issue 3, pp 381-391.
PN-B-19707 (2013). Cement: Special cement. Composition, requirements and conformity. Polish
Committee for Standardisation, Warsaw, Poland.
PN-EN 196-1 (2016). Methods of testing cement – Part 1: Determination of strength. Polish Committee
for Standardisation, Warsaw, Poland.
PN-EN 196-3 (2012). Methods of testing cement – Part 3: Determination of setting times and soundness.
Polish Committee for Standardisation, Warsaw, Poland.
PN-EN 196-6 (2011). Methods of testing cement – Part 6: Determination of fineness. Polish Committee
for Standardisation, Warsaw, Poland.
PN-EN 197-1 (2012). Cement – Part 1: Composition, specifications and conformity criteria for common
cements. Polish Committee for Standardisation, Warsaw, Poland.
Shi C & Day RL (1999). Early strength development and hydration of alkali-activated blast furnace
slag/fly ash blends. Advances in Cement Research, Volume 11, Issue 4, 189-196.
Wang SD, Scrivener KL & Pratt PL (1994). Factors affecting the strength of alkali activated slag. Cement
and Concrete Research, Volume 24, Issue 6, pp. 1033-1043.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

СOMPLEX ADDITIVE THE CALCINED MIXTURE OF CLAY AND
LIMESTONE FOR BLENDED PORTLAND CEMENT
Elizaveta Ermilova a, Ravil Rakhimov b, Zagira Kamalova c , Pavel Bulanovd
Department of Building Materials, Kazan State University of Architecture and Engineering, Kazan,
Russian Federation
alizabeta_91@list.ru
brahimov@kgasu.ru
c zlesik@mail.ru
df_lays@mail.ru

ABSTRACT
The predicted increase the world production of blended Portland cement and the dosage of mineral
additives up to 30-40%, lead to an increase the volume of additives production and application.
Resources of currently used mineral additives do not provide the increasing their needs. The complex
additives which differ by the presence of a synergetic effect in the co-introduction of multiple mineral
additives play the great importance in the creation of blended cements. One of the promising directions
is the creation of complex additives based on the combination of calcined clays with limestone. But
sometimes there are clay impurities in carbonate rocks which adversely effect on properties of a
received cements and concretes. At the same time calcium carbonate contained in marl clays during
calcination allows to get high quality pozzolanic material.
The effective complex additive based on the calcined mixture of clay and limestone was the creation.
The optimization of parameters for obtaining the complex additive the mathematical experiment
planning was used. The calcination of mixtures based on the kaolinitic or polimineral clay and
limestone with the calcite content of 99% at a temperature of 720-800 ºС leads to form of C2S, and
also increase the quantity of an amorphous phase. The results of research show the influence of the
complex additive on blended cement stone properties. It has been established that strength of cement
stone with a complex mineral additive depends on the content of kaolinite in initial clay, and on
calcination parameters.
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1.

INTRODUCTION

One of the most effective and recognized approaches to solving problems in Portland cement industry
(high energy and resource consumption, polluting emissions) is the development of low clinker
blended Portland cement with mineral additives. The predicted increase the global production of
Portland cement, coupled with the increased dosage of mineral additives up to 30-40 %, leads to an
increase in the volume of additives production and application. In search of alternatives to traditional
mineral additives, recent times have engendered studies of the effectiveness of calcined clay
(Lothenbach B. et al. 2011, Ludwig H.-M. 2015, Nehdi M. 2001, Rakhimov R.Z. et al. 2015, 1st
International Conference on Calcined Clays for Sustainable Concrete 2015). The high efficiency of
metakaolin is proven (Habert G. 2009, Rakhimov R.Z. et al. 2015). However, because of their limited
resources and high cost, the search for affordable mineral additives has been expanded to include a
study of the effectiveness of calcined polymineral clays of widespread provenance containing little or
no kaolinite (Ibausil 2015, Proc. XIV International Congress on the Chemistry of cement 2015).
One of the more promising direction in the creation of complex additives for blended cements is
combinations of calcined clays and limestone (Lothenbach B. et al. 2011, Ludwig H.-M. 2015) in ratio
of 2:1 (clay : limestone) (Antoni M. et al. 2012).
At the same time carbonate rocks contain clay impurities with adverse effects on the resultant cements
and concretes properties. In 1920s, Weiner (Glinit-cement 1935) found that decomposition of the
calcium carbonate in mixture with clay occurs at temperatures lower than 910° C (temperature of
calcite dissociation). Gorland (Glinit-cement 1935) showed that, in the temperature range 660 to 810
°C almost all calcium carbonate contained in spondyl clay (marl clay) decomposed. According to Jung
V.N. (1988) calcium carbonate contained in marl clays in “close mix” with clay particles and during
calcination makes it possible to get the high quality glinite-cement. Ramachandran V.S. (1977) found
that in the temperature range 800 to 900 °C, dicalcium silicate begins to form especially in the mixture
of “clay-CaCO3” with pure oxides. Carbonate impurities dissociation with red-burnt clay composition
occurs at temperatures of 600-830 °C, with a maximum endothermic effect at 760-780 °C
(Voznesensky V.A. 1987).
The aim of this work was to obtain high-performance complex additives for Portland cement based on
calcined mixtures of finely divided carbonate rocks and polymineral clay.
2.

EXPERIMENTAL

2.1
Materials and characteristics
All experiments were carried out using OPC CEM I 42.5 N according to EN 197-1 (C3S-68.0; C2S-10.0;
C3A-3.7; C4AF-15). Kaolinitic clay (KC) and polymineral clay (PC) were selected for use. The specific
surface area is 500 m2/kg. The mineral and chemical compositions of the materials are presented in Table
1. Differential thermal curves of selected clays are shown in Figures 1 and 2. Limestone (L) has mineral
composition, by mass%: calcite – 99, quartz – 1.
Table 1. Mineral composition of clays
Mineral composition,
by mass (%)

Kaolinitic clay (KC)

Polimineral clay (PC)

Kaolinite

82,3

4,06

Quartz

17,7

35,8

Albite

-

14,79

Microcline

-

17,4

Montmorillonite

-

17,9

Chloride

-

4,1

Mica

6,0
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Figure 2. Simultaneous TG-DTA data the
polimineral clay

2.2
Methodology
The mixture calcination was conducted in the laboratory chamber furnace SNOL 7.2/1300 with a
vacuum fiber chamber. The heating rate for kaolinitic clay mixture was adopted equal to 10 °C/min,
and that for polymineral clay was 3 °C/min according the previous studies (Ermilova E. Yu. et al.
2017).
The experiments were carried out on sample cubes of cement stone with an edge length of 2 cm. The
physico-mechanical properties of cement stone of normal density were evaluated via variation of
compressive strength, water absorption and average density.
Calcined mixtures were introduced into the OPC in amounts of 20 % of its mass according to GOST
31108-2003 and EN 197-1:2000.
The thermal analysis of mixtures and blended cement stone were carried out using a combined
method of thermogravimetry (TG) and differential scanning calorimetry (DSC) using a thermoanalyzer
(Netzsch STA 449C) under continuous heating (40 to 1000 °C) of samples with a mass of about 35 to
40 mg at a rate of 10 °C/min in a flow (50 ml/min) of air in alundum crucibles. The temperatures of the
thermal effects were determined within an accuracy of ±1 to 3 °C, warmth - ±5 %, weight ±0.01 mg.
Determination the mineralogical composition of thermoactivated mixtures, relevant changes, and
hydration products identification were carried out by means of X-ray phase analysis on an automatic
X-ray diffraction D2 phaser (Bruker Company). For CuKα radiation, monochromatization (λ (Cu-Ka) =
1.54184 A) curved Johansson-type germanium monochromator, the mode of operation of a 40 kV, 40
mA X-ray tube was adopted. The experiments were performed at room temperature in the geometry of
Bragg-Brentano flat samples. Analysis and plotting of diffraction patterns were carried out using the
Bruker Diffrac Eva program.
The optimization of compositions and calcination parameters of complex additives was determined by
B3 plan experimentation on a hypercube with three factors.
3.

RESULTS AND DISCUSSION

To investigate the possibility of creating complex additives based on calcined mixtures and their
influence on properties of blended cement, the following mixtures were employed:
 mixture of kaolinitic clay and limestone (KC+L);
 mixture of polymineral clay and limestone (PC+L).
The specific surface area of mixtures was 500 m 2/ kg.
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3.1
Differential thermal analysis of mixtures
Research on the thermal reactions occurring in the artificial mixtures of clay and limestone was carried
out using differential thermal analysis.
According to Figure 3, during calcination, the endothermic effect corresponding to the loss of weakly
bound water in KC, as observed at 154 °C, is smoothed (Figure 1).

Figure 3. Simultaneous TG-DTA- DSC data the mixture of limestone and kaolinitic clay
The endothermic effect characterized the polymorphic aragonite transformation into calcite CaCO3 is
observed at 494 °C. Almost invisible, the endothermic effect in the temperature range 580 to 600 °C is
associated with kaolinite dehydration, while for the kaolinitic clay, this effect is clearly expressed
(Figure 1). The deep endothermic effect involving a large loss of mass (27.89 %) is typical for calcite
dissociation, and is observed much earlier in a mixture with clay than in clean calcite according to the
literature (Ramachandran V.S. 1977, Rovnanikova P. et al. 2011). This is confirmed by the results of
researchers (Ibausil 2015, Rovnanikova P. et al. 2011). However, the exothermic effect disappears,
hence characterized the kaolinite transformation into mullite (Ramachandran V.S. 1977, Rovnanikova
P. et al. 2011), which is observed at 990 °C for kaolinitic clay (Figure 1). Thus, the lack of distinct
peaks accompanying the endothermic effect of kaolinite dehydration, and the exothermic effect of
mullite crystallization indicates kaolinite binding in the presence of calcite in different connections.
Thus, the carbonate decomposition in the presence of clay occurs at temperatures below 810 °C. This
confirms the results presented in (Ramachandran V.S. 1977, Rovnanikova P. et al. 2011). The
common clay and carbonate calcination at the temperature range up to 800 °C makes it possible to
obtain qualitatively new thermoactivated material with not only pozzolanic but also hidden hydraulic
properties.
3.2
Optimization the mixture calcination parameters
The optimization of compositions and the calcination parameters of complex additives were
determined by B3 plan experimentation on a hypercube with three factors. The experimental factors
were arranged on three levels. The mathematical processing of experimental data was done
accomplished by a special program written on the VBA setting.
To improve the reliability of the statistical findings, the models’ adequacy was checked against two
criteria: the Fisher criterion and the average relative error criterion. The tabulated value of the Fisher
criterion for all models is Ftab > 19.2. For all models, Fсal(calculation) < Ftab, made them adequate for
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the Fisher criterion. Constructed models were adequate for the average relative error criterion,
because, for them, the relation is Aav < 10 %, which could be used for solving the optimization aspects,
where the value of limestone in the mixture (X1), the calcination temperature (X2), the calcination time
(X3) were determined, after which the maximum strength of the cement paste was reached at 7 days,
R7, and after steam curing RCS. After solving optimization aspects by Newton’s method in
combination with the method of penalty functions, the calcination parameters and the content of
limestone in a mixture were determined for all types of clay. Obtained results are presented in Table 2.
Table 2. Оptimal parameters for calcination and composition of calcined mixtures
№

Composi
tion

The content of
limestone in the
mixture, % by
weight

Calcined
temperatu
re, ° C

Curing
time,
hours

1

OPC

-

-

2

KC+L

40

3

PC+L

15

Cement stone properties
RCS,
МPа

ρ, kg/m3

w, %

-

60,0

2095

5,66

812

3,2

56,4

2231

4,69

800

3,1

60,8

2152

4,90

According to the Table 2, the optimal content of limestone additives in calcined mixtures is 40% and
15 %, respectively, for mixtures with kaolinitic and polymineral clays. The optimum content of
limestone in mixture with kaolinitic clay corresponds to the relationship between metakaolin and
calcium carbonate as 2 : 1 corresponding to the mass proportions of the chemical reaction of 1 mole
of alumina calcined clays with 1 mole of calcium carbonate in the presence of calcium ion excess in
aqueous solution to form 1 mol of calcium hydromonocarboaluminate. In the case with polymineral
clay, the calcined temperature reduction associates with an elevated content of alkali oxides causes
acceleration the reaction between active alumina and calcium oxide formed at thermal dissociation.
The optimum temperature of calcination of a mixture with polymineral clay is lower due to the high
content of alkali oxides in the clay.
3.3
Identification the calcined mixture products
Identification the calcined mixture products was effected by XRD. The resulting diffraction patterns
are presented in Figures 4 and 5.
In the calcined mixture of kaolinitic clay KC and limestone L (Figure 4), the estimated content of main
components amounted: calcite (40 %), kaolinite (49 %) and quartz (11 %). The estimated content of
components after calcination became: calcite (80 %), quartz (20 %), kaolinite (undetermined).
The actual content of calcite is 37.1 % (diffraction peaks with interplanar spacings d = (3.036; 2.494;
2.284; 1.875) Å), and of quartz is 59.25 % (diffraction peaks with interplanar spacings d = (4.462; 3,
3.347; 2.459; 2.130) Å), which is indicative of limestone transition into amorphous phases. The
theoretical content of the amorphous phase must be between the amounts contained in KC (30.5 %)
and in L (21.8 %), while the actual amount of content is 45.3 %. Therefore, the amorphous phase
contains not only the amorphized kaolinite, but also new formations from the interaction of kaolinite
and carbonate decomposition products (Ramachandran V.S. 1977). On the XRD pattern, the CaO is
not identified, but there are peaks with interplanar spacings d = (2.844; 2.566; 1.982) Å, corresponding
to β-C2S.
In the mixture of polymineral clay PC and limestone L (Figure 5), the estimated content of main
components amounted: calcite (15 %) and quartz (30 %). The estimated content of components after
calcination became: calcite (38.7 %) and quartz (19.4 %).
The XRD pattern in Figure 5, shows that the absorption line of calcite is absent, and the content of
quartz is 45.47 %, as confirmed by the diffraction peaks with interplanar distances d= (4.262; 3.345;
2.459; 2.284; 2.238) Å. The amorphous phase increases up to 47.2 %, while the calculated
composition limits of an amorphous phase are 21.8-24.7 %. The kaolinite content of the initial clay is
negligibly low, so the amorphous phase contains noncrystallization amorphous new growths. The
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diffraction peaks with interplanar distances d= (3.030; 2.901; 2.628) Å correspond with the formed βC2S.
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Figure 4. XRD pattern the calcined mixtures of limestone and kaolinitic clay
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Figure 5. XRD pattern the calcined mixtures of limestone and polymineral clay
Free calcium oxide absence on the XRD pattern makes it possible to claim that it was completely
bonded by products of clay mineral decomposition, for example, by kaolinite. Partial formation of
silicon and aluminum oxides was also not identified on the XRD pattern. That gives the reason to
assume the possible formation of amorphous calcium silicates and aluminates. Two-calcium silicate
formed at the same time contains approximately equal quantities in all thermoactivated mixtures, so
that the polymineral clay testifies to the possibility of receiving actual complex agents based not only
on kaolinitic, but also polymineral clay.
Since the content of kaolinite in the original clay was negibly small, the amorphous phase contains
amorphous formations. Diffraction peaks with interplanar distances d = (3.030; 2.901; 2.628) Å
correspond with the resulting β-C2S.
Free calcium oxide is missing in Figure 5. This suggests that it was completely bonded by
decomposition products of clay minerals such as kaolinite. Partial formation of silicon and aluminum
oxides, which were also not identified in Figure 5, is also possible. This, in turn, suggests the formation
of weak-base amorphous calcium silicates and aluminates. The fact that the resultant dicalcium
silicate contains approximately equal amounts in all thermoactivated mixtures indicates the possibility
of obtaining an effective additive based not only on kaolinitic, but also polymineral clays.
Increased content of alkalis in clay tends to accelerate the decomposition of clay minerals with
formation of active amorphous silicon and aluminum oxides (Ramachandran V.S. 1977) that can react
with lime of the carbonate and products of its decomposition.
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3.4
Hydration products composition of blended cements with complex additives
As revealed above, cement stone properties changing in dependence on the employed kind of
complex additives are bound with changes in the hydration product composition. The research on
hydration product composition was conducted on cement stone samples at 28 days of age with the
following compositions:
 1. The control sample of OPC;
 2. The blended cement with 20 % of complex additive based on the calcined mixture of
kaolinitic clay and limestone (KC+ L).
In Figure 6, simultaneous TG-DTA-DSC data the control sample OPC cement stone are submitted.
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The structure is characterized by larger peaks of unreacted clinker minerals – alite (d = (2.748; 2.609;
2.316; 2.188) Å) and belite (d = (4.655; 2.787; 2.777; 2.293; 2.195; 2.050; 2.028; 1.980) Å). The
diffraction peaks with interplanar distances d = (7.312; 4,260; 3,178; 2,672) Å correspond to calcium
hydroaluminosilicates. The presence of a small content of calcite (d = (3.037; 2.494; 1.913; 1.877) Å)
and the formed ettringite (d = (9.826; 5.934) Å) is observed. The presence of calcium
hydromonosulfoaluminate is characterized by the diffraction peaks with interplanar distances d =
(9.002; 3.432; 2.973) Å. Diffraction peaks with interplanar distances d = (8.225; 3.871; 2.881; 2.208) Å
are characterized by hydrocalcium silicates C-S-H (I).The considerable quantity of portlandite
corresponds to diffraction peaks with interplanar distances d = (4.918; 3.110; 2.630; 1.928) Å.
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Figure 6. XRD pattern the control sample from the OPC cement stone
In Figure 7, the simultaneous TG-DTA data the control sample OPC cement stone is presented. The
observed endothermic effect with the maximum at 70 °C can be bound with loss of free water from a
cement stone (Rovnanikova P. et al. 2011). Nearby, there is another effect (100 to 125 °C) that is not
absolutely accurately expressed on DSC and that binds with loss of adsorption water (Rovnanikova P.
et al. 2011). The small endothermic peak in the temperature range 125 to 150 °C is caused by
ettringite dehydration. The endothermic effect with a maximum at 461 °C and a 1.86 % loss of weight
characterizes the calcium hydroxide decomposition (Ramachandran V.S. 1977). The loss of weight in
the temperature range 480-630 °C is 2.87 %. The endothermic effect with a maximum at 680 °C is
followed by a 4.82 % loss of weight and characterizes the decomposition of lime carbonate formed
during hardening (Ramachandran V.S. 1977).
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Figure 7. Simultaneous TG-DTA- DSC data the control sample from the OPC cement stone
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Compound kaolinitic clay and limestone calcination (Figure 8) leads to a considerable decrease in the
formed portlandite content (d = (4.909; 3.852; 2.631) Å) – more than twice as much in comparison with
sample 1.
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Figure 8. XRD pattern the blended cement stone with 20% of complex additive based on the
calcined mixture of kaolinitic clay and limestone
The considerable part, slightly smaller in comparison with sample 1, consists of unreacted clinker
phases of alite (d = (2.745; 2.697; 2.341) Å) and belite (d = (2.790; 2.452; 1.983) Å). The considerable
content of calcite (d = (3.031; 2.493; 2.284; 2.106) A) testifies to the insufficiently high temperature of
calcination and its incomplete decomposition during calcination of the mix. Traces of formed ettringite
(d = (9.719; 5.588) Å) were found. The diffraction peak with the interplanar distance d = (7.264; 3.783)
Å corresponds to calcium hydroaluminosilicates.
Peaks characterizing the existence of calcium hydromonocarboaluminate are represented with an
interplanar distance d = (4.249; 3.182) Å. The diffraction peaks with interplanar distances d = (8.091;
2.885; 1.875)∙Å correspond to the formation of hydrocalcium silicates C-S-H (I). The presence of
calcium hydromonosulfoaluminate is observed (d = (9.003; 2.970) Å), as well as for sample 1.
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The simultaneous TG-DTA data the blended cement with 20 % complex additive based on the
calcined mixture of kaolinitic clay and limestone are presented in Figure 9. Endothermic effects with a
maximum at 79 °С are observed there, similar to what is also observed at control sample 1 and which
bounds with loss of free water, and to the effects at 100 to 125 °C that are caused with partial
dehydration of hydrosilicates such as C-S-H (I). The endothermic effect with a maximum at 152 °C is
specific for ettringite dehydration, the hydrosilicates C 2SH2 and C2S3H2 or the hydroalumosilicates
(Rovnanikova P. et al. 2011). Portlandite decomposition is followed by an endothermic effect with a
maximum at 461 °C. The endothermic effect in the temperature range 669 to 708 °C characterizes the
hydrocalcium silicates such as C-S-H (I) decomposition (Ramachandran V.S. 1977). The endothermic
effect at 708 °C characterizes the decomposition of lime carbonate formed during hardening. The
decomposition of unreacted limestone proceeds with an endothermic effect at 733 °C. The slight
endothermic effect at 850 °C is characteristic for C-S-H (I) (Ramachandran V.S. 1977).

Figure 9. Simultaneous TG-DTA-DSC data the blended cement stone with 20% of complex
additive based on calcined mixture of kaolinitic clay and limestone
The content of portlandite in the sample with the complex additive declines by a factor of nearly 2 in
comparison with the OPC sample, the fact that suggests good pozzolanic properties the calcined
mixtures. According to NTCC (2014) & Rovnanikova P. et al. (2011) surface reactions are formed
between calcium carbonate and portlandite, leading to hardening of the stone structure. In the sample
2, the formation of hydrosilicates С-S-H (I) is observed. The undecomposed limestone acts like a
substrate for the formation of hydrated clinker mineral compounds.
The XRD pattern points out that the hydromonosulfoaluminate contained in the control sample, is
absent in a sample with the complex additive. In place of it, however, calcium
hydromonocarboaluminate is observed in sample 2.
The loss of weight in the field of low-temperature endothermic effects increases with the introduction
of complex additive in comparison with the control sample. It confirms the formation of accreting
amounts of calcium hydrosilicates and hydroaluminosilicates of various composition, and of
hydrocarboaluminate in samples with high limestone content.
4.

CONCLUSIONS

The calcination of mixtures based on kaolinitic or polymineral clay and limestone with a calcite content
99 % at a temperature of 720-800 °C leads to the formation of C2S, and increases the quantity of
amorphous phase. At the same time, no free CaO is identified on the XRD pattern of calcined
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mixtures, hence demonstrating its binding by products of clay mineral decomposition - kaolinite for
example - in new growths like C2S or CA, and new growths in amorphous phase. The formation of
accreting amounts of calcium silicates and aluminates in the calcined mixtures makes it possible to
receive the complex additives for blended cement, replacing up to 20 % of OPC with no loss of
durability.
The optimum parameters of calcined mixtures based on kaolinitic or polymineral clay and limestone
arrived at by the method of mathematical experiment planning depend on the chemical and
mineralogical composition, the physical and technological properties of the raw materials, and on the
degree of component dispersion.
The introduction of complex additives based on calcined mixtures of clays and limestone leads to the
formation of an accreting amount of calcium hydrosilicates and hydroaluminosilicates of various
composition, and of hydrocarboaluminate in samples with high carbonate content, hence decreasing
the quantity of ettringite and portlandite.
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ABSTRACT
Studies on the effectiveness of calcined clays introduction in Portland cement have been intensified
recently. But clays have diverse composition and studies of influence of them on the properties of
Portland cement paste are of scientific and practical interest. The effect of 5-20% of 5 clays of different
composition of specific surface area 250 m2/kg on the properties of hardened Portland cement paste density, compressive strength, water absorption, water resistance are investigated in this study. The
general and individual features of influence of clays additives on the properties of Portland cement
paste depending on the clays mineral composition are revealed.
The following general features were drawn:
- decreasing of density by 1-7.5% and water resistance from 0.92 to 0.91-0.83 and increasing of water
adsorption from 1% to 3-8%,
- decreasing of the compressive strength at concentration of clay 15-20% by 12-30%,
The following differing features were drawn:
- introduction of 5-20% of one kind of clays decreases density by 1.0-3.5% and water resistance by
0.91-0.9, introduction of the same concentration of another one kind of clays decreases density by
6.07.5%, water resistance to 0.83, and increases water adsorption by 6-8%,
- introduction of 5-10% of clays increases the compressive strength up to 3.8-8.8%,
- introduction of 15-20% of clays decreases the compressive strength by 12-30%.
The features of effect of clays in Portland cement on the properties of Portland cement paste are
related to influence of clay minerals.
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1.

INTRODUCTION

The addition of supplementary cementitious materials to Portland cement is one of the ways of
providing sustainability and solving problems related to resources, energy and ecology in the
production of Portland cement (Rakhimov & Rakhimova 2013; Ramachandran 1999).
There are many widely used SCMs at the present time, and it is clear that the consumption of SCMs
will increase in the future. The most commonly used supplementary cementitious materials –
granulated blast-furnace slag and fly ash – are not available everywhere and extensions of the
supplementary raw material base have been achieved by usage of natural pozzolans and calcined
clays. Thereby the studies concerning the pozzolanic activity and efficiency of application of calcined
clays based on wide spread polymineral clays with diﬀerent content of kaolin and clays without kaolins
are being intensifieded last decades (Grim 1959; Ludwig 2015; Proceedings 2017; Rakhimov et al.
2016; Rakhimov et al. 2017; Ramachandran 1999; Taylor-Lange et al. 2015; Trumer & Ludwig 2016).
However, the dried clays as supplementary cementitious materials are not well studied. This research
aims to study the influence of dried clays from deposits of Russian Federation of different chemicalmineralogical composition on the properties of the hardened Portland cement pastes.
2.

MATERIALS AND METHODS

The starting materials were as follows. Calcined clays from five deposits in the Russian Federation –
Novoorskaya from the Orenburg region (clay 1), Nizhneuvel’skaya from the Chelyabinsk region (clay
2) and Arskaya (clay 3), Saray-Chekurchinskaya (clay 4) and Koshchakovskaya (clay 5), all from the
Republic of Tatarstan of Russian Federation. Their chemical and mineral compositions are shown in
Tables 1,2.
Table 1. Chemical composition of clays
Clay

Component (mass% as oxide)
SiO2

TiO2

Al2O3

Fe2O3

MnO

CaO

MgO

Na2O

K2O

P2O5

SO3/
S

l.o.s

Н2О

Clay 1
1 2
Clay

69.18

1.36

19.55

1.32

0.01

0.20

0.42

<0.3

0.92

0.10

<0.05

6.63

0.81

66.79

0.98

20.71

1.63

0.04

0.62

0.41

<0.3

0.65

0.08

0.13

7.70

0.66

Clay 3

73.65

1.47

15.37

2.23

0.01

0.28

0.50

<0.3

0.55

<0.03

<0.05

5.63

1.05

Clay 4

68.52

0.86

13.42

6.18

0.10

1.33

1.66

1.20

1.82

0.09

<0.05

4.62

3.41

Clay 5

64.50

0.88

13.96

7.30

0.10

2.16

2.18

0.98

1.97

0.11

<0.05

5.66

4.14

Table 3. Mineral composition of clays *
Clay

Clay 1
Clay 2
Clay 3
Clay 4
Clay 5

Minerals (%)
Quartz

Kaolinite

Illite

Mica

Orthoclase

Plagioclase

Mixedlayered
clay
mineral

41
33
47
28
34

51
62
40
-

8
13
-

4
10

7
5

1
8
14

40
40

Chlorite

4
1

*There are swellable layers in illite’s structure 10%; mixed-swellable layered mineral with non-swelling layer in a clay 4 40%,
clay 5 5-20%. The calculation is shown on 100% of the crystalline phase, excluding the possible content of amorphous
component.

The results of thermogravimetric analyses (differential scanning calorimetry (DSC) and
thermogravimetric (TG) of clays 1, 3 and 4 are shown in Figures 1 – 3; the DSC and TG curves of clay
2 and clay 5 were similar to those of clay 1 and clay 4.
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a
b
c
Figure 1. Thermogravimetric analyses of clay 1(a), clay 3(b), clay 4(c)
Clays were dried at 100oC and milled in a laboratory planetary mill MPL-1 to specific surface area
(Blaine) to 250 m2/kg.
The Portland cement pastes incorporated with 5, 10, 15, 20% of dried clays were prepared in
cubic molds (2 cm × 2 cm × 2 cm). The normal consistency of the fresh Portland cement pastes
introduced with dried clays increased from 26 to 26.3, 26.7, 27.1, and 27.5 at the concentration of
clays 5, 10, 15, 20%, respectively. The compressive strengths of the cubes were tested after steam
curing. Prior to steam curing, the cubes were preset at 90–95 °C for 24 h. It took 4 h to reach the
desired temperature, and a dwell time of 6 h was used. The cubes were cooled over a period of 3 h.
The average compressive strength for each mixture during each testing stage was calculated by
carrying out six measurements. The water resistance of the hardened Portland pastes was determined
after steam curing from the ratio of the compressive strength of the samples after saturation with water
at a temperature of 20–22°C to that of the samples before saturation in accordance with the
method (Standard 2011).
3.

RESULTS AND DISCUSSION

Table 3 shows the results of the measurements of the density, water adsorption, compressive
strength, and water resistance of the Portland cement pastes incorporated with dried clays.

Table 3. Properties of hardened Portland cement pastes depending on the type and content of clays
Content of clay
(%)

Density (g/cm3)

Compressive
strength (MPa)

Water adsorption
(%)

Water resistance

1.0

0.92

reference
0

2.270

57.3
Clay 1

5

2.195

50.0

4.5

0.91

10

2.192

44.4

4.5

0.90

15

2.185

45.0

4.5

0.88

20

2.180

43.6

4.5

0.88

Clay 2
5

2.198

59.5

4.0

0.9

10

2.160

62.3

4.0

0.86

15

2.100

42.3

6.0

0.84

20

2.100

40.0

8.0

0.84

Clay 3

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
5

2.250

54.3

3.2

0.92

10

2.222

51.7

3.4

0.92

15

2.165

49.3

3.6

0.92

20

2.165

42.0

4.0

0.87

Clay 4
5

2.200

59.5

2.9

0.9

10

2.200

58.3

3.8

0.9

15

2.180

48.6

4.5

0.89

20

2.100

40.0

7.1

0.83

Clay 5
5

2.200

54.0

2.6

0.92

10

2.176

54.5

2.9

0.91

15

2.159

52.3

3.5

0.89

20

2.159

51.1

4.8

0.83

From an analysis of the data shown in Table 3, the following conclusions can be made.
The effect of the dried clays with different chemical and mineralogical composition on the properties of
the hardened Portland cement paste is characterized both by common and individual features.
The common features are decrease of the density by 1.0-7.5% and water resistance from 0.92 to
0.91-0.83, the compressive strength by 12-30% and increase of the water adsorption from 3.0 up to
8.0%.
Individual features are:
- incorporation of 5-20% of some clays leads to decrease of the density by 1.0-3.5% and water
resistance to 0.9-0.91 and increase of water adsorption by 3.0-4.5%; incorporation of other ones leads
to decrease of density by 6.0-7.5%, water resistance to 0.83 and increase of the water adsorption up
to 6.0-8.0%;
- additions of 15-20% clays 2 and 4 improve the compressive strength up to 30%. The stated
improvement is caused by high content (about 60%) of clay minerals (kaolinite, mixed-layered clay
minerals) with high fineness, and physical and chemical activity [5,6]. However, the decrease of the
compressive strength of the hardened pastes incorporated with 15-20% of the clays 2 and 4 is higher
compare to those incorporated with the same content of the clays 1,3, and 5.
4.

CONCLUSION

This paper has presented the results of comparative studies on the influence of 5 dried at 1000C clays
on the properties of hardened Portland cement pastes. The incorporation of the 15-20% dried clays
increased water adsorption, decreased the density and water resistance. The influence of the dried
clays on the compressive strength was dependent on the mineralogical composition. The 5-10% clays
containing up to 60-65% of clay minerals improved the compressive strength up to 8.8% whereas rest
clays decreased the mechanical characteristics of the hardened Portland cement pastes. However,
the clays with high content of clay minerals at content 15-20% caused higher decrease of the
compressive strength of the hardened Portland cement pastes than incorporated with clays with lower
content of the clay minerals.
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ABSTRACT
Calcined clays represent a promising material because of worldwide deposits of suitable clays and low
CO2 emissions during calcination process for facing the increasing demand for sustainable
supplementary cementitious materials (SCM). One side effect of calcined clays is their high water
demand as compared to cements. The application of superplasticizers is inevitable to ensure the
workability of concretes with calcined clays as SCM. Early hydration kinetics, namely silicate and
aluminate reaction of clinker phases, can be significantly modified by superplasticizers. Until now, their
compatibility was barely investigated although it depends mainly on type of superplasticizer and on
mineralogy of calcined clays. Main objective of this study is to evaluate the influence of selected
superplasticizers on reaction kinetics of blended cementitious systems containing different types of
calcined clay by investigating their hydration behavior.
Four calcined clays are investigated: one calcined mixed layer clay which contains in its natural form
approximately 25 w% kaolinite and 45 w% 2:1 clay minerals. The interaction with superplasticizers and
those individual phyllosilicates is investigated on an industrially-used flash-calcined metakaolin, a
calcined illitic clay and a calcined muscovite. Two different types of superplasticizers are used. One
ordinary Portland cement and one Portland limestone cement are used as cement components.
The hydration kinetics of blended cement pastes is measured by isothermal calorimetry in combination
with in-situ X-ray diffraction during first 48 hours of hydration at a temperature of 25 °C. The findings
are completed by investigations with scanning electron microscopy at different timings during early
hydration.
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1.

INTRODUCTION

Calcined clays as potential supplementary cementitious material (SCM) come strongly into focus of
research (Antoni 2013, Beuntner 2017, Tironi et al. 2014). Especially calcined mixed layer clays with
different phyllosilicates and further minerals are interesting as future SCM as they are available in
sufficient quantities worldwide. Calcined clays have a pozzolanic impact on clinker reaction kinetics
already during early hydration (Beuntner 2017, Danner et al. 2012, Scherb et al. 2018). Beside further
CO2 savings (Cancio Díaz et al. 2017), the addition of limestone is known to have good synergy effects
with calcined clays in cementitious systems (Antoni et al. 2015, Martirena Hernández & Scrivener 2015,
Tironi et al. 2017, Vance et al. 2013). The mineralogy of clay has according to Hermann & Rickert (2015)
a significant impact on the specific surface area and hence on the required dosages of superplasticizers.
Calcined clays exhibit a high specific surface area and water demand and require the use of
superplasticizers in concrete (Thienel & Beuntner 2018).
There is a wide range of observations when it comes to the influence of superplasticizers on the
hydration kinetics of ordinary Portland cement. According to Prince et al. (2002), polynaphthalene
sulfonate superplasticizers retard the hydration of C3A while Roncero et al. (2002) found out that both
polycondensates and PCE polymers accelerate the reaction of C 3A, the formation of ettringite and the
dissolution of gypsum. Sakai et al. (2006) also observed an accelerated reaction of C3A but a lower rate
of hydration due to the addition of different types of superplasticizers. These findings were also made
by Lothenbach et al. (2007) investigating a PCE with OPC: the dissolution of C3S was strongly retarded
during the first 30 h of hydration by adding PCE. Investigations on the interaction of calcined clays and
lignosulfonates revealed that dosages required for equal dispersion effects exceed dosage limits and
lead to strong retardation effects (Sposito et al. 2018). Polycondensates retard the aluminate clinker
reaction and formation of ettringite (Zaribaf & Kurtis 2018), but also accelerate pozzolanic reaction of
metakaolin compared to PCE (Ahn et al. 2015). According to Ng & Justnes (2015) and Zaribaf & Kurtis
(2018), PCE exhibit the highest dispersion effectiveness and the least influence on hydration kinetics.
Taking this knowledge into account, the impact of diverse superplasticizers on the hydration behavior
of cementitious systems blended with different types of cements and calcined clays is investigated.
2.

MATERIALS AND METHODS

2.1

Materials

2.1.1 Cements
One ordinary Portland cement (OPC) CEM I 42.5 R and one Portland limestone cement (PLC)
CEM II/A-LL 32.5 R, complying with (DIN EN 197-1 2011), are used. Their mineral phase contents are
given in Table 1 and the physical parameters are listed in Table 3.
Table 1. Mineralogical analysis of cements (information provided by producer)

Cement

Mineral phase [wt%]
C3S

C2S

C3 A

C4AF

CaOfree

Sulfates

Calcite

OPC

61.6

18.2

5.8

9.0

0.6

3.2

0.6

PLC

48.9

15.2

5.1

8.1

0.1

4.0

14.4

2.1.2 Calcined clays
Three calcined phyllosilicates and one calcined mixed layer clay are investigated. The metakaolin (Mk)
is an industrially used product, flash-calcined at 550 °C with 93 wt% amorphous content, 5 wt% quartz
and traces of anatase and mica. Metaillite (Mi) and metamuscovite (Mu) are calcined for 60 min in a lab
muffle kiln at 770 °C (Mi) and 800 °C (Mu). The temperatures were chosen according to dehydroxylation
temperature obtained by DTG and by highest solubility of Al- and Si-ions in alkaline solution. Mi
possesses 56.4 wt% amorphous content, 4.9 wt% calcite, 38.2 wt% illite and traces of portlandite and
lime. Mu has 19.2 wt% amorphous phases and 80.8 wt% muscovite (high-temperature modification).
The origin, the calcination procedure and the grinding process of the mixed layer clay (TG) are described
in (Beuntner & Thienel 2017, Gmür et al. 2016). Its mineralogical composition is given in Table 2, the
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solubility of Al and Si ions of calcined clays and the physical parameters of all binders are displayed in
Table 3.
Table 2. Mineralogical composition of calcined mixed layer clay (TG)

Chlorite

Feldspar

4.6

0.4

6.0

6.3

Amorphous

Illite

0.6

Sulfates

Calcite

2.2

Ores

Muscovite

16.2

Hematite

Quartz
TG

Secondary
Silicates

Phase [wt%]

0.6

1.1

1.6

60.8

Table 3. Physical parameters of cements (OPC, PLC), metakaolin (Mk), metamuscovite (Mu),
metaillite (Mi) and calcined mixed layer clay (TG)
Parameter

Method

OPC

PLC

Mk

Mu

Mi

TG

Particle density
[g/cm³]

He-pycnometer

3.17

3.09

2.61

2.79

2.72

2.63

Specific surface
area [m²/g]

(DIN ISO 9277
2003)

1.0

1.7

17.8

11.8

94.6

3.9

Water demand
[wt%]

(DIN EN 196-3
2009)

28.9

28.2

34.5

55.4

38.6

30.5

4.1

2.3

3.0

9.3

2.7

4.0

15.8

13.1

14.8

19.2

6.8

13.2

46.0

46.0

76.2

45.7

61.9

37.0

-

-

15.65

0.51

4.02

1.80

-

-

14.25

0.26

1.55

1.09

-

-

1.10

1.93

2.59

1.65

d10 [µm]
d50 [µm]

(ISO 13320
2009)

d90 [µm]
Si-ions solubility
[wt%]
Al-ions solubility
[wt%]
Si/Al ratio [-]

Inductively
coupled plasma
optical emission
spectrometry
(ICP-OES)

2.1.3 Superplasticizers
Two industrial superplasticizers are selected to investigate their influence on the hydration behavior on
calcined clay blended cementitious systems. As representative for polycondensates, the calcium salt of
a β-naphthalene sulfonate formaldehyde polycondensate (abbreviation: NSF) with a solid content of
40.0 wt% is used. As polycarboxylate-based superplasticizer, an α-methallyl-ω-methoxy poly(ethylene
glycol) ether (HPEG) type PCE with a long side chain and a high anionic charge density (abbreviation:
HPEG) is investigated. Its solid content is 50.0 wt%.
The dosages of superplasticizers (Table 4) are adjusted for each binder system in cement paste for a
constant spread of 26 cm ± 0.5 cm by a modified mini slump test according to (DIN EN 1015-3 2007).
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All dosages represent the active agent as % by weight of binder (%bwob) and are constantly used for
all methods.
Table 4. Dosages of superplasticizers [%bwob]
Superplasticizer

2.2

OPC with

PLC with

-

20Mk

20Mu

20Mi

20TG

-

20Mk

20Mu

20Mi

20TG

NSF

0.21

0.68

1.50

0.95

0.40

0.24

0.77

1.50

0.97

0.50

HPEG

0.05

0.19

0.16

0.37

0.07

0.06

0.20

0.16

0.40

0.08

Methods

The cements are constantly substituted by 20 wt% of calcined clays at a water-to-binder (w/b) ratio of
0.50. The samples are designated as cement_substitution rate and type of calcined clay_dosage and
type of superplasticizer. The hydration kinetics are determined by isothermal calorimetry with TAM Air
(TA Instruments, Delaware/USA) and by in-situ X-ray diffraction (XRD) at 25 °C. The blended binder is
homogenized for 30 seconds before the blended cement pastes are mixed for 60 seconds by hand for
all methods. The samples are transferred into plastic ampoules for calorimetric measurements. The
resulting heat flow is calculated to 1 g of cement [mW/gcement]. For in-situ XRD, the blended cement
pastes are transferred into flat metal crucibles and covered by a Kapton film to prevent drying up of the
fresh paste. The hydration behavior is observed by an X-ray diffractometer Empyrean (PANalytical,
Almelo/Netherlands) with PIXcel1D detector and Bragg-BrentanoHD monochromator. Each measurement
is in a range from 6 to 40 °2ϴ and takes 15 min. The XRD sample holder is connected to a temperaturecontrolled device. The development of crystalline phases is illustrated by using isolines view of software
Highscore Plus 4.7 (PANalytical, Almelo/Netherlands). The time-dependent appearance and
disappearance of phases is determined by qualitative peak analysis of ettringite (hkl phase 110) (GoetzNeunhoeffer & Neubauer 2005), AFm-Hc (006) (Runcevski et al. 2012), gypsum (020) (Schofield et al.
2000) and portlandite (001) (Busing & Levy 1957). The ettringite (110) is chosen as there are overlaying
effects of ettringite (010) and the high temperature modification of muscovite (002) (Catti et al. 1989) in
the systems with metamuscovite and superplasticizers.
3.
3.1

RESULTS AND DISCUSSION
Influence of superplasticizers on reaction kinetics during the first 48 hours of hydration

A small peak after the maximum indicates the aluminate reaction (dissolution of C 3A and strong
precipitation of ettringite according to Hesse et al. (2011)) for OPC (Figure 1) while PLC exhibits a
dominant peak due to aluminate reaction (Figure 2). The addition of calcined clays has a significant
influence on the reaction kinetics. OPC/PLC_20Mi yield the highest peak intensities after only 8.2 h. The
acceleration is attributed to the fineness and high specific surface area of Mi (see Table 3). The high
main peaks of OPC/PLC_20Mk result from the high solubility of Al and Si ions of Mk (Table 3). The high
main peak intensities for Mk and Mi systems both may result from overlaying silicate and aluminate
reactions as described by Beuntner (2017) for Mk. Systems with Mu exhibit accelerated silicate reactions
compared to systems with cement only despite the low solubility of ions and the comparably coarse
granulometry of Mu (Table 3). OPC/PLC_20Mu show up broader shoulders and lower aluminate peak
intensities compared to Mi and Mk systems, indicating still a significant pozzolanic contribution of Mu to
hydration kinetics. In a less distinctive manner, the addition of 20 wt% TG to OPC does also slightly
accelerate the reaction kinetics until the aluminate shoulder is reached due to its fineness compared to
OPC. This effect does not apply to PLC systems as PLC and TG have a more similar fineness (Table
3). While there is no significant peak detectable in the declining heat flow curve of OPC, OPC_20TG
exhibits a broad shoulder at 23 h, which can be associated with the pozzolanic contribution of TG to
aluminate reaction. The heat flow curves for PLC_20Mu, PLC_20TG and PLC are congruent during the
first 10 h and differ later on in the appearance and intensity of the aluminate peak. Hence, a good
synergy effect of PLC and 20 wt% TG can be confirmed. Scherb et al. (2018) attribute furthermore the
decline of the main peak of systems with calcined clays and limestone to the formation of AFm
hemicarboaluminate (AFm-Hc) phase.
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Figure 1. Heat flow of OPC systems without
superplasticizers

Figure 2. Heat flow of PLC systems without
superplasticizers

Adding the polycondensate (NSF) has a retarding effect on the aluminate reaction by 1 h
(OPC_0.21NSF/PLC_0.24NSF) which confirms findings of Prince et al. (2002). For systems with Mk, Mi
or TG, the rest periods are prolonged by up to 1.7 h. Despite the high dosages of NSF in
OPC_20Mi_0.95NSF and OPC_20Mk_0.68NSF and considering both the retarded end of rest period
and occurrence of the aluminate peaks, the systems exhibit similar heat flow curves as OPC_20Mi/20Mk
(Figure 3). The higher intensity of the main peak of OPC_20Mk_0.68NSF can be explained by
overlapping chemo-mineralogical reactions and a boost of pozzolanic reactivity by polycondensates as
already observed by Ahn et al. (2015). PLC_20Mi_0.97NSF shows up a general retardation of 1.5 h but
a slightly higher intensity of the aluminate peak (Figure 4). Despite a lower dosage compared to
PLC_20Mi_0.97NSF, PLC_20Mk_0.77NSF is more affected by NSF: the rest period is slightly more
extended and the main peak is significantly less intense and occurs even 3.6 h later than without
superplasticizer. Ten repeats of measurement were necessary for OPC/PLC_20Mu_1.50NSF due to
bleeding during measurement. The averaging of the individual measurements shows a strong
retardation of both the silicate and aluminate reaction. Although the systems with TG need the second
lowest dosages of NSF, the superplasticizer has a certain influence on the reaction kinetics. Both
systems are retarded by approximately 1 h compared to cement systems with NSF. Between 12 and
20 h, OPC_20TG_0.40NSF exhibits a constant level of heat flow, which is elevated afterwards by further
pozzolanic contribution of TG. As the maximum peak is higher for OPC_20TG_0.40NSF (Figure 3) and
occurs slightly earlier compared to OPC_20TG (Figure 1) without superplasticizer, NSF might provide a
little boost to pozzolanic reactivity at least in systems with ordinary Portland cement. The findings of Ahn
et al. (2015) on the interaction of metakaolin and polycondensates hence are also applicable to the
investigated calcined mixed layer clay with OPC. Similar findings hold less pronounced also for
PLC_20TG_0.50NSF (Figure 4) compared to PLC_20TG (Figure 2).

Figure 3. Heat flow of OPC_x_NSF systems

Figure 4. Heat flow of PLC_x_NSF systems

Using HPEG superplasticizer leads to a slightly prolonged rest period for OPC_0.05HPEG (Figure 5)
and PLC_0.06HPEG (Figure 6). For pure cement systems, the retarding effect of HPEG on aluminate
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reaction is also less than the impact of NSF confirming earlier findings (Ng & Justnes 2015, Zaribaf &
Kurtis 2018). The rest periods are shorter for all systems with calcined clays when HPEG is used instead
of NSF. OPC_20Mk_0.19HPEG and OPC_20Mi_0.37HPEG exhibit lower main peak intensities at
similar times compared to systems with NSF. This effect goes along with broader shoulders on the left
side of the peaks, which indicate earlier ongoing hydration processes (Figure 5). Although
PLC_20Mi_0.40HPEG has the highest dosage of HPEG, the retardation of the main peak compared to
PLC_20Mi is negligible whereas PLC_20Mk_0.20HPEG exhibits a retardation of 1.3 h compared to
PLC_20Mk with half the amount of HPEG used. OPC_20Mu shows up only a slight retardation of main
peak whereas the HPEG PCE even has an immense acceleration effect on reaction kinetics in
PLC_20Mu_0.16HPEG, both resulting in significantly higher intensities compared to OPC/PLC_20Mu.
At low dosages (0.16 %bwob) of HPEG, they exhibit better compatibilities than with 1.50 %bwob NSF.
Systems with TG and HPEG reveal similar heat flow curves as systems with OPC only and especially
with PLC only: the curves of OPC_0.05HPEG and OPC_20TG_0.07HPEG are congruent during the
first 14 h until the aluminate part of the pozzolanic reaction of TG commences. Compared to the systems
without superplasticizer and with NSF, the curves of the PLC_20TG_0.08HPEG and the
PLC_0.06HPEG system almost coincide and differ only in the intensity of their main peaks.

Figure 5. Heat flow of OPC_x_HPEG systems
3.2

Figure 6. Heat flow of PLC_x_HPEG systems

Influence of superplasticizers on formation of hydrate phases using the example of OPC
and OPC-metamuscovite systems

Results from in situ XRD are limited to OPC and OPC_20Mu systems as the latter are influenced the
most by superplasticizers. All systems show up an immediate formation of ettringite. It goes along with
dissolution of gypsum, which is completed earlier for OPC_0.21NSF and later for OPC_0.05HPEG
compared to OPC (Figure 7). The latter finding fits with results from Jansen et al. (2012) where a PCE
retarded the dissolution of gypsum. While there is no formation of AFm-Hc during the first 48 h of
hydration in the OPC system, both superplasticizers precipitate the formation of AFm-Hc, which is
detectable after 28 h (OPC_0.21NSF) and 36.5 h (OPC_0.05HPEG). The formation of portlandite (CH)
starts between 4.5 and 5 h for all OPC systems. The main part of CH formation is completed after 10 h
(OPC_0.21NSF) and 11.5 h (OPC) while it persists until 16.5 h for OPC_0.05HPEG. These results fit
well with the maxima in the heat flow curves from calorimetric measurements.
Gypsum is dissolved in OPC_20Mu earlier than in OPC as observed beforehand by Scherb et al. (2018).
The dissolution of gypsum is accelerated further in OPC_20Mu_0.16HPEG (Figure 8) which explains
the high intensity of its main peak in the heat flow curve in Figure 5. In OPC_20Mu_1.50NSF it takes
24.5 h to dissolve the gypsum completely. Formation of AFm-Hc starts after 20 h (OPC_20Mu) and 15 h
(OPC_20Mu_0.16HPEG), while there is no AFm-Hc detectable in OPC_20Mu_1.50NSF during the first
48 h. Portlandite (CH) is detectable after 3.25 h (OPC_20Mu) and 4.75 h (OPC_20Mu_0.16HPEG) and
the main reaction takes place until 13.5 and 12.5 h respectively. In OPC_20Mu_1.50NSF, the (main)
formation of CH is strongly retarded. It does not start before a time of 12.5 h (Figure 8) and continues
until 26.5 h. These observations confirm the results of isothermal calorimetry where the rest period of
OPC_20Mu_1.50NSF does not end before a time of 12.5 h (Figure 3). Not least due to its extremely
high amount, NSF retards both aluminate and silicate reaction in the cement-Mu system. HPEG
promotes the aluminate reaction and slightly retards the silicate reaction. Winnefeld (2012) reports both
a stronger retardation with increasing amount of superplasticizer and a stronger retardation of PCE than
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of naphthalene sulfonate superplasticizers if the same amount is used. As less HPEG is needed for the
same dispersion effects, it concludes that the retardation is less as well.

Figure 7. In situ X-ray plots from 9.5 to 18.5 °2ϴ for OPC systems

Figure 8. In situ X-ray plots from 9.5 to 18.5 °2ϴ for OPC_20Mu systems
4.

CONCLUSION

The previous investigation program highlights the effect of superplasticizers on the hydration kinetics of
cementitious systems containing calcined clays. The main influences are on the dissolution of gypsum
as sulfate carrier as well as on the beginning of formation of portlandite and AFm-Hc. Investigated binder
systems require in general higher dosages of polycondensate than of PCE, which lead partially to
stronger retardation effects. Selected systems exhibit incompatibilities with NSF indicated by late
formation of portlandite or dissolution of gypsum whereas the investigated HPEG PCE exhibits a
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superior compatibility with calcined clay blended cementitious systems and has only minor or partially
even boosting impact on the pozzolanic reaction kinetics, e.g. on the formation of AFm-Hc. Nonetheless
also the addition of NSF can slightly accelerate hydration kinetics confirming earlier findings from
literature. Commonly known synergy effects between Portland limestone cement and calcined clays
hold also for systems dispersed with superplasticizers.
Calcined mixed layer clays are particularly promising due to their mineralogical composition as they are
capable to interact even with low dosages of superplasticizers thus resulting in good dispersing effects
and exhibiting a similar hydration behavior as pure cement systems. In general, the influence of the
amount of superplasticizer on the retardation of hydration increases non-linearly with increasing dosage
and is compensated by the addition of calcined clays. In further studies, the demand for superplasticizers
and the compensation of retarding effects by calcined clays should be considered in detail as there are
- beside the mineralogy of calcined clays - several more parameters (e.g. grinding fineness) which affect
the hydration kinetics.
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ABSTRACT
Portland cement production contributes significantly to greenhouse gas emissions. Substituting a part
of clinker by supplementary cementitious materials (SCM) allows reducing this impact. However, these
materials have a slower hydration kinetics which makes a mechanical, thermal or chemical activation
necessary.
Triethanolamine (TEA) is an amine commonly used as an accelerator, as it allows activating
chemically the hydration. Mechanisms involved in this hydration activation still need to be further
investigated. Therefore, this study focuses on the interaction of TEA with blended cement at early age
of hydration.
The effect of TEA on chemical reactivity was investigated by isothermal calorimetric measurements
and X-ray diffraction. Then, effects on the structural organization of the paste were highlighted by
comparing particles size distributions and physicochemical stabilities of diluted pastes. Finally,
adsorption capacity of the molecule on cement and fly ash grains was investigated by total organic
carbon measurements.
Fly ash tends to slightly delay the cement hydration at early age despite its filler effect which can be
offset in presence of TEA due to its action of acceleration on cement hydration. However, an excessive
quantity of this additive induces a strong delay. The optimal dosage of TEA identified seems higher for
the fly ash blended cement than for the OPC although there is less clinker. This could be explained by
the different adsorption of the molecule on these materials. By combining the analysis of paste
dispersion state and chemical reactivity, this study allowed identifying different modes of action of TEA
on fly ash blended cement.
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1.

INTRODUCTION

Fly ash is a by-product of the thermal power station and is used as a supplementary cementitious
material (SCM) in cement industry. The ASTM C618 standard differentiates two kinds of fly ash based
on oxide composition: high calcium class C-fly ashes (CaO > 20 wt.%) and low-calcium class F ashes
(CaO < 5 wt.%). This paper focused on the class F as it is the most abundant and used as a SCM
(Lothenbach et al. (2011)). The decrease of the amount of clinker reduces the CO2 footprint, the cost
and the heat of hydration at early age of Portland cement. Many researchers (Berodier (2015); De
Weerdt et al. (2011); Deschner et al. (2012); Peng et al. (2005)) have studied the impact of fly ash on
Portland cement highlighting its chemical and physicochemical contributions on the cement hydration.
The fly ash is not reactive at early age and due to dilution effect, it reduces the heat release and
mechanical properties. However, its filler effect increases the cement reactivity and its pozzolanic
reactivity improves the strengths at long term (generally observed from 28 days). In order to improve
mechanical properties at early age, accelerator systems (also called activators or quality improvers)
are often added to blended cement. Triethanolamine (TEA) is one of the main molecules used as
cement chemical admixture thanks to its various functions as grinding aid for cement manufacturing
and its accelerating function, to regulate the setting time and to improve strength. Chemically, TEA
slows down calcium silicate hydration, improves calcium aluminate hydration and extends the
induction period (Ramachandran (1973); Xu et al. (2017); Yang et al. (2017); Yaphary et al. (2017)).
Regarding the mesostructural organization in the cement paste, TEA seems to disperse cement
particles, allowing a better stabilization of the paste during the setting of cement (Jachiet et al. (2018)).
Only a few studies investigated the mode of action of cement chemical admixtures by evaluating their
combined effects on the mesostructural organization of cement pastes (Autier (2013); Jachiet (2017))
and their chemical impact. The mesostructural organization corresponds to the granular arrangement
of particles in a suspension (a cement paste with a water to cement ratio (W/C) of 0.4 can be
considered as a very concentrated suspension (Quemada & Berli (2002)) with a scale going from
micrometric to macroscopic dimensions. Mineral additives can also impact this organization by
modifying and bringing heterogeneity of nature, shape, density and structure of the particles present in
the cement paste.
Therefore, the aim of this study is to investigate the impact of TEA on the chemical reactivity and
mesostructural organization of cement paste in order to understand its mode of action on cement
hydration, including the impact of fly ash in the system. In this work, most experiments have been
performed at early age (first hours of hydration) in order to compare the observations obtained on the
mesostructural organization of the paste and on the reactivity.
2.
2.1

MATERIALS AND METHODS
Materials

As raw materials, a clinker, a calcium sulphate, a fly ash (type V according to EN 197-1), a limestone
and a quartz powder were used. The clinker and the calcium sulphate were ground in a ball mill then
mixed, with the respective proportions 95 wt.% and 5 wt.%, to obtain an OPC free of grinding aids.
The fly ash blended cement (labelled OPC-FA) was prepared by mixing 40 wt.% of the materials with
the OPC. All mixes were performed using a TURBULA shaker-mixer for 1 hour to ensure a good initial
homogenization of the powder. The chemical, mineralogical and granular characteristics of the
materials are given in Table 1. The accelerator molecule studied, TEA, has an active material content
of 80 %m determined by gas chromatography.
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Table 1. Chemical, mineralogical and granular characteristics of the used materials
XRF-analysis [wt%]
Calcium
Clinker
Fly Ash
sulphate
SiO2
19.8
5.14
52.1
Al2O3
5.22
1.47
19.2
Fe2O3
2.66
0.53
8.11
TiO2
0.15
< 0.01
0.80
K2O
0.91
0.39
1.95
Na2O
0.34
0.14
1.14
CaO
64.2
36.6
8.39
MgO
4.93
1.82
1.74
SO3
0.85
48.0
0.56
MnO
0.05
< 0.01
0.08
P2O5
0.11
0.02
0.33
Cb
4.2
LOI
0.6
5.7
5.3
(1025°C)

Mineralogical phase composition a [wt%]
Clinker
C3S
C2S
C4AF
C3A
Periclase
Lime
Aphtitalite
Sum

Calcium sulphate
69.1
7.8
11.0
6.1
4.1
1.3
0.5

Gypsum
Anhydrite
Quartz
Dolomite
Illite

100

21.2
65.6
3.4
6
4

Fly Ash
Mullite
Magnetite
Hartrurite
Quartz
Lime
Periclase
Rutile
Amorphous

7
1.2
4.7
12.4
0.4
0.1
0.1
74.1

100

100

Granular characteristics
BET (Brunauer-Emmett-Teller) specific surface [m²/kg]
Blaine specific surface [m²/kg]
Density [g/cm3]
a Rietveld

Clinker
1120
470
3.20

Calcium sulphate
3250
416
2.87

Fly Ash
4930
423
2.39

analysis performed according to Le Saoût et al. (2011)
carbon (included in LOI) determined by Total Organic Carbon analysis

b Unburned

2.2

Methods

2.2.1 Granular characterizations of powders
The granular characterization of the raw materials was investigated by studying shapes and sizes of
the particles.
Particles size distribution (PSD) was analyzed with a Beckman Coulter LS 13320 laser granulometer.
Measurements were based on a static light scattering of monochromatic light (750 nm) deviated by
particles in suspension which is directly correlated to the particle diameter thanks to refractive indexes
whose the real part was calculated from XRD and XRF data according to the Equation 1 (Berodier
(2015)) and the refractive index of the mineral phases n i given in the literature (Berodier (2015);
Mitchell (2004); Schumann (2009); Shannon et al. (2002); Taylor (1997); Wilson (2013)), see in Table
2 the real parts calculated and used for each material. The imaginary part was fixed to 0.1 (Arvaniti et
al. (2015)). Measurements were performed in isopropanol.
𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = ∑𝑖 %𝑣𝑜𝑙𝑖 × 𝑛𝑖

(1)

Table 2. Refractive indexes calculated and used for cementitious materials
Material
Clinker
Calcium sulphate
Fly ash
Limestone
Quartz

Refractive index n
(real part)
1.74
1.57
1.60
1.57
1.54

k (imaginary part)
0.1
0.1
0.1
0.1
0.1

Particle morphology was observed with a FEI QUANTA 200 FEG environmental scanning electron
microscopy (SEM) using secondary electron (SE) mode. The heterogeneity of fly ash particles was
also studied using a dispersive energy X-ray (EDX SDD 80 mm2-X-Max from Oxford Instrument)
system on backscattered electron (BSE) images.
2.2.2 Cement paste preparation
Cement pastes were prepared with a W/B ratio of 0.4 and different dosages in TEA from 0.01 wt% to
0.56 wt% of dry mass extract with respect to cement. In practice, the maximal dosage of an amine is
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around 0.25 wt.% but in this work higher dosages were also studied to exacerbate the action of TEA
(Jachiet et al. (2018); Yan-Rong et al. (2016)). The mixing protocol, performed using a radial flow
impeller blade fixed to a Stuart SS30 mixer, was to stir the mix at 500 rpm during the first min, then
stop for 1 min to scrape the blade and beaker and finally to stir at 1000 rpm for a minute. The pastes
made from only OPC were called OPC and those from fly ash blended cement, OPC-FA.
2.2.3 Characterization of TEA adsorption
To study interactions between TEA and cement pastes, the interstitial liquid was extracted at 10 min,
1 h and 2 h of cement paste hydration by centrifugation (Hettich Rotina 380) at 10 000 rpm for 5 min.
The extracted liquid was filtered with a 0.45 µm PTFE membrane filter and then TEA concentration
was determined by an Elementar VarioTOC Cube. This analysis consists of vaporizing the sample
(interstitial liquid extracted) at 850°C and measuring the total quantity of carbon released with an
infrared detector (corresponding to the CO2 band). The TEA is the only source of organic carbon in the
interstitial liquid so using TEA calibration, the amine concentration in the liquid was calculated with the
subtraction of the signal obtained on the paste without TEA. For each sample the measurement was
performed four times.
In order to observe the adsorption of TEA by fly ash, fly ash was mixed with a synthetic interstitial
liquid (labelled FA) whose composition was adapted from the pore solution of a CEM I 42.5N paste
(W/C=0.5) Lothenbach & Winnefeld (2006) after 1 h of hydration: gypsum (CaSO4, 2 H2O) =0.8 g/L,
potassium sulphate (K2SO4) =19.4 g/L, sodium hydroxide (NaOH) =0.9 g/L and potassium hydroxide
(KOH)=4.3 g/L. Experimentally lower ion concentrations were used to avoid precipitation of calcium
hydroxide (CaOH).
2.2.4 Physicochemical stability
A concentrated dispersion analyzer, Turbiscan MA 2000 (Formulaction), was used to study the
physicochemical stability as a function of time of settling of cement pastes. For the measurement, a
monochromatic light source (850 nm) scans the analysis tube containing the cement paste every 2
minutes (analysis parameter arbitrarily chosen). Transmitted and backscattered light are detected
respectively at angles of 180° and 45° from incident radiation. The sedimentation velocity and the
sediment height were determined at 35 minutes. A change of transmitted (Tr) or backscattered (Bs)
profiles corresponds to a modification of solid volume fraction (ɸ) due to particles migration or mean
diameter value due to dispersion / agglomeration phenomena and/or their diameter (d), Mengual et al.
(1999):

With

Tr = exp(-ri/λ) and Bs² = (1-g)/λ

(2)

λ (ɸ,d) = 2d/(3ɸQs)

(3)

Tr and Bs are respectively the transmitted and backscattered intensities (%), ri the internal radius of
the measuring cell (µm), λ the photon mean path length (µm), Qs the extinction efficiency factor for
scattering and absorption phenomena, d the average particles diameter (µm) and ɸ the particles
volume fraction.
In order to observe destabilization phenomena in a reasonable time, the pastes (W/B=0.4) were
diluted to reach a constant volume fraction of 15 vol.% which corresponds to a W/B ratio of 1.78, 2.02
and 2.38 for respectively the OPC, OPC- FA and FA systems. After adding dilution water to cement
paste, the suspension is gently mixed for 10 min to ensure a homogenous suspension.
2.2.5 Hydration kinetics
The hydration kinetics study was carried out on paste samples OPC and OPC-FA systems.
Additionally, samples of OPC blended with respectively 40 wt.% of limestone (labelled OPC-L) and 40
wt.% of quartz (labelled OPC-Qz) were prepared in order to investigate the filler effect, although
limestone is known to have an influence on the phase assemblage Lothenbach et al. (2008). An
isothermal calorimeter (TA Instruments TAM Air) operating at 25°C was used to monitor the heat flow
of cement pastes during hydration.
For X-ray diffraction (XRD) experiments, cement pastes were studied at 5 hours, 24 hours, 1 day, 7
days and 28 days. At early age (5 hours), the cement hydration was stopped by immersing the sample
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in isopropanol followed by a centrifugation to remove the solvent. For the older samples, the cement
pastes were cast in a polyethylene tube sealed and stored à 25°C. With an Isomet low speed saw
(Buehler), 2 mm thick disks with a diameter of 20 mm were sliced and analyzed by XRD immediately
afterwards. Data were collected using a BRUKER Advance D8 diffractometer in a - configuration
employing the CuK radiation (=1.54Å) with a fixed divergence slit size 0.6° and a rotating sample
stage. The samples were scanned between 4° and 70° with the Lynx-eye-1 detector.
3.
3.1

RESULTS AND DISCUSSION
Granular characterizations of the raw materials

According to the SEM micrographs (Figure 1 a-c) and particle size distributions (PSD) (Figure 2 a),
clinker and calcium sulphate powders have a similar morphology (angular monomorphic shape) and
particle size distribution with some larger particles for calcium sulphate and finer particles for clinker.
These observations are confirmed by the higher specific surface observed for clinker compared to
calcium sulphate (Table 1). Mean mode values around 10-20 µm are observed for the raw materials
(Figure 2) except for the quartz which has a main mode close to 60 µm. According to Demeyer (2007),
the three main conditions required for a homogenous powder system (similar density, size and shape)
are satisfied.

Figure 1. SEM micrographs of (a) clinker powder, (b) calcium sulphate powder and (c) fly ash

Figure 2. Particle size distributions of the blended materials with a) the component powders of
OPC and b) the SCMs measured by laser granulometry in isopropanol. The solid lines show
differential distributions and the dashed lines show cumulative distributions
3.2

Study of the systems OPC-Fly Ash-TEA

3.2.1 Reactivity
The filler effect was investigated in the systems OPC, OPC-FA, OPC-Qz and OPC-L (Figure 3),
without any TEA. Usually, in OPC, two peaks may be observed after the initial peak of hydration which
takes place immediately after the contact of cement with water. The first peak corresponds to the
hydration reaction of the silicate phases (mainly C 3S) and the second one is characteristic of the
sulphates depletion and hydration reactions of the aluminate phases (Scrivener & Nonat (2011)).
However, in our case (Figure 3-a), the second peak is not clearly observed due to the high amount of
C3S in the clinker and the high fineness of the powder which induces a higher reactivity. The second
peak is probably overlapped with the main peak of C3S hydration. Nevertheless, in the presence of
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mineral addition, the intensity of this peak is enhanced, and the heat flow profiles are modified. In the
OPC-L heat flow, the induction period is reduced, and the intensity of the main peak is higher. The
increase of intensity of the main peak can be due to the filler effect caused by the fineness of the
material which explains why this higher peak is also present for the OPC-FA but not for the OPC-Qz
as the quartz is not as fine as the fly ash and the limestone (see Figure 2).
According to Berodier (2015), the reduction of the induction period may be explained by the fineness
of the limestone and its reactivity during the induction period. In the case of limestone blended
cements, a little amount of limestone can dissolve leading to the supersaturation of Ca(OH)2 in the
interstitial liquid and a shorter induction period (Juilland et al. (2010)).
In the OPC-FA heat flow the addition of fly ash seems to cause a delay at early age with an extension
of the induction period as observed in the literature (Deschner et al. (2012)) and a diminution of the
heat in the first hours compared to the OPC (Peng et al. (2005)) despite it contains submicronic
particles (Figure 2) which should enhance the nucleation. However, after 15 hours of hydration the
heat produced becomes higher than the other systems blended with filler materials (Figure 3-b). It is
probably caused by the chemical impact of fly ash at the beginning of the hydration.

Figure 3. Heat flow (a) and cumulative heat (b) of OPC and blended cement pastes between 0
and 35 hours.
Regarding the microstructure, the OPC-FA compared to the OPC does not have a significant impact
on the phase assemblage up to three days (Figure 4). The few differences are a slight formation of
monosulphate at 3 days and a decrease of the hydrate peak intensities caused by the dilution of the
system with the substitution. A trace of gypsum is also visible at early age at 30 minutes and 5 hours.
It can be caused by the fact that gypsum is slowly dissolved in presence of cement blended with fly
ash and therefore it is still visible until one day. This result is consistent with the extension of the
induction period observed before on the OPC-FA system in Figure 3-a.

Figure 4. Diffraction patterns of OPC and OPC-FA with and without any TEA (0.06 wt.%) (E:
ettringite, C4AF: ferrite, C3S: alite, CH: portlandite, Ms: monosulphate, G: gypsum, Ml: mullite)
The effect of TEA was studied on OPC and OPC-FA systems (Figure 4 and Figure 5). On the heat
flow profiles (Figure 5), at low dosages, TEA has only a little impact on the second peak, characteristic
of aluminate hydration, which appears earlier without impact on the calcium silicate peak. It is not
visible on the OPC system because both peaks overlap but the increase in intensity of the main peak
suggests this phenomenon. However, at higher dosages and in both systems, the induction period is
extended and the main peak is delayed with a loss in intensity. Regarding the cumulative heat at 24
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hours, the OPC and the OPC-FA systems seem to have an optimal dosage, of respectively 0.03 wt.%
and 0.06 wt.% in TEA. Above these optimum dosages, the induction period is noticeably increased.
Depending on the dosage of TEA, the molecule can act as an accelerator at low dosage increasing
C3A hydration and as a retarder delaying C3S hydration. According to Yaphary et al. (2017), after a
limit dosage in TEA, the ettringite grows not only over the C3A surface but also on a part of C3S
surface, interfering with its hydration and inducing a delay. These results are confirmed by the XRD
analysis (Figure 4) where the addition of TEA leads to accelerate the formation of ettringite and the
consumption of gypsum.

Figure 5. Specific heat flow of a) OPC and b) OPC-FA and cumulative heat of c) OPC and d)
OPC-FA normalized to the mass of OPC at different dosage of TEA
3.2.2
Physicochemical stability
Mesostructural organization was studied indirectly by analyzing the paste stability of OPC, fly ash
blended cement and fly ash only (in interstitial liquid). The settling behavior of these particles in
suspension has been studied during the first 45 minutes of hydration using the Turbiscan apparatus.
The systems were first studied without TEA to determine the effect of fly ash on the sedimentation
velocity and the sediment height at 30 minutes. According to the results, given by the study of
transmitted profiles allowing to follow sediment front evolution versus time (Figure 6), fly ash seems to
make the sediment darker and accelerates the sedimentation (velocity and settlement) (see Figure 7).
As the PDSs for the clinker and fly ash (Figure 2) are similar, this effect may be due to the spherical
morphology of the fly ash which could cause a particle rolling effect which may favor the sediment
compaction.
We cannot also exclude a low reactivity of fly ash at early age. This difference of settling behavior can
be also due to the reactivity of the OPC which consumes water and produces hydrates creating fine
particles and consuming cement grains to form a network unable to pack as well as a non-reactive
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powder. Regarding the blended cement OPC-FA, it seems to be an additional effect as the “calculated
OPC-FA” velocity and the relative sediment height obtained from the volume weighted average (as the
analyses were performed at constant volume fraction) of each reference system (OPC and FA) value
fit almost exactly with the experimental results (see Figure 7) attesting that there is no synergistic
effect. The backscattering signal has also been studied. It depends on volume fraction and mean
particles diameter (Equation 1 and 2). For each system the backscattering profile of the sediment is
constant which allows identifying that the sediments are homogenous and pack without any
segregation despite the differences between particles in the blended cement. It is also observable in
Figure 6 where the OPC-FA sediment color is a homogenous mix of the both reference systems and
its sediment front is also positioned between them.

Figure 6. Visual appearance of
Figure 7. Sedimentation velocity (a) and evolution of
sedimentation columns for 1)
sediment height (b) through time for diluted pastes with
OPC, 2) OPC-FA and 3) FA
different fly ash ratios (Calculated OPC-FA is a theoretical
systems at 35 minutes of
profile calculated from the OPC and FA data)
hydration
The sediment front does not change with the addition of TEA for pure FA even at high dosage in TEA,
whereas we observe an increase in the sediment front with the amount of TEA in OPC. The presence
of TEA apparently enhances the dispersion of the reactive systems, OPC and OPC-FA. As seen
before in OPC, the cement hydration has an impact on the OPC sedimentation: the OPC hydration
consumes water and produces hydrates creating fine particles and consuming cement grains to form a
network unable to pack and reducing the settling velocity. Therefore, adding an accelerator such as
TEA accentuates these effects. As shown in Figure 8 and Figure 9, the settling velocity decreased and
the sediment front final position moved upwards with the amount of TEA whereas there is no impact of
the fly ash paste.
The TEA effect on the mesostrucural organization of the cement paste could be due to its chemical
effect on cement reactivity. As supposed previously, the clinker consumes water and produces
hydrates creating fine particles and consuming cement grains to form a network unable to pack as well
as a non-reactive powder. In the presence of TEA, the C3A hydration is accelerated as seen
previously. It could form more ettringite and improve the blocking effect of the cement reactivity on the
sedimentation. However Jachiet et al. (2018) identified that TEA acted in solution with a dispersant
effect. Therefore, the observed phenomena may result from a combined effect of these two properties,
but the present results do not allow confirming the latter hypothesis.

Figure 8. Evolution of the sediment front as a function of time with different TEA dosages
(wt.%) on OPC, OPC-FA and FA systems
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Figure 9. Sedimentation velocity of OPC and OPC-FA diluted pastes with different TEA dosages
3.2.3 TEA adsorption
The TEA adsorption was investigated to understand its impact on paste reactivity and/or
physicochemical stability (Figure 8).
For the OPC, during the first ten minutes, the adsorption is very low (or inexistent for systems less
reactive as observed by Jachiet et al. (2018)) and in the longer-term it progressively increases as also
observed by Gartner & Myers (1993) on diluted OPC pastes. This continuous adsorption may be
explained by the adsorption of TEA on the hydrated phases rather than on the anhydrous phases of
the OPC. As shown by Yaphary et al. (2017), we may have a reaction between Al(OH) 4-, released by
C3A, and TEA to form a TEA-Al complex, and therefore an adsorption on ettringite. According to YanRong et al. (2016) TEA is adsorbed on portlandite affecting its morphology.
For the FA system, most of the adsorption occurs within the first minutes and then almost stops.
Both trends are observed in the OPC-FA system. It has a strong adsorption within the first minutes, as
observed for the FA system, and then a lower continuous adsorption, as for the OPC. As for the
sedimentation, the additive effect was investigated by calculating the mass weighted average of OPC
and FA values (as the analyses were performed with a TEA dosage function of a constant mass of
binder). At early age (less than 10 minutes) it could be indeed explained by an additive effect. It
corresponds to be principally the adsorption on the fly ash. However, on the longer term, which
corresponds principally to the adsorption on OPC, the adsorption on the OPC-FA system is lower than
expected from the calculated profile. Supposing the TEA adsorption occurs on the OPC hydrates, this
difference could show a diminution of the amount of the hydrates formed which coincides with the
delay induced by the fly ash at early age, as identified before in the heat flow of the blended system.

Figure 10. Amount of consumed TEA as % of added TEA through hydration time of OPC, OPCFA and FA pastes with a dosage in TEA at 0.1 wt.% of binder
The main action of TEA seems to be controlled by its adsorption ability. In fact the adsorption profiles
presented in Figure 10 also explain the difference in the optimum dosage of TEA at early age for OPC
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and OPC-FA identified respectively at 0.03 wt.% and 0.06 wt.% (Figure 5) as more TEA is adsorbed in
the presence of FA likely due to its important specific surface (see BET specific surface Table 1).
4.

CONCLUSION

The effect of TEA, a usual molecule used as accelerator to improve the strength of blended systems,
was studied in OPC blended with fly ash, correlating the chemical reactivity and the mesostructural
organization.
The fly ash particles have a spherical morphology, different from the cement particles, but the mix is
homogenous and seems stable in suspension, with an additive effect between from the OPC and the
fly ash on the mesostructural organization. Regarding its effect on cement chemistry, it does not
impact the composition of the phase assemblage. However, despite its filler effect, it tends to delay the
cement hydration at early age which is then quickly overtaken by its chemical contribution appearing
around 10 hours.
TEA does not seem to impact directly the mesostructural organization of the paste by a
physiochemical lever because its adsorption on fly ash has no incidence. However, it seems to impact
it indirectly with its chemical effect on the hydration, as when more TEA is added to the system it
settles less (decrease of the sedimentation velocity and increase of the sediment height) due to the
formation of hydrates which consume water and form connexion between the clinker grains.
Chemically, it was highlighted that TEA features a critical dosage below which it acts as an accelerator
on calcium aluminates hydration and above which it acts as a retarder increasing the induction period.
Before this optimum, TEA seems to only increase calcium aluminate hydration showed by an increase
in intensity of the characteristic peak and does not seem to impact the calcium silicate reactivity.
According to Yaphary et al. (2017), TEA improves the C3A hydration by its adsorption on ettringite,
enhancing its precipitation. Above this dosage, it is supposed that too many TEA molecules are
available and help produce so much ettringite that it impedes calcium silicate reactivity. It could
explain the hydration delay caused by high TEA dosages and the observed delay of the calcium
silicate peak. Moreover, it has also been highlighted that the fly ash blended system seems to need
more TEA than OPC (compared to the proportion of clinker, the dosage considered optimal is higher
for OPC-FA). It could be explained by the adsorption of the amine on the fly ash which causes less
TEA available in solution for clinker hydration.
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ABSTRACT
Deformation of cement-based materials begins as soon as water is mixed in, due to hydration and
evaporation. Tropical climates are prone to the occurrence of shrinkage cracking that is primarily
provoked by drying shrinkage at early age. In Southeast Asia, there is great interest in the use of fly
ash and limestone powder as a concrete admixture to decrease the adiabatic temperature rise. The
use of fine powders could increase the risk of early-age shrinkage cracking due to drying. Although
early-age drying shrinkage cracks could lead to durability concerns in structures, standard
specifications are inadequate to avoid the cracks under tropical conditions.
This work investigates the dimensional stability, capillary pore pressure, cracking behavior and
deformability under high temperature conditions in early age cement-based mortars with fly ash,
limestone powder and shrinkage reducing agent. Our results indicate that the risk of early-age drying
shrinkage cracking was increased with the addition of fine fly ash and limestone powder as the
mortars became stiffer. Shrinkage reducing agent can be a countermeasure for reducing the risk of
early-age drying shrinkage cracking. Its action mechanisms can be described as absorption of capillary
pore pressure through modified mechanical properties such as lowered stiffness and increased creep,
together with inhibition of water evaporation through the presence of SRA micelles in the mortar
matrix, as well as a process of reduction in capillary tension. These actions lead to a decrease of
shrinkage strain and subsequently reduce the risk of drying shrinkage cracking at early ages.
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1.

INTRODUCTION

Tropical climates are prone to the occurrence of shrinkage cracking at early ages, which begins due to
evaporation and rapid hydration as soon as water is mixed in mortars and concretes at high ambient
temperatures. Evaporation is the dominant factor affecting the early-age shrinkage (Takahashi et al.
2016). In South Asia and Southeast Asia, there is great interest in the use of fly ash (FA) and
limestone powder (LSP) as concrete admixtures to decrease the adiabatic temperature rise of
concretes. On the other hand, the high proportions of such fine powders dry out the surface area of
concretes (Uno 1998 & Slowik et al. 2011). Especially the use of LSP could increase the risk of earlyage shrinkage cracking due to drying (Mayuran et al. 2017). Although drying shrinkage cracks at early
age could lead to durability concerns in structures, standard specifications are inadequate to avoid the
drying shrinkage cracks because local raw materials and climate conditions differ in tropical countries.
Shrinkage reducing agents (SRAs) are often used to mitigate drying shrinkage cracking, but the
mechanism of shrinkage reduction is not fully understood. Past studies show that some types of SRAs
decrease drying shrinkage at early ages (Lura et al. 2007) and threw doubt on the idea that SRAs
work solely via a capillary tension mechanism (Weiss et al. 2008). Actions of SRAs can be explained
by preventing agglomeration of calcium silicate hydrate (C-S-H) during the drying period and/or by
changing the amount of outer C-S-H, which has large impacts on shrinkage during the first desorption
(Maruyama et al. 2018). On the basis of these reports, a dominant influencing factor on early-age
shrinkage cracking is seen to be capillary tension because of small amount of precipitated C-S-H and
less water evaporation from C-S-H within 24 h after casting. Wittmann mentioned that the action of
capillary pressure in fresh concrete is assumed to be the cause of plastic shrinkage (Wittmann 1976).
The authors have reported that some types of SRAs, whose surface tension was 30–35 mN/m,
decrease capillary pore pressure but reduce the early-age shrinkage of mortars slightly (Takahashi et
al. 2016), and higher doses of the effective SRAs decreased shrinkage of mortars further, even under
similar capillary pore pressure (Takahashi et al. 2018).
This study investigates the dimensional stability, capillary pore pressure, cracking behavior and
deformability under high temperature conditions in early age cement-based mortars with different
inorganic admixtures and polyol-based SRAs, and explains the corresponding mechanisms.
2. EXPERIMENTAL PROTOCOL
2.1
Materials and mix proportions
The mortar mixes used in the experiments contain ordinary Portland cement (OPC), LSP, FA, JIS
standard sand with a maximum grain size of 1.6 mm, polycarboxylic ether superplasticizer (SP), an
acrylic viscosity-modifying agent (VMA), SRA and defoamer (DF) in the proportions shown in Table 1.
The mortar mixes were pre-mixed prior to testing and subsequently mixed with water for 2 min at 700
rpm using a mechanical mixer. LSP and FA were used as inorganic admixtures to substitute 25%
OPC. LSP of 325 mesh type and classified FA of JIS Class-I were used. The Blaine specific surface
area of OPC, LSP and FA is 3160 cm 2/g, 7470 cm 2/g and 5470 cm 2/g, respectively. SRA is a fatty
alcohol ethylene oxide/propylene oxide adduct. Its micelle size was 10 nm measured by using the
dynamic light scattering method, and its surface tension was 36 mN/m in 1 % solution at 40 °C.
Solvents and concentrations of the SRA do not affect the micelle size of the SRA (Takahashi et al.
2018).
Table 1. Proportions of the experimental mortars (unit; g)
Mortars

OPC

LSP

FA

Sand

SP

VMA

DF

SRA

Water

A

645

0

0

855

1.50

1.50

0

0

270

B

484

161

0

855

1.50

1.50

0

0

270

C

484

0

161

855

1.50

1.50

0

0

270

D

645

0

0

855

1.50

1.50

0.48

6.45

270

E

484

161

0

855

1.50

1.50

0.48

6.45

270

F

484

0

161

855

1.50

1.50

0.48

6.45

270
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2.2

Testing methods

All tests were performed at a constant temperature of 35 °C and a humidity of 65 %RH. Every test was
repeated more than three times under the same conditions.
2.2.1 Flow values and air contents
Flow value was measured using a mini-slump cone of 50 mm in diameter and 100 mm in height,
based on EN 12706. Air content was measured based on JIS A 5308.
2.2.2 Hydration kinetics
A calorimetric test as an index of hydration kinetics was carried out using an isothermal calorimetric
test of a triple type. Mortars were mixed and subsequently poured into sample cells where the
temperature was controlled at 35 °C. The rate of heat evolution was monitored for 12 h.
2.2.3 Dimensional stability and capillary pore pressure
Shrinkage/expansion strain was measured using a contactless laser sensor. The laser sensor was set
to monitor the horizontal movement of an end rod embedded in the casted mortar. Capillary pore
pressure was monitored with a pressure transducer connected to a de-aired water-filled system with a
50-mm needle having an external/internal diameter of 0.7/0.4 mm. Mortars were casted in the
stainless-steel mold shown in Figure 1. Specimen size was 25-cm in length with a rectangular cross
section of 30 mm by 40 mm. Needles were inserted at a depth of 20 mm (middle) and 35 mm (bottom)
from the mortar surface. Strain and capillary pore pressure were measured continually during the 12 h
immediately after casting, without a sealed cover over the mortar.
Laser sensor
Measuring rod (movable)
Stainless-steel mold

Pressure transducer

Low friction surface (e.g. teflon foil)

Specimen

Middle
Bottom

Specimen surface

End rod (fixed)

Needle

Figure 1. Experimental set-up for the measurement of strain and capillary pore pressure
2.2.4 Cracking areas
A schematic view of the experimental set-up of the cracking test is shown in Figure 2. A crack inducer
(steel plate) was placed inside the plastic mold. In order to enhance the cracking behavior, specimens
were fanned at 18 km/h by using a circulator. The rate of evaporation of this testing condition was 0.8
kg/m2/h, derived from the evaporation nomograph in ACI 305 R-96. Cracking areas were analyzed by
using an image-processing program ImageJ and were monitored at 2, 4, 6 and 10 h after casting of
mortars.
Plastic mold
Steel plate

Wind, 18 km/h

2

4

31

Mortar

Steel plate
5
Plastic mold

10

3

Cross-section view

95

17
5

130

22

190
Top view

Figure 2. Experimental set-up for cracking test (unit: mm)
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2.2.5 Shear modulus and creep
Deformability of mortars, such as shear modulus and creep, at very early periods (before setting) was
investigated by using a physical, modular, compact rheometer with a concentric-cylinder system. After
placing the mortars into the container of the rheometer, the hardening mortars at ages of 2.5 h, 4 h
and 5.5 h were subjected to a controlled shear strain where the shear strain was increased
logarithmically from 10-1% to 102 % over 120 s to obtain shear stress-shear strain curves, the slope of
which represents the shear modulus; an index of stiffness. In order to obtain creep behavior of
hardening mortars at ages of 2.5 h, 4 h and 5.5 h, shear strain response to the applied constant shear
stress of 100 Pa (a low enough stress for elastic deformation) was monitored over 600 s. Offset shear
strain, subtracting the initial strain from the measured strain, was defined as creep for early periods.
3. RESULTS
3.1
Flow values and air contents
Flow values and air contents of mortars are listed in Table 2. Flow values changed little in A though F.
Air content changed little in A though D but increased with the combination of LSP/FA and SRA (E and
F).
Table 2. Flow values and air contents of mortars A–F

3.2

Mortars

Flow value (mm)

Air content (%)

A

239

4.0

B

258

4.5

C

255

4.8

D

250

4.2

E

262

6.6

F

262

7.8

Hydration kinetics

Figure 3 demonstrates the heat release rates of mortars as a function of time. LSP increased both the
heat release rate during the acceleration period and the second peak value of heat release curves,
although the onset of the acceleration period was almost the same with mortar A (reference). FA
retarded the onset of hydration and decreased the second peak value of the curves. The curves
changed little, irrespective of whether SRA were added in mortars A–C.
4
Mortar A

Heat release rate (mW/g)

Mortar B
Mortar C

3

Mortar D
Mortar E
Mortar F

2

1

0
0

2

4
6
8
Elapsed time (hours)

10

12

Figure 3. Heat release rate of mortars A–F as a function of time
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3.3

Dimensional stability

Figure 4 shows shrinkage/expansion strain of mortars A–F as a function of time. Shrinkage occurred
in mortars A and B with the same timing regardless of substitution with LSP. Increase of shrinkage
strain after the onset of shrinkage (ca .4 h) became more pronounced in mortar B than mortar A, but
the order was reversed after 6 h. FA retarded the onset of shrinkage although there was less
difference in shrinkage strain at 12 h between mortars A and C. SRA did not change the onset of
shrinkage but halved the amount of shrinkage strain at 12 h.
-1200
Mortar A
Mortar B

-1000

Mortar C

Mortar D

Strain (10-6)

-800

Mortar E
Mortar F

-600
-400

-200
0
0

2

4
6
8
Elapsed time (hours)

10

12

Figure 4. Strain of mortars A–F as a function of time
3.4

Capillary pore pressure

Figure 5 indicates capillary pore pressure of mortars A–F measured at the middle depth as a function
of time. As in the case of shrinkage strain, capillary pore pressure occurred in mortars A and B with
the same timing, and FA retarded the build-up of capillary pore pressure. After the build-up of pressure,
pressure increase was higher in mortars B and C than in A. SRA did not change the build-up of
pressure but decreased the pressure values after the build-up.
60
Mortar A
Mortar B

Capillary pore pressure (kPa)

50

Mortar C
Mortar D

40

Mortar E
Mortar F

30
20
10
0
-10
0

2

4
6
8
Elapsed time (hours)

10

12

Figure 5. Capillary pore pressure of mortars A–F measured at the middle as a function of time
In Figure 6, capillary pore pressure of mortars A–C (left) and D–F (right) measured at the middle and
bottom depths are plotted as a function of time. In mortar A, onset of the pressure at the bottom depth
was later than at the middle depth. The difference in pressure generation could imply that there is a
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hygral gradient in mortars. Delay in pressure generation at the bottom depth did not occur in mortars B
and C, but did occur with dosing with SRA (mortars E and F).
60

60
Mortar D, middle

Mortar A, middle
Mortar A, bottom
Mortar B, middle
Mortar B, bottom

40

Mortar C, middle
Mortar C, bottom

30

Mortar D, bottom

50
Capillary pore pressure (kPa)

Capillary pore pressure (kPa)

50

20
10
0

Mortar E, middle
Mortar E, bottom

40

Mortar F, middle
Mortar F, bottom

30
20
10
0

-10

-10

0

2

4
6
8
Elapsed time (hours)

10

12

0

2

4
6
8
Elapsed time (hours)

10

12

Figure 6. Differences in capillary pore pressure at middle and bottom between mortars A–C
(left) and mortars D–F (right)
3.5

Cracking areas

Figure 7 represents cracking areas of mortars A–F as a function of time. The crack area of mortar B
after 2 h was larger than that of mortars A and C, but development of cracking area in mortar B was
smaller than mortars A and C. Substitution with FA retarded the development of cracks, although its
crack area after 6 h became larger than mortar with LSP (mortar B). SRA decreased crack areas
drastically.
50
Mortar A
Mortar B
Mortar C

40
Crack area (mm2)

Mortar D
Mortar E
30

Mortar F

20

10

0
0

2

4
6
8
Elapsed time (hours)

10

12

Figure 7. Cracking areas of mortars A–F as a function of time
3.6

Shear modulus and creep

Figure 8 shows shear stress as a function of applied shear strain in mortars A–C hydrated for 2.5 h, 4
h and 5.5 h. There was little difference at 4 h of hydration in the inclination of the curves (shear
modulus as an index of stiffness) between mortars A and B. The shear modulus of mortar C was
decreased due to hydration retardation through substitution with FA. Comparing mortars A and B at 4
h with mortar C at 5.5 h (these times correspond to the onset of the acceleration period), the modulus
of shear did not differ in mortars A–C. Comparing mortar A and mortar B hydrated for 2.5 h, mortar B
exhibits a more pronounced stiffening, as the shear modulus of mortar B was higher than that of
mortar A.
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Figure 8. Shear stress as a function of applied shear strain in mortars A–C
Figure 9 demonstrates creep of mortars A–C hydrated for 2.5 h, 4 h and 5.5 h. Creep at 4 h became
smaller in mortars C, A and B, in that order. Comparing mortars A and B at 4 h with mortar C at 5.5 h
(at the onset of acceleration period), creep of mortars B and C was smaller than mortar A. Comparing
mortar A and mortar B at 2.5 h, mortar B became stiffer as the creep of mortar B was smaller than that
of mortar A.
14
12

Creep (%)

10

Mortar A, 4h

Mortar B, 4h

Mortar C, 4h

Mortar A, 2.5h

Mortar B, 2.5h

Mortar C, 5.5h

8
6
4
2
0
0

200

400

600

800

Elapsed time (sec)

Figure 9. Creep of mortars A–C hydrated for 2.5, 4 and 5.5 h
Figures 10 and 11 show the effects of SRA on shear stress–shear strain curves and creep curves of
mortars with/without LSP and FA at the onset of the acceleration period (mortars A, B, D and E were
hydrated for 4 h, and mortars C and F were hydrated for 5.5 h). The modulus of shear was halved and
creep increased drastically with the dosage of SRA, whether or not binders were substituted with LSP
and FA.
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Figure 10. Effects of SRA on shear stress–shear strain curves of mortars at the onset of the
acceleration period
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Figure 11. Effects of SRA on creep curves of mortars at the onset of the acceleration period
4. DISCUSSION
4.1
Effects of limestone powder and fly ash
Shrinkage strain increases relative to the increase in capillary pore pressure, if mortars have the same
deformability under any given ambient conditions. Table 3 shows the absolute, observed values for
shrinkage strain and capillary pore pressure of mortars A–C at 5.5 h. At that time, capillary pore
pressure had started to increase. Additionally, changes in shrinkage strain and capillary pore pressure
of mortars B and C as compared to mortar A (reference mortar) are given in percent. In this manner,
the changes (plus: rise, minus: reduction) provoked by the substitution of LSP and FA on shrinkage
strain and capillary pore pressure have been quantified. Among mortars A–C, the reduction/rise of
shrinkage strain was clearly correlated to that of capillary pore pressure. The increase of shrinkage
strain leads to crack initiation and subsequent increase of cracking area. Both shrinkage strain and
cracking area leveled off afterwards. Figures 4 and 7 indicate that the increase of strain is correlated
to the increase in cracking area. For example, in mortar with LSP (mortar B), there was an initial
increase of both shrinkage strain and crack area. Both shrinkage strain and cracking area increased
slowly in mortar with FA (mortar C) and approached the values of mortar A at the end of measurement.
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The cracking behavior should be discussed together with deformability, in addition to shrinkage strain.
In this study, shear modulus (Figure 8) and creep (Figure 9) were monitored in order to quantify
deformability. Compared to the reference mortar, the mortar with LSP became stiffer because the
shear modulus was higher, while creep was smaller. Moreover the initial increase of shrinkage strain
was higher in the mortar with LSP, as mentioned above, and therefore initial crack development
became more pronounced through substitution with LSP. FA decreased creep and increased
shrinkage strain in the end, although the shear modulus of the mortar with LSP was almost equal to
the reference mortar at the onset of the acceleration period, and therefore substitution with FA could
increase the risk of early-age cracking.
The action of LSP and FA can be explained as follows: LSP and FA used in this study are finer than
OPC. Use of fine powders with a smaller particle size and larger Blaine surface area increases the
amount of immobile water in a concentrated suspension. When free-water is immobilized between
particles and/or hydrates and is not released to their surroundings, the concentrated suspension
becomes stiffer, and therefore creep is decreased as shown in Figure 9. Furthermore, as LSP
accelerated and increased the hydration rate during the acceleration period (cf. Figure 3),
consumption of water and increase of surface area became pronounced and subsequently immobile
water was increased.
Figure 6 indicates the interesting result as far as there was a lower hygral gradient observed in
capillary pore pressure in mortars with LSP and FA, although a pronounced hygral gradient was
shown in the reference mortar. A lower hygral gradient could imply that water was consumed at the
same rate in the middle and at the bottom of specimens due to immobilized free-water and/or
absorbed water onto the increased surface area of particles, which are similar phenomena to internal
drying.
Table 3. Comparison of strain and capillary pore pressure among mortars A–C at 5.5 h

4.2

A (reference)

B (LSP)

C (FA)

Absolute strain (10-6)

348

482

205

Change in strain (%, vs. mortar A)

0

+39

–41

Absolute pore pressure (kPa)

17.1

26.1

8.0

Change in pore pressure (%, vs. mortar A)

0

+53

–53

Effects of shrinkage reducing agent and its action mechanism

Table 4 shows the absolute, observed values for shrinkage strain and capillary pore pressure of
mortars D–F at 5.5 h. Reduction (shown as a positive value) of shrinkage strain and capillary pore
pressure as compared to mortars without SRA (mortars A–C) is given in percent.
Past studies imply that a dominant influencing factor in early-age shrinkage cracking is capillary
tension (e.g. Maruyama et al. 2018). SRAs reduce surface tension of water. Low surface tension
caused by dosing with SRA theoretically decreases the capillary pore pressure, as Gauss-Laplace’s
equation describes. However, compared to mortars without SRA (shown in Table 3), the reduction of
shrinkage strain was significantly higher than that of capillary pore pressure in the case of mortars with
SRA (shown in Table 4). This difference demonstrates clearly that the effects of SRAs on shrinkage
strain at early age are not explicable solely by capillary tension.
Table 5 shows the modulus of shear defined as the slope of the shear stress-shear strain curves in
Figure 10, determined by linear approximation and the creep value after shear stress was applied for
400 sec (cf. Figure 11). Table 5 shows that the modulus of shear decreased drastically, and creep
increased with the dose of SRA. Although the mechanical properties such as shear modulus and
creep were changed, hydration kinetics was not affected by the SRA dose, as shown in Figure 3.
These results indicate that changes in the mechanical properties occurred due to the presence of SRA
micelles. When stress is applied, SRA micelles themselves could slip and/or absorb the stress in the
mortar matrix with incorporated SRA micelles. Gartner et al. hypothesized that the organic molecules
of SRAs adsorb onto C-S-H surfaces and prevent the formation of calcium bridges between silicate
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groups brought into close proximity by capillary forces during drying (Gartner et al. 2017). The SRA
micelles that are in small meso-pores could mitigate the effect of capillary pore pressure as stress
absorbers, and/or the SRA micelles dissolved in water could reduce the free energy of solid-liquid
interface (could decrease the contact angle), and therefore shrinkage strain is reduced. Even when
shrinkage strain has occurred and/or has increased, cracking areas could be minimized due to an
increase of creep through the buffer effect of the SRA micelles.
Although entrained/entrapped air voids can also act as stress absorbers, there was a large difference
in shear modulus and creep between mortars A and D, which have the same air content. It is
suggested that effects of air voids on shear modulus and creep are small under the experimental
conditions of this study.
Actions of SRAs under drying conditions need to be discussed in depth, taking into account water
evaporation in addition to the above mechanisms. Water evaporation, which proceeds downward from
the mortar surface, is reduced by the dose of SRA because the flow paths of pore water could become
narrow and/or blocked by the SRA micelles in the flow paths. As a consequence, evaporation from the
surface is inhibited (Takahashi et al. 2018). Figure 6 shows that the hygral gradient, which
disappeared with the substitution with LSP/FA due to immobilized free-water and/or water absorption
onto the increased surface area, reappeared with dosage with SRA. This result implies that SRA
micelles could play a role of retaining enough water in the mortar matrix and preventing local water
consumption provoked by LSP and FA.
Table 4. Reduction of strain and capillary pore pressure of mortars through the use of SRA
D

E

F

Absolute strain (10-6)

178

157

103

Reduction of strain (%, vs. mortars A, B, C )

48 (vs. A)

67 (vs. B)

50 (vs. C)

Absolute pore pressure (kPa)

15.3

21.8

6.9

Reduction of pore pressure (%, vs. mortars A, B, C)

11 (vs. A)

16 (vs. B)

14 (vs. C)

Table 5. Modulus of shear and creep of mortars at the onset of the acceleration period
A

B

C

D

E

F

Modulus of shear (gradient of curves in Figure
10, determined by linear approximation) (–)

120

131

133

41

49

46

Creep after shear stress was applied for 400
sec (%)

2.9

0.9

1.4

3.4

2.5

2.1

5. CONCLUSIONS
This study focused on shrinkage and cracking behaviors at early ages due to drying, which is the
dominant factor early-age shrinkage, under high-temperature conditions. Shrinkage strain, capillary
pore pressure, crack areas and deformability of cement-based mortars were measured and mutual
relations were discussed. In the case of mortars with LSP and FA, shrinkage strain was correlated
with capillary pore pressure and cracking areas. Testing results of deformability, monitored by the
modulus of shear and creep, indicated that mortars became stiffer by substitution of cement by LSP
and FA because of the fineness of LSP/FA and/or hydration acceleration of LSP. Substitution with
both LSP and FA could increase the risk of early-age cracking.
SRA can be a countermeasure for reducing the risk of cracking due to drying shrinkage at early ages.
Its action mechanisms can be described as absorption of capillary pore pressure through modified
mechanical properties such as lowered stiffness and increased creep, and/or reduction of free energy
in the solid-liquid interface, together with inhibition of water evaporation through the presence of SRA
micelles in the mortar matrix, as well as a process of reduction in capillary tension. These actions lead
to a decrease of shrinkage strain and subsequently reduce the risk of cracking at early ages.
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ABSTRACT
For economical and ecological reasons, supplementary cementitious materials (SCM) are increasingly
used in concrete. Although having a lot of advantages, these concretes have different cement matrices
and do not have the same evolution as a function of time as CEM I concretes.
In this paper, the microstructure of various cement pastes with/without SCM (slag, fly ash and
metakaolin), has been investigated as a function of the curing time (28, 91 and 365 days). The
microstructure was characterized not only by usual techniques such as XRD and TGA-DTA, but also
by 29Si and 27Al NMR spectroscopy. The use of a combination of techniques for microstructural
characterization allows to quantify the proportion of each cementitious phase.
This quantification shows the evolution of the cementitious matrix as a function of the binder content
and of the curing time. After one year, there is higher proportion of C-S-H in SCM cement pastes but
there is still large amount of anhydrous phases. On the other hand, the alumina content in the C-S-H
and the average length of C-S-H chains are higher for pastes with SCM than for OPC ones. Alumina
phases proportions (AFt, AFm, TAH) are higher in SCM cement paste. There is more ettringite in CEM
I paste and more AFm phase in SCM cement paste.
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1.

INTRODUCTION

In non-aggressive environment, the hydrated Portland cement consists of hydrated phases (C-S-H,
Portlandite, AFt, AFm,…) in equilibrium with a pore solution whose pH is around 13.5 (Taylor 1997,
Nielsen 2005, Matschei 2007, Scrivener 2011). In order to reduce carbon footprint and to improve
some properties of the materials, clinker is partially replaced by supplementary cementitious materials
(SCM). These SCM are silica fume, fly ash, slag or some other products, which can be found locally
such as metakaolin, glass powder... These SCM have different properties in cementitious materials.
Binders, for example, which contain ground granulated blast furnace slag (GGBS) are used in marine
environment since the chloride diffusion coefficient of GGBS-mixtures is significantly reduced (Arya
1995, Bouteiller 2012). However, these binders form less portlandite than Ordinary Portland Cement
(OPC) binders (Duchesne 1994, Lothenbach 2011) as also expected for binders with fly ash or
metakaolin (Girao 2010, Saillio 2015). In these SCM materials, pozzolanic reactions consume a part of
portlandite to form C(-A)-S-H (Love 2007). Furthermore, evolution of the microstructure as a function
of the age is not the same in presence or not of SCM (Thomas 2012, Durdzinski 2017) and specially
the pore structure (Berodier 2015).
The aim of this research is to investigate the effect of the binder type on cementitious matrices. An
experimental campaign has been carried out on various cementitious materials with or without SCM.
The SCM considered here are GGBS, fly ash (FA) and metakaolin (MK). Microstructure is investigated
by differential thermogravimetry (TGA-DTA), X-ray diffraction (XRD), 29Si and 27Al NMR MAS
spectroscopy. Quantification of the various mineral phases has been obtained by combination of these
techniques and porous network are studied by mercury intrusion porosimetry (MIP).
2.

EXPERIMENTAL

Various cement pastes were designed with the same clinker. The main constituents of the clinker are
given in table 1. The water to binder ratio (w/b) is equal to 0.50 for all the mixtures. The studied
binders are CEM I (OPC with 97% clinker), CEM III/A (with 62% GGBS) denoted CEM III GGBS(62%),
CEM III/C (with 82% GGBS) denoted CEM III GGBS(82%), CEM I + 20% FA denoted CEM I FA(20%),
CEM I + 30% FA denoted CEM I FA(30%), CEM I + 40% FA denoted CEM I FA(40%), CEM I + 10%
MK denoted CEM I MK(10%) and CEM I + 25% MK denoted CEM I MK(25%).
Three main water-curing times (28 days, 90 days and 1 year) were chosen, in order to take into
account the evolution of the microstructure as a function of the age. In addition, some complementary
characterizations were made after 7 days of water-curing. After water-curing time, samples are
crushed in small pieces of 1-2g. A short drying step of the sample was performed on the samples
(40°C during 24h) before analyses.
Table 1. Chemical compositions of the cement and SCM tested (% in mass)

CaO
CEM I
62.53
CEM III/A 49.77
CEM III/C 45.70
MK
2.00
FA
4.30

SiO2
19.54
29.86
32.00
66.29
51.59

Fe2O3
2.90
1.28
1.00
4.29
6.58

Al2O3
4.98
8.10
9.90
21.30
23.78

TiO2
0.30
0.46
0.50
1.12
1.03

MgO
0.84
4.61
5.80
0.25
0.49

Na2O
0.30
0.40
0.63
0.84
1.09

K2O
0.82
0.56
0.54
0.49
3.05

MnO
0.09
0.16
0.20
0.00
0.11

SO3
2.97
2.29
2.00
0.08
3.05

Thermogravimetric analyses (TGA) and Differential thermal analyses (DTA) (Villain 2007) were
performed with a simultaneous thermal analyzer by heating from 25°C to 1250°C with 10°C/min steps.
These techniques are used here to quantify the water content lost from calcium hydroxide (portlandite)
and C-S-H + Ettringite (noted C-S-H+E), as well as the CO2 content lost from calcium carbonates of
the samples. The quantity of the initial binder is also obtained (remaining mass at 1100°C). X-ray
diffraction (Scrivener 2016) allows one to identify the crystallized phases (e.g. portlandite, calcium
carbonates, monocarboaluminate, C2S, C3S …) and to estimate their proportions. NMR spectroscopy
(Engelhardt 1987) gives access, at a local scale, to the immediate environment of a nucleus. 27Al and
29Si nuclei have been observed here by the MAS (Magical Angle Spining) technique (Skibsted 1993,
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Jones 2003). Geometrical configurations of a nucleus are a function of the chemical shift. NMR
spectra have been obtained here with a Bruker Avance 500MHz apparatus (11.74 T magnetic field).
By 27Al NMR, AFm, AFt, Al include in C-S-H can be assessed and by 29Si NMR, C2S, C3S, GGBS, FA,
C-S-H and silica gel can be assessed. All these technics are combine in order to obtain the phase
assemblage. Pore size distribution is assessed by mercury intrusion porosimetry (MIP).
3.

RESULTS AND DISCUSSION

The proportions (after 365 days of water curing) of each cementitious phase obtained from various
techniques (TGA and NMR) and pore size distribution (MIP) are presented in figure 1 for different
cement pastes.
The amount of portlandite is reduced in the case of cement paste with SCM in particular for CEM III
GGBS(82%) (see figure 1-A). Portlandite is produced only by the clinker, the decrease in the
proportion of portlandite when the proportion of clinker decreases is thus quite expected and as
already observed in numerous studies (Hanehara 2001, Badogiannis 2002). In addition, the
pozzolanic reaction and slag activation are known for consuming a part of portlandite. In order to
separate the effect of dilution from the consumption of portlandite due to the pozzolanic reaction and
slag activation, it is necessary to calculate the portlandite amount reported to the clinker proportion of
the binder (Figure 1-B). Based on these results, the pozzolanic reaction with FA and MK consumes
obviously more portlandite that the activation of slag. Previous observations by TGA (Taylor 2010)
made on cement paste with slag show the same portlandite amount (between 3 and 10%) as in this
study. In addition, another study (Girao 2010) on cement paste with 30% fly ash showed a similar
amount of portlandite as seen here.
The amount of C-S-H (obtained by combination of NMR and TGA results) is increased in the case of
cement paste with SCM, except CEM I FA(30%). In general, C-S-H amount of SCM materials are less
important than expected. This may be due to the different hydration states of SCM. This is consistent
with the anhydrous phase proportions: they are higher for CEM I FA(30%), CEM III GGBS(62%) and
CEM III GGBS(82%) than for CEM I after 365 days of water curing (see figure 1). According to 29Si
NMR results (Q° proportions), there is only 7% of silicium available in OPC anhydrous phases and
39% in CEM III GGBS(62%) ones (34% from GGBS and 5% from clinker). Consequently, after 365
days, cement paste with SCM can potentially produce more C-S-H than OPC. However, in SCM, there
are some crystalline phases, as quartz, that cannot react. In addition, regarding amount of C-S-H
reported to clinker (see figure 1-B), SCM cement pastes produce more of this phase than OPC.
Pozzolanic reaction (for FA and MK) and slag activation (for GGBS) are responsible of this
(Lothenbach 2011). These reactions have consequences on microstructure as observed on pore size
distribution obtained by MIP (see figure 1-C). In fact, all curves are quite different.
Cement pastes with SCM contain more AFm phases than OPC (except for CEM III GGBS(82%)). This
result is explained by the high proportion of alumina in SCM binders and can be observed in other
study (Durdzinski 2017). It also seems that the proportion of AFm phases decreases with the SCM
ratio. As already observed on C-S-H, regarding amount of AFm + AFt reported to clinker (see figure
1B), SCM cement paste produce more of these aluminate phases than OPC. This result is particularly
interesting because the production of these phases needs calcium and there is almost no calcium
available in anhydrous MK and FA (calcium is only calcium carbonate in these anhydrous SCM).
Consequently, a part of portlandite or calcium in interstitial solution seem to be consumed to form
these phases, in addition to form C-S-H during pozzolanic reaction.
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Figure 1. Proportions of the main phases (A), proportion of phases reported to clinker (B)
obtained by combination of 29Si and 27Al NMR and TGA/DTG results and pore size distribution
obtained by MIP (C) in various cement pastes after 365-day water curing
The proportions of the anhydrous phases decrease as a function of the water curing time consistently
with the increase of the C-S-H proportions (see figure 2 and 3), whatever the cement paste and
confirmed by XRD, as expected. It seems there is some modifications of the aluminate phases
equilibrium during the hydration. However, some values appears aberrant (e.g. AFm and AFt CEM I at
91 days) and therefore, these samples need to be tested again for confirmation. It seems there is
more monocarboaluminate at 365 days for CEM I, CEM I MK(10%) and CEM I FA(30%).
The amount of portlandite increases with water curing time for CEM I and CEM I MK(10%), stays
constant for CEM III GGBS(62%) and CEM III GGBS(82%) after 28 days and decreases for CEM I
MK(25%) and CEM I FA(30%). Consequently, portlandite is consumed by MK and FA during
pozzolanic reaction and a small part seems to be consumed by slag activation. The amount of
portlandite reported to clinker as a function of water curing time is presented in figure 4. For cement
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pastes with FA, portlandite amount increases until 28 days and then decreases. It can be deduced
that pozzolanic reaction consumes more portlandite than it is produced by clinker after 28 days. For
CEM I MK(25%), portlandite amount decreases after 7 days and is strongly lower than CEM I. At the
beginning, kinetic of pozzolanic reaction with MK seems to be quicker than with FA. A filler effect can
also occurs. However, after 365 days, reactivity of MK and FA seems similar. Figure 4 shows the
portlandite amount of cement paste with MK or FA, as a function of cement substitution for each water
curing time. A linear relation appears for 91 days and 365 days confirming that, in long term, MK and
FA have a similar reactivity, at the opposite case of in early age.
In the case of this study, it is possible to access to the percentage of C 2S, C3S, FA and GGBS which
are reacted (called here reactivity). This is particularly interesting since clinker anhydrous phases can
be separated of FA or of GGBS in SCM cement paste. For MK, it was not possible to calculate these
anhydrous SCM amount because by 29Si NMR, the peak of this phase was indistinguishable to the
other peaks of Si. Results are given in figure 5. Reactivity of anhydrous phases increases with water
curing time as expected and confirmed by XRD data (see figure 3 et 4). Reactivity of C 2S and C3S in
SCM cement paste are lower than in OPC, except in CEM III GGBS(62%) where the values are close.
Perhaps, the formation of hydrates on the surface limits the dissolution of anhydrous phases since CS-H amount reported to clinker is higher in SCM cement paste (see figure 5 left). There is still high
amount of SCM remaining after 365 days of water curing. It is difficult to say if these remaining phases
could be hydrated in the future or if they are inert due to the presence of non-reactive phases (quartz).
These differences between the hydration kinetics of binders was quite expected. They have
consequences on microstructure as observed on pore size distribution by MIP (see figure 5 in right). In
fact, microstructure of CEM I is stabilized after 28 days but these of the other cement pastes continue
to evolve until 365 days of water curing.
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Figure 2. Proportions of the main phases in various cement pastes obtained by combination of
29
Si and 27Al NMR and TGA/DTG results (in left) and XRD data of cement pastes (in right) as a
function of water curing time. E – Ettringite, A – AFm phases, Mc – Monocarboaluminate, P –
Portlandite, C – Calcite Q – Quartz, AN – Alite and Belite.
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Figure 3. Proportions of the main phases in various cement pastes obtained by combination of
29
Si and 27Al NMR and TGA/DTG results (in left) and XRD data of cement pastes (in right) as a
function of water curing time. E – Ettringite, A – AFm phases, Mc – Monocarboaluminate, P –
Portlandite, C – Calcite Q – Quartz, AN – Alite and Belite
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Figure 5. Proportions of each phase reported to clinker (in left), reactivity of anhydrous phases
(in middle) and pore size distribution obtained by MIP (in right). (*) aberrant values
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In addition, other characteristics of C-S-H can be obtained: C/S, A/S and H/S ratios and average
length of C-S-H chains.
Almost all the C/S ratios obtained (see figure 6) are similar to previous studies. The average value is
between 0.6 and 2.0 according to (Girao 2010). In addition, the C/S of CEM III GGBS(62%) should be
lower than OPC one, whatever the age of the material (Taylor 2010), and this is the case for CEM III
GGBS(82%) after 91 days but not at 28 days. The C/S of cement pastes with FA and MK are lower
than OPC one and seem to decrease with cement substitution by SCM. In fact, during pozzolanic
reactions, SCM needs portlandite and uses calcium from this phase to form C-S-H. However, this
calcium amount incorporated in C-S-H is lower than calcium amount directly incorporated in C-S-H by
clinker hydration. According to previous studies (Love 2007, Pardal 2009, Lothenbach 2011), alumina
is incorporated into C-S-H (substituted to silicium or calcium) during pozzolanic reaction. The ratio A/S
in C-S-H is presented in figure 6 for the present study. These ratios are higher for cement pastes with
SCM than for CEM I one according to previous study (Girao 2010). The H/S ratio in C-S-H is
presented figure 7. It seems to increase between 28 and 91 days and almost all value are included in
the interval between values generally obtained in the literature (1 to 4 indicated in orange lines on the
figure 7), excepted for CEM III GGBS(82%), for CEM I MK(25%) at 28 days and for CEM I FA(30%) at
28 days. However, in general, the values are low (inferior to 2.5). This may due to the method used
here. In fact, samples were analyzed after a short drying step (at 40°C during 24h). In complement,
these samples were dried at 40°C until constant mass in order to obtain the water still contained in the
porosity, without removing the water chemically bound in hydrated phases (C-S-H and ettringite). This
water was removed from the TGA results concerning C-S-H+ettringite peak (within ambient
temperature and 250°C) and represents 4-9% in cement paste mass. It seems that this drying step
takes some water from C-S-H in addition to water from capillary pore as reported (Baroghel-Bouny
1994, Bertin 2017). In addition to this difficulty, porosity network evolves with water curing time as
presented in figure 5 as well as the microstructure. In fact, drying kinetics are not the same
considering the binder with or without SCM and the age of the materials (Bertin 2017). Consequently,
H/S in C-S-H are lower than expected and C-S-H proportions, as presented in figure 1, are maybe
slightly underestimated. In conclusion, as already reported in literature (Pane 2005), separation of free
water in pores from water chemically bound in C-S-H is quite difficult.
Finally, with 29Si NMR results, can be assessed (see figure 7). These lengths seem to increase with
cement substitution and water curing time. However, this study (Taylor 2010) shows that this average
length increases with increasing GGBS proportion. In this case, cement paste are 20 years old to
comparing to only one year in the present study. This could be an explanation of the difference in
results as average length of C-S-H increases over time. In addition, detailed 29Si NMR results (not
presented here) show a higher proportion of Q 3 and Q4 and maybe the presence of Q4(1Al) for cement
paste with SCM, indicating a higher polymerization between C-S-H chains. This is consistent with
previously presented 27Al NMR results indicating the presence of higher alumina content in C-S-H.
Consequently, C-S-H gel seems to be denser for these materials.
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Figure 6. Evolution of C/S and A/S in C-S-H as a function of the water curing time for various
cement pastes obtained by combining 29Si NMR and TGA/DTA. Orange line: interval between
values generally obtained in the literature
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Figure 7. Evolution of H/S in C-S-H as a function of the water curing time for various cement
pastes obtained by combining 29Si NMR and TGA/DTA and Average length of C-S-H chains as a
function of the water curing time for various cement pastes obtained by 29Si NMR. Orange line:
interval between values generally obtained in the literature. (*) aberrant value
4.

CONCLUSIONS

In this paper, quantification of each mineral phase has been obtained by coupling of various
techniques (XRD, DTG/TGA, 29Si and 27Al NMR MAS spectroscopy and elementary analysis). This
quantification shows the effect of SCM and age of various pastes on the proportion of each phase.
After one year, there is higher proportion of C-S-H in SCM cement pastes (except in CEM I FA (30%))
and there is still large amount of anhydrous phases in CEM III GGBS(62%), CEM III GGBS(82%) and
CEM I FA(30%) samples. However, it is impossible to say if they could be reactive or are totally inert
without performing additional tests at longer age (higher than 365 days).
The pozzolanic reactions consume more portlandite that the activation of slag. The C/S of the C-S-H is
higher for OPC pastes than for cement pastes with fly ash or metakaolin. It seems particularly low for
MK cement paste. On the other hand, the alumina content in the C-S-H and the average length of CS-H chains are higher for pastes with SCM than for OPC ones. Hydrated alumina phases proportions
(AFt, AFm and TAH) are higher in SCM cement paste. For MK and FA cement paste, in addition to
pozzolanic reactions, it seems that a small part of calcium from clinker hydration is used to form these
aluminate phases. It could be also explain why the C/S is so low for these materials. Equilibrium of
aluminate phases is also quite different. There is more ettringite in CEM I cement paste and more
AFm phase in SCM cement paste. The hydration kinetics of these various binder have consequences
on microstructure. Pore size distribution of cement paste with SCM continues to evolve until 365 days
at least.
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ABSTRACT
From the perspective of agricultural biomass waste reuse and the production of green mineral
admixture with high quality for cement and concrete, optimization on combustion technology for rice
husk ash were investigated. In this study, an improved combustion system was present, mainly
including a self-designed rice husk ash combustion furnace with a specific distributor. The effect of
using rice husk ash as a partial replacement for cement has been investigated by compressive
strengths of mortars, and silica fume was also introduced for comparison. At last, the early
carbonization properties of high reactive rice husk ash was discussed. Results showed that the
optimization of combustion technology can be achieved by the application of self-designed equipment,
and the pretreatment process with 5M HCl before calcination, then grinding for 30 minutes after that.
The heating temperature (600℃) and time (two hour) were controlled. The highly reactive rice husk
ash prepared by the improved combustion system can obtain pozzolanic activity equal to and even
better than that of silica fume to some extent. Also, reactive rice husk ash exhibited a remarkable
carbon capture capacity, which would help to develop environmental-friendly cement and concrete
industry in the future.
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1.

INTRODUCTION

As a by-product of rice, rice husk is a kind of agricultural biomass waste with large quantity, wide
distribution and low price. Recycling and utilization of rice husk ash (RHA) produced by rice husk
combustion, and used as a high-quality green mineral admixture of cement and concrete, will produce
good environmental and economic benefits and have broad application prospects.
The properties of rice husk ash obtained by different preparation processes are very different.
Therefore, choosing reasonable burning temperature and time becomes the key point when preparing
rice husk ash. Pranav Barkati et al.(1994) found that low temperature combustion conditions, SiO2 can
maintain the amorphous state, and after more than 600 ℃ SiO2 will transform to quartz crystal.
According to a study by Bie etc.(2015), the specific surface area of rice husk ash under 600℃ is
higher than 700℃, there are mainly two reasons, SiO2 is crystal type under 700℃, and specific
surface area of SiO2 decreased; Secondly, it depends on the number of nanoparticles in rice husk ash.
However, some results (Ganesan K et al.2008, Subrahmanyam V et al. 2015) show that, the 650℃-1h
or 1.5h is the best combustion parameters, can get high quality white silica fume. And other
researchers (Chakraverty A et al. 1988) believe that under the burning condition of 700℃ can obtain
highly active of the amorphous silicon. Feng et al.(2004) showed that HCl pretreatment could improve
the activity of rice husk ash, and further promote pozzolanic reaction of active silicon and CH in
cement paste, generating more C-S-H gel. Therefore, because of the influence of combustion furnace
type, ventilation condition and pretreatment process, the optimal combustion parameters such as
temperature and time corresponding to the acquisition of highly active SiO 2 will vary from different
combustion conditions.
Worldwide scholars have found that the rice husk ash prepared under certain combustion conditions
contains much amorphous SiO2, has excellent micro-aggregate filling effect and pozzolanic activity
(Bui D D et al. 2005, Givi A N et al. 2010, Gemma Rodríguez de Sensale 2006, Yu Q et al. 1999, Tuan
N V et al. 2011, Jauberthie et al. 2000, Cordeiro 2011, Agarwal 2006, Christopher et al. 2017, Roselló
et al. 2017, Ambedkar et al. 2017, Msinjili et al. 2017). And this RHA can be used as the mineral
admixture of cement and concrete just like the granulated blast furnace slag, fly ash and silica fume. In
this paper, an improved combustion system, including a self-designed combustion furnace, with a
specific distributor, was used to prepare high performance rice husk ash. The optimization of
combustion technology can be achieved by the pretreatment process with 5M HCl before calcination,
then grinding for 30 minutes after that. The heating temperature (600℃) and time (two hour) were
controlled. The highly reactive rice husk ash prepared by the improved combustion system can obtain
pozzolanic activity equal to and even better than that of silica fume to some extent. The effects of
curing age and the content of rice husk ash on the compressive strength of mortar were discussed by
comparing the self-made high activity rice husk ash with silica fume, and the early carbonization
properties of high activity rice husk ash were studied also. Reactive rice husk ash exhibited a
remarkable carbon capture capacity.
2.

EXPERIMENTAL

2.1

Materials used

Portland cement (P. Ⅱ52.5) was produced by Ya Dong Cement Company, conforming to China
standard GB175-200. Silica fume (SF) was produced by Aiken Company. China ISO standard sand
was produced by Xiamen Aisio.
In the study, rice husk ash was produced by an improved self-designed combustion system. Rice husk
ash can be obtained both by the application of the equipment without any pretreatment, and by the
pretreatment process with 5M HCl before calcination. Rice husk was prepared without any
pretreatment as control group, and also a certain amount of rice husk was soaked in 5M HCl for 1
week as the pretreatment group. After soaking, rinse with water to remove internal residual acid
solution, then dry for test use. Chemical composition of rice husk ash used in the present investigation
is shown in Table 1.
Table 1. Chemical composition of RHA and R-RHA obtained at 600 °C with different
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pretreatment
Oxide
(wt. %)

SiO2

Al2O3

CaO

MgO

Fe2O3

SO3

Na2O

K2O

RHA

87.42

0.26

2.07

0.73

0.28

1.22

0.10

5.44

R-RHA

98.38

0.30

0.20

0.02

0.07

0.19

0.10

0.06

RHA refers to rice husk ash without any pretreatment, R-RHA refers to reactive rice husk ash with 5M
HCl pretreatment before calcination and then ground with same process.
From table 1, the main chemical composition of RHA and R-RHA were SiO2. The SiO2 content in rice
husk ash was both more than 87%, among which the SiO2 content in R-RHA obtained by pretreatment
was as high as 98.38%. The K2O content is only 0.06%.

Figure 1. XRD results of cement, Silica fume and rice husk ash
Figure 1 shows the XRD test results of cement, silica fume and rice husk ash. C 3S and C2S in P.Ⅱ
52.5 cement show high diffraction peak, and C3S more evident than that of C2S. In addition to the
sharp diffraction peak, rice husk ash used in this paper and silica fume both show a diffuse peak
between 2 theta equal to 20° to 30°. Rice husk ash and silica fume contain a large amount of
amorphous SiO2, therefore rice husk ash and silica fume has pozzolanic activity.
Mortar samples were selected as control group. The mix proportion (by mass) was calculated as
follows. Cement: sand: water =1 : 3 : 0.5. Replacing cement with different amount (5%, 10%, 15%,
and 20% by weight of cement) of R-RHA and silica fume were used as the research objects.
2.2
2.2.1

Test methods
Preparation of rice husk ash

1）A self-designed RHA combustion furnace with a specific distributor
In this paper, rice husk ash is prepared by an improved combustion system, which mainly includes a
self-designed combustion furnace (Figure 2), with a specific distributor (Figure 3).
The self-designed combustion furnace has a chamber of alundum tube material, which can resist to
highest temperature of 1200°C. The height of furnace chamber is 1000 mm, and the heating element
is silicon carbide rod with a length of 600 mm.
The specific distributor is divided into 12 layers with a total design height of about 600 mm, which is
matched with the height of silicon carbide rod in the combustion furnace. The distributor shall be put
into the furnace chamber before combustion, and then the furnace chamber should be sealed to start
combustion. When the temperature drops to room temperature after combustion, open the upper
feeding port, and take out the distributor.
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(a) Profile of the combustion furnace

(b) design drawings of the combustion furnace

Figure 2. Profile and design drawings of the self-designed combustion furnace

(a) Profile of the distributor

(b) design drawings of the distributor

Figure 3. Profile and design drawings of a specific distributor
2）Pretreatment
Rice husk ash is prepared by an improved combustion system in the present experimental
investigation. The heating temperature (600℃) and time (two hour) were controlled. After calcination ,
rice husk ash was placed in a ball mill grinding for 30 min. Figure4 shows Color changes of rice husk
ash without and with HCl pretreatment. Figure5 shows particle size distribution of R-RHA. The specific
surface area of R-RHA is 122.9 m2/g. The bulk density of silica fume is 2203 kg/m3.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

(a) RHA

(b) R-RHA

Figure 4. Color changes of rice husk ash without and with HCl pretreatment

Figure 5. Particle size distribution of R-RHA
2.2.2

Testing of cement specimen with rice husk ash

1）Testing of compression strength: The prepared mortar was cast in 40×40×40 mm steel mould.
After curing for 24 h in a humid environment of 20 ± 2℃, the specimens were demoulded and placed
immediately in water tank for further curing to prescriptive ages. Strength tests of each specimen were
conducted at various ages.
2）Testing of carbonation curing mortar: X-ray diffractometer and strength testing were applied to test
R-RHA and silica fume mortar after 12h carbonation curing.
3.
3.1

RESULTS AND DISCUSSION
Compression strength

Compressive strength is one of the most basic mechanical properties of mortar. Table 2 and Figure 6
showed that compressive strength of four cement replacements by R-RHA and SF had different
behaviors at different curing time.
For the same mix proportion, the compressive strength of the sample increased by different degrees
with the increase of curing age, which was due to the increase of curing age resulting in the sufficient
hydration degree of cement, and so more hydration products were generated to obtain higher strength.
The compressive strength of high activity rice husk ash mortar at different ages was higher than that of
the control group. The compressive strengths of mortar with different silica fume contents were
different. The compressive strength of the 3 days age group was the same as that of the control group,
the age of 7 days was slightly lower than that of the basic group, and the age of 28 days was higher
than that of the basic group.
With the increase of content, the compressive strength of rice husk ash mortar increased more
significantly than that of silica fume mortar. Especially, the compressive strength of rice husk ash
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mortar was up to 84.6MPa of the 28 days age, while the compressive strength of silica fume mortar in
the same age period was only 77.5MPa. Compared with 69.8MPa of the 28 days age of control group,
the compressive strength of rice husk mortar increased by 21.20% and that of silica fume mortar
increased by 11.03%.
At the early hydration stage, the high reactive rice husk ash promoted the mortar strength, which
reflected the fact that the compressive strength of rice husk ash mortar was higher than that of the
control group. This was due to the pozzolanic activity and filling effect of rice husk ash. At the late
hydration stage, the promoting effect of high activity rice husk ash on mortar strength continued and
became more and more significant with the increasing hydration age. This indicates that with the
increasing hydration age, the activity of rice husk ash further promotes the hydration process, making
the microstructure of cement paste more dense. Under the same conditions, the effect of highly active
rice husk ash on the improvement of mortar strength is more obvious than that of silica fume, which
shows that the highly active rice husk ash prepared by an improved combustion system can obtain
pozzolanic activity equal to or better than silica fume to some extent.
Table 2. Compressive strength of mortar (MPa)
Curing
age

Control

5%-RRHA

10%-RRHA

15%-RRHA

20%-RRHA

5%-SF

10%SF

15%SF

20%SF

3d

39.5

44.9

40.3

45.1

50.4

42.7

41.8

41.7

40.1

7d

57.5

57.4

59.1

68.5

66.7

57

52.5

52.8

51.9

28d

69.8

70.5

73.1

77.7

84.6

74.3

77.1

76.5

77.5

80
Compressive strength/MPa

70

T=3d w/b=0.5
T=7d
T=28d

60
50
40
30
20
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Figure 6. Comparison of compressive strength of mortar
3.2

Early carbonation curing

Table 3 and figure 7 show the compressive strength results of mortar after 12h carbonation curing and
hydration curing. The compressive strength of mortar after 12h early carbonation curing was greater
than that of hydration curing. Among them, the 15%-R-RHA group was the most significant one. The
compressive strength of 12h hydration curing sample was 15.9MPa, while the compressive strength of
12h carbonation curing sample was 71.8MPa, which was 4.52 times of the compressive strength of
hydration curing sample. This is because the addition of CO 2 converts more CH into CaCO3 in the
cement hydration process, so that the early carbonation curing mortar can obtain higher strength.
Compared with the control group, the compressive strengths of rice husk ash and silica fume mortar
decreased to different degrees after 12h hydration curing, which may resulted from the activity of rice
husk ash and silica fume was not fully exerted in the early cement hydration stage.
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With the increase of silica fume content, the mortar strength after 12h carbonation curing showed a
decreasing trend, in which the compressive strength of 10%-SF group (42.6MPa) was close to that of
control group (41.7MPa). After 12h early carbonation curing, the compressive strength of highreactivity rice husk ash mortar was higher than that of the basic group. With the increase of rice husk
ash content, the test results fluctuated to a certain extent, but showed an overall growth trend. Among
them, the compressive strength of the 15%-R-RHA group was 71.8MPa, which was also between the
standard curing (Table 2) for 7d (68.5MPa) and 28d (77.7MPa). LI (2018) find the 24h carbonation
strength of tricalcium silicate (C3S) paste had exceeded that of the hydration strength at 28 days.
Table 3. Compressive strength of mortar after 12h early carbonation curing and hydration
curing (MPa)
Curing
type

Control

5%-RRHA

10%-RRHA

15%-RRHA

5%-SF

10%-SF

15%-SF

12h
carbonation
curing

41.7

57.6

46

71.8

61.8

42.6

31.7

12h
hydration
curing

32

24.7

20.5

15.9

21

16.9

14.6

Carbonation
Hydration
T=12h

Compressive strength/MPa

70
60
50
40
30
20
10
0

A
A
A
rol
Cont 5%-R-RH 0%-R-RH 5%-R-RH
1
1

F
F
F
5%-S 10%-S 15%-S

Batch

Figure 7. Comparison of compressive strength of mortar after 12h early carbonation curing and
hydration curing
In order to study the influence of high reactivity rice husk ash and silica fume on the early
carbonization performance of cement mortar, this paper carried out the XRD test of control group,
mortar group with different R-RHA and SF dosage after 12h early carbonation curing. The test results
are shown in Figure 8.
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Figure 8. XRD results of mortar after 12h early carbonation curing
Compared with control group, characteristic peak of CaCO3 increased both with rice husk ash and
silica fume. In particular, the 15%-R-RHA group showed the most significant increase. This is due to
CO2 consumed a certain amount of Ca(OH)2 generated by cement hydration reaction. In addition, the
pozzolanic activity of R-RHA and SF admixtures had been exerted in the 12h early carbonation curing
age. Active SiO2 in R-RHA and SF consumed a certain amount of Ca(OH) 2 generated by cement
hydration reaction, and more C-S-H gel generated.
In the early carbonation curing environment, the rice husk ash and silica fume mineral admixtures
promoted the hydration reaction of cement, which reduced the diffraction characteristic peak of C 3S
and C3A, and the 15%-R-RHA group in particular significant. C3A has the fastest hydration rate and is
the main contributor to the strength of cement paste within 1-3d. The hydration rate of C3S is also fast,
and it contributes a lot to the early strength of cement paste within 28 d ( Mehta P K & Monteiro P J M
2013). This also confirms the macro-mechanical characteristics of R-RHA and SF mineral admixture
mortar, especially the 15%-R-RHA group, which has a higher compressive strength than the basic
group in the early carbonation curing (Table3).
4.

CONCLUSION

In this paper, high reactive rice husk ash is prepared by an improved combustion system with a large
amount of amorphous SiO2, which reflects highly pozzolanic activity similar to or even better than silica
fume. Therefore, RHA participates in the hydration reaction of cement and generates more C-S-H gel,
so as to obtain higher compressive strength. In addition, high reactive rice husk ash has microaggregate filling effect, which can reduce porosity, reduce average pore diameter, optimize and
improve pore structure, thus improving the compactness of mortar.
The high activity rice husk ash prepared by improved combustion method in this paper also shows
excellent carbon capture ability, which will contribute to the future development of environment-friendly
cement and concrete industry.
The influence of the high activity rice husk ash on mechanical and durability properties of concrete will
be further studied. In addition, the production efficiency of the high activity rice husk ash will be
considered to achieve industrial production and application.
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ABSTRACT
Fly ash (FA) cement is useful for the reduction of CO2 and the prevention of alkali silica reaction. But
FA cement still have low early strength compared with ordinary Portland cement (OPC). The reaction
of cement and fly ash in FA cement is simulated by modified Tomosawa’s model considering particle
size distribution of cement and FA. FA is not reacted at early age. By simulation of FA cement reaction,
it was clear that about 65% of C3S content in cement is needed to improve the early strength of FA
cement containing 20% FA. High C3S clinker (HAC) is produced at actual cement plant. C3S content
of HAC and OPC are respectively 65.5% and 60.2%. The hydration of OPC, OPC-FA and HAC-FA
have been discussed. The replacement ratio of FA in OPC-FA and HAC-FA is 18% and W/P is 0.4.
The heat liberation of HAC-FA is indicated about the same value of OPC at early age. The reaction
ratio of alite in OPC-FA and HAC-FA was higher than that of OPC. The reaction ratio of FA is not
influenced by the chemical composition of cement clinker in FA cement. The Ca/Si ratio of the C-S-H
gel in OPC-FA and HAC-FA decreased compared with OPC. The composition of cement clinker did not
affect the chemical composition of C-S-H gel. The amount of Ca(OH)2 decreased by adding of FA, but
the use of HAC increased the amount of formed Ca(OH)2.
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1.

INTRODUCTION

Japanese nuclear power plants have not operated since The Great East Japan Earthquake of March
11, 2011, and coal-fired plants have been required to compensate for the resultant loss of power
production. The amount of fly ash (FA) produced by coal-fired power plants in Japan is about 10 million
t/year (Japan Coal Energy Centre 2017), so finding applications for its subsequent utilization is an
important problem. FA is mainly used for clay substitution in cement raw materials, but its usage in
cement clinker production is nearing a limit. FA is known to be effective in reducing CO 2 emissions by
cement production (Gartner et al. 2015). FA or FA-blended cement is also very useful for the prevention
of the alkali–silica reaction of aggregates (Tan et al. 2015). It is important to develop uses of FA in
concrete additives and blended cements.
Use as the mixture material of FA is not advanced enough. Cements using such materials tend to show
low early age strength and high carbonation rate. FA is not reactive at early age. We have been reported
that the early properties of blended cement can be improved by using higher C3S clinker (Miyazawa et
al. 2014, Siribudhaiwan et al. 2014). However, the optimized composition of cement is not clear. In order
to develop FA blended cement with the same reaction ratio of ordinary Portland cement (OPC), it is
necessary that the dependence of the hydration reaction of FA cement on two parameters, i.e., the FA
particle size and C3S contents in cement are evaluated. The hydration model of OPC and FA cement is
established in this paper. Based on the hydration model, the reaction of FA cement is estimated and the
optimized cement in FA cement having a same early performance of OPC was proposed. The reaction
of cement and fly ash in FA cement is simulated by modified Tomosawa’s model (Tomozawa 1974)
considering particle size distribution of cement and FA. The C3S content of cement in FA cement is
determined for obtaining the same reaction ratio of OPC. The main purpose of this research is to improve
on the early age performance of FA blended cement by using higher C 3S content cement that is
optimized cement compared with OPC. In addition, the higher C3S clinker and cement is produced at
actual plant. And the reaction of FA cement with higher C3S clinker compared with FA cement having
OPC clinker is discussed. This paper proposes advanced FA blended cement having the same early
performance of OPC.
2.

HYDRATION MODEL OF FLY ASH CEMENT

Tomosawa’s equation for analysis of the hydration reaction of cement is as follows (Tomosawa 1974 ):
d𝛼
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where –d/dt is the rate of reaction,  is the residual fraction (1 −  is the degree of reaction), r0 is the
particle radius, Cw∞ is the concentration of water around the particle, ν is the stoichiometric ratio in the
water–cement reaction, c is the density of the cement, kr is the rate coefficient of the reaction, and kd is
the mass transfer coefficient. The latter is written as a function of , as given by (2), where Bd is the
coefficient describing the formation of a protective layer that permits diffusion and Cd is the coefficient
expressing the destruction of the protective layer. The effective diffusion coefficient De is written as a
function of  as:
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The reaction rate of a cement particle system with respect to a size distribution is given by Aikawa et
al. (2014):
−

𝑑𝛼
𝑑𝑡

= −𝑓(𝑟𝑖 )

𝑑𝛼(𝑟𝑖 ,𝑡)
𝑑𝑡

where ri is the radius of the i-th particle, and f (ri) is normalized as

(4)
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(5)

∑𝑖 𝑓(𝑟𝑖 )=1

It was assumed that the hydration reaction of OPC is a linear combination the hydration reactions of
each component (C3S, C2S (dicalcium silicate), C3A (tricalcium aluminate), C4AF (tetracalcium alumino
ferrite)):

−

𝑑𝛼𝑂𝑃𝐶
𝑑𝑡

=−

1
𝑚
∑𝑖 𝑖
𝜌𝑖

∑𝑖

𝑚𝑖 𝑑𝛼𝑖

(6)

𝜌𝑖 𝑑𝑡

where mi and i are the mass and density of component i (=C3S, C2S, C3A and C4AF), respectively.
Equation (6) is an adequate approximation if the interactions among components during the hydration
reaction can be eliminated, and hydration of OPC can thus be simulated while varying the ratio of
components at the start of the reaction ( Aikawa et al. 2015). The reaction ratio of each component
changes based on the proportion of fly ash incorporated into fly ash cement (Sakai et al.2005).
The pozzolanic reaction of FA in FA cement was also simulated based on (1), as described in by Aikawa
et al. (2015). The reaction ratio of FA changes in accordance with its proportion incorporated into the
cement (Sakai et al. 2005)
3.

OPTIMIZED C3S CONTENTS IN FA CEMENT BASED ON THE HYDRATION

Hydration of OPC (C3S content: 55.8%) was
simulated by (1). The reaction ratios of OPC
are shown in Table 1. The reaction ratio of FA
cement was also simulated using the same
equation. In this simulation, when the gross
mass of the sum (C3S + C2S) in FA cement is
constant at 76.7 mass%, regardless of the
C3S/C2S ratio, the pozzolanic reaction of the
FA will proceed. The average particle sizes
obtained by changing the FA particle size
distribution are shown in Figure 1.

Table 1. Estimated reaction ratios of ordinary
Portland cement
Curing time

7d

28d

91d

1 year

Reaction ratio

0.72

0.83

0.88

0.91

Figures 2 and 3 show the relationships
between the reaction ratio of FA-blended
cement cured for 7 d and 91 d, respectively,
the C3S content of the cement, and the
average FA particle size for a number–size
distribution. The FA glass content was 76.6%
(Sakai et al. 2005). The replacement of
cement by FA was 20 mass%. Compared
with the standard composition of OPC (55.8
Figure 1. Particle size distribution of fly ash
mass% C3S, 20.9 mass% C2S), the reaction
ratio gradually increased with increasing C3S
content. As the curing time increased from 7 d to 1 year, the hydration reaction ratio did not vary
significantly based on the quantity of C3S. To address the issue of varying average FA particle size, the
particle size distribution was treated as constant in the log–normal plot.
The effect of the average FA particle size on the reaction ratio followed a trend that clearly differed from
the effect of C3S content in OPC (Aikawa et al. 2018). Variation of the calculated reaction ratio of FA
cement when the C3S content in the clinker and the mean radius of FA were taken as the vertical and
horizontal axes, respectively, are shown in Figures 2 and 3. The reaction ratio tended to increase when
the FA particle size was smaller and the quantity of C 3S was higher. After 28 d, this tendency became
remarkable. The FA particle size distribution influenced the reaction of FA cement at 91 d; however,
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Figure 3. Influence of C3S content and
fly ash particle size on the reaction ratio
of fly ash cement (curing time 91d)

Figure 2. Influence of C3S content and
fly ash particle size on the reaction ratio
of fly ash cement (curing time 7d)

there was little dependence of the reaction ratio on the FA particle size in the first 7 days and the reaction
ratio was mainly dependent on the quantity of C 3S. To control the FA particle size, it is necessary to
classify the powder into several particle size ranges; however, in actual industrial practice, this is an
expensive process. Controlling the quantity of C3S in cement clinker is therefore a more practical
approach for controlling the reaction ratio of FA cement. At an early stage (7 d) of curing, the range of
C3S contents that achieved the same reaction ratio as OPC was 65%–70%. For optimized cement
clinker composition in consideration of early-age performance of FA cement, the C3S content has the
main effect at early stages of hydration, while FA has more effect over longer periods of hydration.

4. PREPARATION OF HIGHER C3S CEMENT AND ADVANCED FA CEMENT
A higher C3S cement (HAC) was manufactured in the plant of DC Co., Ltd., Japan. OPC (JIS R 5210:
2009) was also provided by Taiheiyo Cement Corporation. Table 2 lists the mineral composition
calculated by Bogue’s equation and the physical properties of the cement, FA, and limestone powder
(LSP) used in this work. The C3S contents of OPC and HAC were 55.7% and 65.3 mass%, respectively.
The fineness of the cement increased with the increase of its C 3S content. Grindability of HAC was
higher than that of OPC owing to the lower content of the harder C2S (Siribudhaiwan et al. 2014). Table
3 shows the mixture proportions of the cements labelled as AFC and FB. AFC contained HAC, FA, and
Table 2. Chemical compositions and physical properties of materials
Samples
OPC
HAC
FA
LSP

C3 S
55.7
65.3
-

C2S
17.2
3.5
-

Mineral composition (mass %)
C3A
C4AF
f.CaO
Ig.loss
9.0
8.9
0.5
2.11
10.0
7.7
1.8
1.15
2.49
43.6

Density
(g/cm3)
3.15
3.13
2.34
2.71

Table 3. Mix-proportions of cements
Samples
OPC
FB
AFC

OPC
100
82
-

HAC
78.31

FA
18
18

LSP
3.69
(mass %)

Fineness
(cm2/g)
3100
4190
4230
4990

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
small amounts of LSP; FB was a mixture of OPC and FA. In both AFC and FB, the replacement of FA
was 18%. X-ray fluorescence (XRF) and x-ray diffraction (XRD) with Rietveld analysis were used to
analyse the FA phase composition. Its glass content was calculated based on the determined crystalline
content. Compositional analysis revealed that the FA specimen contained 7.9 % mullite, 6.3 % quartz,
and 85.1 % glass phases.

5.

350
300
Heat liberation (J/g)

Figure 4 shows the heat liberations of AFC and OPC,
as measured by a multichannel twin-type conduction
calorimeter. The curing temperature was 20°C. The
water-to-powder mass ratio was 0.4. Generally, the
heat liberation of an FA-blended cement decreases
gradually when the replacement ratio increases
(Siribudhaiwan et al. 2014), but the results for the heat
liberation of AFC were the same as those of OPC at 1,
3, and 7 days of hydration. These results are
consistent with the simulation results described in
Section 3. The heat liberation of cement is related to
its reaction ratio. By using HAC containing 65.3 % C3S,
the early performance of FA-blended cement could be
improved. Both the experimental and simulation
results showed that the optimized C3S content in FA
cement having same reaction ratio as OPC at early
age was about 65%–70%.
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Figure 4. Heat liberation of ordinary
Portland cement (OPC) and the fly ash
cement composition AFC as a function of
curing time

HYDRATION OF ADVANCED FA CEMENT

The reaction ratios of C3S for OPC, FB, and AFC were determined using an XRD internal standard
method. The hardened samples were ground, the powdered samples were mixed with 10 mass% MgO,
and then analyzed by powder XRD (Rigaku Smart Lab-SPI/TISM) at a scanning speed of 2.0°/min. The
MgO and C3S peaks at 42.91° (2θ) and 51.78° (2θ) were used. The peak areas were calculated using
the original xcurvefit program, and the C3S peak areas were normalized to the MgO peak areas. The
normalized peak area was used to calculate the reaction ratio of C 3S.
Selective dissolution was used to determine the reaction ratio of FA. The unreacted FA was measured
using 2 mol/L HCl and 5 mass% Na2CO3 aqueous solution (Sakai et al. 2005). Thermogravimetric
analysis was performed to verify the amount of Ca(OH) 2 (CH) formed by measuring the mass loss
between 405 and 515°C.
The chemical composition of C-S-H was estimated by scanning electron microscopy/energy dispersive
X-ray spectroscopy (SEM-EDS) analysis that was applied on polished hydrated samples coated with
carbon at an accelerating voltage of 15 kV for 10 s and 26-mm working distance using EDAX genesisXM2 with KEYENCE VE9800. For all samples, 200 points were measured each and matrix corrections
applied by the ZAF procedure.
The reaction ratios of C 3S, the amounts of CH, and the reaction ratios of FA in AFC, FB, and OPC
are shown in Figures 5, 6, and 7, respectively. The reaction of C 3S in AFC was accelerated compared
with that in OPC or FB (Figure 5). The C 3S reaction in AFC rapidly proceeded up to 3 d of aging and
then decreased with increasing age. Because of the greater fineness of HAC in AFC compared with
OPC, the amount of free CaO in HAC was larger than that of OPC. LSP also influenced the early
hydration of C3S. The acceleration of the C 3S reaction by LSP is due to the filler effect.
The amounts of CH in the blended FB or AFC cements were smaller than that in OPC, as shown in
Figure 6. The pozzolanic reaction of FA occurred in both FB and AFC. The dilution effect of FA is also
shown. The amounts of CH in AFC increased compared with FB. HAC is useful for the reaction of FA
in blended cement. The reaction ratio of FA in AFC was larger than that in FB, as shown in Figure 7.
AFC contained HAC and the C 3S and free lime contents in HAC were larger than those of OPC. The
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Figure 5. Reaction ratios of C3S in hardened
ordinary Portland cement (OPC), and the fly
ash cement compositions, FB and AFC as a
function of curing time

Figure 6. Reaction ratio of fly ash in hardened
fly ash cement compositions FB and AFC as
a function of curing time

Table 4. Chemical compositions of C-S-H
in hardened samples (curing time 91d)
Samples
OPC
FB
AFC

Ca/Si
1.49
1.29
1.43

Al/Si
0.14
0.21
0.23

CH values were higher in AFC than those of
OPC at early ages. The FA reaction was
therefore accelerated in AFC compared with
that in FB.
With regards to the pozzolanic reaction of FA,
the Si–O bonds constituting the amorphous
component in FA are cleaved by the
surrounding high alkaline environment and
the eluted silicate ions react with calcium ions
to form a C–S–H gel. Table 4 shows the Ca/Si ratios of OPC, FB, and AFC that were calculated by trend
analysis. Samples were cured for 91 d. The Ca/Si ratio of C–S–H was lower in FB than in OPC. This
was due to the pozzolanic reaction in which the Si component of FA was dissolved and precipitated as
C–S–H, which leads to a lower Ca/Si ratio. The Ca/Si ratio of C–S–H was similar in AFC and OPC, and
higher than that of FB. Although the reaction ratio of FA indicated a large value in AFC, the Ca/Si ratio
of C–S–H was larger than that of FB to contain the higher C3S and free CaO contents in HAC. The Al/Si
ratios of C–S–H were higher in AFC and FB than that in OPC. Al in C–S–H was supplied by the reaction
of FA. The Al/Si ratio of C–S–H was larger in AFC than that in FB, which increased the reaction ratio of
FA in AFC.
Figure 7. The amounts of Ca(OH)2 in hardened
ordinary Portland cement (OPC) and the fly ash
cement compositions FB and AFC as a function of
curing time.

6.

CONCLUSION

The reaction of cement and FA in FA cement was simulated by a modified Tomosawa’s model that
considered the particle size distributions of these two reactants. FA did not react at an early age.
Simulation of the FA cement reaction showed that 65–70 mass% of C3S content in cement is needed to
improve its early performance. HAC was produced at an actual cement plant. AFC was a mixture of
HAC containing 65.3% C3S, 18% FA, and a small amount of limestone powder. The hydrations of OPC,
FB, and AFC were discussed. The heat liberation of AFC was about the same as that of OPC at an early
age. The reaction ratio of C3S was higher in AFC than that in OPC. The reaction ratio of FA was larger
than that of FB. The Ca/Si ratio of the C–S–H gel was smaller in FB than that in OPC, but those of AFC
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and OPC were similar. The amount of CH decreased by adding FA, but the use of HAC increased the
amount of CH formed compared with that of FB containing OPC. AFC may offer carbonation resistance,
relative to FB, when considering the hydration and hydrated products.
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ABSTRACT
Two types of kaolin with high content of impurities, mainly mica and quartz, were mechanically
activated in the same milling equipment under the same conditions. Pozzolanic activities of activated
kaolin (AK), determined as the 7-day compressive strength on the lime mortars, were similar and quite
high (~14 MPa).
Kaolinite and mica contributed to the pozzolanic activity through the amorphization. Quartz grains
acted as an additional milling media and facilitated mechanical activation of kaolinite. Additionally, in
the presence of calcium hydroxide, quartz grains dissolved in the alkaline solution and generated
reactive silica, which contributed to the pozzolanic reaction.
The effect of AK on the compressive strength of cement composites was investigated. Composites
prepared with 10%, 20%, 30%, 40% and 50% AK were cured under different conditions - ordinary (28
days) and autoclave. In the composites with higher content of AK (30%-50%), hydrated lime was
added, to secure sufficient amount of calcium hydroxide (CH) for the pozzolanic reaction.
Results showed that only the composite with 10% AK with higher content of quartz, achieved the
strength equal to the reference. Regardless of the cement replacement level, higher compressive
strengths were obtained for composites with AK, containing higher amount of quartz, under both curing
conditions.
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1.

INTRODUCTION

Supplementary Cementitious Materials (SCMs) are widely used to reduce the clinker content in
cement or cement in mortars and concretes. Their use contributes to the improvement of technical
characteristics and reduction of environmental impact (CO2 release and energy consumption) of the
cement production process. Global supply of commonly used SCMs (blast-furnace slag, fly ash, silica
fume) is not sufficient to meet the requirements of increased cement production around the world,
which has led to investigations of alternative SCMs.
The SCMs based on kaolin clay, known as metakaolin (MK) or calcined clays (CC), are particularly of
interest, as kaolin clays are widespread and also available at low prices. Nowadays, MK is used in
various types of ordinary cured concrete, such as high-performance concrete, high-strength and
lightweight concrete, and glass fiber reinforced concrete. The optimum cement replacement level with
MK depends on the nature and proportion of different reaction products formed during the hardening
process. Literature review shows that optimal performance of concrete is achieved by replacing 10%15% of cement with MK (Rashad, 2015).
One of the main characteristics of SCMs is pozzolanic activity, or the ability to consume calcium
hydroxide (portlandite, CH), and thus eliminate its negative effect on mortar and concrete properties.
The high pozzolanic activity of MK and CC, obtained by thermal activation of kaolin clay, could be
reached by mechanical activation of kaolin clay. Recent scientific literature clearly indicates that the
reactivity of mechanically activated kaolin clay (AK) is similar or slightly inferior to that of thermally
activated kaolin (MK and CC). While MK and CC are widely used in cement composites, there are few
publications referring to the AK utilization (Souri et al. 2015), (Hamzaoui et al. 2015).
This work is a part of our extensive research program on the production of pozzolanic material, based
on thermal or mechanical activation of the kaolin clays of different composition and structure, and their
utilization in cement composites.
In this study, we investigated the influence of two different AK on the compressive strengths of cement
composites. The higher cement replacement levels, from 10% to 50%, were also investigated, as
these would be beneficial with respect to environmental protection and lower production costs. The
composites were cured under two different conditions, ordinary curing at 28 days and autoclaving. The
investigation of the microstructure of cement pastes and effectiveness of pozzolanic reaction, which
determines compressive strength of cement composites, was also included.
2.

EXPERIMENTAL

Composite mixtures were prepared by mixing OPC (Lafarge CEM I 42.5R), two different mechanically
activated kaolins, AKV and AKG, sand, distilled water, hydrated lime and superplasticizer. AKV was
obtained from kaolin having 61% of kaolinite, 14% of quartz and 16% mica, while major minerals in
AKG were kaolinite 51.5% and quartz 40.6%. The complete details about activation conditions and
main physical properties of AKV and AKG are given previously (Ilić et al. 2016), (Mitrović & Zdujić,
2014).
The mix proportions of the composites are shown in Table 1. Hydrated lime was added at higher
cement replacement levels - 30%-50% (designation CH) in order to supply enough CH for the
pozzolanic reaction. For estimation of the hydrated lime quantity it was assumed that 20% of CH was
released during the cement hydration and that the best mechanical properties could be achieved when
MK reacted with CH in the ratio MK/CH=2 (Murat, 1983), (Moropoulou et al. 2004). A reference mix
(Ref. C), having only OPC as the binder, was prepared for the purpose of comparison.
The samples were cured in water, under standard curing conditions for 28 days, or autoclaved at
constant temperature and pressure, respectively 216 oC and 2MPa, for 4 h. Compressive strength
measurements were carried out according to EN 196-1.
For microstructure analyses, selected pastes with 20, 30 and 50% of AKV or AKG, with the addition of
appropriate hydrated lime quantity, were prepared (w/b of 0.4). Paste without AK was prepared as the
reference (Ref. P). Pastes were cured under the same curing conditions, ordinary for 28 days or
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autoclaved. The microstructure was determined using XRD, DTA/TG and SEM. The detailed
preparation of paste samples and analytical methods are thoroughly described previously (Ilić et al.
2017).
Table 1. Composite mixture proportions

3.

Designation

Cement,
(g)

Mechanically
activated
kaolin, (g)

Sand,
(g)

Water,
(ml)

CH, (g)

Ref. C

450

-

1350

225

-

AKV 10

405

45

1350

225

-

AKV 20

360

90

1350

225

-

AKV 30 CH

315

135

1350

225

5

AKV 40 CH

270

180

1350

225

35

AKV 50 CH

225

225

1350

225

68

AKG 10

405

45

1350

225

-

AKG 20

360

90

1350

225

-

AKG 30 CH

315

135

1350

225

5

AKG 40 CH
AKG 50 CH

270
225

180
225

1350
1350

225
225

35
68

RESULTS

3.1

Compressive strength

The effect of the addition of AKV or AKG on the compressive strength of ordinary cured or autoclaved
composites is presented in Figure 1.

Figure 1. Compressive strength of composites: a) ordinary cured for 28 days, b) autoclaved
Cement composites with AKG, activated kaolin clay with the high amount of quartz, have higher
compressive strengths for all cement replacement levels and under both curing conditions, as
compared to those with AKV.
Ordinary curing conditions lead to a gradual decrease in composite strength with increased content of
both mechanically activated kaolins, compared to the reference composite. The exception is the
composite made with 10% of AKG for which a higher compressive strength was obtained. Such
significant strength reduction is a consequence of the dilution effect.
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Autoclaving caused limited strength changes of composites with 10% and 20%, of either AKV or AKG,
compared to the ordinary cured composites. AKG 10 composite had the same strength as the
reference, while the strength of composites with 20% of AKG was about 10% lower. As AK content
increased further, the compressive strength decreased, but the reduction trend is less pronounced,
compared to ordinary cured composites. Results showed that when AKG is used, a higher percentage
of cement could be replaced. A composite with 50% of AKG achieved the relative strength of 85%.
The explanation of these changes in composite strength follows from the analysis of microstructure
data obtained by XRD, DTA/TG and SEM.
3.2

XRD analysis

XRD analyses were performed to detect the presence of the crystalline minerals.
The major crystalline minerals detected on the ordinary cured (Figure 2a) reference paste were
portlandite (CH), alite (A) and belite (B). AKV addition caused a slight reduction of the portlandite
peaks compared to the reference paste, indicating a weak pozzolanic reaction. Additionally, barely
visible ettringite (E) and tetracalcium aluminate hydrate (C) were detected.
In the AKG pastes a new phase was identified as strätlingite (S), while the intensity of tetracalcium
aluminate hydrate and ettringite reflections were more pronounced, compared to those in AKV pastes.
Quartz (Q) reflections arise from AK, while kaolinite (K) peaks show partial amorphization of K during
the mechanical activation.
XRD results are in agreement with composite strength results. Namely, it is known that the presence
of strätlingite and higher intensity of tetracalcium aluminate hydrate (in AKG composites) has a
positive effect on compressive strength, while the presence of kaolinite in AKV causes a decrease in
strength, as compared to AKG composites.

Figure 2. The XRD patterns of pastes: a) ordinary cured for 28 days, b) autoclaved
The difference between autoclaved and ordinary cured reference pastes is in the appearance of
jaffeite (J). In all AKV and AKG pastes tobermorite (T), hydrogarnet (H) and quartz (Q) peaks were
detected. Tobermorite filled the pores and enhanced the compactness of the composites, while
hydrogarnet resulted in a strength decrease. Tobermorite peaks were more pronounced in AKG
pastes compared to the AKV pastes, while hydrogarnet peaks were lower and usually overlapped with
jaffeite. It means that finely milled quartz particles, from AKG, reacted with available CH giving
crystalline tobermorite. That was the main reason for higher strengths of AKG composites. The
disappearance of portlandite (CH) peaks, noticed for both AKV and AKG pastes, indicates a high
degree of pozzolanic reaction.
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3.3

DTA/TG

Thermal analyses were used to investigate the CH consumption and to determine the hydration
reaction products.
Figure 3 shows the thermograms obtained using DTA from hydrated pastes at 28 days. Endothermic
peaks up to 400 °C, corresponds to the dehydration of hydrated phases, such as C-S-H, C-A-H, and
C-A-S-H. The endothermic peak assigned to the dehydroxylation of CH is between 400 and 500 °C
(Gameiro et al. 2012). There are no significant changes between ordinary cured reference paste and
AKV and AKG pastes.

Figure 3. The DTA of pastes: a) ordinary cured for 28 d, b) autoclaved
Autoclaved pastes (Figure 3b) exhibit remarkably different thermal behaviour compared to the ordinary
cured pastes. New phases, such as hydrogarnet (endotherms at ~310 °C and ~360 °C), Al-substituted
tobermorite (exotherm at ~894 °C) and wollastonite (exotherm at 789 °C) were formed (Klimesch and
Ray, (1997)). A broad peak of C-S-H phase at ~155 °C, which is the same as for the ordinary cured
pastes, is more pronounced in AKG pastes, compared to both AKV and reference pastes.
Hydrogarnet peaks, which were less pronounced in AKG pastes and a higher content of C-S-H phase
(strength-related phase) are responsible for the higher compressive strength of AKG composites,
compared to the AKV composites.
The portlandite consumption was quantified by using thermogravimetric data. The content of CH,
consumed in the pozzolanic reaction, is presented in Table 2.
Table 2. Content of CH consumed in pozzolanic reaction
Ordinary cured

Autoclaved

CHc, (%)

CHc, (%)

AKV 20

3.8

86.0

AKG 20

19.7

78.2

AKV 30 CH

10.9

93.8

AKG 30 CH

33.9

100

AKV 50 CH

38.2

83.9

AKG 50 CH

55.9

90.0

For both curing conditions, autoclaved and ordinary, AKG pastes consumed more CH, compared to
the AKV pastes, except in the autoclaved paste AKG 20. The lower consumption of CH in AKV pastes
originated from lower reactivity of AKV and the presence of non-amorphized kaolinite. However, the
additional pozzolanic reaction between crystalline quartz, from AKG, and available CH, resulted in
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higher CH consumption, and higher compressive strength of AKG composites for all cement
replacement levels, under the both curing conditions.
3.4

SEM analysis

The morphology analyses confirmed the XRD results. Figure 4 shows the SEM images of ordinary
cured pastes.

a) Ref. P

b) Ref. P

c) AKV 50 CH

d) AKV 50 CH

e) AKG 50 CH

f) AKG 50 CH

Figure 4. The SEM images of ordinary cured pastes
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Different crystalline structures of C-S-H were detected in all pastes – from sponge structure in the
reference paste (Figure 4a) to the plate-like structure, embedded into the cavity, in the AKV and AKG
pastes (Figure 4c,e). Large crystal plates of CH were observed in the reference (Figure 4b) and both
AKV and AKG pastes (not presented). From the SEM image of AKV 50 CH paste (Figure 4d)
randomly arranged, hexagonal plate-like structure of tetracalcium aluminate hydrate (C4AH13) was
observed and confirmed by EDS analysis (not presented). The SEM image of AKV 50 CH paste
showed the presence of hexagonal plates, forming crystal rods of C-A-S-H phases (Figure 4f).
Identification of the phases by EDS analysis (not presented) revealed that the structure represented
an intermixture of several phases, like strätlingite and tetracalcium aluminate hydrate, as well as of
monosulfoaluminate.

a) Ref. P

b) Ref. P

c) AKV 50 CH

d) AKV 50 CH

d) AKG 50 CH

f) AKG 50 CH

Figure 5. The SEM analyses of autoclaved pastes
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Figure 5a showed that the autoclaved reference paste consisted of needle-like and plate-like C-S-H
structures. EDS analysis revealed that the formed product was jaffeite (C 3SH1,5) with Ca/Si ratio of
2.80. Large hexagonal plates of CH were also detected (Figure 5b). SEM observations of AKV 50 CH
paste indicated the grassy porous structure of tobermorite, with long, bended strips (Figure 5c) and
the presence of hydrogarnet agglomerates (Figure 5d). Both plate-like (Figure 5e) and network
structure (Figure 5f) of tobermorite were detected in the AKG 50 CH paste and confirmed by EDS. A
smaller Ca/Si ratio (0.75) in comparison to the Ca/Si ratio (1.5) of ordinary cured AKG 50 CH paste
indicates that the quartz reacted during autoclaving, while it is normally non-reactive under ordinary
curing conditions (Yazici et al. 2013).
4.

CONCLUSIONS

Mechanically activated kaolin clay with high content of quartz, such as AKG, attained higher
compressive strengths for all cement replacement levels, under both curing conditions. This finding is
a consequence of higher CH consumption, which caused a higher content of formed C-S-H phase and
other strength enhancing phases (strätlingite and tetracalcium aluminate hydrate for the ordinary
curing and tobermorite for the autoclaving).
The results revealed the significant potential of mechanically activated kaolin with high content of
quartz for application in autoclaved cement composites. The presence of quartz, at the higher
pressure, contributed to the formation of tobermorite structure, desirable for achieving a high
compressive strength. The autoclaved composite with addition of 50% AKG achieved compressive
strength of 45 MPa which is quite acceptable from the viewpoint of enviromental and sustainable
development requirements.
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ABSTRACT
Calcined (thermally activated) clays are the most promising source for supplementary cementitious
materials (SCMs) which can contribute to lower the environmental impact of cement and concrete. To
make such substitution applicable, the interaction of calcined clays with superplasticizers must be
known.
In this study, three different pure calcined clays – a meta illite, a meta kaolin and a meta muscovite –
were prepared via flash calcination and in a laboratory-scale muffle furnace at temperatures ranging
from 550 - 800 °C. Their mineralogical composition was assessed by Q-XRD.
A series of zwitterionic (amphoteric) polycarboxylate (PCE) superplasticizers was successfully
synthesized and characterized. The dispersibility of the abovementioned pure calcined clays with
these novel superplasticizers (PCEs) was proven both in pastes and mortars prepared from 80:20
wt./wt. blends of OPC and the calcined clays. Furthermore, heat flow calorimetry and strength tests
evidenced that the amphoteric superplasticizers do not retard cement hydration, as is observed for
most of the common PCE products.
The results suggest that depending on the different composition and surface charges of the calcined
clays, novel zwitterionic terpolymers are a powerful and auspicious alternative to standard anionic
polycarboxylate superplasticizers to combine both fluidity and a partially improved early strength of
cements blended with calcined clays.
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1.

INTRODUCTION

Improving the sustainability of cement and concrete is one of the most challenging topics in the current
research on construction materials. A promising way here is to blend Portland cement clinker with
substitution materials which are often referred to as supplementary cementitious materials (SCMs)
(Hollanders et al. 2016; Fernandez et al. 2011). However, supplies of common SCMs which include
slag, silica fume and fly ash are limited in consideration of the fact that the worldwide production of
cement is increasing. Calcined clays are seen as the source with the highest potential as new SCM
which can make a substantial contribution to lower the environmental impact, e. g. by low carbon dioxide
emission during the calcination process of clays (Beuntner & Thienel 2015; Lothenbach et al. 2011;
Sabir et al. 2001).
Nevertheless, to overcome the known disadvantage of calcined clays of a considerably higher water
demand (Thienel & Beuntner 2018), the use of superplasticizers is indispensable. Thus, to make
substitution of cement clinker feasible, the interaction of calcined clays with superplasticizers must be
studied (Plank et al. 2015).
The dispersing effectiveness of standard anionic polycarboxylate superplasticizers as well as that of
zwitterionic polymers (containing negative and positive charges) on a calcined mixed layer clay has
already been confirmed (Schmid et al. 2018). However, the influence of superplasticizers on specific
calcined clay minerals is still unknown.
In this study, zwitterionic (amphoteric) polycarboxylate ether (PCE) superplasticizers containing two
different cationic monomers, long side chains and different molar ratios of anionic/cationic monomer
were synthesized and characterized via gel permeation chromatography (GPC) and measurement of
their anionic charge amount. Their dispersing ability in paste and mortar based on blends of OPC and
calcined clay samples was investigated via mini slump and spread flow tests. Moreover, their influence
on cement hydration was tracked via heat flow calorimetry and their impact on strength development
was made accessible by mortar tests.
2.

EXPERIMENTAL

2.1

Raw materials

As clay samples, three phyllosilicates were calcined (thermally activated) at different temperatures to
achieve complete elimination of OH--groups from the sheet structure (dehydroxylation) of the
phyllosilicates. The calcined clay samples were




a meta illite, calcined in a laboratory-scale muffle furnace at 770 °C
a meta kaolin (industrial product), flash calcined at 550 °C and
a meta muscovite, calcined in a laboratory-scale muffle furnace at 800 °C.

Table 1 summarizes their mineralogical compositions and gives the average particle diameter.
For the blends with calcined clays, an ordinary Portland cement (OPC) type CEM I 42.5 R obtained from
Schwenk Zement KG (Allmendingen, Germany) was used. Its phase composition is shown in Table 2.
The substitution rate for the cement clinker was set at 20 wt. % at a water-to-binder (w/b) ratio of 0.5.
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Table 1. Mineralogical compositions, as determined via Q-XRD using Rietveld refinement, and
average particle size of the calcined clay samples
Mineral phase [wt. %]

Meta illite

Meta kaolin

Meta muscovite

Quartz

-

5.0

-

Anatase

-

0.6

-

Muscovite

-

1.4

80.8

Calcite

4.9

-

-

Illite

38.2

-

-

Portlandite

0.2

-

-

Carbonate (calcite)

0.2

-

-

X-ray amorphous content

56.4

93.0

19.2

Total

99.9

100.0

100.0

Average particle size (d50 value) [µm]

6.8

14.8

19.2

Table 2. Phase composition of the CEM I 42.5 R sample as determined by Q-XRD using Rietveld
refinement and thermogravimetry
Phase

wt. %

C3S

52.4

C2S

19.9

C3A, c

3.3

C3A, o

3.2

C4AF

11.8

CaO

0.7

MgO

0.7

Anhydrite

1.4

Hemihydrate*

1.9

Dihydrate*

1.3

Calcite

1.6

Quartz

0.4

Dolomite

1.4

Total

100.0

* determined by thermogravimetry
2.2

Experimental procedures

2.2.1 Synthesis of zwitterionic superplasticizers
The zwitterionic superplasticizers were synthesized via aqueous free radical copolymerization from the
monomers methacrylic acid (MAA), MPEG-methacrylate macromonomer (ω-methoxy poly(ethylene
glycol) methacrylate ester with a chain length (nEO) of 113) and 3-trimethylammonium propyl
methacrylamide chloride (MAPTAC) or diallyl dimethylammonium chloride (DADMAC). In synthesis, two
solutions were prepared, one containing MAA, the MPEG-methacrylate, the cationic monomer MAPTAC
or DADMAC and 3-mercaptopropionic acid as chain transfer agent (solution I). The second solution
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contained the radical initiator ammonium peroxodisulfate (3.3 mol. % relative to the monomers,
dissolved in 30 mL DI water, solution II). The reactor was equipped with a stirrer, a nitrogen inlet and a
thermometer and charged with 30 mL of DI water. The vessel was then heated to 80 °C and both
solutions were fed continuously into the reactor using two peristaltic pumps. Solution I was added within
four hours and solution II within five hours. After complete addition, the mixture was stirred for one more
hour, cooled to ambient temperature and neutralized with 30 wt. % sodium hydroxide (NaOH) solution
yielding yellowish, viscous polymer solutions of ~ 35 wt. % solid content. For reference, a standard
anionic PCE copolymer MAA-113MPEG (6:1) was synthesized following the same procedure. The
chemical structures of all polymers are shown in Figure 1. All polymer samples were used as is without
further purification at a dosage of 0.3 % by weight of binder (% bwob).

Figure 1. Chemical composition of the synthesized amphoteric and anionic PCE samples
2.2.2 Characterization of the synthesized superplasticizers
Molecular properties of the amphoteric terpolymers and the anionic PCE copolymer MAA-113MPEG
(6:1) (Mw, Mn, PDI) were determined via gel permeation chromatography (GPC) using a Waters 2695
separation module (Waters, Eschborn, Germany) equipped with a differential refractive index detector
(Waters, Eschborn, Germany) and a three angle static light scattering detector (“mini Dawn” from Wyatt
Technology Corp., Santa Barbara, CA, USA). Separation of the polymer fractions was achieved by using
three UltrahydrogelTM (120, 250 and 500) columns and an UltrahydrogelTM guard column (Waters,
Eschborn, Germany). The eluent was composed of 0.1 M NaNO 3 and 0.1 g/L NaN3 adjusted to pH =
12. The value of dn/dc applied to calculate the molar masses of the PCEs was 0.135 mL/g (value for
polyethylene oxide) (Kawaguchi et al. 1998). The analytical results are shown in Table 3.
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Table 3. Molecular properties and macromonomer conversion of the synthesized polymers
Polymer sample

Mw [g/mol]

Mn [g/mol]

PDI

Conversion [%]

MAA-113MPEG-DADMAC (6:1:6)

26,700

14,000

1.9

88.2

MAA-113MPEG-DADMAC (6:1:1)

40,400

19,000

2.1

93.9

MAA-113MPEG-MAPTAC (6:1:6)

21,100

11,800

1.8

87.7

MAA-113MPEG-MAPTAC (6:1:1)

33,400

15,400

2.2

92.7

MAA-113MPEG (6:1)

34,200

15,900

2.2

95.0

The charge amounts of all synthesized superplasticizers were determined in DI water and synthetic
cement pore solution (SCPS) by polyelectrolyte titration using cationic polydiallyl dimethylammonium
chloride (polyDADMAC) as a titrator. The tests were performed utilizing a PCD 03 pH particle charge
detector (Mütek Analytic, Herrsching, Germany).
The composition of the SCPS used in this work was based on the characteristic ion concentrations found
in the pore solutions of a common Portland cement (CEM I) (Kelzenberg et al. 1998; Rechenberg &
Sprung 1983). It contained 0.4 g/L Ca2+, 7.1 g/L K+, 2.25 g/L Na+ and 8.29 g/L SO42-. The pH value of
the SCPS was 13.2. The values for the specific anionic charge amounts of the polymer samples are
shown in Table 4.
Table 4. Specific anionic charge amounts of the polymer samples in DI water and SCPS.
Polymer sample

DI water [µeq/g]

SCPS [µeq/g]

MAA-113MPEG-DADMAC (6:1:6)

781

199

MAA-113MPEG-DADMAC (6:1:1)

1,110

421

MAA-113MPEG-MAPTAC (6:1:6)

190

140

MAA-113MPEG-MAPTAC (6:1:1)

833

685

1,276

617

MAA-113MPEG (6:1)

2.2.3 Dispersing performance in cement paste
In order to determine the fluidity of cement pastes admixed with the polymers, mini slump tests adapted
from and modified after DIN EN 1015-3 were carried out. In this test, the mixing water and the polymer
solution were placed in a porcelain cup. Next, 300 g of the calcined clay blended cement were added
within one minute to the cup. After one minute soaking time, the cement paste was stirred manually for
two minutes, then a Vicat cone (bottom diameter: 8.0 cm, top diameter: 7.0 cm, height: 4.0 cm) was
filled with the paste to the brim and the spread diameter was recorded after removing the cone. The
average value of two spread diameters in a 90° angle was reported as the test result.
2.2.4 Dispersing performance in mortar
The spread flow of mortars holding OPC blended with calcined phyllosilicates was determined according
to DIN EN 1015-3. A Hägermann cone (bottom diameter: 10.0 cm, top diameter: 7.0 cm, height: 6.0 cm)
was placed on a wet metal plate and the mortar was poured in two layers in the cone. Each layer was
compacted ten times with a tamp. Subsequently, the cone was removed vertically and the flow table
was lifted and dropped 15 times, causing the mortar to flow. The resulting spread flow was measured
twice, the second measurement being perpendicular to the first and averaged to give the spread value.
Additionally, to prevent air entrainment caused by the superplasticizers, 0.03 g of defoamer (Surfynol ®
MD-20, Air Products, Hattingen) was added.
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2.2.5 Isothermal heat flow calorimetry
Hydration kinetics were investigated by isothermal heat flow calorimetry. All neat and blended
(OPC:calcined clay 80:20 wt./wt.) cement pastes were prepared from 4.0 g of binder and 2.0 g of DI
water (w/b = 0.5) in a glass ampule, shaken in a wobbler (VWR International, Darmstadt, Germany) for
two minutes at 2400 rpm and placed into the calorimeter (TAM AIR, Thermometric, Järfälla, Sweden) at
20 °C.
2.2.6 Mortar tests
Selected synthesized zwitterionic polycarboxylate superplasticizers were measured according to DIN
EN 196-1 for their efficiency as strength enhancer in a mortar. The spread flows of the blended mortars
were determined according to DIN EN 1015-3. Three mortar prisms (dimensions: 40 x 40 x 160 mm)
were prepared from each mixture and stored in a climate chamber at 20 ± 1 °C and 90 % relative
humidity. Compressive and tensile strengths were measured according to DIN EN 196 on a test
apparatus provided by Toni Technik (Berlin, Germany) after curing for 24 hours.
3.
3.1

RESULTS AND DISCUSSION
Dispersing performance of zwitterionic superplasticizers in paste of calcined clay blended
cement

Generally, the cement blended with meta illite always produced the lowest fluidity with all polymers
(Figure 2). This result correlates only poorly with the water demand determined for the three calcined
clays (Sposito et al. 2018). Normally, meta muscovite exhibits the highest water demand, implicating
that in the presence of this clay the lowest slump flow should result. Opposite to this, meta muscovite
achieved extremely high fluidity with all superplasticizers.
It should be noted here that the paste prepared from OPC and meta muscovite exhibits a very unusual
rheological behavior, namely a shear-thickening rheology which is completely different to that from the
other calcined clays. Most interestingly, such behavior was not observed in pure meta muscovite pastes
admixed with superplasticizers and prepared with SCPS. Thus, the spread flow values shown for meta
muscovite in Figure 2 are random and not really comparable with those from the other meta clays.
Furthermore, the kind of cationic monomer has a huge impact on the performance of the amphoteric
superplasticizers. DADMAC outperforms MAPTAC at both monomer ratios in all blended cement
systems. Moreover, among the zwitterionic polymer samples, polymer MAA-113MPEG-DADMAC
(6:1:1) performs best, implying that a low content of cationic monomer seems to be more advantageous
in all systems. Figure 3 also reveals that this best amphoteric polymer (MAA-113MPEG-DADMAC
(6:1:1)) only slightly outperforms the conventional anionic PCE copolymer MAA-113MPEG (6:1) in
cement blended with meta illite.
The neat OPC paste (no calcined clay present) was tested with the same dosage of 0.3 % bwob of all
polymers and always showed strong bleeding and segregation, due to its significant lower water
demand. For this reason it was not mentioned anymore here.
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Figure 2. Slump flow of 80:20 blends of cement and different calcined clay samples admixed
with 0.3 % bwob of synthesized polymers
3.2

Dispersing performance of zwitterionic superplasticizers in calcined clay blended mortar

As was reported before, the cement paste containing meta muscovite shows a shear-thickening flow
behavior. In order to study the influence of aggregates like sand on the flow behavior, the polymers were
tested in mortar (Figure 3). Similar as in the paste tests, none of the mortars without superplasticizer
was fluid at the selected w/b value of 0.5, meaning the spread flow of the non-treated mortar was the
bottom diameter of the Hägermann cone (10.0 cm).
Surprisingly, in the mortar holding meta muscovite the superior dispersing effect observed for all
superplasticizers in the paste tests disappeared completely. In mortar, meta kaolin which exhibits the
lowest water demand of all calcined clay samples studied achieved the highest workability with all
superplasticizers. Nevertheless, the trend regarding the content of cationic monomer could be
approved - the lower the cationic amount, the higher is the spread flow.
A comparison with mortar prepared from neat cement revealed that here all polymers achieved the
highest workability, mainly because of the low water demand of the OPC. Also here in mortar, the
conventional anionic PCE (MAA-113MPEG (6:1)) performed at least comparably as the best amphoteric
polymer.
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Figure 3. Spread flow of mortars prepared from 80:20 blends of cement and different calcined
clays admixed with 0.3 % bwob of synthesized polymers
3.3

Effect on cement hydration

The effect of the synthesized amphoteric terpolymers on the hydration of cements blended with different
calcined clays was studied via isothermal heat flow calorimetry. For all systems, an identical shift of the
heat flow to delayed hydration was observed. Figure 4 shows the trend exemplary for the cement
blended with 20 wt. % meta kaolin.
Addition of the amphoteric comb polymers delays the induction period only slightly (~ 1 hour to 2.5
hours) for MAA-113MPEG-MAPTAC (6:1:6) and MAA-113MPEG-DADMAC (6:1:6), indicating less
retardation of the silicate hydration as compared to the conventional anionic PCE superplasticizer.
Nevertheless, at the selected dosage, the DADMAC-modified polymer behaves quite similar to the
anionic one which allowed to expect a similar strength development in mortar (see 3.4). Furthermore,
for the MAPTAC modified zwitterionic polymer the heat release was more comparable to that of the
blend without admixture which indicates a faster early hydration.

Figure 4. Heat evolution during hydration of CEM I 42.5 R blended with 20 wt. % meta kaolin
and admixed with 0.3 wt. % of synthesized polymers
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3.4

Effect on early strength of mortar

Mortars blended with 20 wt. % of the calcined clay samples and admixed with 0.3 % bwob of the
synthesized polymers were tested after 24 hours of curing. Their compressive and tensile strengths
were determined at comparable mortar densities (variation ± 40 kg/m 3). The strength results are
displayed in Figures 5 and 6.
Relative to the compressive strengths, both amphoteric superplasticizers were slightly superior when
meta illite was present (12.4, 12.2 and 12.7 N/mm2 vs. 12.0 N/mm2 for the anionic PCE). The amphoteric
superplasticizers seem slightly to improve the compressive strength in meta illite blended mortars, while
in mixtures holding meta kaolin and meta muscovite, the anionic superplasticizer provides the highest
early compressive strength. Additional tests at earlier times (e. g. 6 h, 12 h) are planned which should
give a more detailed information on the influence of the polymers on the very early strength
development.
Furthermore, it was found that the flexural strengths of the mortars are quite comparable except for meta
kaolin in which the DADMAC-modified amphoteric terpolymers exhibit slightly superior strength values.

Figure 5. Compressive strengths of mortars blended with pure calcined clays cured for 24
hours and admixed with 0.3 % bwob of the synthesized zwitterionic superplasticizers

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 6. Tensile strengths of mortars blended with pure calcined clays, cured for 24 hours and
admixed with 0.3 % bwob of the synthesized zwitterionic superplasticizers
4.

CONCLUSIONS

In this work, four amphoteric comb polymers composed of methacrylic acid, MPEG-methacrylate
macromonomer and DADMAC or MAPTAC as cationic monomers were synthesized and their efficiency
to disperse OPC blended with three different calcined clays was investigated. Based on the results
obtained it is concluded that their dispersing effectiveness is higher at lower contents of the cationic
monomer. Furthermore, DADMAC proved to be more effective than MAPTAC monomer. However, at
best their dispersing effectiveness was found to be only slightly superior to that of the anionic reference
polymer.
In cement paste, both meta kaolin and meta muscovite can be dispersed rather well whereas meta illite
is more difficult to fluidize which can be explained by its very small particle size and a subsequent high
BET surface area compared to the other calcined clays investigated. In mortar, all three types of calcined
clays behave similarly in the blended cement, whereby here meta illite shows a tendency to produce
higher flow values than the two other calcined clay phases.
In all binder systems the amphoteric polymers show no or only a slight retarding effect on early cement
hydration, compared to a conventional anionic polycarboxylate.
Further investigations should evaluate the strength development at very early times (6 - 12 hours) as it
is known that most conventional anionic PCE superplasticizers reduce those early strengths.
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ABSTRACT
Pozzolanic activity of the product obtained in simultaneous calcinations of kaolinitic clay and rice husk
was studied. After mixing the raw materials manually, they were subjected to thermal treatments at 670
and 750 ºC for 2 hours; metakaolin (MK) was also obtained from calcining kaolinitic clay individually,
for comparison purposes. Blended cement mortars were prepared using the materials obtained in the
thermal treatments with a water/binder of 0.5 with substitution levels of 10 and 20%. Lime-pozzolan
pastes were prepared using the materials which yielded the best results in compressive strength
measurements, with a water/lime-pozzolan of 1.0. Thermogravimetric analysis was used to calculate
fixed lime and hydrated phases mass loss percentages with testing ages of 1, 3, 7 and 28 days for all
samples. Good linear correlations were found between compressive strength increase percentage in
blended cement mortars and fixed lime percentages in lime-pozzolan pastes prepared with the same
supplementary cementitious materials (SCMs). Similar relationships were established between
compressive strength increase percentages and hydrated phases mass loss percentages in limepozzolan pastes.
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1.

INTRODUCTION

Supplementary cementitous materials (SCMs) currently have a widespread use in the cement industry
due to its multiple benefits, be it economic, because of the low cost of these materials, environmental,
because of the reduction of 𝐶𝑂2 that comes with the partial substitution of cement or technological, which
are related with the possibility to improve the performance of the material in different aspects. Focusing
on the technological aspect, when SCMs are used, they react with the calcium hydroxide (CH) produced
during the hydration of Portland cement to form additional cementing phases such as calcium silicate
hydrates (C-S-H), calcium aluminate silicate hydrates (C-A-S-H) an/or calcium aluminate hydrates (CA-H).
In the assessment of the pozzolanic activity of SCMs, compressive strength measurements in blended
cement mortars are present in the majority of studies, since mechanical strength is one of the most
sought-after improvements in the performance of cement (Moraes et al., 2015), (Kadri, Kenai, Ezziane,
Siddique, & De Schutter, 2011), (Sinsiri, Kroehong, Jaturapitakkul, & Chindaprasirt, 2012), (Vance,
Aguayo, Oey, Sant, & Neithalath, 2013), (El-Gamal, Amin, & Ramadan, 2015). Other ways to assess
pozzolanic activity are lime fixation calculations and estimation of hydrated phases quantities in blended
cement pastes or lime-SCM pastes (Payá, Monzó, Borrachero, & Velazquez, 2003), (Payá, Monzó,
Borrachero, Velázquez, & Bonilla, 2003), (Özen et al., 2016), (Velázquez, Monzó, Borrachero, Soriano,
& Payá, 2016).
Among the many SCMs used nowadays are metakaolin (MK) and rice husk ash (RHA), both of them
obtained after appropriate thermal treatment of kaolinitic clays (KC) and rice husk (RH), respectively
(Cassagnabère, Escadeillas, & Mouret, 2009), (Talero, 2005), (Chindaprasirt, Kanchanda,
Sathonsaowaphak, & Cao, 2007), (Xu, Lo, & Memon, 2012). These raw materials can be subjected to
thermal treatments simultaneously, although this possibility has not been studied extensively (J.S.
Uchima, Restrepo-Baena, & Tobón, 2016; Juan S. Uchima, Restrepo, & Tobón, 2015). In previous
researches the pozzolanic activity in cement pastes has been measurement though XRD, isothermal
calorimetry, TG Analysis and compressive strength (Juan S. Uchima et al., 2015) and mineralogical
evolution in curing time (J.S. Uchima et al., 2016). As is well know, the pozzolanic evaluation on cementpozzolan paste has the problem of that the portlandite (CH) content change with the hydration time, this
problem does not happen when the pozzolanic activity is measured on lime-pozzolan paste. In lime–
pozzolan pastes the initial amount of CH is a constant throughout curing time, as opposed to what occurs
in blended cement pastes where CH amounts vary as a result of two processes: CH formation in cement
hydration reactions and lime fixation associated with pozzolanic reactions. For this reason, the
evaluation of lime fixation capacity of the material obtained in simultaneous thermal treatments of KC
and RH on lime-pozzolan pastes and its correlation to compressive strength in blended cement mortars
are the aims of this work.
Regarding the nomenclature used in this paper, MK refers to metakaolin obtained in isolated calcination
of kaolinitic clay; MKR refers to the product obtained in simultaneous calcinations of rice husk and
kaolinitic clay. The first three letters following the numbers indicate the temperature at which the material
was obtained; the last two digits indicate the percentage of substitution of cement/lime by pozzolan.
Blended cement mortars are identified with the letter “C” and lime-pozzolan pastes are identified with
the letter “L”.
2.

MATERIALS AND METHODS

Kaolinitic clay and rice husk from Colombia were the raw materials used in this study. The materials
were mixed manually (KC 91%, RH 9%, by mass) and subjected to thermal treatment at 670 and 7500 𝐶
for 2 hours, values which fall within the acceptable ranges of temperature (500-8000 𝐶 for MK and 5007000 𝐶 for RHA) and time for acquiring a reactive material that can be used as a supplementary
cementitious, material such as MK and RHA (Siddique & Klaus, 2009), (Nehdi, Duquette, & El Damatty,
2003), (Saad, Nuruddin, Shafiq, & Ali, 2016), (White, Kearley, Provis, & Riley, 2013). Kaolinitic clay was
also burned separately at 7500 𝐶 for 2 hours for comparison purposes with the material obtained in
simultaneous calcinations of KC and RH. RHA was obtained by burning the biomass at 6700 𝐶 for 2
hours. The raw materials were burned in a gas furnace using liquefied petroleum gas fuel. Chemical
composition of the kaolinitic clay is shown in Table 1.
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The materials obtained in the calcinations process were ground in a ceramic ball mill with the purpose
of increasing their specific surface area and therefore their reactivity. All the samples were milled until
at least 80% of each material passed through a #325 Tyler mesh.
A Gemini-Micrometrics equipment based on BET theory was used to measure specific surface area of
the materials obtained after thermal treatment and laser granulometry with water media was used to
determine their particle size distribution in a Mastersizer 2000 particle size analyzer.
The composition of the OPC used (provided by Argos Cement Company-Colombia) in this study is
shown in Table 1. The materials obtained in the calcinations were then used to prepare blended cement
with levels of substitution of 10 and 20%. Blended cement mortars were prepared (water/binder ratio of
0.5) to perform compression strength measurements with the procedure described in ASTM C109 with
testing ages of 1, 3, 7 and 28 days. A PANalytical AXIOS spectrometer with a rhodium X ray tube was
used to obtain the chemical compositions of the materials using X ray fluorescence (XRF).
Table 1. Chemical compositions of kaolinitic clay and OPC
Parameter
(%)

𝑺𝒊 𝑶𝟐

𝑨𝒍𝟐 𝑶𝟑

𝑭𝒆𝟐 𝑶𝟑

𝑴𝒈𝑶

𝑪𝒂𝑶

𝑵𝒂𝟐 𝑶

𝑲𝟐 𝑶

𝑻𝒊𝑶𝟐

𝑺𝑶𝟑

Loss
on
ignition

Kaolinitic
clay

63.80

21.86

0.82

0.13

2.94

0.14

0.29

0.38

0.18

9.31

Cement

17.98

4.92

3.25

2.22

64.06

0.19

0.23

2.57

4.59

The SCMs which yielded the best results in compressive strength measurements were used to prepare
lime-pozzolan pastes, in order to analyze the relationship between fixed lime percentages and hydrated
phases mass loss with the compressive strength increase percentage. The testing ages were also 1, 3,
7 and 28 days. Lime-pozzolan pastes were prepared manually with a water/lime-pozzolan ratio of 1.0
and were stored in sealed plastic bottles kept partially submerged in water in the curing room until the
day of testing. On this day, samples were ground in an agate mortar stopping the hydration with acetone
and then oven-dried at 600 𝐶 during 90 min. Chemí brand calcium hydroxide with 96.98% purity was
used in the preparation of the lime pastes. Fixed lime percentages and hydrated phases mass loss in
lime-pozzolan pastes were established with the aid of thermogrvimetric analysis (TG), which were
performed in a TGA 2950 thermogravimetric analyzer, with platinum crucibles with no lid. Heating rate
was 50 𝐶 /min, with a nitrogen flow of 40 mL/min. The mass of the samples was (40±1) mg.
3.
3.1

RESULTS AND DISCUSSION
Characterization

Mean particle size and specific surface area of the OPC and the products of the thermal treatments of
the raw materials are shown in Table 2. Similar values among particle sizes can be seen for the materials
obtained in the calcinations; the same is true for specific surface area values and in this case all the
values are superior to that of the OPC used. A more detailed description of the characterization of the
materials used can be found in previous papers (J.S. Uchima et al., 2016; Juan S. Uchima et al., 2015).
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Table 2. Specific surface area and mean particle size for the cement and potential pozzolans

3.2

𝟐

Sample

Mean particle size (µm)

Specific surface area (𝒎 ⁄𝒈)

Cement

17.4

1.3

MK 750

22

6.3

MKR 670

20

8.5

MKR 750

15.1

7.7

RHA 670

13.2

9.3

Compressive strength

To consider only the real amount of cement present in blended cement mortars, the compressive
strength increase (CSI) percentage with respect to the control mortar was calculated with the following
expression:
CSI =

𝑓𝑐´
𝑓𝑐 ∗(𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥)

× 100 − 100

(1)

Where 𝑓𝑐´ is the mean value of the compressive strength measured for a blended cement mortar at a
certain age and 𝑓𝑐 is the mean value of the compressive strength measured for the control mortar at
the same age. The compressive strength increase percentage as a function of curing time for CRHA,
CMK and CMKR samples are shown in Table 3.
Table 3. Compressive strength increase percentage with respect to the control mortar in
samples CRHA, CMK and CMKR at the four curing ages
Compressive strength increase (%)
1 day

3 days

7 days

28 days

CRHA 670 10

4.38

6.13

5.93

9.11

CRHA 670 20

10.77

2.80

16.97

42.26

CMK 750 20

-18.94

12.52

31.66

41.17

CMKR 670 10

-2.45

3.96

18.49

10.50

CMKR 670 20

2.22

11.68

51.03

40.82

CMKR 750 10

5.44

8.49

11.96

15.44

CMKR 750 20

10.88

20.12

45.45

50.07

Although the highest increase percentage in compressive strength is exhibited by sample CMKR 670
20 at 7 days, it can be seen that for each kind of simple (CMK and CMKR), the best performance is
achieved with samples CMK 750 20 and CMKR 750 20, with the latter having a higher increase, since
there is a steady rise in the values of those samples throughout curing time. It is observed that there is
a negative increase in sample CMK 750 20 at 1 day, which shows a weak pozzolanic activity for this
SCM at early ages. At 28 days the highest increase is achieved for both samples, with a superior
increase in sample CMKR 750 20 at all curing ages, which highlights the potential benefit of the
simultaneous calcination of kaolinitic clay and rice husk in the obtaining of a SCM that can further
improve the mechanical properties of cement. In the case of CRHA samples the best performance is
achieved with CRHA 670 20, although there is not a steady improvement as can be seen from 1 day to
3 days of curing time where a diminishing improvement can be observed.
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3.3

Lime fixation

DTG curves for lime pastes prepared with MK 750 20 and MKR 750 20 and CRHA 670 20, which yielded
the best results in compressive strength measurements, are shown in Figure 1. In the 500 𝐶 - 2000 𝐶
region, the peaks found are associated with the dehydration of C-S-H and C-A-S-H in the case of
samples containing MK and MKR and in the case of the samples with CRHA it is associated with the
dehydration of C-S-H only since there not significant aluminate sources to form C-A-S-H. The peaks at
153.50 𝐶 and 156.10 𝐶 found at 28 days for LMK and LMKR, respectively, were identified as C-A-S-H
decomposition events by Uchima et al (J.S. Uchima et al., 2016). The peak found between 4500 𝐶 and
5500 𝐶 corresponds to the dehydroxilation of portlandite, which can be seen in LMK and LMKR samples,
to be diminishing as the curing age increases. This indicates that the fixed lime by the pozzolanic
material increases with curing age. In samples LRHA this peak increases its intensity from 1 day to 3
days of curing, which means fixed lime decreases. At later ages fixed lime keeps increasing.
a)

b)
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c)

Figure 1. DTG curves for lime-pozzolan pastes at the four curing ages, corresponding to: (a)
LMK, (b) LMKR and (c) LRHA samples
Fixed lime percentages were calculated using the following expression, proposed by Payá et al (Payá,
Monzó, Borrachero, Velázquez, et al., 2003):
𝐹𝑖𝑥𝑒𝑑 𝑙𝑖𝑚𝑒(%) =

𝐶𝐻0 −𝐶𝐻𝑃
𝐶𝐻0

× 100

(2)

where 𝐶𝐻0 is the amount of CH initially present in the lime-pozzolan paste and 𝐶𝐻𝑃 is the amount of CH
present in the same paste at a later specific age.
The behavior associated with fixed lime for all samples previously described can also be seen in Figure
2, where fixed lime as a function of curing age is shown. The percentage of fixed lime is superior in the
sample prepared with the material obtained in simultaneous calcination of kaolinitic clay and rice husk
(LMKR 750 20), at 1 and 28 days. It is also worth noting that at this age, a fixed lime percentage greater
than 50% is achieved with this sample.

Figure 2. Percentages of fixed lime as a function of time for samples LRHA 670 20, LMK 750 20
and LMKR 750 20
Figure 3 shows compressive strength increase in mortars CRHA 670 20, CMK 750 20 and CMKR 750
20 as a function of fixed lime at the four curing ages found in the lime pastes prepared with the same
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SCMs and the same substitution levels (LRHA 670 20, LMK 750 20 and LMKR 750 20). Good linear
correlations are observed in the two latter cases, which means that the pozzolanic activity associated
with lime fixation increases for both materials with curing age. Therefore, these results suggest that fixed
lime plays an important role in the development of compressive strength in both cases; although, the
same can be said about samples containing only the biomass in spite of the absence of a linear
correlation between the two parameters in that case, something that is shown by the fact that when fixed
lime diminishes, there is a consequential decrease in compressive strength improvement. It is interesting
to note that for similar percentages of fixed lime there is a higher increase percentage in compressive
strength in the sample prepared with the material obtained in simultaneous calcinations of KC and RH,
as evidenced by values found at 3 and 7 days of curing. This improvement could also be due to a
physical effect related to the fineness of the material.

Figure 3. Compressive strength increase in blended cement mortars CMK 750 20, CMKR 750
20, CRHA 670 20 as a function of fixed lime in samples LMK 750 20, LMKR 750 20 and LRHA
670 20
The area under the DTG curves in the zone associated with the decomposition of hydrated phases,
excluding the CH, represents the loss of water contained in them, and it serves as an estimate of the
combined quantity of those hydrates at a specific age in each sample. The relationship between the
hydrates mass loss and the percentage of fixed lime in the lime-SCM pastes is shown in Figure 4. There
is a good linear correlation between these parameters in both cases where MK is present, and superior
hydrates mass loss is observed in the LMKR samples, from seven days of curing, which could be
interpreted as a superior pozzolanic activity in the MK obtained in simultaneous calcinations of KC with
RH. In samples with RHA there does not appear to be a strong influence of fixed lime on the formation
of hydrated phases at initial ages.
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Figure 4. Hydrates mass loss percentage as a function of fixed lime percentage in LMK 750 20
and LMKR 750 20 and LRHA 670 20 samples
Compressive strength increase in blended cement mortars (CMK 750 20 and CMKR 750 20) as a
function of hydrates mass loss (excluding the CH) in lime-SCM pastes is shown in Figure 5. Linear
correlations are found in all cases. This means that the quantity of hydrates can be a strong influence
on the development of compressive strength, from 1 to 28 days of curing, although in the case of the
sample containing MK obtained in isolated calcination, there is a slower pozzolanic activity as indicated
by the initial negative compressive strength increase percentage.

Figure 5. Compressive strength increase in blended cement mortars CMK 750 20, CMKR 750 20
and CRHA 670 20 as a function of hydrates mass loss in samples LMK 750 20, LMKR 750 20
and LRHA 670 20
It can be seen from the results obtained in blended cement mortars and lime-SCM pastes that the SCMs
which exhibit a stronger pozzolanic activity are MK 750 20 and MKR 750 20, the latter showing in general
a better performance; this can be observed specifically in the superior values of fixed lime in samples
containing MKR 750 20. The superior performance of this SCM could be due to the presence of reactive
silica contained in the RHA obtained along with the MK in the simultaneous calcinations of the raw
materials. Good linear correlations were found between compressive strength increase percentage in
blended cement mortars and fixed lime in the corresponding lime-SCM pastes (those containing MK
and MKR), which shows that in those cases, lime fixation is highly influential in the development of
compressive strength, as a result of additional C-S-H and C-A-S-H formation. The results also show that
the loss of water associated to the hydrated phases found in lime-SCM pastes at different ages can be
used as a parameter to assess the pozzolanic activity of the SCMs used, since there is a good linear
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correlation between hydrates mass loss percentage and fixed lime in lime-SCM in the curing time range
studied. It is inferred from the results then, that the quantity of hydrates determines to a great extent the
development of compressive strength in the cases considered. Lime fixation and the related C-S-H and
C-A-S-H additional formation can be used with accuracy to predict mechanical strength increase when
using the subject materials as SCMs.
4.

CONCLUSIONS

Compressive strength increase percentage in blended cement mortars, is superior in samples prepared
with MK 750 20 and MKR 750 20, with the former exhibiting a slower pozzolanic activity.
Fixed lime percentages in lime-SCM pastes, are in general superior in samples containing MK obtained
in simultaneous calcinations with RH, possibly due to the extra silica content in this sample.
Mass loss related to hydrated phases in lime-pozzolan pastes can also be useful as a parameter to
assess pozzolanic activity.
Good linear correlations (0.94 ≤ 𝑅2 ≤0.97), were found between hydrates mass loss percentage and
fixed lime percentage in samples LMKR 750 20 and LMKR750 20. In this case, both parameters are
strongly related to the development of mechanical properties, as shown by compressive strength
increase percentage in blended cement mortars as a function of hydrates mass loss percentage and
fixed lime percentage in the corresponding lime-pozzolan pastes.
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ABSTRACT
The process of producing cement is energy intensive and highly carbon emissive. This has spurred the
use of supplementary cementitious materials (SCMs) to partially replace cement. A SCM example
would be calcined clay which is produced by heating clay at 45% lower temperature than ordinary
cement. The wide availability of clay gives it strong potential as a SCM that can match projected
concrete demand in long term. This study assesses the feasibility of the combined use of calcined clay
and limestone as a cement substitute in high performance concrete (water-cement ratio = 0.3). Using
30% and 45% substitutions of cement compared against pure cement samples, tests are conducted to
study mechanical performance, durability, volume stability, as well as the understanding of the
underlying mechanisms that could lead to the trends observed. Results show slight increase in
mechanical performance of the substituted mix compared to the reference mix. In terms of durability,
the use of calcined clay helps to decrease penetrability due to the pozzolanic reaction combining with
calcium hydroxide to form additional C-S-H, filling up more space and resulting in a dense
microstructure. Apart from being eco-friendly, the key properties of high performance concrete are not
compromised in the substituted mix. Between the substituted mix, 45% substitution is preferred over
30% due to the its superior strength and durability performance, and greater carbon footprint
reduction.
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1.

INTRODUCTION

Production of cement accounts for 5-8% of man-made CO2 emissions. As the world’s growing
population and need for habitation drives concrete demand, the associated carbon emissions are
consequently set to rise. Burning of coal to generate the heat required as well as the chemical process
of limestone decomposition are the main sources of carbon emissions in cement production. On
average 0.8-0.9 ton of CO2 is emitted in the production of 1 ton of ordinary cement. Due to the huge
amounts of concrete produced and used globally, being able to reduce the carbon emissions per ton
of concrete produced would make a significant contribution to controlling global carbon emission.
In order to reduce carbon emissions, alternative fuel technologies and energy efficiency have been
studied in great detail and may be reaching a plateau of optimization due to technological constraints
(Lothenach et al. 2011, Scrivener et al. 2018). An alternate solution that has yet to be fully maximized
would be to make use of supplementary cementitious material (SCM) to partially substitute cement
clinker in concrete. Some of the more widely used SCMs include fly ash, slags, silica fume, etc.
However, existing reserves and production forecast of these industrial by-products will not meet the
projected demand for cement (Schneider et al. 2011). In contrast, calcined clay has been attracting
growing interests as cement replacement due to its abundance on earth and wide availability.
Compared to other calcined clay, kaolinite was identified as the most suitable SCM because of its high
pozzolanic activity (He et al. 1995). The reactive silica and alumina in the kaolinite will react with
Portlandite to form calcium alumino-silicates hydrates C-A-S-H as well as calcium aluminate hydrates
C-A-H. These products can fill space and contribute to the development of concrete properties.
Furthermore, some recent research indicates that even the low grade kaolin clay can constitute a
potential source of high reactivity pozzolanic material (Alujas et al. 2015, Du & Pang 2018). This is an
important finding since the majority clay deposits on the earth are not sufficiently pure to produce
metakaolin (a very active pozzolan with minimum of 85% kaolinite). More recently, the novel usage of
limestone calcined clay cement (or namely LC 3) has drawn wide interests due to the even higher
clinker replacement levels with comparable mechanical properties (Antoni et al. 2012) in concrete. In
this ternary blended binder system, alumina from calcined clay can react with limestone to produce
carbonaluminate hydrates in addition to its pozzolanic reaction with Portlandite.
It is noted that the majority of the previous studies emphasized the influence of replacing cement by
calcined clay and limestone in normal strength mortar and concrete. There is limited study of using
calcined clay and limestone in high performance concrete (HPC) so far. HPC is typically used in high
rise structures and highway bridges that span long distances, as it is able to resist high compressive
loads and enables reinforced or prestressed girders to span greater lengths than normal concrete.
With modern designs of buildings and infrastructures getting increasingly complex and unusual, the
usage of high performance concrete to achieve the structural requirements of these designs is set to
increase. Furthermore, there is an aggressive push towards high performance concrete to reduce the
building footprint and increase the durability of the building to withstand more extreme weathering due
to climate change. To reduce carbon emissions while catering to the trend of increasing high
performance concrete usage, it is thus worthwhile to study the combined usage of calcined Kaolin clay
and limestone on HPC.
This study aims to determine the suitability of calcined clay and limestone as a combined cement
substitute in HPC. The impact of such substitution was assessed in terms of blends reaction evolution
and HPC properties at different ages regarding mechanical and durability performances in the long
term. Locally available kaolinite clay and limestone were used in this study. A preliminary study has
revealed that the raw clay could have the highest pozzolanic reactivity after 800 °C thermal treatment
and the optimum clay-to-limestone ratio is 2:1 by mass (Du et al. 2016). It is hoped that this study can
shed light on the performance evaluation of HPC containing the combined calcined clay and limestone
and the underlying mechanisms.
2.
2.1

MATERIALS AND METHODS
Materials

The materials used in this study include CEM I 52.5N ordinary Portland cement (OPC), limestone,
crystalline quartz, kaolin clay, natural sand and crushed granite stone. The specific gravity of OPC,
limestone, quartz and clay is 3.15, 2.83, 2.62 and 2.65, respectively, as determined by an Automatic
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Density Analyzer (ULTRAPYC 1200e). Limestone and quartz were supplied by a local chemical
factory. Kaolin clay was purchased from Kaolin (Malaysia) SDN BHD, Malaysia. The kaolinite content
in that clay determined by thermogravimetric analysis (TGA) is about 60% using tangent method [17].
The weight loss with increasing temperature of raw clay is presented in Figure 1. The calcination
process was performed by stacking clay-filled crucibles in a program controlled furnace (ELLITE 1200
°C laboratory chamber furnace) and heating at a rate of 10 °C/min until 800 °C. That temperature was
maintained for 1 hour, after which the crucibles were removed from furnace immediately and spread
on a metal plate to cool to ambient temperature.
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Figure 1. TG and DTG curves for the raw clay
X-ray diffraction (XRD) technique was employed to detect the mineral phase change during the
calcination using Shimadzu XRD-6000. The XRD patterns are shown in Figure 2. It is noted that the
raw material is a mixture of kaolinite, illite and quartz, instead of pure kaolin clay. After 800 °C of
heating, peaks of kaolinite have almost disappeared, indicative of the decomposition of kaolinite.
Previous literature has revealed that the pozzolanic reactivity of calcined clay originates from the
structure disorder associated with the dehydroxylation [18]. Peaks corresponding to quartz and illite
are still detectable, implying that the calcined clay still contains crystalline illite and quartz. Particle size
distribution for powder materials are measured by Partica LA-950 laser diffraction analyzer and
displayed in Figure 3. River sand with a fineness modulus of 2.90 and 12.5 mm granite coarse
aggregate were used to produce HPC concrete.
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Figure 2. XRD patterns for the raw and calcined clay
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Figure 3. Particle size distributions for cement, clay, limestone and quartz
2.2

Mix proportion

Mix proportion for HPC was selected according to ACI 363R, as listed in Table 1. Compared to the
reference HPC, 30% and 45% cement content was substituted by the combined use of calcined clay
and limestone in B30 and B45 mix, respectively. Water-to-cementitious materials (w/cm) ratio keeps at
0.30 for all the mixes. At the same time, two additional mixes, Q30 and Q45, were tested using quartz
powder with equivalent weight of calcined clay and limestone, to assess the filler effect.
Polycarboxylate-based superplasticizer (ADVA 181N) was added for each mix to adjust the slump to
be around 100 mm. Fresh concrete mixtures were poured in steel moulds and consolidated on a
vibration table. Covered by plastic sheet for 24 hours, concrete specimens were demolded and stored
in a fog room (30 °C, 100% RH) until the testing age.
Table 1. Mix proportion of HPC (kg/m3)
Mix

Water

OPC

OPC

145

480

B30

145

336

96

B45

145

264

144

Q30

145

336

Q45

145

264

2.3

Clay

Limestone

Quartz

Sand

Aggregate

715

1050

48

715

1050

72

715

1050

144

715

1050

216

715

1050

Methods

HPC Hydration studies were conducted on paste samples with the same w/cm ratio. The heat flow of
the hydration was measured by an isothermal calorimeter (TAM Air from TA instrument). Cumulative
heat of reaction was calculated starting from the lowest point of the dormant period. Hydration of paste
samples were stopped by immersing chunk samples in isopropanol for at least 3 days and vacuum
drying for 1 day. The dried paste samples were ground to be finer than 75 µm for thermogravimetric
analysis (TGA) the age of 1, 3, 7, 28 days. TGA was performed on about 40 mg paste powder using
DISCOVERY TGA from TA instrument. Weight loss was monitored for sample heated from 30 °C to
900 °C in N2 atmosphere, at a rate of 10 °C/min. Chemical shrinkage of paste was measured
according to ASTM C 1608, until 12 weeks. Autogenous shrinkage was assessed using paste
samples in accordance with ASTM C 1698. For each mix, paste was caste in two corrugated
polyethylene tubes and the deformation of each specimen was continuously monitored by LVDT until
10 days. Compressive strength of concrete were measured at 1, 3, 7, 28, 91 and 182 days, on 3
cylinders of Ø100×200 mm, according to ASTM C 39, respectively.
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3.
3.1

RESULTS AND DISCUSSION
Hydration heat

The cumulated heat for each gram of cement in different mixes, up to 15 days, is presented in Figure
4. The reference OPC mix shows a rapid increase in the heat within the first 3 days of hydration while
much slower increase after that, implying that the main hydration occurs in the first three days. For
Q30 and Q45 mixes, the normalized heat increases with higher quartz replacement, due to the filler
effect which could provide more space and available water for cement hydration. This consists well
with previous findings (Huang et al. 2017). For B30 and B45 mixes, the cumulated heat is even higher
than Q30 and Q45 at the same cement replacement level. Assuming that the quartz filler is inert and
that the physical effect it introduces is equivalent to that of the pozzolans (calcined clay and limestone
in this study), the difference in the cumulated heat between the blended paste and the quartz filler
paste represents the heat released from the pozzolanic and synergistic reaction. In this study, B45
exhibits the highest heat attributed to the combined effect of filler effect and pozzolanic reaction. It
should also be noted that, up to 15 days, the additional reaction contributes more to the total heat in
B30 mix than in B45 mix. It is also noted that the normalized hydration heat is less than the mix with
higher w/c ratio of 0.50 (Du & Pang 2018). This is because of the lower water dosage in this HPC mix,
which restrains the full hydration of cement grains. RH in the mix would drop significantly due to the
pozzolanic reaction of calcined clay, which could slow down the clinker hydration at higher cement
substitution level.
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Figure 4. Hydration of different paste
3.2

Chemical shrinkage

Chemical shrinkage of cement is induced by cement hydration and its magnitude is directly linked with
the degree of cement hydration. The influence of replacing cement with the combined calcined clay
and limestone on the chemical shrinkage, up to 84 days, is displayed in Figure 5. All the mixes
showed rapidly increasing chemical shrinkage within 7 days and much more gently afterwards.
Compared to the reference paste, paste B30 and B45 both exhibited much higher chemical shrinkage,
indicating more reaction occurs normalized to 1 gram of cement. This is consistent with previous
findings on the influence of metakaolin on chemical shrinkage of cement composites (Yodsudjai &
Wang 2013).
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Figure 5. Chemical shrinkage of different paste
3.3

CH content

The portlandite content in the paste mix is displayed in Figure 6, as determined from TGA method. For
the pure cement paste, CH content continuously increases from 1 day to 91 days, with a much faster
rate within the first week. The same trend was found for quartz-filling paste Q30 and Q45. Because of
the diluted cement amount in those mixes, the total CH content is lower compared with the OPC mix.
CH content in the blended paste exhibit an increase up to 3 days and drops a little at 7 days and
stabilizes onwards. The gap between the blended mix and reference quartz mix (with the same
cement substitution level) represents the amount of Portlandite consumed in the reaction with calcined
clay and limestone, at each age. It is noted that CH content in the blended paste is higher than the
quartz paste even on the first day, indicating that pozzolanic reaction of calcined clay with Portlandite
could start as early as from the first day. This gap in CH increases until 7-day and remains unchanged
afterwards. The results may imply that the reaction of calcined clay and limestone might be almost
complete within 7 days. Due to the lower w/cm ratio, water will be competed for both cement hydration
and the reaction of calcined clay and limestone as pointed by Huang et al. (2017). Hence, the reaction
of calcined clay and limestone might be restricted compared to mixes with higher w/cm ratio. This can
explain the more obvious decreasing CH content with curing age in a previous study on calcined clay
and limestone (Antoni et al. 2012).

25
OPC

CH content, %

20

Q30

15

Q45
B30

10

B45

5
0
1

3

7 ddfd
10

28

91k
100

Age, days
Figure 6. CH content in different paste
3.4

Autogenous shrinkage

Figure 7 shows the autogenous shrinkage of different paste mixes during the first 10 days.
Autogenous shrinkage is a concern for HPC in which the hydration would result in great drop in RH
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Autogenous shrinkage, x10-6

and hence possibly shrinkage cracks. The autogenous shrinkage OPC paste increases fast in the first
3 days and then slowly increases until 10 days, reaching about 400 micro-strains. Paste with calcined
clay and limestone also exhibit a rapid increase in autogenous shrinkage within the first day and an
additional rapid increase between 2 and 5 days. Kaolinite is high pozzolanic reactive and can start
reacting with Portlandite before 1 day (Sabir et al. 2001).The rapid autogenous shrinkage in the first
day might correspond with this pozzolanic reaction. At the same time, the high surface area and platy
morphology of calcined clay could absorb water, reducing the effective w/c ratio and increasing
autogenous shrinkage (Gao et al. 2012). The second rapid increase in autogenous shrinkage from 2
to 5 days might be caused by the synergistic reaction of calcined clay and limestone. Compared to
OPC paste, blended paste has higher potential to crack because of the higher autogenous shrinkage,
approaching about 700 and 800 micro-strains for B30 and B45 mixes.
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Figure 7. Autogenous shrinkage of different paste
3.5

Compressive strength

The strength development for different HPC mixes are shown in Figure 8. All the mixes exhibited
increasing compressive strength from 1 day to 182 days. At the age of 1 day, OPC mix showed an
average strength of 46 MPa. Mixes B30 and Q30 showed almost identical strength of 30 MPa while
mixes B45 and Q45 exhibited a compressive strength of 19 MPa. The lower strength than the
reference OPC mix can be attributed to the cement dilution effect. In addition, the comparable strength
between blended cement and quartz filler mixes implies that the pozzolanic reaction of kaolinite in the
first day (which has been confirmed in Section 3.1) is not able to cause strength improvement. At the
age of 3 days, the reference mix still shows the highest strength of 67 MPa. Mix Q30 and Q45 show
compressive strength of 46 MPa and 34 MPa. It is interesting to note that the mix B30 and B45
showed a higher strength increase rate and reaches 60 MPa and 50 MPa, much higher than Q30 and
Q45, respectively. This trend is even more obvious at the age of 7 days when mix B30 shows the
highest strength of 79 MPa while the reference mix shows a 72 MPa strength. Mix B45 has 7-day
strength of 70 MPa, close to that of the reference mix. This can be attributed to the pozzolanic reaction
of kaolinite in the clay and its synergizing action with limestone. Strength increase rate from 7 days to
182 days are almost the same for each mix, implying that the reaction of calcined clay and limestone
might have been complete in the first week due to the limited amount of water for chemical reactions
in the mix. The observation in compressive strength agrees well with the chemical reaction as
discussed in the earlier section.
The increased compressive strength for B30 and B45 mixes at later age could be attributed to the
microstructural densification as a result of the reactions among Portlandite, calcined clay and
limestone. Some recent studies have revealed that in the blended mixture of calcined clay and
limestone paste, pore connectivity could be significantly reduced in addition to the capillary porosity
refinement (Avet & Scrivener 2018). Due to the smaller w/c ratio, insufficient water is available for the
full reaction among calcined clay, limestone and Portlandite. Therefore, the cement substitution of
30% shows a better mechanical performance rather than 45% in this study. This is slightly different
with what have been reported for normal strength concrete (Antoni et al. 2012).
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4.

CONCLUSIONS

This study aims to evaluate the hydration and compressive strength of high performance concrete
incorporating limestone and calcined clay as partial cement replacement. A locally available moderatekaolinite-content clay was used to produce the calcined clay. Pozzolanic reaction of calcined clay may
start within the first day and its synergistic action with limestone starts from a little later stage. These
reactions consume Portlandite and produce C-A-S-H gels and carbonaluminate phases. The reactions
release additional heat and cause higher autogenous shrinkage. Results also reveals that the reaction
might be complete within the first week due to the limited water amount in low w/cm system.
Compressive strength of concrete with blended binder are lower than those of the reference pure
cement mix in the first 3 days but grow faster and become comparable from 7 days onwards. This is
particularly obvious for 30% cement replacement level.
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ABSTRACT
Thermodynamic modeling of cement hydration is a well-known tool capable of predicting the
mineralogical and chemical composition of cementitious systems as a function of time and varying
cement mixes. At present, however, composition and mineralogy cannot be adequately modeled at the
interface between corroding iron and cement paste in anoxic conditions due to the lack of
thermodynamic data for the Fe(0) corrosion species (Fe(II,III)) interacting with cement phases.
The anoxic corrosion of iron is an important process in ground granulated blast furnace slag cement
(GGBFS). Fe released by corrosion of iron particles could be either taken up by cement phases in a
manner similar to Fe(III), i.e. Fe(III) substitutes for Al(III) in cement phases, replace as Fe(II) a part of
the calcium present in cement hydrates, precipitate as specific Fe(II)-bearing phase, e.g. Fe(II)hydroxide or Fe(II)-sulfides, or adsorb onto the surface of cement phases.
Kinetic and isotherm sorption experiment with Fe(II) and Fe(III) were carried out on the most important
cement phases using 55Fe as a radiotracer. The Fe(II) sorption studies were conducted in reducing
conditions in the glove box ensured by the use of electrochemical cells.
EXAFS spectroscopy measurements were performed on Fe-doped cement phases in order to
determine the oxidation state and coordination environment of iron in cement phases. Micro XRD,
redox mapping, and XANES spectroscopy were employed to study the interaction between iron
particles and cement paste in GGBFS cements having different ages and exposed to different
conditions.
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1.

INTRODUCTION

Cement manufacture contributes to 7% global anthropogenic CO 2 emission due to the large volume of
Portland cement produced annually worldwide. CO2 emissions occur both due to the use of fuel to
burn the raw materials at 1450°C as well due to the de-carbonation of the limestone during heating.
Blended cements composed of Portland cement blended with inorganic supplementary cementitious
materials such as pozzolans, fuel ash, calcined clays or ground granulated blast furnace slag
(GGBFS) are increasingly used for the development of sustainable, lower CO2-emission cements.
GGBFS is an industrial by-product derived from the iron-making process when the iron ores are
reduced to pig iron. The liquid slag is rapidly cooled to form granules, which are then ground to a
fineness similar to Portland cement. Slags are generally described by the quaternary CaO-MgO-SiO2Al2O3 system (Bernal et al., 2014), but the content of metallic Fe(0) particles can be high (~2 - 5 wt.%
as Fe2O3). Within the slag, iron is present as finely dispersed metallic nanoparticles and very little to
nothing is currently known about its long-term behaviour (Ben Haha et al., 2012); in particular is
unclear what rate and to what extent Fe(0) corrodes. The corrosion of Fe(0) in the slag could
potentially lead to Fe(II,III)-rich corrosion products, which may then interact with the cement matrix in
several ways. For example, Fe(III) is known to substitute for Al(III) in cement phases (Dilnesa et al.,
2014), while Fe(II) could either be taken up by cement phases, for example by replacing Ca(II) in
cement hydrates, precipitate as specific Fe(II)-bearing phases, e.g. Fe(II)-hydroxide or Fe(II)-sulfides,
or adsorb onto the surface of cement phases. In this study, the Fe speciation is determined a) by
studying Fe(II,III) interaction with single cement phases using wet chemistry experiments and
synchrotron-based techniques and b) in aged slag cements, which have been subjected to extensive
Fe(0) corrosion. In the latter study we focus on the determination of the different redox states of iron
around Fe(0) particles in aged slag cements. It is expected that the complementary approach will
enable us to validate the results from predictive modeling of Fe(0) corrosion with experimental data. It
is further expected that the same chemical processes are operative at the interface between
reinforcing steel and blended cement in anoxic conditions, which can lead to spalling and concrete
degradation causing costly repair work.

2.
2.1

MATERIALS AND METHODS
Wet chemistry experiments

Kinetic and isotherm sorption experiments were carried out with the most important cement phases,
i.e. calcium silicate hydrates (C-S-H phases with Ca/Si (C/S) ratios = 0.8, 1.2 and 1.5) using 55Fe
radiotracer to quantify Fe(III) uptake. Cement phases were synthesized by mixing the right proportion
of CaO and SiO2 depending on the desired C/S ratio. Phases were synthesized at a solid to liquid ratio
(S/L) of 5 g/L and a small amount was dryed for characterization with standard laboratory techniques
(XRD and TGA). All Fe(III) sorption studies were carried out in the glove box under a N 2 atmosphere
(O2 < 0.1 ppm). The Fe(III) concentration in the samples was measured by quantifying the activity of
the 55Fe by beta counting and by ICP-OES measurements.
2.2

Synchrotron-based experiments

2.2.1 Single cement phases
Fe K-edge X-ray absorption fine structure (XAFS) spectroscopy was performed at the Samba
beamline (SOLEIL, Paris, France), the Dubble beamline (ESRF, Grenoble, France) and the P64
beamline (Desy, Hamburg, Germany) in order to determine the oxidation state and the coordination
environment of Fe(III) in the Fe-doped cement phases. Fe(III) loaded samples were prepared as
described above. The measurements were carried out at room temperature. All the measurements
were performed in fluorescence mode. Extended X-ray absorption fine structure (EXAFS) data were
collected and will be used for the development of structural models of Fe(III) interaction with cement
phases.
2.2.2 Slag cements
Fe K-edge bulk-XAFS spectra of different slag cements were recorded at the Dubble beamline (ESRF,
Grenoble, France). The measurements were performed in fluorescence mode. Redox mapping was
performed on thin sections prepared from the slag-containing cements at the MicroXAS beamline of
the Swiss Light Source (SLS, Villigen, Switzerland) using a beamsize of ~ 2 m  2 m. Oxidation
state maps were recorded at different energies of the incident beam where a high chemical contrast
was expected. This allows the Fe redox states 0, +II, and +III to be determined around Fe-containing
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slag particles. In addition, μ-XANES (X-ray absorption near edge structure) spectra were collected on
selected spots of Fe-containing slag particles. These data were fitted using the least-square linear
combination (LC) approach in order to identify the main Fe components. To this end, the spectra of
selected Fe-containing minerals were used as references.
3.
3.1

RESULTS
Fe(III) sorption

Fe(III) kinetics experiments were performed with C-S-H at different Ca/Si ratio. Fe(III) kinetics show
that the chemical equilibrium is reached within 35 days in the case of the C-S-H phases (Figure 1) .
Fe(III) uptake increases with decreasing C/S ratio (Figure 1). The Fe(III) isotherm experiments show
linear sorption of Fe(III) with increasing concentration up to 5000 ppm surface loading, which is
exemplarily shown for C-S-H with C/S = 1.5. Note that no Fe(OH)3 precipitation was observed up to
this surface loading (Figure 2) while thermodynamic calculations suggested supersaturation of the
solution with respect to Fe(OH)3(s) (ferrihydrate).

Figure 1: Left - Time-depencent Fe(III) uptake on C-S-H phases with different C/S ratios. Right Fe(III) sorption isotherm on a C-S-H phase with a C/S ratio of 1.5.

EXAFS spectroscopy further showed that the spectra of samples loaded with an initla concentration of
600 ppm (ca. 10-2 M) and 12’000 ppm (ca. 2x10-1 M) Fe(III) are very similar (Figure 2), indicating that
the same sorption process controls Fe(III) uptake. In contrast, a C-S-H phase loaded with 50’000 ppm
(ca. 9x10-1 M) Fe(III) shows spectral features comparable to those of the Fe(OH)3(s) spectrum. This
indicates precipitation of Fe(III) hydroxide in the sample and further suggests that linear sorption of
Fe(III) extends to Fe(III) loadings above 12’000 ppm but less than 50’000 ppm. The fitting of EXAFS
data is ongoing.
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Figure 2: Left - Fe K-edge XANES of a C-S-H with C/S = 1.5 and different Fe(III) initial loadings
(600 ppm (ca. 10-2 M), 12’000 ppm (ca. 2x10-1 M) and 50’000 ppm (ca. 9x10-1 M)) as well as
XANES of a Fe(III) hydroxide reference. Right - k3-weighted EXAFS spectra.

3.2

Slag cements

Redox mapping was performed for different slag-containing cements that had been aged up to 37
years in different environmental conditions. The Fe oxidation state maps and the linear combination
fitting revealed major differences among the samples. Exemplarily the oxidation state maps for the
Danish Vejle Fjord bridge are shown (Figure 3). Almost no Fe(0) was observed in this material, which
had been exposed to marine environmental conditions for ~37 years (Table 1 and Figure 3), while
Fe(0) was cleary visible in slag samples aged in laboratory conditions for 7 years (data not shown).
Table 1 shows the relative proportions of the Fe-containing phases as obtained by LC fitting. The
major Fe-bearing phases in the bulk sample from the Vejle Fjord bridge are iron-siliceous hydrogarnet
(Fe-Si-Hyd), hematite (Fe2O3), goethite (FeOOH), and iron(II) oxide. Thus, the latter Fe phases seem
to be the main products from Fe(0) corrosion while Fe-Si-Hyd is the thermodynamically most stable Fe
phase in hydrated cement (Vespa et al., 2015). Note that the fitting results in a very low residual (Rfactor = 0.0002). Presence of FeOOH and FeO is confirmed at the micorscale. In addition presence of
FeCl2 is suggested. The residual (R-factor) for the μ-XANES of this sample, however, is relative high
(0.0047) suggesting that important Fe-bearing phases are missing in the LC fit of the μ-XANES
spectrum. Fe(0) was not detected In the Vejle Fjord slag cement neither in the bulk sample nor on the
microscale. This finding is consistent with the redox maps, where only a small particle of Fe(0) was
present. Additional experiments are planned with the aim to improve identification of the Fe-phases on
the microscale, e.g.by using μ-XRD.
Table 1: Proportion of minerals determined from the least-square LC fitting of the Fe K-edge
XANES spectra.
R - factor

Fe2O3

Fe-Si-Hyd

FeOOH

FeO

FeCl2

Bulk-XANES

0.0002

0.23(2)

0.48(1)

0.16(2)

0.13(2)

-

μ-XANES

0.0047

-

-

0.41(2)

0.33(4)

0.26(2)
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Figure 3: Redox maps and XANES spectrum for a sample from the Vejle Fjord bridge, Denmark.
Grey circles indicate the spots where the XANES was collected. a) Fe(0), b) Fe(II), c) Fe(III), d)
XANES data and LC fitting. Results are listed in Table 1.

4.

CONCLUSIONS

The uptake of Fe(III) by the most important cement phases has been investigated. Fe(III) uptake
increases with decreasing C/S ratio. Sorption studies and XAFS measurements showed linear Fe(III)
sorption by a C-S-H phase with a C/S ratio = 1.5 up to at least 12’000 ppm surface loading.
Precipitation of Fe(OH)3(s) was observed at higher surface loadings.
Oxidation state maps show the corrosion of Fe(0) in slag-containing cements and the formation of
Fe(II,III) species. In a slag-containing cement exposed to marine environment for ~37 years Fe(0) was
completely oxidized to Fe(II,III). In contrast, Fe(0) oxidation was strongly inhibited in a slag-containing
cement sample that had been stored in a closed container in laboratory conditions for ~7 years. In the
latter sample conditions are expected to be reducing rather than oxidizing. Oxidizing conditions can be
expected for the cement sample from the Vejle Fjord bridge. The above findings suggest that the
extent of Fe(0) corrosion strongly depends on the environmental conditions.
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ABSTRACT
The synthesis of new multifunctional CaxAlyOz compounds with specific/controlled properties and their
influence into properties of ordinary Portland cement samples were examined. The synthesis of
compounds has been carried out in unstirred suspensions (CaO/Al2O3 = 2.8, w/s = 10) within 1 - 72
hours at 130 ºC. The results of in situ XRD experiment showed that, katoite synthesized within 4 hours
remain stable till 275 °C, while at higher temperature (350 °C) its fully recrystallized to mayenite
(Ca12Al14O32). The synthetic (4h) and calcined (1 h, at 350, 550 or 900 °C) products were added as
a partial replacement of the OPC at levels of 7.5 % by weight of the total cementitious material.
Therefore, the water and cement ratio of all OPC samples was equal to 0.5. It was determined, during
the initial hydration reaction in the samples with additives the intensive interaction between mayanite
and gypsum proceeded and as a result ettringite and amorphous aluminium hydroxide were formed. It
was examined, that after 21-60 min hydration of samples with additives, CASH or/and monosulphate
or/and CAH were crystallized in the products, and also changes the hydration mechanism of cement
samples. The products were characterized using X-ray powder diffraction, simultaneous thermal
analysis, FT-IR spectrum and scanning electron microscopy.
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1.

INTRODUCTION

Calcium aluminates are widely used in many industrial areas: as a component in different type of
cement; as heavy metal and organic contaminants stabilizer (Ishida et al. 1999, Zhen et al. 2012,
Glasser et al. 2001); as an additive in the production of catalysts, which reduce CaO melting in a cyclic
CO2 adsorption process (Radfarnia et al. 2015, Angeli et al. 2014). This class is conventionally
represented with compositions varying over a large CaO/Al2O3 (C/A) range (0.5–3.0), because they are
usually composed of main group metal oxides i.e. CaO and Al2O3.
Mayenite (Ca12Al14O33, C/A=1.7), have stimulated research interest because will have a better
accelerator - rapid hardening activity (Won et al. 2015), oxygen mobility, ionic conductivity and catalytic
properties than other calcium aluminates (Cucciniello et al. 2013, Proto et al. 2015). Mayenite can be
synthesized during a solid state reaction between CaCO 3 and Al2O3 mixed powder at very high
temperatures such as 1300 – 1500 °C for over than 40 h. Hovewer, mayenite produced from this
methods has a low surface area and low porosity (Chen 2006, Iftekhar et al. 2008). Martavaltzi et al.
investigated the use of Ca12Al14O33 inert material synthesized from calcium acetate and aluminum nitrate
(Martavaltzi et al. 2008). In the production of mayenite the sol–gel or co-precipitation methods are
applied, hence, the precursors such as Ca(NO3)2 4H2O for CaO and Al(NO3)3 9H2O for Al2O3 are used,
which increase the operation cost due complex and energy intensive synthesis steps (Zhang et al.
2014).
Another method of Ca12Al14O33 preparation, which is not used or used very rarely, is a hydrothermal
synthesis of precursors which is a simple, high-yield, controllable process (Meller et al. 2009, Jeong et
al. 2016, Baltakys et al. 2015) and second step: finally mayenite formation (precursors calcination at
250-1000 °C). Li et al. reported that the formation of Ca 3Al2(OH)12 phase during hydrothermal treatment
(at 150 °C temperature) favors, or accelerates the formation of mayenite phase at a rapid rate even at
a low calcination temperature (> 400 °C). However, the starting materials Ca(OH) 2 and Al(OH)3, which
stoichiometric mixture was equal 1:1, treated by hydrothermal method, yielded the product of
Ca3Al2(OH)12 and Al(OH)3 mixture (Li et al. 2011). Rivas-Mercury et al. discovered that the dehydration
occurs in successive stages: dehydration of hydrogarnet occured above 250 °C and direct nucleation of
mayenite and Ca(OH)2 phases was observed between 300 and 500 °C, when hydrogarnet
(Ca12Al2(OH)12) was obtained by hydration of tricalcium aluminium oxide (Rivas-Mercury et al 2008).
Thus, the data presented in the references about the formation of CAH compounds under hydrothermal
conditions, they thermal stability (in the pure system: CaO–Al2O3–H2O) are not extensive and often
controversial.
In previous work (Eisinas et al 2018) it was proved that synthetic calcium aluminium hydrates are stable
till 225 °C and at higher temperature recrystallized to mayenite, whereas the basicdiffraction maximum
intensity of mayenite significantly increased during calcination in a 650–900 °C temperature range. This
fact confirms, that the mayenite structure partiallychanges during calcination process.
Presumably, mayenite can be obtained in the CaO-Al2O3-H2O system by the thermal treatment of
precursors, which formed after hydrothermal synthesis. For this reason, the main objective of the present
work was to determine the formation and thermal stability of mayenite by using two steps synthesis in a
25 – 1150 °C temperature range and to study latter compound influence on the early stage hydration of
Portland cement.
2.

EXPERIMENTAL

In this paper, the following reagents were used: Calcium oxide from Ca(OH) 2 (“Sigma-Aldrich”,
Germany) was additionally burned at 550 °C temperature for 1.5 h, the quantity of free CaO is equal to
92 wt. , Sa = 1341 m2 kg-1. -Al2O3 was produced by burning aluminium hydroxide (“Sigma-Aldrich”,
Germany) at 475 °C for 4 hours, Sa = 1129 m2 kg-1.
Dry primary mixture with molar ratio of CaO/Al2O3 = 2.8 was mixed with water to reach the water/solid
ratio (W/S) of the suspension equal to 10.0. The hydrothermal synthesis was carried out in unstirred
suspensions, in 25 ml volume PTFE cells, which were placed in “Parr instruments” (Germany) autoclave,
under saturated steam pressure at 130 °C temperature for 1-72 hours (the temperature was reached
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within 2 h). After hydrothermal treatments, the autoclave was quenched to room temperature. The
suspensions after synthesis were filtered, products rinsed with acetone to prevent carbonization of
materials, dried at 50 °C ± 5 temperature for 24 h, and sieved through a sieve with a size width of 60
μm.
Cementitious admixtures with synthetic (4h) and calcined (1 h: 350, 550 or 900 °C) samples. Samples
of OPC were prepared in a laboratory grinding mill by grinding cement clinker (JSC “Akmenes
cementas”, Lithuania) with a 4.5 % additive of gypsum (“Sigma-Aldrich”, Germany) up to Sa = 450 m2/kg.
The chemical analysis and phase composition of clinker are shown in Table 1. Synthetic and calcined
samples were added as a partial replacement of the OPC at levels of 7.5 % by weight of the total
cementitious material. Cementitious admixtures with synthetic (4h) and calcined (1 h, at 350, 550 or 900
°C) samples were labeled as OPC-CA1: calcined (350 °C), OPC-CA2: calcined (550 °C) and OPC-CA3:
calcined (900 °C).
An eight-channel TAM Air III isothermal calorimeter was used to investigate the heat evolution rate of
the cements samples. Glass ampoules (20 mL) each containing 3 g dry binder material were placed in
the calorimeter, and the injection units for each ampoule were filled with amounts of water equivalent to
a water/solid ratio of 0.5. After a steady temperature of 25 °C had been reached, the water was injected
into the ampoules and mixed inside the calorimeter with the dry material for 20 s (frequency 2–3 s-1).
The heat evolution rate was then measured over a period of 72 h.
In order to investigate the minerology and chemical composition of compounds formed during hydration,
the heat evolution experiments were repeated at 25 C for different time periods, which corresponded
to the onset/peak/end duration of different early hydration periods. Hydration of samples was stopped
by using acetone. Later on, the samples were crushed to powder, dried at the temperature of 50±5 °C
and put through a sieve with an 80-μm mesh.
Table 1: Chemical and mineralogical composition of clinker.
Oxides

SiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

SO32-

Loss on
ignition

Insoluble
particles

Amount,
%

19.72

5.41

4.21

62.76

3.41

0.16

1.08

2.08

0.93

0.24

Minerals
Amount,
%

3CaO·SiO2

2CaO·SiO2

3CaO·Al2O3

4CaO·Al2O3·Fe2O3

63.19

8.89

7.21

12.81

The X-ray powder analysis (XRD) was performed on the D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) operating at the tube voltage of 40 kV and tube current of 40 mA. The X-ray beam
was filtered with Ni 0.02 mm filter to select the CuKα wavelength. Diffraction patterns were recorded in
a Bragg-Brentano geometry using a fast counting detector Bruker LynxEye based on silicon strip
technology. The specimens were scanned over the range 2θ = 3–70° at a scanning speed of 6 min-1
using a coupled two theta/theta scan type. In-situ XRD analysis was made with a high-temperature
camera MTC-hightemp (Bruker AXS, Karlsruhe, Germany). The measurements were carried out with a
step width of 0.02 2θ and 0.6 s step-1 at a heating rate of 100 °C min-1 after equilibration for 2 min at the
desired temperature.
Netzcsh Polyma DSC 214 instrument (Netzsch, Germany): a heating rate of 10 °C/min, the temperature
ranged from 30 °C up to 600 °C under nitrogen atmosphere. Ceramic sample handlers and aluminium
crucibles were used.
3.

RESULTS AND DISCUSSION

It was determined that, in unstirred CaO–Al2O3–H2O suspensions, when CaO/Al2O3 molar ratio of
primary mixture was equal to 2.8, within 1 hour of isothermal curing at 130 oC hydrogarnet – katoite
(Ca3Al2(OH)12; d-spacing – 0.5130; 0.4442; 0.3358 nm) was formed. Also, the basic reflections (dspacing–0.4851; 0.4375; 0.4367 nm) of partially unreacted gibbsite were observed in X-ray diffraction
patterns. Moreover, the carbonation appeared when the products and/or partially unreacted primary
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components were dried in air conditioned chamber (50 °C, 24 h), because the diffraction peaks
characteristic to calcium monocarboaluminate (d-spacing – 0.7576; 0.4900; 0.4674 nm) were detected
(Figure 1). After 4 h of hydrothermal treatment, XRD analysis data showed that, gibbsite is fully reacts
and more intensive diffraction maximums characteristic to katoite were observed (Figure 1).
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Figure 1. XRD patterns of synthesis products. Indices: c – calcium monocarboaluminate; k –
katoite; g – gibbsite; b – boehmite; p – portlandite
It was determined that, after 16-72 h of hydrothermal treatment, katoite started decomposed because
the intensity of diffraction peaks characteristic to mentioned compound slightly decreased and the typical
diffraction maximums characteristics to calcium monocarboaluminate and boehmite were observed
(Figure 1).
The thermal stability of synthesis products obtained after 4 h of isothermal curing was investigated in a
high-temperature camera MTC-hightemp in a 25–1150 °C temperature range (Figure 2). It was
estimated that katoite is stable till 275 °C because diffraction peaks characteristic to this compound
remain unchanged. At higher temperature (350 °C) katoite is fully recrystallized to mayenite
(Ca12Al14O32). It should be underlined that due to different CaO/Al2O3 molar ratio between katoite (3)
and mayenite (1.72), reflections of calcium oxide were identified in the products. It was determined that
the crystallinity of mayenite increased by increasing temperature till 1150 oC. In addition, when
temperature of calcination increased to 1100 °C, the traces of tricalcium aluminate (Ca3Al2O6) were
formed. The present results are in a good agreement with the literature data (Rivas-Mercury et al 2008).
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Figure 2. In situ XRD patterns of synthesis product (4 h, 130 °C), when the temperature of
calcination is 25–1150 °C. Indexes: k – katoite; M – mayenite; L – calcium oxide
It is known that the preparation conditions of additive have influence on the early hydration of OPC
samples. As these reactions are exothermic, isothermal calorimetry is among the most accurate
methods to monitor the global reaction process through the rate of heat production. For this reason, the
synthesis product (4 h, 130 °C) were calcined in different temperature (1 h): CA1 - (350 °C temperature),
CA2 - (550 °C temperature), CA3 - ( 900 °C temperature) was added as a partial replacement of the
OPC at levels of 7.5 % by weight of the total cementitious material. The rate of heat evolution and the
total amount of released heat were calculated based on a unit weight of OPC. It was determined that
this additive has influence on the values of normalized heat flow and the total amount of released heat
(Figure 3, 4).
Synthetic calcined additives accelerated the initial reaction (1-3 min) of cement samples because an
increase in the maximum heat evolution rate was observed from 0.005 W/g (pure OPC) to 0.1 W/g (OPC
with additives). Moreover, the new exothermic reaction was identified in the cases of OPC-CA2 and
OPC-CA3. Besides, the induction period, was shortened to ∼2.2 h in a case of OPC-CA1, while in pure
OPC samples, the mentioned process lasted for 3 h. Moreover, the lower values of heat flow of the
second exothermic reaction, typical to the dissolution of C 3S, were reached in OPC samples with
additives. Meanwhile, the third exothermic reaction, which is characteristic to the dissolution of C 3A and
the formation of ettringite was not identified in OPC samples with additives (Figure 3).
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Figure 3. The heat evolution rate of OPC, OPC-CA1, OPC-CA2 and OPC-CA3 samples during
the early stage of hydration.
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It was observed that in OPC samples with additives the quantity of heat released from 0 to 1 h duration
of hydration was equal to 75-98 J/g, while in pure OPC samples only - 6.3 J/g. Meanwhile, in OPC-CA1
sample the quantity of heat released within the same duration of hydration was lower and equal to 75
J/g. At later stages of hydration, the calorimetric curve of all samples showed the typical hydration
reactions, because the same heat increased tendency was observed (Figure 4).
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Figure 4. The cumulative heat of OPC, OPC-CA1, OPC-CA2 and OPC-CA3 samples during the
early stage of hydration.

In order to investigate the minerology and chemical composition of compounds formed during hydration,
the heat evolution experiments were repeated at 25 C for different time periods, which corresponded
to the onset/peak/end duration of different early hydration periods.
As expected, after 3 - 21 min of OPC samples hydration, there are no visible changes in XRD patterns.
Meanwhile by prolonging hydration to 1 h, the main diffraction peak of gypsum slightly decreased (~2
%) and traces of ettringite was identified (Figure 5, a). The different results were obtained in samples
with additive: at the beginning of OPC+CA1 sample hydration (3 min) the intensity of main diffraction
maximum of gypsum decreased from 2692 cps to 142 cps while, in OPC+CA2 and OPC+CA3 –
decreased to 448 and 759 cps, respectively (Figure 5, b). It is clearly visible in DSC curve: the
endothermic effect in a 105 - 135 °C temperature range, which corresponded to the dehydration of
gypsum, significantly decreased (Figure 6).
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Figure 5. XRD patterns of pure OPC (a) and OPC-CA2 (b) samples after difference hydration
time, h: 1 – 3 min; 2 – 21 min; 3 – 32 min; 4 – 1 h; 5 – 24 h. Indexes: E– ettringite

It was established that the interaction of gypsum and formation of ettringite depends on the reactivity of
additive, and the proceeded reaction can be written as:
C12A7 + 12CŜH2 + 113H → 4C6AŜ3H32 + 3AH3(gel)

(1)
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This first reaction were confirmed by STA results: at ~86 °С, the amount of adsorbed heat attributed to
dehydration of AH3 gel was observed in the OPC samples with additive (Figure 6). By the way, the
mentioned compound is amorphous and can not be detected in XRD patterns.

2
248

425
85 124
254

130

415

412

125

127
30

1

230

330

430

30

130

Temperautre, C

230

330

430

Temperautre, C

Figure 6. DSC curves of OPC-CA1 (a) and OPC-CA3 (b) samples after (1 – 0 min; 2 – 3 min) of
hydration at 25°C temperature
It was obtained, that in the next stage of hydration (21 - 60 min) the used additives stimulates the
formation of CASH or/and monosulphate or/and CAH, because a broad basal reflection typical to
mentioned compounds was identified in the interval of 9-13 diffraction angles (Figure 4). The stage of
hydration may described by this equation:
C12A7 + C6AŜ3H32 + 34H → 3C4AŜH12 + 0.5 C4AH13 + 2C2AH8 + 2.5 AH3(gel)

(2)
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These data are in good agreement with the DSC results: at ~144 °С, the amount of adsorbed heat
attributed to dehydration of calcium aluminate hydrate (CxAHy) was observed in the OPC samples with
additive (Figure 7).
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Figure 7. DSC curves of OPC-CA1 (a) and OPC-CA3 (b) samples after (1 – 21 min; 2 – 60 min) of
hydration at 25°C temperature
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It was determined, that after 24 h of hydration, the intensities of diffraction peaks corresponding to
tricalcium silicate, dicalcium silicate, brownmillerite and tricalcium aluminate were ~1.2 times lower,
while of portlandite ~1.3 times higher in the samples with additives. In addition to this, in pure sample
CASH or/and monosulphate was not identified even after 24 h (Figure 8).
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Figure 8. XRD patterns of pure OPC (curve 1) and OPC-CA3 (curve 2) samples after 24 h of
hydration at 25°C temperature. Indexes: e – ettringite; F – brownmillerite; A – tricalcium
aluminate; β – larnite; d – tricalcium silicate

4.

CONCLUSIONS

It was obtained, that the main synthesis product – katoite formed after 1 hour and remained stable to 16
h of synthesis. By prolonging hydrothermal the mentioned compound starts to recrystallized to
monocarboaluminate and boehmite. It was observed, that synthetic katoite (4 h) is stable till 275 °C,
while at higher temperature (350 °C) its fully recrystallized to mayenite (Ca12Al14O32). It is worth
mentioning, that due to different CaO/Al2O3 molar ratio between katoite (3) and mayenite (1.72), calcium
oxide were identified in the products.
It was determined, during the initial hydration reaction in the samples with additives the intensive
interaction between mayanite and gypsum proceeded, and as a result ettringite and amorphous
aluminium hydroxide were formed. The microcalorimetric data showed, that during this reaction, the
maximum of heat evolution rate increased from 005 W/g (pure OPC) to 0.1 W/g (OPC with additives). It
was examined, that after 21-60 min hydration of samples with additives, CASH or/and monosulphate
or/and CAH were crystallized in the products, while in pure sample the mentioned compounds were not
formed even after 24 h of hydration.
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ABSTRACT
Current time characterizes unconventional and innovative material solutions for cements and concrete.
This article presents a wide and interesting set of results for recycled brick powder intended for use in
concrete as Type II addition replacing partly the cement type of CEM II/B-S 42.5 N. Recycled brick
powder is characterized as a finely ground composite mixture formed during recycling construction
waste composed of puzzolanically active materials such as bricks, tiles, sanitary ceramics, ceramic
roofing tiles and inert components such as ground concrete, mortar and natural aggregate. The
suitability of use of the recycled brick powder as Type II addition in concrete was verified by 1) Frattini
test, 2) determination and comparison of the brick powder properties as specified by STN EN 450-1:
2013, and 3) verification of the determined k-value by Aspects of durability related to the limiting values
for composition and properties of concrete for exposure classes in accordance with STN EN 206 + A1:
2017. This standard demonstrates the suitability of the Type II addition for use in concrete with the
determined k-value only for fly ash, blast furnace slag and silica fume. This article explains the national
method of determining k-value of the recycled brick powder based on the number of 30 produced
concrete types and Aspects of durability either the basic: compressive strength, water absorption and
resistance to water under pressure; either specific related to individual exposure classes: carbonationinduced corrosion, chloride-induced corrosion, aggressive chemical environments - sulphate attack,
freeze/thaw and chemical de-icing salts attack.
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1.

INTRODUCTION

The research was focused on the examination of the suitability of the construction and demolition waste
(C+DW) for use in concrete as a substitute either for the part of 0/4 mm fraction of natural aggregate
(further NA) with C+DW, fraction 0/4 mm (further C+DW-0/4) and/or cement with powder C+DW
with a specific surface area either of 300 m2/kg (further C+DW-P3) or 500 m2/kg (further C+DW-P5).
The utility properties of C+DW-0/4 as aggregate, NA of 0/32 mm and mixture of 0/32 mm NA with C+DW0/4 (NA + C+DW-0/4) according to the Považská cement plant (further PCLA) concrete mixture
composition were tested in compliance with the requirements of STN EN 13055-1 [1] and STN EN 12620
+ A1 [2]. The C+DW-P was studied as a new type II addition for use in concrete as a partial replacement
for cement. The pozzolanic reactivity according to the Frattini test [3] and
the properties specified
in STN EN 450-1 [4], which define the chemical, physical and quality control requirements for fly ash
using as type II addition for concrete production in accordance with STN EN 206 + A1 [5], were
estimated. The first stage of this research was to verify the suitability of C+DW-P as a type II addition
for concrete as well as the suitability C+DW-0/4 as a substitute for the part of NA
0/4 mm fraction
for using in concrete. The industrial outcome is TRITECH ecotechnology for concrete [6]. In the second
stage, the research were focused on the determination of the C+DW k-value with
a specific surface
area of 300 m2/kg and 500 m2/kg at 10 % by weight of CEM II/B-S 42.5 N replacement according to
TSÚS Methodology [7]. The methodology is based on the Technical Standardization Information TNI
CEN/TR 16639 [8] with respect to the standard requirements for concrete. The industrial result is the
type II addition TERRAMENT, which is a pozzolan of the recycled waste origin. Following the estimated
k-value of C+DW-P, the basic tests of Aspects of concrete durability were carried out. The 28- and 90days cube (150 mm) compressive strength [9], suction capacity [10] and depth of water penetration
under pressure [11] were mandatory. Subsequently,
the specific Aspect of durability - resistance
to carbonation by the accelerated testing according to the TSÚS Methodology [12] was verified. TSÚS
formulated and applied own carbonation resistance assessment criteria [13] exceeding those of [8].
The aim of this project was to develop a new ecotechnology for concrete using the 0/4 mm C+DW as
a part of 0/4 mm natural aggregate substitute of whole 0/32 mm fraction and the powder C+DW as
a partial cement substitute. The next objective of the same importance was to verify the powder C+DW
as type II addition for use in concrete with criteria usable for standardized fly ash, to determine its kvalue and estimate resistance to carbonation attack.
2.
2.1

EXPERIMENTAL PROCEDURE
Materials

CEM II/B-S 42.5 N cement (from PCLA) and natural aggregate (coming from Austria) with fractions 0/4,
4/8, 8/16 and 16/32 mm were used for concrete production. In the experimental concrete (EXP), C+DW
fraction of 0/4 mm were applied as a partial replacement of the 0/4 mm fractional NA and powder C+DW,
which replaced 10 % by weight of the cement. The C+DW-0/4 supplied Hasenöhrl, GmbH Austria.
The chemical admixtures SIKA 4025 and SIKA 4035 were used to manufacture
the reference (REF)
and TRITECH concrete (EXP). The experimental concrete for k-value estimation was prepared with
the 10 % C+DW-P by weight of cement replacement, having a specific surface area either of 300 m2/kg
or 500 m2/kg. The powder C+DW-P supplied PCLA. All materials used have undergone standardized
suitability tests for use in concrete.
2.2

Casting

In the production of concrete mixtures, the consistency of fresh concrete either by the flow-table or
the slump-test methods were found [14]. After hardening, concrete specimens (150 mm cubes and 100
× 100 × 400 mm prisms) were demoulded and stored in water at (20 ± 1) °C. Compressive strength [9]
and other technically important concrete properties were determined at 28 and 90 days of concrete age.
2.3

Methodology

The investigation proceeded from verifying the properties of the both C+DW kinds (0/4 and P)
to the durability aspects. Research methodology covers seven major experimental procedures.
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2.3.1

Verification of powder C+DW as active pozzolan

The verification of C+DW-P was carried out by evaluating its pozzolanic reactivity by Frattini test
according to TSÚS Methodology. Tests were performed on 2 sets of samples with a specific surface
area of 300 m2/kg and 500 m2/kg. The Frattini test consists of mixing 1 g C+DW-P with 75 ml of saturated
lime solution at (40 ± 1) °C for 1, 7 and 28 days. At the end of each period, CaO and OH- concentrations
were measured according to STN EN 196-5 [15].
2.3.2

Applicability of powder C+DW as a type II addition to concrete

The C+DW-P properties were determined according to the requirements of STN EN 450-1, which
postulates chemical, physical and quality requirements for fly ash as type II addition for use in concrete
in compliance with EN 206 + A1. Table 1 shows the schedule of required properties and test rules
according to the relevant standards.
Table 1. Property requirements according to the standard STN EN 450-1 and test rules
Property requirement
Ignition loss
Fineness
Free calcium oxide content
Carbon dioxide content
Calcium oxide content
Content of chlorides
Sulphur trioxidecontent
Specific grain density
Activity index after 28 days and 90 days
Soundness (a mixture of 30 % C+DW-P and 70 % cement by weight)
Sample decomposition and total contents of (MgO, CaO, SiO2, Al2O3, Fe2O3)
Total content of (silicium + aluminium + ferric) oxides
Active silicium oxide
Alkalie content
Magnesium oxide content
Initial setting (a mixture of 25 % C+DW-P and 75 % cement by weight)
2.3.3

Test rule
STNEN196-2
STNEN451-2
STNEN450-1
STNEN196-2
STNEN196-2
STNEN196-2
STNEN196-2
STNEN196-6
STNEN196-1
STNEN196-3
STNEN196-2
STNEN196-2
STNEN196-2
STNEN196-2
STN N196-2
STNEN196-3

[16]
[17]
[4]
[16]
[16]
[16]
[16]
[18]
[19]
[20]
[16]
[16]
[16]
[16]
[16]
[20]

Determination of utility properties of aggregates (NA, C+DW-0/4 and its mixture)

Table 2 summarizes the range of tests performed to verify the properties of C+DW-0/4, NA of
0/32
mm and a mixture of 0/32 mm NA with C+WD-0/4 applied in the PCLA compositions for TRITECH
concrete according to STN EN 13055-1 and STN EN 12620 + A1, taking into account
the
requirements of the related national regulations for hazardous substances.
Table 2. Extent of the tests for individual aggregate kinds
Property requirement
Content of natural radionuclides
Content of hazardous substances
Content of water-soluble and acid-soluble chlorides
Content of acid-soluble sulphates
Total sulphur content and humus content
Organic impurities (constituents that change setting and hardening velocity of concrete)
Granularity and fine grain content
Bulk density (both of loose aggregate and agglomerated aggregate)
Volume density and suction capacity
Resistance to crushing and to abrasion
Resistance to freezing
Test by magnesium oxide
Volume stability – shrinkage by drying
Alkali-silica reaction
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2.3.4

Analysis of the quality of input materials for concrete production

The quality of the input materials for the concrete production was analysed and next requirements of the
relevant European Standards were assessed: cement quality according to STN EN 197-1 [21] and STN
72 1179 [22] and superplasticizer admixtures according to STN EN 934-2 + A1 [23]. A detailed schedule
of the tests is presented in Table 3.
Table 3. Range of standard cement tests and chemical admixtures
Property requirement

Test rule
Cement

Initial and final setting
Soundness
Flexural and compressive strength after 2, 7 and 28 days
Sodium oxide equivalent
Specific gravity
Specific surface area
Superplasticizer
Sodium oxide equivalent
Content of chlorides

2.3.5

STN EN 196-3 +A1
STN EN 196-3 + A1
STN EN 196-1
STN EN 196-2
STN 72 2113
STN EN 196-6

[20]
[20]
[21]
[17]
[24]
[19]

STN EN 480-12
STN EN 480-10

[25]
[26]

Determination of technically significant properties of fresh and hardened concrete with
both of C+DW kinds (as a 0/4 mm aggregate and as a powder)

The suitability of C+DW for use in concrete as a part of the used aggregate and as a powder addition
was verified by determining the utility properties of fresh and hardened concrete according to
the
PCLA concrete mixture composition (experimental concrete is marked EXP). Concrete C 25/30 - XC2 F45 - GK32 (Austrian designation) with industrially produced Austrian type II addition FLUASIT, and
containing only natural aggregate according to the PCLA reference mixture composition was used as a
reference (REF). The mentioned concrete mixture compositions, as the subject of innovative know-how,
are covered by the duty of confidentiality. The range of standard tests performed on both types
of concrete is listed in Table 4.
Table 4. Range of standard tests for fresh and hardened concrete
Property of concrete
Consistency of fresh concrete – flow table test
Volume density of fresh concrete
Air content of fresh concrete
Loss of workability of fresh concrete
Cube compressive strength after 28 and 90 days
Dynamic modulus of elasticity after 28 and 90 days
Young´s modulus of elasticity and compressive strength on the
prism edges after 28 and 90 days
Flexural strength after 28 and 90 days
Suction capacity after 28 and 90 days
Resistance to water penetration under pressure after 28 days
Resistance to freezing and thawing – 50 cycles after 28 and 90
days
Pore structure characteristics
Resistance of cement concrete surface to water and defrosting
chemicals after 28 days
Shrinkage after 3-month curing in dry air
Creep after 3-month curing in dry air
Thermal conductivity coefficient

Test rule
STN EN 12350-5
STN EN 12350-6
STN EN 12350-7
STN EN 12350-5
STN EN 12390-3
STN 73 1371

[27]
[28]
[29]
[27]
[15]
[30]

STN ISO 6784

[31]

STN EN 12390-5
STN 73 1316
STN EN 12390-8

[32]
[10]
[11]

STN 73 1322

[33]

Mercury intrusion porosimetry
STN 73 1326

[34]

STN 73 1320
STN 73 1320
STN EN 12667

[35]
[35]
[36]
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2.3.6

Determination of k-value of powder C+DW

The k-value calculation of the C+DW-P is based on the determination of 28-day compressive strengths
of reference concrete without C+DW-P (REF) and experimental concrete (EXP) containing it. The 30
various concrete mixtures differ with two dosages of the cement (260 kg/m 3 and 360 kg/m3), two specific
surface areas (300 m 2/kg and 500 m2/ kg) at 10 % weight cement replacement by C+DW-P and 5
water to cement ratios (0.40, 0.45, 0.50, 0.55, and 0.60), were prepared. Fresh concrete mixtures were
tested on the consistency by the slump-test method. After the hardening, the concrete specimens (cubes
with the edge of 150 mm) were demoulded and stored in water for 27 days at (20 ± 1) °C. The 28-days
cube compressive strengths were determined and the respective k-values [8] were calculated from
the regression of the observed dependencies. The Technical Standardization Information allows for the
use also verified national procedures in the absence of standardized procedures, which we have applied
particularly when verifying the Durability aspect - resistance to carbonation.
2.3.7

Estimation of specific Aspect of durability – resistance to carbonation

Experimentally estimated and computed k-values based on the same strength conditions have not yet
documented sufficient data for the application of the k - value for verified concrete with type II addition
because the k-value must take into account the Aspects of concrete durability as defined by
CEN/TR 16639 [8] as follows: 1) resistance to carbonation - this article addresses this Aspect of
durability; 2) resistance to chloride penetration; 3) resistance to the freezing and thawing effect; 4)
resistance to seawater effect and 5) resistance to sulphate attack.
The validation of the estimated k-value was investigated by the accelerated carbonation test (ACT)
according to the TSÚS Methodology [12] in the carbonation chamber. The mortar containing C+DW-P
with the calculated k-value (EXP) determined in the previous experiment on the concrete and
the reference mortar (REF) were used for the test. The mortars (40 × 40 × 160 mm) were conditioned
to a constant weight before a transfer to the chamber. Individual mixture compositions using
CEM II/B-S 42.5 N with the calculated k-value of 0.5 (EXP) for the C+DW-P with a specific surface area
of 300 m2/kg are shown in Table 5. The ACT was performed in the chamber at 28 days in air saturated
with 20 % vol. CO2 at (20 ± 1) °C and 50 % relative humidity (R. H.). The second half of
the number
of mortar specimens was treated only on reference (20 ± 1) °C/50 % R.H.- air.
Table 5. Mortar mixture compositions
Mortar
designation
REF
EXP
3.

CEM II/B-S 42,5 N
(c)
450.00
426.32

Constituent (g)
C+DW-P
Water
(a)
(w)
0.00
270
47.37
270

Standard
sand
1350
1350

Water to
cement ratio
w/(c+k×a)
0.6
0.6

RESULTS AND DICUSSION

The article presents a summary of the selected results, providing a complete understanding of the new
TRITECH concrete ecotechnology using together the C+DW-0/4 and C+DW-P [6], the determination
of k-value of powder C+DW, which represents the type II addition for use in concrete TERRAMENT [7]
and its resistance to carbonation. TRITECH (as C+DW-0/4) and TERRAMENT (as C+DW-P) are
industrially manufactured products in the co-operation of Austria and Slovakia.
3.1

Pozzolanic reactivity and suitability of C+DW-P for use in concrete as type II addition

The comparison of pozzolanic reactivities of C+DW-P with other pozzolans is illustrated in Figure 1. It is
clear from these data based on the own TSÚS measurements that:
1) both C+DW-P have a pozzolanic effect between fly ash and blast-furnace slag, and
2) both C+DW-P represent medium active pozzolans and therefore suitable for use in concrete.
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Figure 1. Comparison of pozzolanic reactivities of C+DW-300 and 500 with other pozzolans
(MK - metakaolin, CD - clayey diatomite, CCD - calcined clayey diatomite, Z - zeolite, FA - fly ash,
C+DW-P - concrete and demolition waste powder, S - granulated blast-furnace slag, CFS - cupola
foundry slag)
3.2

Verification of the usability of C+DW-0/4 as a part of aggregate in concrete

The verified aggregate (N/A of 0/32 mm + C+DW-0/4) meets all requirements of STN EN 12620 + A1
[2] as well as requirements for radionuclide content, mass activity index, and inert waste according to the
values of selected indicators in the native state, the waste water extract and ecotoxicity [6]. All values
of monitored pointers are suitable for inert waste.
3.3

Verification of TRITECH ecotechnology

Table 6 presents the results of the analysis of cement for the manufacture of concrete (REF and EXP).
The rheological properties of fresh and hardened concrete for ecotechnology TRITECH are listed
in Tables 7 and 8.
Table 6. The selected properties of Portland slag cement CEM II/B-S 42.5 N
Property tested
Content of sodium oxide
Content of potassium oxide
Equivalent of sodium oxide
2-days compressive strength
7-days compressive strength
28-days compressive strength
2-days flexural strength
7-days flexural strength
28-days flexural strength
Initial setting
Final setting
Soundness (expansion)
Specific gravity
Specific surface area

Criterion according to
the standard STN 72 1179
without criterion
without criterion
min. 0.8 % wt.
≥ 10.0 MPa
without criterion
≥ 42.5 MPa
≤ 62.5 MPa
without criterion
without criterion
without criterion
≥ 60 min
without criterion
≤ 10 mm
without criterion
without criterion

0.24 % wt.
0.91 % wt.
0.84 % wt.
(19.0 ± 0.2) MPa
(34.5 ± 0.6) MPa

Test
evaluation
meets
meets
-

(50.1 ± 1.8) MPa

meets

(4.3 ± 0.2) MPa
(6.6 ± 0.2) MPa
(8.3 ± 0.5) MPa
235 min
275 min
0.5 mm
2.94 g/cm3
492.6 m2/kg

meets
meets
-

Measured value

Cement CEM II / B-S 42.5 N fulfils all the selected property requirements according to STN EN 197-1
and STN 72 1179. Superplasticizers SIKA 4025 and SIKA 4035 meet all the selected requirements
for properties according to STN EN 934-2 + A1 [37]. All materials are suitable for the production
of concrete.
Using the C+DW-P and C+DW-0/4 when replacing a part of cement and natural aggregate
with a recycled material, the concrete (EXP) was prepared with 28 and 90 days of physical and
mechanical properties comparable to reference concrete (REF) made only of NA and containing
in Austria industrially produced type II addition FLUASIT [6].

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 7. Rheological properties of fresh concrete
Consistency by flow-table test (mm)
after mixing
after 30 minutes
570
430
560
480

Concrete
designation
REF
EXP

Volume density
(kg/m3)
2430
2380

Air content
(%)
1.5
2.6

Table 8. Basic physical properties of concrete after 28 and 90 days cure in water

Concrete
designation
REF-28 days
REF-90 days
EXP-28 days
EXP-90 days
3.4

Volume
density
(kg/m3)
2437
2436
2383
2405

Compressive Flexural Dynamic Young´s Suction
Resistance to
strength
strength elasticity Elasticity capacity water penetration
modulus modulus
under pressure
(MPa)
(MPa)
(GPa)
(GPa)
(%)
(mm)
34.9
5.8
58.5
36.7
4.03
35
43.5
6.6
60.1
39.4
4.09
36.6
5.0
57.4
3.,0
4.51
33
43.6
6.3
58.2
38.1
4.48
-

Estimation of k-values for C+DW-P

Tables 9 and 10 show 28-days compressive strengths of 30 different concretes. K-values were
calculated from the regression of the observed dependencies based on the same strength conditions.
Table 9. Compressive strength of concrete with cement content 260 kg/m3 [0 % (REF), 10 %
(EXP) by weight replacement of cement with C+DW-P3 and C+DW-P5]
Water to cement ratio
v/(c+p)
0.45
0.50
0.55
0.60
0.65

REF 1
(cement 260 kg/m3)
44.3
40.6
40.8
37.9
34.0

Compressive strength (MPa)
EXP 1.1
(10 % C+DW-P3)
43.5
40.2
38.8
36.8
32.1

EXP 1.2
(10 % C+DW-P5)
43.2
41.0
40.1
34.6
33.0

Table 10. Compressive strength of concrete with cement content 360 kg/m3 [0 % (REF), 10 %
(EXP) by weight replacement of cement with C+DW-P3 and C+DW-P5]
Water to cement ratio
v/(c+p)
0.45
0.50
0.55
0.60
0.65

REF 2
(cement 360 kg/m3)
44.6
38.7
36.6
33.4
30.4

Compressive strength (MPa)
EXP 2.1
(10 % C+DW-P3)
43.0
38.8
34.3
31.8
27.1

EXP 2.2
(10 % C+DW-P5)
43.0
39.4
35.6
30.0
27.9

The estimated k-values for the given CEM II/B-S contents are specified in Tables 11 and 12.
K
- values refer only to the use of CEM II/B-S in concrete in accordance with the TNI CEN/TR 16639 [8].
Other cement requires separate testing. The universal valid k-value of type II C+DW-P addition
as industrially-made TERRAMENT for use in concrete represents k = 0.5. This k-value is applicable
in
the whole range of water to cement ratios, except that of 0.65 and higher, content of the cement
CEM II/B-S 260 kg/m3 and more, and a fineness of TERRAMENT between 300 m 2/kg and 500 m2/kg.
TERRAMENT records higher k-values for individual water to cement ratios below 0.6 even up to the kvalue of 0.8.
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Table 11. k - value of C+DW-P with CEM II / B-S content 260 - 360 kg/m3 of concrete at 10 %
by weight of cement replacement by C+DW-P3 and C+DW-P5
Water to
cement ratio
w/(c+a)
0.45
0.50
0.55
0.60
0.65

k - value
CEM II/B-S 260 – 360 kg/m3
CEM II/B-S 260 – 360 kg/m3
(cement replaced by 10 % wt. C+DW-P3) (cement replaced by 10 % wt. C+DW-P5)
0.7
0.8
0.6
0.7
0.5
0.6
0.5
0.5
0.4
0.4

Table 12. k - value of C+DW-P with CEM II/B-S content 360 and more kg/m3 of concrete at 10 %
by weight of cement replacement by C+DW-P3 and C+DW-P5
Water to
cement
ratio
w/(c+a)
0.45
0.50
0.55
0.60
0.65
3.5

k - value
kg/m3

CEM II/B-S 360 and more
(cement replaced by 10 % wt. C+DW-P3)

CEM II/B-S 360 and more kg/m3
(cement replaced by 10 % wt. C+DW-P5)

0.7
0.6
0.5
0.5
0.4

0.8
0.7
0.6
0.5
0.4

Verification of the durability aspect - resistance to carbonation

In order to verify the resistance of the applied TERRAMENT against aggressive CO 2, the cement
mortars (REF and EXP) with the already calculated value k = 0.5 were used. Figures 2 to 5 show
a comparison of the decisive properties of REF and EXP mortar. The degree of carbonation was
determined on the basis of the TSÚS Methodology [12] from the chemical tests performed.

2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0

Weigth change (%)

REF-V
EXP-V

0

REF-CO2
EXP-CO2

7

14
Exposure time (days)

effect of CO2 on REF
effect of CO2 on EXP

21

28

Figure 2. Weight changes of the mortars at the ACT - samples kept in air (V) at (20 ± 1) °C and
50% r. h. and at (20 ± 1) °C / 50% r. h. (CO2) with 20 % vol. CO2
The TSÚS method of evaluation provides for six individual change criterion Δk based on the relevant
standards for the design of concrete: STN EN 206 +A1 [5], STN EN 1992-1-1 Eurocode 2 [38] and own
diagnostic practice in the area of structural concrete [39, 40]. Comparison of the resistance of refined
EXP mortar by the ACT is reported in Table 14.
The addition of TERRAMENT contribiutes to the reduction of carbonation schrinkage, there is no
decrease in compressive strength, but a slight increase, and the reduced decrease in flexural strength
after the ACT opposite to REF. The other measured parameters are comparable. All changes of mortar
properties after the ACT opposite to reference stored in (20 ± 1) °C / 50% r. h. - air cure meet all critera
Δk (Table 14). TERRAMENT is suitable for use in cementitous composites, which are stored
in the exposure class XC2 according to STN EN 206 + A1 [5].
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Length changes
(mm/m)

0.1
0.0
REF-V
REF-CO2
effect of CO2 on REF
EXP-V
EXP-CO2
effect of CO2 on EXP

-0.1
-0.2

-0.3
-0.4
0

7

14
Exposure time (days)

21

28

Figure 3. Length changes during the ACT - samples kept in air (V) at (20 ± 1) °C and 50% r. h.
and in the carbonation chamber (CO2) at (20 ± 1) °C / 50% r. h. and 20 % vol. CO2

Change of mortar strengths after carbonation test
REF

EXP
1.8%

-3.2%

compressive
flexural

-14.4%

-30.6%

Figure 4. Change in compressive strength of the mortars after the ACT

27.6%
REF

Degree of carbonation

32.5%
EXP

Figure 5. Degree of carbonation of the mortars after the ACT
Table 14. Quantitative evaluation of parameters determining the extent of carbonation between
reference and experimental mortar

Mortar/
Criteria/
Evaluation
REF-CO2
EXP-CO2
Change of d
Criterion Δk
Evaluation

Change of mortar property after the ACT opposite to reference
stored in (20 ± 1) °C / 50% r. h. -air cure
Weight
Length
Dynamic
Strength (%)
changes
elasticity
compressive
flexural
(%)
(‰)
modulus (%)
2.1
-0.188
0.6
-3.2
-30.6
2.2
-0.173
-6.8
1.8
-14.4
0.1
0.015
-7.4
5.0
16.2
<5
< 0.05
< 10
drop < 10
drop < 10
meets
meets
meets
meets
meets

Degree
of
carbonation
(%)
27.6
32.5
4.9
< 15
meets

The study of changes in monitored REF and EXP (with k-value = 0.5) mortar properties focusing on the
evaluation of carbonation resistance, shows that EXP mortar has the potential for resistance to
aggressive CO2 against the influence of the XC2 environment.
4.

CONCLUSIONS

Based on a series of the performed tests, the following conclusions were drawn:
1) Powder construction and demolition waste together with 0/4 mm fraction partially replacing a part of
cement and natural aggregate in the PCLA concrete mixture composition are declared as materials
suitable for the production of industrially-made TRITECH ecotechnology concrete marked C 25/30 - XC2
- F45 - GK32.
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2) The type II powder construction and demolition waste, as industrially-made TERRAMENT, for use in
concrete is characterized by the pozzolanic reactivity fully comparable to the standardized fly ash.
3) The universal valid k - value of TERRAMENT is k = 0.5; this k-value is applicable to the whole range
of water to cement ratios, except that of 0.65 and higher, the cement content of CEM II/B-S 42.5 (N and
R) from 260 kg/m3 and more at the 10 % weight percentage replacement of the cement by
TERRAMENT. The estimated k - values are based on the specifically determined water to cement ratios
ranging from 0.5 to 0.8.
4) Experimental cement mortar made with CEM II/B-S 42.5 and TERRAMENT with the estimated
k- value of 0.5 at the same water to cement ratio as concrete that is confirmed by the respective
kvalue, is resistant to the influence of aggressive CO2 on the XC2 environment. This means that concrete
with TERRAMENT is in the same way durable to carbonation on the XC2 environment.
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ABSTRACT
The incorporation of large volumes of slag into cement generates a less volume of hydration products
because the amount of calcium hydroxide (CH) from the hydration of the clinker (chemical activator of
the slag) is smaller. That is why the mechanical resistance (related to the degree of hydration), is
lower at early ages.
The alkaline-activated slag-cement has a history starting from the 1940´s and is the most used option.
In order to obtain more sustainable blending cement this paper propose the use of waste glass as
alkaline activated of slag.
The aimed of this study is to evaluate the behavior of waste glass powder as the inner alkaline
activator of slag when both are used in blending cement mortars.
The incorporation of ground glass stimulates early age hydration, which compensate dilution and
provide alkalis for activation of the slag.
The pozzolanity tests show that, after 7 days the slag starts to activate and consequently the
compressive strength exceeds the dilution. However, mortars with 10 and 20% glass replacement
achieve a better perfomance (with less slag and equal cement content).
These improvements are attributed to the combined effect generated by the incorporation of ground
glass: pozzolanic activation and provide of an alkali that maintains a high enough pH which helps to
the slag activation.
The results for 10 and 20% slag replacement by ground glass show better mortar flowability and
compressive strength.
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1.

INTRODUCTION

Slag cement is hydraulic cement formed when granulated blast furnace slag, ground to a suitable
fineness is used to replace a portion of Portland cement. Slag blended cement, improved workability,
higher long-term compressive and flexural strengths.
When using slag at replacement ratios greater than 50%, the main disadvantage is the low strength
gain at early ages due to the slow hydration rate of slag. However, this behavior is reverted at later
ages with better mechanical and durable properties than Portland cement based materials (Menéndez
et al. 2003).
One alternative to improve the early hydration is alkaline activation. Alkali-activated slag-cement has a
history starting from the 1940´s (Li et al. 2010) and it is the option mostly used.
Onthe other hand in 2015, the United Nations Environment Programme reported that around 6% of
solid waste worldwide is composed of glass, which represents more than 40 million tons of glass per
year, most of which are not recovered or recycled (UNEP 2015).The glass in the average composition
of the urban solid waste (USW) in the metropolitan area of Buenos Aires, Argentina is between 5% (in
2001) and 3.86% (in 2015) (Ceamse 2015). In 2005, approximately 12.8 million tons of glass was
dumped in the United States (Mirzahosseini& Riding 2014).
Being amorphous and containing relatively large amounts of silica and calcium, glass is, in theory,
pozzolanic when finely ground (Shi & Zheng 2007, Trezza&Rahhal 2018), which implies an interesting
route of reuse of these wastes.
This work presents results obtained for slag cements with partial replacement of the slag, by ground
glass. Waste glass powder was used as the inner alkaline activator of slag when both are present in
blended cement.
The use of ternary blended cements (Cement–Slag–Glass) provides economic and environmental
advantages by reducing Portland cement production and CO 2 emission, whilst also improving
fluidityand the early and the later compressive strengths.
2.
2.1

MATERIALS AND METHODS
Materials

A normal Portland cement (C), a granulated blast furnace slag (S) and ground white bottle glass (G)
were used. The G was ground until retained on sieve 45 μm (# 325) was less than 12%, using a
laboratory ball mill.
2.2

Instrumental techniques

The chemical composition of materials was determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) analysis in an external laboratory (ALS, Argentina). The
mineralogical composition was identified by X-ray diffraction (XRD) using a Philips PW 3710
diffractometer operating with Cu Kα radiation at 40 KV and 20 mA.
The particle size distribution curve was determined using Malvern Mastersizer 2000 laser particle size
analyzer, and the d90, d50, and d10 diameters were calculated.
2.3

Mixtures and test Methods

The reference slag blended cement was made in the proportion of 30:70 (C:S) and then the S was
replaced 10 and 20% by mass with glass powder. The name given to each sample was: CSG0 (the
reference, with 70% of S), CSG10 y CSG20 for samples with 10 and 20% of G, respectively.
The rate of heat evolution and the cumulative heat released during the early hydration (first 48 hours)
of different pastes (w/b = 0.5) were registered by isothermal conduction calorimetry at 20 ºC.
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Pozzolanic activity was determined by the Frattini test according to the procedure described in EN1965 (1987) at 2, 7 and 28 days. This test evaluates the pozzolanic activity of blended cements measuring
their reaction with the Ca(OH)2 released during the cement hydration. The result is considered positive
when the points are located below the calcium hydroxide solubility isotherm at 40°C.
The workability of mortar was determined using the flow table test according to ASTM C1437 (2015)
as the diameters of spread mortar measured along four lines, and expressed in percentage. Mortars
were cast in 40 x 40 x 160 mm moulds and then compacted in two layers, covered with plastic sheet to
prevent water loss and stored at 20 ± 2°C. Standard siliceous sand and w/b= 0.50 were used. After 24
h, specimens were removed from the moulds and tightly covered with plastic sheets and stored until
the test age was reached. From different blended cements, the compressive strength was determined
at 2, 7, 28 and 90 days. The reported results are the average of six compression tests.
Blended cement pastes (w/b=0.5) sealed and cured 28 days were used to study the hydration process
by XRD. The XRD analysis was performed on a Philips PW3710 diffractometer.
The release of alkalis was evaluated on 28 days hydrated pastes, ground and dry. The extraction was
carried out with solid/liquid ratio of 1/50 for three hours and with continuous stirring. Sodium and
potassium ions were determined on the liquid by flame spectroscopy.
3.

RESULTS AND DISCUSSION

3.1

Chemical and mineralogical compositions

A type I ordinary Portland cement, ASTM C150 (C), a ground granulated blast-furnace slag (S) and
white bottle glass (G) powder were used to prepare the blended cement used in this study.
The chemical composition and the physical characteristics of these materials are reported in Table 1.
The mineralogical composition of C, calculated by Bogue´s formula, was C 3S: 60%, C2S: 16.4%, C3A:
3.8%, C4AF: 11.5%.
Table 1: Chemical composition and physical characteristics of materials
%

SiO2

Al2O3

CaO

Fe2O3

Na2O

K2O

SO3

MgO

LOI

Cement

21.5

3.8

64.3

3.8

0.1

1.1

2.6

0.8

2.1

Slag

34.07

11.95

38.58

1.04

0.15

0.41

0.84

9.54

1.30

Glass

70.91

1.55

10.75

0.26

13.80

0.89

0.21

0.10

1.14

Physical properties

Cement

Slag

Glass

Density (g/cm3)

3.15

2.95

2.50

Absorption (%)

-

0.90

0.40

Specific surface, Blaine (m 2/kg)

315

460

651

75 m (#200)

-

0.00

1.44

45 m (#325)

-

0.90

7.98

d90

63.5

41.6

24.6

d50

19.0

14.5

7.5

d10

2.7

2.3

1.6

Retained on sieve (%)

Particle size distribution (m)
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Figure 1 shows the XRD pattern for G and S. These show absence of crystalline compounds, only a
diffuse band in 15-40º, 2θ was observed assigned to amorphous silicate. Another diffuse band centred
at 2θ =30º was assigned to Melillite, from S.

Figure 1. XRD patterns of materials samples

3.2

Heat released by conduction calorimeter

Figure 2 shows the rate of heat evolution curves (mW/g) for CGS0, CGS10 and CGS20 samples,
during the first 48 hours of hydration.
The heat release of cement by the 70% of slag (CSG0) sample produced a general reduction of the
heat release and extended the dormant period, generating after the first 48 hours of hydration, a total
heat equivalent to 35% of the reference cement (PC: 133.75 J/g).
When the slag is replaced by 10 and 20% of ground glass (CSG10 and CSG20), there are no
significant differences in the dormant period with respect to CSG0, but the intensity of the main peak
increases (from 0.39 for CSG0 to 0.50 and 0.47 mW/g for CGS10 and CGS20, respectively).
The incorporation of G accelerates and stimulates the reactions, advancing the appearance of the third
maximum and increasing its intensity. This maximum appears at around 1170 minutes (19.5 hours)
with intensities of 0.57 and 0.65 mW/g for CGS10 and CGS20, respectively. This shows the effect of
stimulation, especially of the aluminium fraction of the slag when the main peak is split, since the first
corresponds to the hydration of the silicates and the second to that of the aluminates (Mindess 1981).
This effect can be interpreted as a selective stimulation of the glass powder on the aluminium phase of
the slag since the cement is the minor component and has a low content of C 3A
The total heat release in the first 48 hours for CGS10 and CGS20 was the same and corresponds to
45% of the total heat of PC (133.75 J/g). This behaviour can be attributed mainly to the dilution effect
of the cement. However, there was an overlap in the stimulation effect. First, between the slag and the
cement because the total heat for CSG0 was 35% instead of 30% of the standard (with only 30% of
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cement and an effective w/c of 1.66 instead of 0.5) and, second, between the slag and the ground
glass reaching 45% of the total heat of PC (with only 30% of cement).

Figure 2. Heat release rate and cumulative heat for CSG0, CSG10 and CSG20

3.3

Pozzolanic activity by Frattini test

Figure 3 shows the pozzolanic activity results of the blended cements, obtained by the standard
Frattini test. This test evaluates the pozzolanic activity from the reaction between the blended cement
and the Ca (OH)2 generated by the hydration of a C. The samples were tested at the ages of 2, 7 and
28 days.
For CSG0, pozzolanic activity was observed at 7 and 28 days, by simultaneously decreasing [CaO]
and [OH-]. For the samples CSG10 and CSG20, pozzolanic activity is observed at 2 days decreasing
the [CaO] with the increase of the percentage of replacement by glass; however, the [OH-] increases
slightly. This shows the release of alkalis by the glass as previously expressed and confirms the
presence of alkalis for an alkaline activation of the slag by the ground glass.
This behavior confirms the pozzolanic activity and the alkalis release by the ground glass and their
influence on the slag activation.
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Figure 3. Frattini test at 2, 7 and 28 days

3.4

Flow and Compressive Strength

The flow test results (in %) are presented in Table 2. The fluidity of mortar CSG0 is less than that of
C. The slag particles replacing the cement particles have greater fineness and lower density.
Consequently, the total number of particles which need more water to wet all surfaces is greater.
Table 2. Flow of mortars (%)
C

CSG0

CSG10

CSG20

127.5

45.0

66.2

66.3

When 10 and 20% of glass is incorporated into the slag cement, the percentage of slag is reduced and
the effect tends to reverse. This behavior may be due to the lower absorption of G with respect to the
S, that it is replacing.
Figure 4 shows the evolution of compressive strength from 2 to 90 days. At 2 days CSG0, CSG10 and
CSG20 mortars show the effect of dilution on their compressive strength values. It was attributed to
the increase of the effective water cement ratio that changed from 0.5 without slag to 1.66 for mortars
with slag and with slag-glass. At 7 days there was a considerable increase in the compressive strength
overcoming the dilution, all mortars had a compressive strength greater than 70% of the
reference.This effect can be attributed to the best packing by the incorporation of particles of sizes
smaller than the cement and to the pozzolanic reaction of the slag and of the glass.
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A 28 days, although the CSG0 mortar reached 82.5% of the compressive strength of the reference(C);
CSG10 and CSG20 mortars reached 93% of the reference. This fact may be due to an additional
stimulation of the glass on the slag, as a natural alkaline activation of the glass on the slag.
In the same way, at 90 days the compressive strength increased with the increase of the percentage
of incorporated glass.

Figure 4: Compressive strength of mortars (MPa)

3.5

Monitoring of hydration

Figure 5 shows the diffractograms recorded for the hydrated pastes for 28 days. The most significant
peaks correspond to Hidrotalcite (2θ: 11.7) (Angulo 2017, Castellano 2012) andportlandite formed
during hydration.

Themost significant peak for portlandite is centered on 18.12θ. The intensity of this peak increases
with the advance of hydration and is a measure of it, however, and as a consequence of the
pozzolanic reaction, portlandite is consumed forming more CSH and / or silico-aluminate phases.
Consequently, at the same age and with the same percentage of cement samples CSG10 and CSG20
show a decrease of portlandite.
The higher the content of G, the greater the decrease in portlandite peaks, showing the pozzolanic
activity of the mixture.
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Figure 5. XRD patterns of hydrated pastes at 28 days.
Ht: hidrotalcite, H: portlandite, C: calcite, Q: quartz
3.6

Alkali release

The sodium and potassium ion contents, leached from tested pastes were measured after 28 days of
hydration.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
It is known that glass powder has a very high content of alkalis, and the alkalis in glass powder can be
leached out, resulting in alkali-aggregate reaction expansion when the aggregate is alkali-reactive (Shi
& Zheng 2007). The glass residue used in this study has the typical composition of so-called soda-lime
glasses, consequently with high sodium contents (see Table 1).
The results indicate that only 1.34 mg Na+/g of cement leached. Consequently, as the content of
ground glass increases, the percentage of dissolved sodium increases.
However, based on the sodium content in the glass powder, only a small proportion of sodium is
released from the solution (~ 13%). Shi & Zheng (2007) report that one possible explanation is that the
highly reactive glass powder would react with lime and form more calcium silicate hydrate (C-S-H),
which retains the alkalis.

4.

CONCLUSIONS

With the materials and methodology used in this work, it can be concluded that:
The incorporation of ground glass into slag cement stimulates the initial hydration reactions. It is
attributed to the alkalis released by the glass since it is mainly focused on the aluminium phases of the
slag. This activation does not affect the dormant period.
Cement-slag-glass mortars achieve more fluidity and greater compressive strength at all ages than the
cement-slag mortars (but not than the Portland cement reference mortar.)This is attributed to the
combined effect generated by the incorporation of ground glass that generates pozzolanic activation
and continuously supplies alkalis that keep the pH high, contributing to the slag activation.
As a consequence, the increase in the compressive strength, because of the alkalis liberated gradually
by the ground glass contribute to the alkaline activation of the slag, giving values of compressive
strength greater than that of the slag cements without the addition of glasses.
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ABSTRACT
Industrial wastes reutilization as secondary raw materials is considered a priority in the Circular
Economy strategy. Cement industry is capable of absorbing large amounts of industrial wastes as
active additions. Over the last years, research based on the study of alternative pozzolans to replace
the traditional ones has been on a rising trend, among which production of recycled metakaolinite from
industrial wastes must be remarked. This has a significant repercussion in the sustainability of the
cement sector, socio-economic development and important environmental benefits.
This work addresses the behaviour of cement pastes in which cement was partially replaced by coal
waste (20%), once activated thermally at 600oC for 2 hours. Characterization of the coal waste,
reaction kinetics and its influence on the blended cement behaviour has been conducted, mainly in the
evaluation of rheological and mechanical properties compared with the requirements established by
the current European Standard EN 197-1. Additionally, the behaviour of the blended pastes under an
aggressive CO2 environment has also been assessed. The results show that the activated carbon
residue is an ideal alterative way to obtain reactive metakaolinite, generating gels CSH, structures
LDH / carbo-aluminate and C4AH13 at 90 days. The 20% addition percentages comply with the
requirements for CEM II / A cements and, finally, present a chemical resistance to CO2 similar to the
matrix of reference cement
Acknowledgements: This research has been supported by the Spanish Ministry (MINECO/FEDER),
ref. BIA-2015-65558-C3-1,2,3-R) , MICIU (RTI2018-097074-B-C21) and the Spanish Training Program
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1.

INTRODUCTION

The socio-economic development of today’s society implies the generation of large volumes of wastes,
which are estimated at 7000-10000 million tons per year worldwide (“PNUMA-ISWA Report,” 2018),
whereof more than 2500 MT are being produced in Europe (E-28). It is expected that these amounts of
wastes will rise as a result of population growth, which is predicted to reach 9200 million inhabitants in
2050. Consequently, this situation will lead to serious technical, economic, health and environmental
problems, unless waste management is properly practised. Nowadays, however, there is an important
attitude change in society that is encouraging a shift from a Linear Economy (which has been the
traditional model for years) to a Circular Economy, in which the recycling of industrial by-products into
secondary raw materials for the manufacture of future innovative products takes centre stage.
In this context, the construction sector and, particularly, the cement industry, has been using industrial
wastes arising from other sectors for decades and including them in the production system, mainly as
pozzolanic additions (fly ash, silica fume, blast furnace slag, etc), as it is established in the different
international standards (CEN-CENELEC, 2011). In recent years, however, an increasing search for
alternative eco-efficient pozzolans has been observed, following one of the fundamental pillars of the
new Circular Economy Strategy. Accordingly, as can be seen in the literature, a wide array of industrial
by-products has been found to be effective Supplementary Cementitious Materials (SCMs), and their
excellent properties have led to significant improvements in the physico-mechanical properties and the
durability of the new blended cement matrices (Aprianti et al., 2015; Frías and Sánchez de Rojas,
2013; Juenger and Siddique, 2015; Medina et al., 2016; Sánchez de Rojas et al., 2018; Soriano et al.,
2013; Stark, 2011). Kaolinite-based wastes are encompassed within this research line, in which
industrial by-products of different nature can be included: paper sludge wastes, drinking water
treatment wastes and coal mining wastes (Frias et al., 2013; Frías et al., 2015; Modarres et al., 2018;
Zhang et al., 2013). These wastes, after being thermally treated, become metakaolinite-based
products, which exhibit pozzolanic properties that are comparable to those shown by natural
metakaolinite.
With an annual production of 7 million tons in 2015 (3 MT in Spain), coal is the most-used energetic
mineral (“Eurocoal report,” 2016). However, large quantities of refuse are generated in this sector
resulting from the coal extraction and purification processes, which are currently being landfilled in the
vicinity of the mines causing a severe environmental and landscape impact (Dontala et al., 2015). The
optimal activation conditions for coal mining waste from the scientific, economic and environmental
standpoints has been defined in previous works (de la Villa et al., 2017; Frías et al., 2016; GarcíaGiménez et al., 2016), in which its viability as future eco-efficient addition to Portland cement has also
been assessed.
The present work deepens in the influence of the thermally activated coal waste (ACW) on the
behaviour of the resulting blended cement pastes. To this end, a chemical and mineralogical
characterization of the waste and its pozzolanic properties over time has been assessed, as well as
the rheological and mechanical properties of the blended cement. Lastly, its influence on the durability
of the blended cement under exposure to an accelerated CO2 environment has been additionally
evaluated.
2.

MATERIALS AND METHODS

2.1 Materials
The coal mining waste (CW) used in this study was provided by Sociedad Anónima Hullera VascoLeonesa, which was gathered from an opencast mine located in the province of Leon (Spain). The
waste was ground to a size below 90 μm in a ball mill and subsequently thermally treated at 600 oC in
a laboratory oven for two hours since these were found as the optimal conditions for its activation (Vigil
de la Villa et al., 2014). The composition of the resulting activated coal mining waste (ACW) has been
previously reported (García et al., 2015). It must be highlighted that the sum of the main oxides (SiO2 +
Al2O3 + Fe2O3) in ACW amounts to 86% and, therefore, this material complies with the requirements of
the ASTM C618 standard (ASTM International, 2017), which establishes a minimum amount of 70%
for calcined natural pozzolans.
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The mineralogical composition of the starting materials was identified and quantified by X-ray
diffraction and Rietveld analysis in previous works (García et al., 2015). Accordingly, the following
phases were found in the CW: quartz (29 %), mica (25 %), calcite (15 %), kaolinite (14 %) and
amorphous materials (17 %); while the mineralogical composition of the ACW was as follows: quartz
(35 %), mica (20 %), calcite (10 %) and amorphous materials (35 %).
The following mineralogical composition was found for the OPC cement used according to the Bogue
methodology: C3S= 41.74%, C2S=27.95%, C3A= 8.33% and C4AF= 8.79%.
The blended cement containing 20 % of ACW (ACW20) was prepared using a high-speed powder
mixer to ensure the homogeneity of the blend. The chemical composition of the blend, analysed by
means of X-ray fluorescence, is shown in Table 1. As it can be seen, the composition of the blended
cement is in agreement with the specifications included in EN 197-1 standard (CEN-CENELEC, 2011),
as the sulphate and chloride contents are below 4% and 0.1%, respectively.
Table 1. Chemical composition (%wt) of the ACW20 blended cement

ACW20

SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

SO3

K2O

TiO2

P2O5

LOI*

30.67

11.13

3.16

0.03

1.58

45.34

1.58

1.69

1.34

0.29

0.19

2.92

*Loss on ignition

In addition, a water reducing admixture was added to the cement matrices containing ACW during
their preparation in order to obtain consistencies similar to those exhibited by the OPC matrix. With
respect to the fine aggregates, a standard sand of maximum particle size of 2 mm and a minimum
silica content of 98 % was employed during the preparation of mortars.
2.2 Methods
The cement pastes and mortars were prepared employing a water/binder ratio of 0.5. In the case of
ACW20 specimens, 0.8 % by weight of binder of water reducing admixture was added at the time of
mixing. The determination of setting times, water demand and volume stability of pastes were
performed as described in EN 196-3 (CEN-CENELEC, 2016). The preparation and evaluation of the
compressive strength of the mortar specimens were carried out in accordance with EN 196-1 standard
(CEN-CENELEC, 2005).
Carbonation resistance was assessed using an accelerated methodology. Accordingly, 30 paste
specimens (1 x 1 x 6 cm prisms) were cast per formulation and cured by water immersion, according
to the Koch-Steinegger´s method. At 28 days age, the specimens were dried at 40 oC for 24 hours and
then they were stored at 65 % relative humidity for two weeks in order to achieve an even distribution
of humidity within the specimens. While kept under these conditions, the specimens were exposed to a
flux of 10% CO2 for 15 minutes twice a day over a period of 45 days.
The chemical composition of the starting materials was evaluated by X-ray fluorescence (XRF) using a
Philips PW 1404 analyser equipped with a Sc-Mo X-ray tube. The mineralogical analysis was
performed by X-ray diffraction (XRD) making use of a Siemens D-5000 X-ray diffractometer fitted with
a Cu X-ray anode, operating at 30 mA and 40 kV. The Match3 Rietveld FullProf software (“FullProf,”
2018) was employed to analyse the obtained diffractograms. The morphological aspect and
microanalysis of the samples were examined in an Inspect FEI Company Electron Microscope
provided with a W source, a Si(Li) detector and a DX4i energy dispersive X-ray analyser.
Thermogravimetric analyses (TG) were carried out on a SATQ600 TA Instruments thermal analyser in
a temperature range of 20 to 1000 oC, at a heating range of 10 oC/min, under a N2 atmosphere. A
Micromeritics AutoPore IV porosimeter was used to analyse the porosity of the samples, which permits
injection pressures up to 33000 psi (227.5 MPa) and measures pore sizes from 0.006 to 175 µm.
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3.

RESULTS AND DISCUSSION

3.1 Hydration of cement pastes
The hydration of the OPC and ACW20 pastes was studied at different hydration times by X-ray
diffraction. Figure 1 shows the Rietveld quantification of the phases identified at the different stages of
hydration. It must be noted that rutile was added to the samples (5%) in order to quantify the phases.
As it can be seen, in OPC paste the anhydrous phases C3S, C3A and C4AF were rapidly consumed at
early ages since only small amounts of these compounds were found at 7 days of hydration (<5 %),
which were not detected after 28 days. Conversely, C2S reacted more slowly, having found
considerable concentrations at 28 days (17 %) which were even detected in small amounts (2 %) at
advanced ages (90 and 180 days). The main crystalline hydration product was portlandite, followed by
ettringite at early ages (≤ 7 days). Nevertheless, after 28 days of reaction, tetracalcium aluminate
monocarbonate hydrate (C4AcH12) could be identified in considerable amounts (17 %), becoming the
second most prominent crystalline product after portlandite until the end of the period under study.
Additionally, tetracalcium aluminate hydrate (C4AH13) was formed in moderate quantities (4-7 %) after
28 days.

Figure 1. Quantification by Rietveld analysis of the phases identified during hydration
The hydration process of ACW20 blended paste was similar to that of OPC paste at 1d since
portlandite was the main hydration product detected by XRD, followed by ettringite. However, a higher
proportion of portlandite was formed at this stage (approximately 16 % more), compared to OPC
paste, and significantly lower quantities of C 2S and C3S (11 % and 3 %, respectively) were found at
this point, while no C3A and C4AF were detected. This suggests that the addition of ACW accelerated
the hydration reaction, possibly due to the filler effect of the pozzolan. In addition to the
aforementioned phases, quartz and mica were present in the sample, which derived from the activated
coal waste. Similarly to OPC pastes, C 4AcH12 was formed at 7 days of hydration, but the presence of
ACW promoted an earlier development of C4AH13 phase, which became the second hydrated product
in abundance until the end of the study period (180 days). The high volume of C 4AH13 found in ACW20
paste can be attributed to the high reactive alumina content derived from the pozzolan.
The SEM/EDX analysis revealed the formation of ettringite prisms as well as portlandite and alite
layers, along with short C-S-H gels fibres for OPC paste. ACW20 paste (Figure 2) exhibited a denser
microstructure, having shown bigger and thicker portlandite layers and less porous C-S-H gels and
ettringite fibres. Over time, both OPC and ACW20 pastes showed more compact morphologies.
According to EDX analysis, the CaO/SiO2 ratio calculated for C-S-H gels was lower in ACW20
specimens, which amounted to 1.79 for OPC paste and 1.43 for ACW20 paste at 180 days of
hydration.
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Figure 2. C-S-H gels (left) and ettringite fibers (right) found in ACW20 samples at 180 days
The hydration of the pastes was additionally monitored by thermogravimetric analysis. By way of
illustration, Figure 3 shows the comparison of the first derivative (DTG) of the mass losses curves
obtained at 1 and 180 days of hydration. In these curves, three different DTG peaks can be clearly
distinguished:






the region between 50 oC and 300 oC, deriving from the dehydroxylation of the main
hydrated phases of cement. For OPC paste, this region is comprised of a sharp peak
centred at 105 oC, which is characteristic of the dehydroxylation of C-S-H gels, and a small
shoulder that can be observed at ~70 oC, corresponding to the loss of bound water
molecules of ettringite. Additionally, ACW20 paste displays a third signal located between
130 ºC and 210 oC that can be attributed to the loss of interlayer water molecules in C4AH13
and C4AcH12 hydrate phases (Martínez and Frias, 2011), which are abundant in this type of
paste, as it was previously observed in XRD analyses. The weight loss recorded in this
region increased as the hydration reaction progressed and more hydration products were
formed. This effect was more noticeable for ACW20 cement, which showed an increase in
the weight loss of 51 % at 180 days, with respect to the data calculated at 1 day of
hydration. Conversely, OPC paste exhibited only a 33 % growth over this period.
the characteristic peak of dehydroxylation of portlandite in the range of 400-500 oC. It
should be noted that the portlandite content in ACW20 paste was 16 % to 23 % lower than
in OPC paste, as would be expected due to its consumption as a result of the pozzolanic
reaction.
the band located between 550 oC and 750 oC arises from the CO2 loss of carbonates. The
amount of carbonate content found for both types of pastes was very similar at all ages.

Figure 3. DTG curves for pastes at 1 and
180 days of hydration

Figure 4. Evolution of compressive strength
of OPC and ACW20 mortars

3.2 Physical properties
The assessment of the physical properties of the pastes, performed as described in EN 196-3,
revealed that ACW20 blended pastes showed lower workability, as they required 169 g of water to
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achieve normal consistency, as opposed to the 153 g that were needed for OPC cement, which means
an increase in water demand by 11 %. This circumstance might be related to the clayey nature of the
waste, as calcined clays are known to exhibit high water demand.
On the other hand, setting onset was not altered by the addition of ACW20, since initial setting time
took place at 135 min (± 5 min) for OPC paste, while ACW20 paste required 140 min (± 5min). With
respect to volume stability, OPC pastes did not show any signs of expansion and only 1 mm of
expansion was measured for ACW20 pastes using the Le Chatelier methodology. Therefore,
considering the physical requirements included in 197-1 European Standard (CEN-CENELEC, 2011),
which establishes a minimum initial setting time of 45-75 min and a maximum expansion threshold of
10 mm for all strength classes, ACW20 cements are standard-compliant in this respect.
3.3 Mechanical properties
Figure 4 displays the compressive strength values obtained for OPC and ACW20 mortars at different
ages. In view of these data, it seems evident that having added ACW20 resulted in a decrease in the
mechanical properties of the resulting mortars at all ages. Such reduction amounted to approximately
25 % with respect to OPC mortar at 1 day, but after 7 days of hydration the gap between both
formulations narrowed to ~10 % and remained constant until the end of the testing. Nevertheless, it
must be highlighted that at 28 days the compressive strength surpassed 52.5 MPa in both cases and
thus, ACW20 cement meets the requirements laid down in EN 197-1 standards for a 52.5 class
resistance.
The slight decrease in mechanical performance exhibited by ACW20 mortar could be a consequence
of two simultaneous effects: i) the high water demand of the activated clayey waste and ii) the low
purity of the coal waste, in which other minerals such as quartz or mica were found along with
kaolinite. These observations regarding the loss in compressive strength are in line with those found
for other kaolinite-based wastes like paper sludge waste and drinking water treatment wastes (de
Azevedo et al., 2018; Frías et al., 2014).
3.4 Carbonation resistance
The specimens subjected to the accelerated carbonation test were tested at different time intervals
using several techniques. Firstly, the evolution of the process was preliminarily assessed by using a
phenolphthalein solution as pH indicator, as it is known that one of the main effects of carbonation
involves the consumption of portlandite by reaction with CO 2, which leads to reduction in the pH level
in the affected areas (Duan et al., 2018; Fernández Bertos et al., 2004; Frías and Goñi, 2013). Figure
5 shows the colour change experimented by the specimens at different ages after spraying their cross
section with phenolphthalein solution, in which the colourless zones correspond to the carbonated
parts. This method allowed the measurement of the carbonation depth at different times of CO 2
exposure. The results, which are compiled in Table 2, showed that OPC pastes remained virtually
unaltered throughout the experiment, and only minor signs of carbonation were detected, having
reached a carbonation depth of only 0.3 mm at 45 days. Conversely, ACW20 paste started to show
symptoms of reaction with CO2 at 17 days. Consequently, ACW20 pastes were greater affected than
OPC pastes at the end of the experiment, having shown almost a three-fold increase in the
carbonation depth. Nevertheless, in view of Figure 5, the degree of carbonation for ACW20 pastes
was minimal, as only a small fraction of the cross section was carbonated (0.8 mm) at 45 days of
accelerated CO2 exposure.
The lower carbonation resistance displayed by ACW20 paste with respect to OPC paste is in line with
the behaviour shown by other active additions (Morandeau et al., 2015; Wu et al., 2014). According to
a previous study (Šavija and Luković, 2016), the negative performance of blended cements with
respect to carbonation can be related to: i) the lower portlandite availability in the aqueous solution as
a consequence of the pozzolanic reaction and ii) a rapid decalcification of C-S-H gels with lower Ca/Si
ratio (<1.2).
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Figure 3. Carbonation depth of the paste specimens revealed by phenolphthalein test
As it has been seen in previous sections, thermogravimetric analysis allows an easy identification and
quantification of portlandite and carbonates phases, thus becoming an excellent tool in the study of the
evolution of the carbonation reaction. Figure 6 shows the DTG curves of the mass loss obtained for
OPC and ACW20 blended pastes at 0 and 45 days of carbonation test. In those curves, a significant
increase of the carbonate signal in the 550-700 oC region can be observed at the end of the test with
respect to the non-carbonated cements (t = 0 d), with the main peak of decomposition located
between 695 oC and 715 ºC in all cases, with a slight displacement of the maximum towards higher
temperatures in the carbonated cements. Moreover, the DTG curves for the carbonated cements
display a shoulder at ~670 oC, suggesting the formation of carbonate phases that are different in
nature to those shown at 0 days. This observation would be consistent with the rapid formation of
calcite as a consequence of the reaction of the hydration products of the pastes with CO 2
(neoformation carbonates with a less crystalline structure).
Table 2. Carbonation depth and mineralogical phases content (%) measured by TGA of the
paste specimens at different exposure times

OPC

ACW20

Carbonation
depth (mm)

Hydrated phases
(weight loss, %)

Portlandite
(% in sample)

CaCO3
(% in sample)

0d

0

10.9

14.5

6.5

7d

0

11.3

14.1

8.8

17 d

0

11.5

13.1

10.9

45 d

0.3

11.0

12.4

13.7

0d

0

11.5

11.8

6.7

7d

0

11.5

11.5

9.8

17 d

0.4

12.0

11.1

10.6

45 d

0.8

11.4

11.0

10.7

In addition, as shown in Table 2, the increase in the carbonate content was accompanied by a
reduction in portlandite concentration in both cement types, thus confirming the consumption of
portlandite by reaction with CO2 to form calcium carbonates. It must be noted that, even though
ACW20 paste showed the deepest carbonation front, the highest increase in carbonate content, as
well as the greatest decrease in portlandite, was found for OPC paste. It should be recalled that the
addition of pozzolan to the cement matrices leads to a strong reduction in the portlandite content.
Consequently, the amount of carbonate forming materials is reduced in blended matrices, as
demonstrated by Table 2, in which is shown that the initial portlandite content in ACW20 paste was
approximately 18.6% lower than that of OPC paste after 28 days of curing (t=0). On the other hand,
the alkaline reserve typically decreases with the use of SCMs as a result of the pozzolanic reaction
(Frías and Goñi, 2013), therefore facilitating a drop in pH and provoking, as it was seen in ACW20
specimens, a rapid progression of the carbonation front (Black et al., 2007; Šavija and Luković, 2016).
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Figure 6. DTG thermograms (left) and pore size distribution (right) of the pastes
As it was stated in previous sections, the weight loss that takes place between 50 oC and 300 oC in the
DTG curves is attributed to the dehydroxilation of the phases arising from both the cement hydration
and the pozzolanic reaction, which, according to the XRD and SEM analyses, corresponds to
ettringite, C-S-H gels, C4AH13 and C4AcH12 phases. The value of the weight losses in this range (Table
2) did not vary significantly over the 45 days of the test. This observation might suggest that these
hydrated phases were not affected by the carbon dioxide, possibly due to the high portlandite content
present even at the end of the test.
It is known that the microstructure of the cement-based materials can be significantly affected by the
carbonation process (Pihlajavaara and Pihlman, 1974). Accordingly, the changes in the pore structure
of both pastes were analysed by mercury intrusion porosimetry. The obtained pore size distribution of
the pastes is shown in Figure 6, while Table 3 lists the corresponding total porosity and average pore
size of the specimens. According to these data, the initial (t=0) pore size distribution curve of ACW20
is significantly shifted towards lower pore sizes with respect to OPC curve. Thus, the maximum of the
curves changes from 69 nm for OPC paste to 49 nm for ACW20 paste, which displays an average
pore diameter ~ 30% lower than that of OPC pastes. This evolution is a consequence of the
pozzolanic reaction, which tends to give rise to a more refined microstructure in blended cement
matrices.
Table 3. Porosity parameters of the pastes measured by MIP
Specimen
OPC

ACW20

Exposure time
(days)

Average pore size
(µm)

Total porosity (%)

0

0.037

12.9

45

0.027

10.0

0

0.026

13.4

45

0.021

11.3

With respect to the effect of CO2 exposure, both pastes seemed to be affected in the same direction,
having displayed lower porosity values and pore sizes, although the distribution density curves in both
carbonated cements were located in the same position, about 32 nm (Figure 6). This suggests that a
refinement of the pore network was taking place due to the deposition of carbonates in the interstices.
Interestingly, OPC pastes presented the greatest modification in the pore structure, having exhibited
decreases in porosity and average pore size of approximately 22 % and 27 %, respectively.
Conversely, the changes observed in this regard for ACW20 pastes amounted to only ~16 % and ~19
%, respectively, as could be anticipated in view of the lower amounts of calcium carbonate formed
during the carbonation test, according to the TG results. It must be highlighted that this pore
refinement could also have affected the transport properties for CO2 inside the matrix. Thus, the
highest amount of carbonates that was formed around the edges of the OPC specimens might have
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reduced CO2 permeability, further contributing to the higher carbonation resistance of this type of
pastes.
4.

CONCLUSIONS

The conclusions that can be drawn for the present paper are:








ACW presented an alumina-silica nature due to the presence of metakaolinite. Its content
in main oxides (SiO2 + Al2O3 + Fe2O3) amounted to 86 %, which is considered an essential
condition (≥ 70 %) for being employed in the production of future eco-efficient cements.
XRD-Rietveld and SEM-EDX analyses showed that, qualitatively, both OPC and ACW20
pastes presented the same mineralogical phases, but they differed quantitatively. Apart
from C-S-H gels, portlandite and ettringite, the main hydrated phases were C4AH13 and
C4AcH12. However, while tetracalcium carboaluminate hydrate phase was predominant in
OPC paste (≤ 17%), tetracalcium aluminate hydrate became more prevalent in ACW20
paste (≤ 20%).
Even though ACW20 cement paste required a higher volume of water to achieve normal
consistency (11 %), its physical properties (setting time and expansion) were not altered
with respect to OPC paste and, thus, it complies with the current standard.
Approximately, a 10 % reduction in compressive strength was observed for ACW20 paste
after 7 days of curing comparing with OPC. Despite this fact, 20 % ACW blended mortar
meets the mechanical requirements laid down for the manufacture of common cements,
maintaining the same classification as the reference cement (52.5 R).
The behaviour of ACW20 paste with respect to carbonation did not differ significantly from
that of the reference mortar, having shown carbonation depths of 0.3 mm and 0.8 mm for
OPC and ACW20 pastes, respectively, after 45 days of accelerated CO 2 exposure. In both
cases, a refinement in the pore sizes was observed after the carbonation process. Apart
from the carbonation of small amounts of portlandite, no other sign of reaction of the other
main phases with CO2 was detected.

In view of the results obtained, it can be inferred that this type of ACW presents favourable scientific
and technical properties to be employed in the manufacture of eco-efficient cements. However,
additional research is required to gain further understanding of the behaviour of the ACW blended
cements that could include the analysis of longer CO2 times, higher pozzolan content and exposure to
other aggressive media that may endanger the durability (Cl-, SO42-, freeze-thaw cycles, etc.).
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ABSTRACT
Fly ashes are industrial residues which are widely used to replace part of the Portland clinker, but
despite their large availability, the actual fraction used in cement and concrete worldwide is only
around 30 %. The key to unlocking of the potential of fly ashes lies in understanding of their reactivity.
The dominant reactive part in the ashes is glass, and it is the reactivity of this part which affects the
compressive strength development.
In this paper we study the impact of glass composition on the reactivity of siliceous and calcareous fly
ashes. Synthetic glasses were carefully prepared such that their composition would correspond to that
of the glasses in an actual fly ash. The dissolution of these glasses in a model environment was
studied to better understand the early behaviour of different glass compositions in cement paste.
Investigations in cement paste and further comparison to the real fly ash shed light on the relation
between glass composition and reactivity, which seems to be governed by the extent of disorder of the
glass structure. This disorder can be described by a ratio of non-bridging oxygens to tetrahedral ions,
which we then compare to the moduli used in slag chemistry, thus providing a more global and generic
approach for understanding glass reactivity in cement in a broader perspective.
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1.

INTRODUCTION

The CO2 emissions from production of cement and concrete are often being reduced by substituting
Portland clinker with supplementary cementitious materials (SCMs). To further cut down on CO2
emissions, higher replacement levels should be targeted, but the key challenge is to nonetheless
achieve satisfactory cement performance. In this respect, the reactivity of SCMs plays a major role
and understanding thereof is of high scientific relevance.
The main challenge here is that the dominant and most reactive part of fly ash is glass, which can be
very heterogeneous and variable. The fly ash glass is formed from clay minerals present in coal and
depends strongly on the coal combustion process. As a result, a vast scope of compositions is
possible, which affect the fly ash reactivity, but require a lot of effort to be characterized and
quantified. There exists therefore a strong motivation to try to understand and generalize the trends
behind glass reactivity in cement and thus provide generic knowledge for better use of fly ashes and
other glass-containing SCMs.
Recent advances in electron microscopy demonstrate that coupled backscatter imaging, EDS element
mapping and subsequent image analysis can be used to characterize the glasses present in fly ashes
(chemical composition and fineness) and to quantify their reaction in cement paste. The gathered data
suggests that the fly ash glasses tend to belong to compositional populations, which react at different
rates.
In this paper, we show the reactivity in cement and in simulated pore solution of synthetic glasses,
which were made to simulate real fly ash glasses. Slag is included in the comparison and the results
are compared to other studies, which assessed glass reactivity.
2.

MATERIALS

This study used two calcareous fly ashes (FA1 and FA2), four glasses (A, B, C, D) which were
synthesised to match the chemical composition of the glasses found in the two fly ashes, a slag (S)
and a Portland cement (PC). The chemical composition of the materials is shown in Table 1, the
phase composition in Table 2.
Table 1. Chemical composition by XRF [wt.-%]
PC

FA1

FA2

S1

A

B

C

D

Al2O3

5.5

19.8

18.2

11.6

5.3

12.4

39.1

23.5

SiO2

20.7

42.3

33.6

36.7

69.7

44.6

47.3

24.8

CaO

65.7

20.7

26.5

38.9

17.6

33.4

4.5

41.1

Na2O

0.2

0.3

1.9

0.2

2.7

1.6

7.9

1.2

K2O

0.4

1.5

0.4

0.7

-

-

-

-

MgO

1.5

2.2

6.4

7.8

3.6

7.2

1.7

9.9

Fe2O3

2.7

8.2

6.4

0.5

-

-

-

-

SO3

2.6

1.4

2.2

2.8

-

-

-

-

TiO2

0.3

0.7

1.3

0.9

-

-

-

-

P2O5

0.2

0.3

0.9

-

-

-

-

-

Sum

99.8

97.4

97.8

100.1

98.9

99.2

100.5

100.5
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Table 2. Phase composition by QXRD [wt.-%]
PC

FA1

FA2

S1

A

B

C

D

C3S

66.3

-

-

-

-

-

-

-

C2S

8.3

2.5

0.5

-

-

-

-

-

C3 A

8.7

1.0

4.0

-

-

-

-

-

C4AF

7.7

2.0

1.5

-

-

-

-

-

Quartz

0.5

1.3

3.5

-

-

-

-

-

Dolomite

1.1

-

-

-

-

-

-

-

Calcite

1.8

-

-

-

-

-

-

-

Periclase

-

-

2.0

-

-

-

-

-

Gypsum

2.6

-

-

-

-

-

-

-

Anhydrite

3

1.8

2.0

-

-

-

-

-

Free lime

-

1.7

0.6

-

-

-

-

-

Corundum

-

-

-

-

-

-

2.2

-

Amorphous

-

89.7

85.9

100.0

100.0

100.0

97.8

100.0

3.
3.1

METHODS
Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterize the fly ashes and to measure their
reaction in hydrating cement pastes following an image analysis technique described by (Durdziński et
al. 2015).
For the characterization of the ashes, powder samples of the ashes were pressed into pellets,
embedded in epoxy and flat-polished. The SEM used was FEI Quanta 200 operated at 15 kV with
Bruker XFlash 4030 EDS detector. BSE images and EDS maps of element concentration were
collected in an automated routine for eight frames per sample (frame size: 252 µm × 189 µm,
resolution: 1024 × 768, pixel size: 0.246 µm × 0.246 µm). The EDS spectra were quantified using
a profile fit of previously collected standards and PhiRhoZ matrix corrections to obtain the
concentrations of Al, Si, Ca, Na, K, Mg, Fe Ti and P. During image analysis, the background pixels
were removed by manual thresholding of the BSE images. The element concentrations in atomic-%
from each pixel of the images was plotted in an Al-Si-Ca frequency diagram, in which the number of
points is shown and the dominant compositions appear as bright blobs (Figure 1). Visual analysis of
the ternary frequency plot led to identification of four compositionally different populations of particles:
(A) silicate, (B) Ca-silicate, (C) Al-silicate and (D) Ca-Al-silicate. These populations were then traced
back in the images and their content in the ash (vol.-%) calculated.
For the measurement of the reaction of fly ash in the hydrated pastes, we used the same image
analysis routine as for the characterization, extended to filter out the hydrated phases. Because
hydrogen is not measured by EDS, water-containing phases show lower element totals than
anhydrous. This way, unreacted clinker and ash can be separated from hydrated phases. Further
segmentation based on Al, Si and Ca differentiated the unreacted clinker from the fly ash.
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Figure 1. Characterization of FA2 using SEM. From left: BSE image, EDS map of concentration
of Al, Si and Ca, ternary frequency plot showing the dominant chemical compositions as bright
blobs and the composition of the synthetic glasses A, B, C, D.
3.2

Synthetic glasses

Model glasses were prepared to simulate glasses present in FA2. Their full chemical composition
determined by SEM-EDS was simplified to Al-Si-Ca-Na-Mg system and used as target composition for
glass synthesis. Mixes of reagent-grade Al2O3, SiO2, CaCO3, Na2CO3, MgO were melted at 1600 °C
for 4 hours and quenched in deionized water. The chemical and phase composition of the resulting
glasses was checked by XRF and XRD (Table 1 and Table 2).
The reaction of the synthetic glasses was studied in a dissolution experiment and in hydrating cement
paste.
For the dissolution, a protocol by Snellings (Snellings 2013, Snellings et al. 2014) was used, which
employed sieved coarse glass particles of 50-125 µm cleaned of surface debris by several cycles of
ultrasonic washing in isopropanol. The glass particles were exposed to NaOHaq (0.14M, pH 13.2) in
250 mL sealed plastic bottles at 20°C and solution to glass weight ratio of 1000. Samples of 5 mL
were tested by ICP-OES, fresh solution was added to keep the volume constant and the effect of that
on concentrations was later accounted for.
For the hydration study, the synthetic glasses were dry ground in a disc mill to a PSD spanning
0.5-80 µm. Blends of 55 wt.% PC and 45 wt.% glass powder, including one glass mix (A+B+C+D)
were mixed with water at w/b = 0.4 using a laboratory mixer (1600 rpm, 2 minutes), cast, sealed and
cured at 20 °C. After 1, 7, 28, 56, 90 and 365 days of curing slices were cut from the paste blocks,
immersed in isopropanol for 7 days to stop hydration by solvent exchange and stored in vacuum
desiccators with silica gel for another 7 days to remove the isopropanol. A piece from the interior of
each slice was cut and prepared for electron microscopy by embedding in epoxy and flat-polishing.
4.
4.1

RESULTS AND DISCUSSION
Dissolution experiment

The release of Si (Figure 2) gave an approximate indication of the initial dissolution kinetics of the
glasses in conditions similar to those of cement paste. The trend for glass D and partially for B was not
linear, but close to linear within ranges: 0–40, 40–90 and 90–140 μmol/L. The deceleration of
dissolution could be due to ions accumulating in solution and precipitation of Si-containing phases, not
excluding the impact of incongruent glass dissolution and protective layer formation. Initial dissolution
rates were calculated from the linear fit of Si release (0–90 μmol/L), normalized by Si content of glass
and its surface area by laser diffraction. The rates in Table 3: A < C < Slag ≈ B < D show a 25x
difference between A (Si-rich) and D (Ca-Al-rich), indicating that the chemical composition of glass is
key for its reactivity.
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Figure 2. Silicon concentrations in solution (ICP-OES) during the dissolution experiment.
Table 3. Initial dissolution rates obtained from the release of Si in the dissolution experiment.

Log r+,Si

4.2

A

B

C

D

S

- 8.17

- 7.45

- 7.57

- 6.22

- 7.25

Hydration study in pastes

The reaction of the fly ash FA2 and of the glasses in pastes followed using SEM-EDS image analysis
provided insight into the reactivity in function of the different chemical compositions, as shown in
Figure 3. The order in which the glasses react is roughly the same: glass D was the most reactive and
almost completely consumed after 28 days, while glass A the least reactive. The actual difference
between the degree of reaction of the real and the synthetic glasses is likely due to the difference in
fineness. To quantify the intrinsic reactivity of glasses it is therefore important to decouple the impact
of fineness. This was done by taking the function used to describe the rate of reaction in Figure 3 and
incorporating into it K, the intrinsic reactivity and S/V, the surface-to-volume ratio of particles. S/V was
obtained from image analysis collectively for all particles concerned and at each testing time. S/V is an
approximation of a PSD. More details on this approach can be found in (Durdziński et al. 2015b)

Figure 3. Reaction in cement paste of FA2 and synthetic glasses by SEM image analysis.
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The intrinsic reactivity of glass, K, was found to increase with an increase in the depolymerisation of
the glass structure (Figure 4). The depolymerisation can be assessed using an NBO/T, a ratio of nonbridging oxygens to tetrahedral ions, which was calculated from the mean chemical composition of
each glass population measured by SEM-EDS:

(1)

Figure 4: Relation between the intrinsic reactivity in cement, K and the degree of
depolymerisation of structure expressed by NBO/T for glasses present in FA1 and FA2
compared to the synthetic glasses and the slag.
The trend towards higher reactivity is almost linear with increasing glass structure depolymerisation
described by NBO/T. The outlier is glass D, which reactivity vs. NBO/T was significantly higher. This
glass released significant amount of AL at early stages of reaction, which could not be controlled by
added gypsum and interfere with the reaction of silicates from cement. In these conditions the glass
reacted even faster. On the other hand, the NBO/T calculation assumes Al entirely as network former,
but Al-rich glasses also contain Al in the role of network modifier. Thus the depolymerisation of the
glass structure would be more than expected from the calculated NBO/T. A sample calculation
assuming the content of network-forming Al in glass D the same as in glass B (50% of Al in D) and the
rest being network-modifier Al would result in NBO/T of 3.82. The trend of reactivity vs. NBO/T would
then be rather exponential than linear, as shown in a study of reactivity of synthetic glasses by Schöler
et al. (2017).
It has also been shown by Kucharczyk et al. (2019) that the increase in NBO/T of glasses can be
related to the increase in their degree of hydration in cement paste at 180 days. That relation was,
however, not linear. Instead, an analysis on the chemical shift of 29Si measured by MAS NMR gave
a very clear linear trend to the degree of hydration at 180 days because it was free of the assumptions
that are necessary for the calculation of NBO/T.
5.

CONCLUSIONS

Reactivity is key to unlock the potential of SCMs and while part of it is affected by the reaction of
clinker and other SCMs in cement paste through changes of the pore solution chemistry, much
depends on the intrinsic reactivity of the SCM analysed. The assessment of the reactivity of SCMs is
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often challenging because the dominant reactive phase is glass, which reaction is difficult to quantify
accurately in hydrating cement paste.
In this study four model glasses were synthesised, which correspond to chemical compositions of four
dominant glass populations found in a calcareous fly ash thanks to a novel SEM-EDS image analysis
technique. These glasses were predominantly silicate, Ca-silicate, Al-silicate and Ca-Al-silicate. They
were studied in a batch dissolution experiment and in hydrating cement paste. The trends in reactivity
of the glasses were similar in the two experiments and showed that the actual reactivity of SCM glass
depended mainly on specific surface area and on the glass intrinsic reactivity. After the effect of
fineness was decoupled, the intrinsic reactivity could be linked to the degree of disorder of the glass
structure. This disorder was determined as NBO/T, a ratio of non-bridging oxygens to tetrahedral ions.
NBO/T depends on the chemical composition of the glass, but is sensitive to the role of Al in glass,
which could be a network former or modifier.
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ABSTRACT
Due to the need to reduce the CO2 emissions during cement production, the demand for SCMs
increased considerably in the last years and is predicted to keep doing so in the future. Alternative
SCMs that are available in sufficient quality and quantity need therefore to be found, which provide,
among others a similar or even improved durability compared to today’s commercial cements. The use
of SCMs may significantly change the phase assemblage and phase composition of cementitious
systems and therefore also their durability.
It was shown that the addition of dolomite to Portland cement pastes may lead to the formation of
hydrotalcite. As a first step in investigating the durability of such new composite cements, we
investigated the stability of the hydrate phase assemblage in a new type of Portland composite cement
containing dolomite and metakaolin.
Typical deterioration mechanisms for reinforced concrete include carbonation-induced corrosion of the
reinforcement and leaching of the cement paste. We therefore exposed well-cured cement paste
samples to large amounts of deionized water or increased CO2 levels, and compared them to
unexposed reference samples.
While leaching and carbonation caused severe decalcification of the C-S-H and the decomposition of
the portlandite and ettringite, hydrotalcite seemed to resist both deterioration mechanisms without
changes in its Mg/Al ratio. The experimentally obtained results agree well with the thermodynamic
modelling performed for leaching and carbonation. We consequently concluded that the hydrotalcite
formed by the reaction of dolomite is a stable hydration product.
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1.

INTRODUCTION

Due to the need to reduce the CO2 emissions during cement production and the simultaneously
increasing demand for cement, the need for supplementary cementitious materials (SCMs) increased
considerably in the last years and is predicted to keep doing so in the future. Alternative SCMs that are
available in sufficient quality and quantity need therefore to be found. The resulting composite cements
should provide, among others, a similar or even improved durability compared to today’s commercial
cements. The use of SCMs may significantly change the phase assemblage and phase composition of
cementitious systems, and therefore also affect their durability.
In this study we investigated a composite cement containing dolomite and metakaolin. As a first step in
investigating the durability of such a composite cement, we investigated the stability of the hydrate phase
assemblage. Previously it was shown that depending on the curing time and curing temperature, the
addition of dolomite (Zajac et al. 2011, Zajac et al. 2014, Zajac & Ben Haha 2015), or the addition of
dolomite and small quantities of metakaolin (Machner et al. 2018a), to a Portland cement may lead to
the formation of a hydrotalcite-like phase (member of the hydrotalcite supergroup (Mills et al. 2012), in
the following simply referred to as hydrotalcite).
Typical deterioration mechanisms for reinforced concrete include carbonation-induced corrosion of the
reinforcement, or leaching of the cement paste, e.g. when exposed to large reservoirs such as the sea,
lakes or rivers. Previous studies reported that hydrotalcite, which formed in reactive MgO activated slag
binders, withstands relatively harsh leaching conditions (Jin et al. 2016, Jin & Al-Tabbaa, 2014).
Thermodynamic modelling of leaching of a hydrated Portland cement predicted hydrotalcite to
decompose only when the C-S-H phase has completely decomposed (Feng et al. 2014). Hydrotalcite
has also shown a high CO2 adsorption capacity and is a promising material for CO 2 capture technology
(Wang et al. 2011).
To investigate the stability of the hydrate phase assemblage of a Portland composite cement containing
dolomite and metakaolin upon leaching or carbonation, we exposed well-cured cement pastes
consisting of 60 wt% Portland cement, 35 wt% dolomite and 5 wt% metakaolin to large amounts of
deionized water or increased CO2 levels. As reference samples we used unexposed samples of the
same composition and equivalent samples containing limestone instead of dolomite. Special focus was
put on the hydration phase hydrotalcite. The phase assemblage of the samples before and after leaching
or carbonation was investigated with TGA, XRD, and SEM-EDS and compared to the results of
thermodynamic modelling performed within this study.
2.
2.1

MATERIALS AND METHODS
Materials and preparation of the well-hydrated paste samples

The materials used in this study were a Portland cement (C) supplied by Norcem AS, to which only
natural gypsum but no limestone was added during the grinding. In addition, natural dolomite (D) or
natural limestone (L) supplied by Miljøkalk AS and laboratory-grade metakaolin (M) supplied by Imerys
(Metastar501) were used. Table 1 shows the chemical composition of all materials used as determined
with X-ray fluorescence (XRF) and their Blaine specific surface areas. The particle size distributions of
these materials were determined with laser diffraction granulometry and are shown in Figure 1.
Dry binder mixes were prepared by replacing 40 wt% of the Portland cement with 5 wt% metakaolin and
35 wt% dolomite (sample 60C35D5M) or limestone (sample 60C35L5M). From these dry binder mixes
we prepared cement pastes with a water-to-binder ratio of 0.50 by mixing dry binder and water in a highshear mixer (Braun MR 5550CA). The mixing procedure was: mixing for 30 sec, resting the paste for
5 min to check for false-set, and mixing again for 1 min. After the mixing, the pastes were filled in 125 mL
plastic bottles, which were closed with a screw-lid and sealed with parafilm. The bottles were stored at
60 °C immersed in water up to their bottleneck for three months. The high curing temperature of 60 °C
was chosen to accelerate the reaction of dolomite in the samples. After three months of curing, the
samples were crushed with a jaw-crusher and a rotating disc mill to a particle size <1 mm. The resulting
sand-like samples were filled in 1 L plastic bottles, to which 30 wt% deionized water was added. After
adding the water the bottles were shaken vigorously. This procedure after 3 months was done to ensure
an overall high degree of reaction in the samples. Afterwards, the bottles were stored sealed at 60 °C
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for another four months. After in total 7 months of curing, the well-hydrated samples were transferred to
20 °C for 2 weeks before the exposure, which was carried out at 20 °C as well.
Table 1. Chemical composition of the materials used in this study, determined with XRF [wt%]
and their Blaine specific surface areas [m2/kg]
Oxide

C

D

L

M

Portland
cement

Dolomite

Limestone

Metakaolin

SiO2

19.91

0.52

0.12

52.18

Al2O3

5.15

0.01

0.06

44.92

TiO2

0.282

0.00

0.00

1.14

MnO

0.062

0.00

0.00

0.00

Fe2O3

3.42

0.04

0.03

0.62

CaO

62.73

31.52

55.12

0.12

MgO

2.34

20.14

0.41

0.04

K2O

1.09

0.00

0.01

0.18

Na2O

0.48

0.00

0.00

0.17

SO3

3.16

0.00

0.02

0.14

P2O5

0.109

0.01

0.00

0.07

LOI

1.07

46.79

43.57

0.29

Sum (1050°C)

99.80

99.03

99.34

99.87

Blaine [m2/kg]

416

340

370

987

Figure 1. Particle size distribution of the materials used in this study determined using laser
diffraction granulometry
2.2

Exposure of the well-hydrated cement paste samples

Typical deterioration mechanisms for reinforced concrete include carbonation-induced corrosion of the
reinforcement and leaching of the cement paste. We therefore exposed well-cured cement paste
samples to large amounts of deionized water or increased CO 2 levels and compared them to unexposed
reference samples.
To mimic the leaching of cement paste by a large reservoir of water, such as a river or the sea, the
samples were exposed to a large amount of deionized water. For that, approx. 50 g of the well-hydrated
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cement pastes were placed in a cellulose extraction thimble. The thimble containing the well-hydrated
cement paste was placed in a Soxhlet extractor on which in total 100 L of deionized water were slowly
dripped. The experiment was set up in a way that the extractor was filled up with deionized water slowly
and emptied itself automatically when it reached a filling volume of 250 mL. Afterwards the extractor
was filled again with deionized water. This cycle was repeated until in total 100 L deionized water was
dripped on the samples, which took in total about 6 weeks. The experimental setup was adapted from
De Weerdt and Justnes (De Weerdt & Justnes, 2015).
To test the stability of the hydrates in the samples upon carbonation, we exposed the samples to
accelerated carbonation in the laboratory. For this, approx. 10 g of the well-hydrated samples were
spread on glass evaporation dishes and were placed in a carbonation chamber operating at 20 °C,
60% RH, and 1% CO2. The samples were kept in the carbonation chamber for 34 days.
As unexposed reference samples we used the rest of the well-hydrated cement pastes and stored them
sealed in a temperature controlled room at 20 °C for a similar amount of time as the exposure
experiments lasted.
2.3

Analyses after exposure

The phase assemblage of the exposed samples and unexposed reference samples was investigated
with a multi-method approach including X-ray diffraction analysis (XRD), thermogravimetric analysis
(TGA), and scanning electron microscopy combined with energy dispersive analysis (SEM-EDS). Before
investigating the phase assemblage of the exposed sample and the unexposed reference samples, we
stopped the hydration of all samples by applying a double solvent exchange procedure.
For that approx. 6 g of the unexposed or exposed samples were immersed in 100 mL isopropanol. The
suspension was shaken thoroughly for 30 sec and left to rest for 5 min. After that, the isopropanol was
decanted and another 100 mL of isopropanol was added. After shaking the suspension for 30 sec and
letting it rest for another 5 min, the isopropanol was filtrated off and 20 mL petroleum ether was added
to the sample. The suspension was stirred for 30 sec and left to rest again for 5 min before the petroleum
ether was filtrated off. The samples were subsequently dried in a desiccator overnight under a slight
vacuum (-0.2 bar). The hydration stopped and dried samples were split into two parts. One part of each
sample was ground in a porcelain mortar until it completely passed a 63 µm sieve for the analyses with
TGA and XRD. The other part was not ground but impregnated in epoxy, polished and carbon coated
for SEM-EDS investigations.
For the XRD analyses the samples were analysed with a Bruker AXS D8 Focus diffractometer in the
range of 5-55 °2θ using CuKα radiation (approx. 1.54 Å) with a step size of 0.01 °2θ and a sampling
time of 0.5 s per step. The diffractometer used operates in a Bragg-Brentano θ–2θ geometry with a
goniometer radius of 200.5 mm and is equipped with a LynxEye detector. The powder samples were
front-loaded into the sample holders and queued in the sample changer until measurement.
The TGA experiments were performed on samples of about 150 mg filled in 600 µL Al2O3 crucibles with
a Mettler Toledo TGA/DSC 3+. The weight losses of the samples were measured in the temperature
interval from 40 °C to 900 °C with a heating rate of 10 °C/min. During the measurements, the
measurement cell was purged with 50 mL/min N2 gas.
SEM-EDS analyses were performed on a Hitachi S-3400N scanning electron microscope equipped with
energy dispersive X-ray spectroscopy (EDS) from Oxford Instruments. Polished and carbon-coated
sections of hydration stopped (but not ground) samples were investigated. The acceleration voltage was
set to 15 keV and the working distance was set to 5 mm for capturing BSE images and to 10 mm for
running EDS analyses.
Additionally to the experimental investigations, we used the thermodynamic modelling software GEMS
(Kulik, Kulik et al. 2013, Lothenbach & Winnefeld, 2006, Wagner et al. 2012) to model the changes in
the phase assemblage upon carbonation or leaching. The PSI-GEMS database and the cement-specific
database CEMDATA18.1 (thermodynamic database provided by EMPA, available at:
https://www.empa.ch/web/s308/thermodynamic-data) were used, which contain the solubility products
of the solids relevant for cementitious materials. For the modelling of the C-S-H phase the CSHQ model
proposed by Kulik was used (Kulik, 2011). As input for the thermodynamic model we used the chemical
composition of the Portland cement and metakaolin as determined with XRF (Table 1) by first excluding
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the amounts of TiO2, MnO, MgO and P2O5 from the results and then normalizing the remaining oxides
to 100%. Dolomite was modelled to consist of 100% CaMg(CO3)2. The degrees of reaction of the
Portland cement, dolomite, and metakaolin were assumed to be 90%, 10% and 100% respectively in a
paste system containing 100 g binder and 50 g of water before reaction. Leaching of the samples was
modelled by adding increasing amounts of deionized water and carbonation by the addition of increasing
amounts of CO2 to the hydrated system. During the modelling, various phases were blocked (CA, CA 2,
hematite, magnetite, goethite, pyrite, troilite, iron, kaolinite, quartz, zeolites (chabazite), and thaumasite)
to prevent the software to predict the formation of phases, whose formation is kinetically hindered at the
ambient conditions of the exposure (temperature or pressure).
3.
3.1

RESULTS AND DISCUSSION
Changes in phase assemblage of the unexposed reference samples during storage

All samples were cured at 60 °C for seven months before they were transferred to 20 °C. After 2 weeks,
a part of the samples was exposed to carbonation or leaching, while the rest of the samples was stored
sealed at 20 °C as unexposed reference samples. Delayed ettringite formation is a common
phenomenon in samples, which are originally cured at elevated temperatures and then subjected to
lower temperatures for a longer time (Fu et al. 1994). To check for changes in the phase assemblage
during long-term storage at 20 °C in our samples, we sampled small parts of the unexposed reference
sample 60C35D5M after 2 weeks storing at 20 °C and after long-term storage at 20 °C (approx.
7 months), stopped the hydration, ground it to <63 µm and analysed the samples with TGA.
Figure 2 shows the DTG curves of the sample 60C35D5M after they were stored at 20 °C for 2 weeks
and approx. 7 months (long-term). From the TGA results it can be seen that the samples show a
considerably increased weight loss around 100 °C after they have been stored sealed at 20 °C for a
long term compared to the samples stored at 20 °C for only 2 weeks.
The first weight loss in the TGA results at around 100 °C is normally related to ettringite (Et)
decomposition and the beginning of the dihydroxylation of the C-S-H phase (Lothenbach et al. 2015).
This indicates that ettringite formed in the samples with time. Such ettringite formation has been reported
to be due to the slow desorption of sulphate ions from the C-S-H at 20 °C, as the ability of the C-S-H to
adsorb sulphate ions at 20 °C is lower compared to at 60 °C (Fu et al. 1994). It is therefore of importance
to compare the phase assemblage of the exposed samples to the unexposed reference samples that
have been stored at 20 °C for approximately 7 months.

Figure 2. DTG curves of the sample 60C35D5M after two weeks and after long-term storage at
20 °C
3.2

Changes in the phase assemblage upon carbonation and leaching as determined with XRD
and TGA

Figure 3 shows the XRD patterns of the unexposed reference samples and the carbonated (Figure 3a)
or leached samples (Figure 3b).
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In the unexposed reference samples (60C35D5Mreference, 60C35L5Mreference) ettringite (Et), portlandite
(CH), and a siliceous hydrogarnet (Htg) are present indicated by their diffraction peaks in Figure 3. In
the sample containing dolomite, an additional phase is present, hydrotalcite (Ht), which shows a
diffraction peak at approx. 11.4 °2θ. No clear peaks of brucite (Bru) could be detected.
After carbonation (Figure 3a), no peaks of ettringite nor portlandite can be detected in the samples
(60C35D5MCO2, 60C35L5MCO2). This is expected as both phases are reported to reacted with the CO 2
dissolved in the pore solution to form calcium carbonate, and in the case of ettringite also hydrous
alumina and gypsum (Taylor, 1997). The siliceous hydrogarnet and hydrotalcite seem to withstand
carbonation, as all samples show peaks related to these phases.
After leaching the samples with 100 L of deionized water (Figure 3b), the phase assemblage is changed
as well compared to the unexposed reference samples. No peaks of ettringite or portlandite could be
detected in the samples 60C35D5Mleached or 60C35L5Mleached indicating that these phases decomposed
during the leaching. This is expected, as leaching the samples with deionized water causes a drop in
the pH of the pore solution. This leads to the dissolution of most of the hydration phases of a Portland
cement, leaving hydrous silica, alumina and iron oxide detectable in the residue (Taylor, 1997). Similarly
as for the carbonated samples, hydrotalcite and the siliceous hydrogarnet seem to withstand the
leaching. It should be noted that the hydrotalcite peak seems to be larger in the sample 60C35D5Mleached
compared to the unexposed reference sample 60C35D5Mreference.

a)

b)

Figure 3. XRD patterns (shown from 5 to 19.5 °2θ) of the unexposed reference samples
60C35D5M and 60C35L5M and after a) carbonation and b) leaching
In addition to the XRD analyses, we also investigated the exposed and the unexposed reference
samples with TGA. Figure 4 shows the TG and the DTG curves of all samples. The unexposed reference
samples 60C35D5Mreference and 60C35L5Mreference show a slightly different bound water content (weight
loss until 550 °C, indicated with a vertical line). The sample containing dolomite shows a higher weight
loss compared to the sample containing limestone. Taking the results from XRD into account, this is
most likely due to the presence of hydrotalcite in the sample 60C35D5M. As hydrotalcite does not
decompose during carbonation, its presence leads also to a higher bound water content after
carbonation in the sample containing dolomite than in the limestone-containing one (Figure 4a).
Similarly to the TGA results after carbonation, the leached samples show a different bound water content
(Figure 4b). Again, the sample containing dolomite (60C35D5M) shows a higher weight loss up to
550 °C compared to the sample 60C35L5M. This might again be explained by the persistence of
hydrotalcite during the leaching experiments in this study. However, it seems that the difference in the
weight loss between the dolomite-containing and the limestone-containing samples increased during
leaching. This can be explained by the fact that during leaching a part of the hydrates dissolves, which
results in an apparent enrichment of the residual phases in the samples (e.g. hydrotalcite). In a previous
study, we performed XRF analyses on leached and unexposed reference samples and showed that the
apparent enrichment of hydrotalcite is due to the reduction of the total mass of the sample during
exposure. This causes an apparent enrichment of the remaining phases e.g. hydrotalcite as TGA and
XRD results are normalised to the total mass of the analysed sample (Machner et al. 2018b).
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a)

b)

Figure 4. TG and DTG curves of the unexposed reference samples 60C35D5M and 60C35L5M
and after a) carbonation and b) leaching
3.3

Thermodynamic modelling of the phase assemblage after carbonation or leaching

The stability of the phase assemblage in the sample 60C35D5M during carbonation (Figure 5a) or
leaching (Figure 5b) was modelled with the thermodynamic modelling software GEMS. The dotted
rectangles in both graphs indicate the phase assemblage observed experimentally with XRD and TGA.
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Figure 5. GEMS results of the effect of a) carbonation and b) leaching on the phase assemblage
of the sample 60C35D5M (100 g). The dotted rectangle illustrates the phase assemblages
experimentally observed with TGA and XRD
The results of the modelling and the experimentally obtained results agree well. In both, the
decomposition of portlandite, ettringite and C-S-H is observed. The thermodynamic model predicts the
formation of monocarbonate in the system, which decomposes during carbonation or leaching.
However, we did not observe the presence of monocarbonate or any other AFm phase experimentally
in the unexposed reference sample nor in the exposed samples. This difference can be explained by
the high temperature (60 °C) at which the samples were cured, while the system was modelled to react
at 20 °C. Several phases predicted by the model to form at severe leaching or carbonation have not
been observed experimentally. This might be explained either by their small amounts formed or by the
fact that our samples had not reached equilibrium.
Similar to the experimental results, the modelling predicts hydrotalcite to be stable over the whole range
of leaching and over the majority of the carbonation modelling. It can be concluded that hydrotalcite,
which formed by the reaction of dolomite in a cementitious system, is a stable hydration product.
However, the model predicts the decomposition of hydrotalcite upon carbonation as soon as all the C-
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S-H has been decomposed, while experimentally it could be shown that hydrotalcite is still present in
fully carbonated samples. This difference might be explained by the fact that an OH-hydrotalcite was
used for the modelling, which does not allow the incorporation of carbonate ions in the interlayer of the
hydrotalcite.
3.4

Effect of leaching or carbonation on the composition of hydrotalcite

Hydrotalcite persisted in the samples during carbonation and leaching in our study, however the
question remains whether its composition changes upon exposure. In order to investigate the
composition of hydrotalcite in detail, we examined polished and carbon coated exposed samples with
SEM-EDS and compared the composition of the hydrotalcite to an unexposed reference sample of a
previous study (Machner et al. 2018a). The sample from the previous study had the same composition
and was cured sealed at 60 °C for 360 days. Figure 6 shows BSE images and elemental maps of
magnesium (Mg), aluminium (Al), and oxygen (O) of the unexposed reference sample 60C35D5M and
after carbonation (60C35D5MCO2) or leaching (60C35D5Mleached).
60C35D5Mreference

60C35D5MCO2

60C35D5Mleached

Figure 6. BSE image and elemental maps of magnesium (Mg), aluminium (Al), and oxygen
(O), of the unexposed reference sample 60C35D5M and after carbonation (60C35D5M CO2) or
leaching (60C35D5Mleached).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
The large uniformly grey particles in all BSE images are dolomite grains, which show an elevated
magnesium content in the elemental maps. Around the dolomite particles there is a reaction rim visible,
which contains magnesium and aluminium. The increased signal for oxygen in the reaction rims
indicates that they are filled with a magnesium- and aluminium-containing hydrate (hydrotalcite).
Figure 7 shows the results of the point analyses of the reaction rims around the dolomite particles. By
plotting the results as the Mg/Si ratio over the Al/Si ratio, the results plot on a linear line. This indicates
the presence of hydrotalcite with a distinct Mg/Al ratio, which is determined by the slope of the linear
line (Ben Haha et al. 2011, Harrisson et al. 1986).

Figure 7. Point analyses of the hydrotalcite formed in the unexposed reference sample and in
the samples after carbonation or leaching plotted as the Mg/Si over the Al/Si ratio
The hydrotalcite formed in the unexposed reference sample showed an Mg/Al ratio of 2.4. The
hydrotalcite analysed in the samples after leaching or carbonation shows similar Mg/Al ratios (Table 2).
This indicates that hydrotalcite formed during the reaction of dolomite in a cementitious system is
resisting severe carbonation or leaching without considerable changes in its Mg/Al ratio.
Table 2. Comparison of the Mg/Al ratios of the hydrotalcite reaction rims around the dolomite
particles in the various samples as determined with SEM-EDS. The results of the reference
sample are taken from an earlier study (Machner et al. 2018a)

4.

Sample name

Mg/Al

60C35D5Mreferene

2.4

60C35D5MCO2

2.4

60C35D5Mleached

2.6

CONCLUSION

We investigated the stability of the hydrate phase assemblage of well-hydrated Portland composite
cement pastes consisting of 60 wt% Portland cement, 35 wt% dolomite and 5 wt% metakaolin upon
exposure to increased levels of CO2 or high amounts of deionized water.
While leaching and carbonation caused the decomposition of portlandite, ettringite, and most of the CS-H phase, hydrotalcite seemed to resist both deterioration mechanisms. In addition, hydrotalcite does
not change its composition with regard to the Mg/Al ratio during neither leaching nor carbonation. The
experimentally obtained results agree well with the thermodynamic modelling.
We can therefore conclude that the hydrotalcite formed by the reaction of dolomite in this study is a
stable hydration product in the environments tested. The formation of hydrotalcite in a cementitious
system can therefore potentially be beneficial for the durability of the resulting concrete. To further
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evaluate the durability of concretes in which hydrotalcite is present, suitable performance tests need to
be carried out and to be compared with concretes containing today’s commercial cements.
5.
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ABSTRACT
This investigation was focused on the preparation and characterization of non-cement binder based on
Czech ashes produced by brown coal power plants. Furthermore, some mechanical properties were
measured to confirm its potential use in the construction industry. First, sulfocalcic ashes (SC ash,
mostly called FBC ash) and their hydrated products were studied. A ternary binder (TB) was prepared
using a pulverized coal combustion fly ash (PCC FA), sulfocalcic ash, Ca(OH)2 and a superplasticizer.
Quantitative XRD analysis was used to determine the amount of amorphous phase by Rietveld
method using an internal standard. The XRD mineralogy of the ternary binder was ettringite, quartz,
mullite accompanied by minority phases as CaCO3, Ca(OH)2, anhydrite AII, hematite and TiO2. C-AS-H phase (Al substituted tobermorite) was found in the ternary binder by SEM/EDX method and by
MAS NMR analysis. Mechanical properties, especially the values of compressive strength, obtained
from the ternary binder were comparable to that of Portland cement (PC). It was found the hydrated
ternary binder exhibits a long-term resistance to the action of aggressive solutions of salts. The ternary
binder seems to be a perspective economic material in comparison to PC for utilization in the
construction industry.
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1.

INTRODUCTION

Coal combustion products (CCP`s) create when coal is burned by power plants and during the process
of desulfurization. These by-products include fly ash, bottom ash, slag and gypsum. The Czech brow
coal is very rich of mineral matter, i.e. incombustible part of coal. It is produced about 12 million tons of
these CCP`s in the Czech Republic and the Slovak Republic per year. Main utilization of CCP`s is in the
building and construction industry, in the civil engineering, for the environmental restoration, gypsum
panel productions, fertilizers, firebrick products, mineral fibres, asphalt products, etc. (Robl at al. 2017).
There are two main technologies of coal combustion. First, a classical technology produces pulverized
coal combustion fly ash (PCC FA). On the other hand, fluidized bed coal ash (FBC ash, SC ash) occur
during the fluidized bed coal combustion process. FBC process includes the coal combustion with
limestone in a turbulent mix of circulating air, enabling the capture of sulfur within the boiler. The lower
combustion temperature (about 850°C) and the presence of the sorbent results in substantially different
products compared to PCC FA (Fečko 2005, Sulovský & Vávra 1997, Škvára et al. 2016, Vávra 1998).
Utilization of SC ash is very limited because of the CaO and SO3 content. The main amorphous phase
in SC ash is metakaolinite (Al2O3.2SiO2) that occur during the coal combustion from kaolinite clay
minerals (Al2O3.2SiO2.2H2O). In general, there is not much information about these SC ashes (Anthony
at al. 2006). Hydration of the SC ash results in the formation of expansion products, especially ettringite.
The Czech SC ashes and their hydrated products were studied by Škvára et al. (2018). It was found,
the plasticizer is the critical component of the SC slurries and mortars because it change habitus of
ettringite crystals. Due to this ettringite modification, the expansion stresses in the hydrated products
were eliminated. Analyses of the hydrated ternary binder (TB) indicated that the composition of the
amorphous phase corresponded to C-A-S-H phase. This phase was the main binding phase of Roman
concretes (Roman Empire - 2000 years ago; Great hall Trajanus market 110 A.D., Roma; Catacomb
100 A.D., Roma; Theatre Marcellus 100 A.D., Roma; Baianus portus Neronis, Mediterranean seawater
concrete 30 B.C.; Gallo-Roman bath 200 A.D., west France; Hadrian wall 200 A.D., north England;)
(Brandon et al. 2014, Hodgkinson & Hughes 1999, Jackson et al. 2011, Jackson et al. 2013, Jackson
et al. 2014, Rassineux et al. 1989,, Sanchey-Morala et al. 2005). Synthetic C-A-S-H phase is very
difficult to prepare and it is necessary to use hydrothermal and sol-gel methods (Pardal & Pochard
2009). Amorphous C-A-S-H phase does not commonly occur in the hydrated Portland cement (PC).
This amorphous phase was regarded as a probable product arising during the hydration of mixed
Portland cements in presence of alkalis or formed at higher temperatures (Myers et al. 2015).
This paper aims at characterization of the slurries and mortars from SC ashes and their hydrated
products with superplasticizer. XRD phase analysis, compressive strength and linear length change
measurements are presented. A long-term resistance to the action of aggressive solutions of SC binder
is showed. The C-A-S-H phase in the ternary binder by SEM/EDX and 21Al MAS NMR is identified.
2.

MATERIALS AND METHODS

PCC fly ashes and SC ashes from the Czech power plants fired by brown coal were used for all
experiments. Commercially available Ca(OH)2 and the superplasticizer based on polycarboxylates were
used for the ternary binder preparation. The water to binder ratio of slurries prepared from SC ash was
0.80. The water to binder ratio of the ternary binder slurries and mortars was 0.37. The mortars were
prepared by using silica sand with continuing grainsize. Test specimens having the dimensions of
40×40×160 mm were prepared from slurries and mortars. Both the slurry and the mortar specimens
solidified in a curing cabinet at the relative air humidity (RH) of 95% and 20 ± 2 °C. Then solid specimens
were stored in water, in a curing cabinet at 95% RH or in air at the relative air humidity of 45–50%. The
temperature of the storage ranged from 20 to 23 °C. The strength of the test specimens prepared in the
above way was determined by their destruction. The linear length change measurements of test
specimens with the dimensions of 40×40×160 mm with built-in gauge blocks were determined with the
aid of a length comparator. Some mortar specimens prepared from the ternary binder were kept in salt
solutions (NaCl, Na2SO4, CaSO4 and MgSO4).
The following methods were applied to investigate the raw materials and the hydrated products prepared
from slurries and mortars. The slurry specimens remaining after their destruction strength tests were
analysed by X-ray diffraction. The fragments were crushed and the hydration was stopped using an
acetone. The ashes for XRD phase analysis were weighted and mixed with standard (ZnO, 7.5 mass%).
The mixture was homogenized using isopropanol in an agate mortar for 10 min. The diffraction patterns
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were collected at room temperature with an X'Pert3 Powder θ-θ powder diffractometer with parafocusing
Bragg-Brentano geometry using Cu Kα radiation (λ = 1.5418 Å, Ni filter, generator setting: 40 kV, 30
mA). An ultrafast PIXCEL detector was employed to collect XRD data with a step size of 0.013° 2θ and
a counting time of 180 s/step. The fixed divergence slit was used for the measurement. The back loading
technique was used to eliminate preferred orientation. The data were evaluated with software package
HighScore Plus V4.6 (PANalytical, Almelo, Netherlands). The qualitative and quantitative phase
analyses were done. The Rietveld method was used to calculate mass content for present crystalline
phases and amorphous phase. The morphology of the raw materials and the hydrated products was
studied by using the SEM/EDX analysis with the aid of the scanning electron microscope LYRA3
(Tescan) and EVO LS10 (Zeiss). The slurries were analysed by 27Si, 21Al MAS NMR solid state analysis
using the apparatus Bruker Avance III HD 500 WB/US NMR.
3.

RESULTS AND DISCUSSION

3.1

SC ash and PCC ash characterization

Characterization of PCC fly ash and SC ash was performed by X-ray fluorescence analysis and X-ray
diffraction analysis. The chemical and the phase composition of PCC and SC ashes are given in Table 1.
Table 1. Composition of ashes by XRF and XRD analysis (wt. %) of selected PCC and SC ashes.
XRF

SiO2

Al2O3

CaO

SO3

Fe2O3

TiO2

Others

PCC ash

48.2

35.0

1.9

0.0

7.7

3.2

4.0

SC ash

30.5

24.7

21.5

9.1

7.2

4.5

2.5

XRD

amorph.

mullite

SiO2

anhydrite

CaO

Ca(OH)2

Fe2O3

anatas

Rw

PCC ash

54

30

6

0

0

0

1

˂1

2.1

SC ash

48

0

8

17

6

8

2

3

3.5

Figure 1. SEM images of PCC fly ash (left) and SC ash (right).
The amorphous content was calculated by Rietveld method; the values were 54 % for the selected PCC
fly ash and 48 % for the selected SC ash. Mullite and quartz are the main crystalline phases, while
hematite, magnetite, anatas and rutile are the minor phases in PCC fly ashes. In SC ash the main
crystalline phases are anhydrite, quartz and lime. Additionally portlandite, calcite, hematite, anorthite,
magnetite, anatas and rutile can also be detected as minor phases in SC ash. The weighted agreement
indice - Rw, was used to judge the quality of a Rietveld refinement and its value was lower than 4% for
the evaluated samples. SEM images of PCC and SC ashes shows Figure 1. The morphology of both
ashes is very different. PCC ash contains mostly spherical glassy particles whereas SC ash has the
original coal morphology.
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3.2

Slurries from SC ash

Phase composition of hardened slurries from the SC ash was determined by XRD. The Rietveld method
was used to quantify crystalline phases and an amorphous content. The results are presented in
Table 2.
Table 2. Phase composition of hardened slurries prepared from the SC ash.
Amorph.
content

ettringite

anhydrite

Ca(OH)2

SiO2

CaCO3

Rw

3 days

44

22

8

8

8

1.5

3.5

7 days

47

34

2

3

6

1.5

3.6

28 days

48

35

1

1

7

1.5

3.8

90 days

51

34

1

1

6

1.5

3.8

CaO hydration giving rise to Ca(OH)2 takes place and also the ettringite as well as an amorphous binding
phase are formed. The amount of amorphous content ranges from 44 – 51 wt.%. The main crystalline
phase is ettringite. It is clearly seen that the amount of ettringite crystals increase with hydration time
and between 3rd and 7th day stops at a constant value of 34(1)%. Simultaneously, the content of
anhydrite decreases between 3rd and 7th day of hydration and stops at a constant value of about 1%.
The content of portlandite decreases with time. The ettringite does not exhibit the character of acicular
crystals growing from one single point but, in the contrary, it is finally distributed within the body. Later
the ettringite is transformed partially into a modified ettringite (woodfordite). Calcite, hematite, magnetite,
anatas and anorthite can be also detected in the hardened slurries. In terms of phase composition, it
could be concluded that the slurries were stabilized within 28 days.

Figure 2. Main diffraction peaks of ettringite (left) and anhydrite (right).
Figure 2 shows main diffraction peaks for ettringite and anhydrite in hardened slurries after 3, 7, 28 and
90 days. It is clearly seen, that the amount of anhydrite decrease while the amount of ettringite increase
in the hydrated SC slurries within the time.
Volume stability (linear length change measurements) of the slurries with superplasticizer is presented
in Figure 3. The expansion of the hardened SC ash slurries take place in the beginning of the hydration
during the first contacts of the SC ash with water but it decelerates or stops completely later. The X-ray
diffraction analyses indicate that the expansion stops at the moment when the amount of Ca(OH) 2 or
CaO is not presented or stops at the constant value in the slurries. Anthony et al. (2006) also reached
a similar conclusion about the hydration on the Canadian FBC ashes.
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Figure 3. Linear length change measurements of the hardened slurries prepared from the SC
ash. The samples were stored in laboratory condition (air), water bath (water) and curing
cabinet (RH 95 %).
Compressive strength of the hardened SC slurries are very low; the values are about 5 MPa. In order
to increase the strength, the ternary system consisted of SC ash, PCC fly ash and Ca(OH)2 was
prepared. The characterization of the ternary binder is discussed below; the compressive strength is
comparable to that of PC.
3.3

Slurries and mortars from the ternary binder

Slurries and mortars were prepared from SC ash, PCC fly ash, Ca(OH)2, water and a superplasticizer
based on polycarboxylates. In addition, silica sand with continuing grainsize was used to prepare
mortars from the ternary binder. Porous particles of SC fly ash absorb water. However, the amount of
immobilized water is smaller thanks to the presence of the PCC fly ash so that the ternary binder
characterized by a significantly lower water to binder ratio can be prepared as compared to the situation
when only the SC fly ash is used.
X-ray diffraction analysis of the ternary binder demonstrate, that the main crystalline phase that has
been formed by hydration process is the ettringite (and/or the modified ettringite). Additional crystalline
phases as mullite, quartz, hematite, CaCO3, anhydrite (CaSO4 AII) and Ca(OH)2 could also be detected.
No crystalline phases from the C-A-S-H system as C4AHn, C3AH6, C2ASH8 gehlenite hydrate
(strätlingite), hydrogarnets were found. The presence of C 4AS̅H12 (monosulfate) formed by
transformation from the ettringite in hydrated Portland cement could not be detected.

Figure 4. SEM/EDX analysis of the hydrated ternary binder slurry, 28 days of hydration, wet
storing, fracture surface.
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Figure 4 shows SEM/EDX images of the ternary binder after 28 days. At the first sight, the ternary binder
does not exhibits any visible crystalline phase. The ternary binder has an amorphous character that is
similar to the PC. Using a more detailed examination, it can be found there are finely dispersed ettringite
particles. The binding phase consists of an amorphous C-A-S-H phase that is interspersed by the
ettringite or, in some cases, by residues of CaSO4 and unhydrated fly ash particles. SEM/EDX analyses
indicate that the composition of the amorphous phase does not correspond to that of the C-S-H phase
because Al is present in this phase. The determined Al content (as Al 2O3) ranged from 18 to 30 % by
weight, which is much more than it would correspond to the ettringite dispersed in the C-S-H phase. It
is questionable whether a „pure“ aluminum-free C-S-H phase occurs in the hydrated ternary binder.
Sulfur found during the analyses in some parts of the binding phase belongs either to the ettringite or to
CaSO4. Iron, potassium and magnesium were also detected in the hydrated ternary binder by SEM/EDX.
The C-A-S-H phase (Al substituted tobermorite) in the hydrated ternary binder was found by SEM/EDX
as well as by 21AI and 29Si MAS NMR analyses. Experimental 21AI MAS NMR spectra of the TB show
the peak position of 10, 13 (AlVI) and 61 (AlIV) ppm. The C-A-S-H phase (Al-substituted C-S-H phase)
and mullite (PCC fly ash residue) have a tetrahedral coordination Al IV in the TB (Jackson et al. 2013,
Brykova et al. 2013, Merwin et al. 1991, Rehak 1991). An octahedral coordination AlVI in the TB belongs
to
ettringite
C6AS̅3H32,
modified
ettringite
C4A2S̅0.17OH0.50C̅0.33·xH2O,
woodfordite
C6Al2(S̅,SiO4,C̅)3(OH)12·26H2O and mullite (PCC fly ash residue). The 29Si MAS NMR spectrum is
characterized by peak position -107 (Q4-0Al), -97 (Q3-0Al), -93 (Q3-1Al), -86 (Q2-1Al) and
-82 (Q2-1Al) ppm. These peaks can be assigned to the quartz (PCC + SC fly ash residue) and Si
structures in C-A-S-H and C-S-H phases in the hydrated TB (Engelhardt & Michel 1987).
Similarity between the hydration products of the ternary binder and those found in Roman concretes of
various provenances is evident from the above comparison. A substantially higher Al content in the
amorphous part of hydration products is the common feature of this ternary binder.
Volume stability of the slurries and mortars with superplasticizer was confirmed by linear length change
measurements, Figure 5. The samples were stored in water, in a curing cabinet at 95% RH or in air.
The hardened slurries based on the ternary binder exhibit volume stability; no harmful expansion
phenomena caused by the ettringite take place in these materials.
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Figure 5. Linear length change measurement on the slurries (left) and mortars (right) from the
TB.
The compressive strength values of the mortars were measured up to 2 years, Figure 6. Both the slurries
and the mortars show compressive strength comparable to the PC. In the case of different storage of
samples, there is no significant difference in strength values visible at any time. Simultaneously, the
strength of the slurries and mortars prepared from the TB does not decrease within the time.
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Figure 6. Compressive strength of the slurries (left) and mortars (right) prepared from the TB.
Mortars of the hydrated ternary binder shows a long-term resistance to the action of aggressive solutions
of salts, which is not accompanied by any expansion phenomena, Figure 7. It should be stressed in this
connection that the action of sulphate solutions on set Portland cement results in the formation of the
secondary ettringite accompained by a destructive expansion. The secondary salt C 4A C ̅H12 (Friedel
salt) forms when the cement is exposed to the action of NaCl solution. A better resistance to the action
of aggressive action of salts is probably due to the presence of the C-A-S-H phase.
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Figure 7. Linear length change measurements of the TB mortars kept in salt solutions. NaCl
solution - 163 g/liter; saturated CaSO4 solution; Na2SO4 solution - 44 g/liter; MgSO4 solution 5g/liter.
The following figure 8 shows the ternary binder specimens after 4 years kept in NaCl solution. There
are not visible any expansion phenomena, corrosion or cracks on this hardened mortar. Other
specimens that were kept in CaSO4, MgSO4 and Na2SO4 show the same results.

Figure 8. Picture of the TB mortar specimen after 4 years kept in NaCl solution.
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3.4

Conclusion

Czech brown coal ashes were used to prepare the ternary binder specimens. It was found, the main
crystalline phase in the TB was ettringite. SEM/EDX analysis as well as 21AI and 29Si MAS NMR
indicated, that the binding amorphous phase was the C-A-S-H phase (Al substituted tobermorite). The
compressive strength of the slurries and mortars was comparable to that of PC. The values ranged from
40 – 70 MPa for both the slurries and the mortars after 60 days. In addition, the mortars showed excellent
long-term resistance to the action of aggressive solutions of salt.
An optimized TB binder from SC ash (Škvára et al. 2015, Škvára & Šulc 2015, Škvára et al. 2017) has
been prepared under the trademark SORFIX®. At present, the possibility of usage of stockpile fly ash
for the TB preparation is investigate.
4.
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ABSTRACT
A primary aim of Rilem TC 267-TRM : “Tests for Reactivity of Supplementary Cementitious Materials
(SCMs)” is to compare and evaluate the performance of conventional and novel SCM reactivity test
methods across a wide range of conventional SCMs. To this purpose a round robin campaign was
organized to test 10 different SCM reactivity test methods using 11 “conventional” SCMs covering
commonly used materials such as blast furnace slags, fly ashes, natural pozzolans and calcined clays.
The methods were evaluated based on 1) the correlation to the 28 days relative compressive strength
of standard mortar bars containing 30% of SCM as cement replacement and 2) the interlaboratory
reproducibility of the test results. The compressive strength benchmark was carried out in 6 different
laboratories each using a different local Portland cement of the same performance class (CEM I
42.5N/R). None of the standardised tests showed acceptable correlations (R2 > 0.85) across all
SCMs, the Chapelle and modified Chapelle test showed poor interlaboratory reproducibility,
demonstrating experimental issues in maintaining the test conditions. Methods that performed best
and were capable to give good correlations used SCM-lime-alkali-sulfate/carbonate (R3) model
systems to isolate the reaction of the SCM while measuring easily accessible properties such as heat
release by calorimetry or bound water by temperature treatment.
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1 Introduction
The use of supplementary cementitious materials (SCMs) as a partial replacement for clinker in
blended cements or concrete is becoming increasingly widespread. RILEM TC 267-TRM (Tests for
Reactivity of Supplementary Cementitious Materials) was established to evaluate the existing
reactivity tests and develop a pre-normative recommendation for rapid SCM reactivity tests that can
be adopted as standard testing methods. A comprehensive report on the phase 1 work was published
(Li, Snellings et al. 2018).
The current standardized methods for SCM or pozzolanic reactivity testing are: 1) the Chapelle test
(Chapelle 1958) or a modified version of it (NF P18-513) (Raverdy, Brivot et al. 1980), 2) the Frattini
pozzolanicity test (EN 196-5) (Frattini 1949), and 3) the determination of reactive silica (EN 197-1/EN
196-2:2013). An Indian standard (IS 1727-1967) – locally known as the lime reactivity test - is also in
use. Previous work indicated that some of these standard reactivity testing methods for SCMs have
shortcomings (Snellings and Scrivener 2015), particularly in terms of correlation to strength
development of cements, test duration and reproducibility.
The spread of new or improved experimental techniques such as isothermal conduction calorimetry
has inspired new research into the topic (Avet, Snellings et al. 2016, Suraneni and Weiss 2017). The
so called “R3” (stands for rapid, reproducible and relevant) test was developed initially to test the
pozzolanic activity of calcined clays (Avet, Snellings et al. 2016). For calcined clay a very good
correlation was found between the amount of reaction at 1 day at 40 °C and the 28-day strength in
standard mortar bars.
This paper reports on the round robin study which was phase 1 of the committee work. The reactivity
test results for a selection of SCMs were compared to a benchmark - the compressive strength results
of cement mortar bars (EN 196-1) - in which 30 wt. % of the Portland cement was replaced by the
SCM.

2 Experimental
2.1 Participants and work plan
In total there were 21 participants from Europe, North America and Asia, who were free to choose
which methods to test. The summary of the number of participants for each test is as follows:
R3 model test

Standard test






Frattini test: EN 196-5
Chapelle test: standard
Modified Chapelle: NF P18-513
IS 1727 (Indian standard)
Reactive silica: EN 197-1/EN 196-2






5
4
5
2
1

Calorimetry
13
Bound water
13
Chemical shrinkage
5
Portlandite consumption 7

2.2 SCMs
In this phase 1, the aim was to look at a wide range of SCMs, including those most commonly used.
Eleven materials, were selected:







2 calcined clays (labelled as CC1 and CC2)
2 ground granulated blast-furnace slags (labelled as S1 and S8)
2 calcareous fly ashes from coal combustion (labelled as CFA_P and CFA_S)
3 siliceous fly ashes from coal combustion (labelled as SFA_E, SFA_I and SFA_R)
1 natural pozzolan (labelled as Po)
quartz (labelled as Q) as a reference for an inert material

2.3 Benchmark testing
A conventional strength test on mortar bars was used as a benchmark for the reactivity tests. The
level of replacement of the SCMs was 30 wt. %. Six participants carried out the mortar strength tests
1
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according to EN 196-1 using local Portland cements (in total 6 different cements were used) of type
CEM I 42.5 N/R or similar.
It was not possible to average the absolute strengths for the different cements as 6 local CEM I
42.5N/R cements were used. So, the relative compressive strength 𝑅𝑆𝐶𝑀,𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 (%) was used for the
correlation analysis:
𝑅𝑆𝐶𝑀,𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =

𝑅𝑆𝐶𝑀 −𝑅𝑃𝐶
𝑅𝑃𝐶

× 100

Eq. (1),

where 𝑅𝑆𝐶𝑀 and 𝑅𝑃𝐶 are the absolute strength in MPa for the SCM blended cement and the pure PC
from the same source, respectively. 𝑅𝑆𝐶𝑀,𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 was calculated for each cement and then averaged.
The strengths relative to the quartz-containing references were also calculated.
2.4 Methods
Detailed protocols for each of the methods can be found in Ref. (Li, Snellings et al. 2018).
2.5 Standard SCM reactivity tests
Chapelle test or a modified version of it (NF P18-513) (Chapelle 1958), the test assesses the
consumption of calcium hydroxide by a test material in a dilute heated suspension as a measure of
pozzolanic activity.
Frattini or pozzolanicity test (EN 196-5) evaluates portlandite saturation in the supernatant solution of
a hydrated slurry of Portland cement and a pozzolanic test material by measuring the OH– and Ca2+
concentrations.
The determination of reactive silica (EN 196-2 and EN 197-1) is defined according to EN 197-1 as
that fraction of the SiO2 which is soluble after treatment with HCl and a boiling KOH solution.
The Indian test method for pozzolanic materials (IS 1727 - 1967) uses a volume-based mix design to
keep the same volume of the binder in each mix. A 1:2:6 portlandite: pozzolan: sand mass ratio is
used and the water/binder (w/b) ratio is adapted to keep the mortar flow fixed. The mortars are cast
and kept in saturated RH conditions and at 27 °C until 2 days, after which the samples are demolded
and further cured at 90-100% RH and 50 °C. The compressive strength of the mortar cubes is
measured after 10 days of curing. The strength data are taken as indication of the reactivity of the
pozzolan.
2.6 R3 test
The basic principle of the R3 test is to use a simplified model system to separately measure the
reaction of an SCM. The two main components of the R3 model system are the SCM and Ca(OH)2.
The mix design of the R3 model paste, shown in Table 1, was based on the work of Avet et al. (Avet,
Snellings et al. 2016).
Table 1 R3 model mix design

Components

SCM

Portlandite(a)

Mass (g)

11.11

33.33

Deionized
Water
60.00

KOH(b)

K2SO4(b)

Calcite(c)

0.24

1.20

5.56

Notes: (a) Lab-grade, less than 5 wt.% CaCO3 present
(b) Lab-grade
(c) Lab-grade, d50 5-15 µm.

The R3 pastes were used for the bound water, isothermal calorimetry, portlandite consumption using
TG and the chemical shrinkage tests.
The bound water test aimed at determining the bound water between 105 °C and 350 °C. The samples
were first cured at 40 °C for 7 days. The hydrated samples were crushed and dried in an oven at

2
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105 °C until reaching constant weight. The dried samples were heated at 350 °C for 2 hours and the
bound water (for hydrates, excluding portlandite) was calculated from the weight difference.
Portlandite consumption was determined using TG at 7 days after the hydration stoppage. The
portlandite residue was measured using the tangential method. The difference of the added
portlandite and the portlandite residue was regarded as the consumed portlandite.
Isothermal conduction calorimetry at 40 oC was used to measure the heat release during hydration of
the R3 systems. The heat release was recorded until 7 days.
Chemical shrinkage was measured using a modified protocol based on ASTM C1608-12 and Geiker
(Geiker 2016). 4-6 replicate samples were used for all measurements.
2.7 Data treatment
Linear fitting of the data from the test methods to relative strength was used for all the SCMs tested.
The regression coefficient, R2, of the linear fitting was taken as the indicator of quality of correlation
between the relative strength and the respective test method.
The coefficient of variation (CV, in %) was used to estimate the reproducibility of a test between
laboratories: the smaller the CV, the higher the reproducibility. For the calculation of the CV, the
difference between the averages of the SCM and the quartz results were used in the denominator.
This way the quartz acts as the reference and comparison of the CV amongst samples and techniques
is possible.
𝐶𝑉𝑖 =

𝜎𝑖
𝑥̅𝑖 −𝑥𝑄

× 100

Eq. (2)

where 𝜎𝑖 and 𝑥̅𝑖 are the standard deviation and the mean of the input of a test method from all the
laboratories for a specific SCM, respectively, and 𝑥𝑄 is the mean of the input from all laboratories for
quartz for the test method. The mean CV of all the SCMs for a specific testing method was used to
assess reproducibility of the method.

3 Results
3.1 Correlation analysis of reactivity test results
Characteristic heat release and chemical shrinkage values at 0.5, 1, 3 and 7 days (and 14 days for
chemical shrinkage only) were used for the correlation analysis for continuous measurements such
as R3 calorimetry and chemical shrinkage.
The R2 values of the linear correlation between the reactivity test results and the relative strength
using all the SCMs (including the quartz) are summarized in Table 2. Here we considered an R2 of
more than 0.85 as the criterion for acceptance in terms of correlation.
Table 2 R2 index of linear correlation of the reactivity test results to the relative strength at 28 days for all SCMs
tested.

Relative
strength at

Chapelle

28 days

0.03

Standard method
Frattini
Modified
IS
[CaO]
Chapelle
1727
reduction
0.46

0.62

0.31

R3 model
Calorimetry (heat released)

Chemical shrinkage

Reactive
silica

Bound
water

CH
consumed

0.5d

1d

3d

7d

0.5d

1d

3d

7d

14d

0.33

0.86

0.74

0.72

0.80

0.91

0.94

0.77

0.76

0.80

0.75

0.55
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Figure 1 Linear fittings of the methods showing good correlations to 28 days relative
strength
3.2 Interlaboratory reproducibility
The coefficient of variation (CV defined in Eq. (8)) was used to indicate the reproducibility of the
reactivity test methods (see Table 5). As there was only one participant for the reactive silica test, the
CV was not available for this test. The heat release and chemical shrinkage values at 3 and 7 days
were used to evaluate the reproducibility for these continuous tests.

4 Evaluation of the methods
The test methods were evaluated based on the correlation to the benchmark (relevance) and the
interlaboratory reproducibility (reliability). Other factors such as test duration, complexity and cost of
equipment also need to be taken into consideration. An ideal test should be located as close as
possible to 1.0 on the R2 scale while showing the lowest CV as shown in Table 4. The dotted blue line
corresponds to R2 = 0.85. The results are summarized and compared to the other factors for each
reactivity method in Table 4. In the following sections the results for the reactivity test methods are
discussed one by one.
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Table 3 Summary of the methods, ranked based on the correlation to 28 days relative compressive strength.

Methods

Units
R calorimetry 7 days
R3 calorimetry 3 days
R3 bound water
R3 chemical shrinkage 3 days
R3 portlandite consumption
3

Correlation
Time
to 28d
Coefficient of
Equipment
relative
variation
investment
Test
Operating
strength
duration
-%
Hours
days
relative
0.94
20.9
1
7
20
0.91
19.1
1
3
20
0.86
41.7
2
8
2
0.80
29.1
4
3
2
0.74
19.5
2
8
10

IS 1727 (Indian standard)

0.62

18.1

1

10

2

Modified Chapelle

0.46

30.9

2

1

1

Frattini ([CaO] reduction)

0.31

73.1

2

8

1

Reactive silica

0.31

--

2

1

2

Chapelle test

0.00

96.6

2

1

1

Key
equipment
-Calorimeter
Calorimeter
Oven
Water bath
TG
Compression
testing
equipment
Reflux
condenser
Glass,
pipettes
Glass, oven
Reflux
condenser

4.1 Standard reactivity test methods
The Chapelle test showed no correlation to the 28 days relative strength. The Modified Chapelle test
showed poor correlation (R2 = 0.46) because the results for slag fell out of the linear trend as this
method is not suitable for (latent) hydraulic SCMs. When excluding the slags, the R2 correlation
coefficient is improved from 0.46 to 0.84 for the modified Chapelle test (see Table 2). The Chapelle
test showed the worst reproducibility (mean CV = 96%) of all tests. The improved protocols of the
modified Chapelle test resulted in significantly less dispersion of results with a mean CV of 31%.
The Frattini test also showed poor correlation to the 28 days relative strength. The results for slags
fell out of the trend for the Frattini test. When excluding the slags, the R2 correlation coefficient is
much improved, from 0.31 to 0.93 (see Table 2). On the other hand, the Frattini test results showed
a rather high CV (mean CV = 73%).
The Indian standard lime reactivity test (IS 1727) showed only moderate correlation to the 28 days
relative strength benchmark. The CV for IS 1727 is relatively good but less representative because
only two laboratories used this technique at this stage, so more testing is required to better constrain
the reproducibility of the test.
Reactive silica test did not give acceptable correlation to the compressive strength results. The
reproducibility could not be assessed as the test was only carried out by one participant.
4.2 R3 model tests
Both the R3 bound water and calorimetry tests gave good correlations passing the acceptance
criterion. For methods compared to 28 days relative strength with R2 higher than 0.85 (R3 calorimetry
at 7 and 3 days, and bound water test), the linear fitting to the 28 days relative strength is shown in
the plots in the Supplementary Material.
The R3 calorimetry test showed the best correlation to 28 days relative strength with an R2 of 0.94 for
the heat release results taken at 7 days (as shown in Table 3), and the correlation to the 3 days
cumulative heat was also acceptable. The relatively low CV indicates good reproducibility of the
results (see Table 5).
5
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The R3 bound water test showed acceptable correlations to the 28 days relative strength with an R2
of 0.86 for the linear correlation. Between the different methods for the R3 system, the bound water
test has the highest CV (42 %).
The R3 portlandite consumption test showed a rather weak correlation to the strength benchmark as
the results of slags biased the linear trend. The relatively low CV indicates good reproducibility of the
results.
The R3 chemical shrinkage test did not give acceptable correlations to the 28 days relative strength.
The relationship between early age chemical shrinkage and strength appear to be non-linear. The
rather low CV indicates fair reproducibility of the results.

5 Conclusions
Only tests based on the R3 system gave good performance across the whole range of SCMs
investigated. Standardized methods conceived for pozzolans perform poorly when slag is included
(Frattini, modified Chapelle test). Some standardized methods, e.g. reactive silica, did not show
correlation to the benchmark strength development.
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ABSTRACT
Modern trends in the development of the global cement industry are to reduce the energy intensity of
production and reduce the environmental burden on the environment. These goals can be achieved by
using fuel-containing man-made waste in place of natural raw materials and fuel.
Great decrease of fuel costs by 20-40 % when making Portland cement is shown to be achieved by
combining calcination of both Portland cement clinker and carbonate-silica mix in one heat and
technological cycle to get cements with low-temperature calcination. Extra heat effect is achieved by
adding combustible industrial wastes, like ashes from power plants or coal waste, to the raw mix to get
cements with low-temperature calcination.
Further modification of lime-silica cements obtained by Portland cement clinker within 20-40 % range
by weights is shown to get mixed product with strength indices in sand mortar corresponding to 0,6-0,8
grade strength of original Portland cement.
Combined method for making two kinds of binders is shown to reduce carbon dioxide by 22-60 %
calculated as the final modified product as compared with traditional making of Portland cement
clinker.
When substituting 50 % of clinker part by cements with low temperature calcination with certain
composition, grade strength of the mixed product is similar to Portland cement indicators.
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1.

INTRODUCTION

Currently production of Portland cement has exceeded 4 billion tonnes per year and keeps growing. In
the nearest future Portland cement remains the only binder due to wide occurrence of mineral resources
on the Earth applied for making it and accessibility of technology. New trends for the development of
the world cement industry are reduction of both the energy intensity of Portland cement production and
environmental impact. Emission of greenhouse gases as carbon dioxide under dissociation of both
calcium and magnesium carbonate inside the cement kiln thereby making about 500 kg per 1 t of clinker
are considered to be the most negative side effects of production. It is not impossible to greatly reduce
СО2 emissions directly when producing Portland cement because raw material compositions applied for
clinker making contain much carbonate. However, it may be done by adding various mineral admixtures
at clinker grinding thereby reducing specific yield of carbon dioxide per unit of the final mixed product.
2.
2.1

COMBINED METHOD IN PRODUCING PORTLAND CEMENT
Ways to reduce fuel costs

Energy consumption under production of Portland cement is 60-70 % of cost thereof, with one part
thereof being to electric energy, while the other three parts – to heat energy (Vinnichenko & Ryazanov
2018). Potential ways to reduce energy costs under production of Portland clinker are:






application of energy-efficient technologies and equipment;
gas recovery and recirculation;
application of material resources reducing heat loss affected by reactions;
utilization of wastes containing fuel components in compositions thereof;
reducing of heat loss in equipment.

The most efficient ways to save energy without reequipping cement plants are heat recovery of waste
gases from kilns as well as utilization of wastes containing fuel components in compositions thereof
(Rakhimov et al. 2009). Ashes from thermal power stations and coal beneficiation wastes are regarded
as large wide-spread man-made fuel-containing mineral wastes. Large-scale utilization of such wastes
may enable to solve serious environmental problems faced by many industrial regions of our planet
(Vinnichenko & Ryazanov 2018, Shelikhov et al. 2004).
Direct application of fuel-containing wastes instead of part of argillous components for producing
Portland cement clinker is not quite efficient, as it enables to substitute no more than 10-15 % of natural
argillous raw material that negligibly reducing fuel capacity of high-temperature process for clinker
making [Luginina et al. 1983].
2.2

Binders after low-temperature calcination

Production of mixed binders made from energy-intensive local cements modified by clinker adding under
grinding may prove to be viable solution in the current conditions. This category includes binders for
calcination obtained by heat treatment before sintering of the raw charge consisting of carbonate rock
and argillous component (Shelikhov & Rahimov 2008, Hughes et al. 2009, Tislova et al. 2009, Hughesa
et al. 2008, Shirin-Zade 2010, Barbane 2013, Kacimi L. et al. 2011, Garbacik A. et al. 2011, A. Plugin
et al. 2014). The calcination temperature therewith is 900-1100 °C while the final product after fine
grinding is a hydraulic binder identical to roman cement by its main properties and compound
composition obtained from natural carbonate raw materials with argillous admixtures of 20-25 % by
weight (Volzhensky 1986). Natural carbonate-argillous mixture ratio as well as hydraulic activity of such
binder is defined by hydraulic index value M to be within 1.1-1.7 range (Shelikhov et al. 2013). However,
СаСО3 in the mixture before calcination will be 70-75 % by weight. Therefore, carbon dioxide yield will
also be similar to values of Portland cement production. Lower energy intensity will be the technological
advantage therewith due to reducing the calcination temperature by 350-550 °C. Such binders alone
have relatively weak ultimate strength to be 5-15 MPa in sand mortar, and are differed by deferred
kinetics of setting and hardening under normal conditions. However, if modified by active mineral
admixtures under grinding their strength becomes 25 MPa and approaches the values of average grade
cement. Significant effect (up to 35 MPa) is achieved under integrated application of both mineral and
chemical admixtures (Sagdiev et al. 2013). The idea itself for reasonable receiving of both intermediate
product as clinker and final product as modified (mixed) binder is to be changed if simultaneously try to
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significantly reduce energy intensity of Portland cement and carbon dioxide yield at clinker calcination.
We may consider therewith both Portland cement modification by adding the binder that is less energyintensive and more eco-friendly by CO2 emissions, and vice versa, modification of more energy-efficient
lime-silica cement obtained at low temperature calcination by adding Portland cement clinker at grinding.
There are several ways to increase energy efficiency, with the first one being the reduction of clinker
share in the mixed binder and increase of clinkerless share therein. Energy intensity of the clinkerless
share may be decreased by reducing carbonate content in the mixture. However, it is not possible for
roman cement made from natural mix by availability of the hydraulic index in the permissible range.
Application of binders for low temperature calcination with far less carbonate content in the raw mix is
considered to be effective. Volzhensky et al (1989) and Volzhensky et al (1987) have proposed the way
to get low-temperature cement by simultaneous calcination at 900-1100 °C of either limestone or
dolomite with fly ash of thermal power stations or waste coal. Full spectrum of binders after low
temperature calcination with strength of compression of 5-20 MPa in sand mortar and mechanism of
hardening typical to lime-pozzolanic cement of mixed grinding is supposed to be obtained by this
technology. Principal technological advantage of the indicated cements is that the most energyconsuming dissociation process of СаСО3 and МgCO3 is actually provided by the heat generated at
simultaneous calcination of fly ash or waste coal. Carbonate content in the mix is much lower that with
Portland cement and is 25-50 %. Therewith ash or waste coal content in the mix is 50-75 % by weight
thereby providing quite high heat capacity of the raw mix in the indicated range of initial components
ratio that made 3245-6160 kJ/kg for the mixes being analyzed. Lime-silica cements obtained after
calcination refer to hydraulic binders. Their modification by adding Portland cement clinker enables to
regulate strength properties in wide range (Figure 1) thereby greatly widening areas for applying
modified cement (Ryazanov et al. 2018). Besides, carbon dioxide yield expressed as final mixed product
is reduced by 22-60 % per 1 t of modified cement depending on components ratio in the raw mix and in
the final product (Figure 2).

Figure 1. Relation between average relative strength of modified binder samples and Portland
cement clinker content



R1 – compression strength of samples with modified binder;
R2 – compression strength of samples with Portland cement
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Figure 2. Properties of modified cements by specific yield of СО2
Energy efficiency ratio Ке (1) is proposed to be used for evaluation of heating properties of twocomponent fuel-containing mixture and calculation of components ratio therein:

Ke 

m w  Q iw
Q io



where, Q io - required specific fuel costs for calcination the raw mix, kJ/kg;



Q iw -heat capacity of combustible waste, kJ/kg;



m w - specific content of combustible waste in the raw mix, kg/kg.

(1)

To burn the raw mix without process fuel (Кe=1), specific content of waste in 1 kg of two-component raw
mix will be:
mw 

Q i0
Q iw

(2)

The required reference fuel consumption (kg) for calcination of 1 t of raw mix (at Ке<1) will be:
Bf 

1000  Qi0
(1  K e )
29308

(3)

therewith, decrease in process fuel consumption for calcination 1 t of raw mix will be:

E f  K e  100

(4)
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The analysis of the obtained calculated relations indicated in Figure 3-4 has revealed that Кe = 0,551,37 for the laboratory compositions at heat capacity of fly ash at 3860-5070 kJ/kg and its composition
in two-component mixture amounting to 50-75 %. We have Кe = 0,69-1,2 for raw mixes with waste coal
at their heat capacity of 6490-8580 kJ/kg. The process fuel therewith under the established heating
process for calcinating raw mixes with values of Кe ≥ 1 is not required.
Possibility of self-calcination of two-component carbonate-ash mixture at 1100 °C was confirmed by
production of pilot batch of 60 t of lime-ash cement by Voroshilovgrad Cellular-Concrete Plant in 1989
(now, Ukraine). The 30 m rotary lime kiln was used for calcination of carbonate-ash mixture. Fly ash
content in the mixture was 66 % by weight. The pilot batch of autoclave gas-concrete items was made
from lime-ash cement obtained with no process fuel. Later this plant released the pilot batch of limesilica cement made from gravitational waste coal.

Figure 3. Energy cost for calcinations of fuel-consuming raw mixes at production of lime-silica
cement made from gravitational waste coal
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Figure 4. Energy cost for calcinations of fuel-consuming raw mixes at production of lime-ash
cement
2.3

Combined heating process

If using binders after low-temperature calcination with the given fuel-containing industrial waste as the
basis for making combined product with the given properties, combination of processes for making
Portland cement clinker and calcinations of raw mix of low-temperature cement in one technological and
heating cycle will be the most important condition in achieving maximum technical-economic and
environmental effect. The authors have prepared combined method to make modified Portland cement
from simultaneous calcinations of two raw mixes in two rotary kilns consequentially installed for heat
utilization of gases exhausted from low-temperature kiln 1 (Figure 5) in the combined heating cycle for
getting Portland cement clinker in high-temperature kiln 2 at 1300-1500 °C (Figure 5) with further
grinding of the received Portland cement clinker and lime-silica sinter. The process fuel therewith is
actually not required to be supplied in kiln 1 at calcination temperature of 1000-1100 °C under the current
conditions for the account of application of fuel-containing waste. The flue gases from kiln 1 are fed to
the kiln clinker cooler 2. Gases are heated by the heat of the clinker and enter kiln 2 along with secondary
air. The heat balance of the refrigerator oven 2 represents the equality of the arrival of heat and heat
consumption. The arrival of thermal energy in the refrigerator consists of the arrival of heat: with hot
clinker from the furnace, with air from the environment, with flue gases from the furnace 1. The
consumption of thermal energy from the refrigerator is determined by the entrainment of thermal energy:
cooled clinker, heated secondary air, heated flue gases, into the environment by the body of the
refrigerator, aspiration air. The amount of secondary air decreases in proportion to the decrease in fuel
consumption in the furnace 2. Oxygen enters the furnace 2 in sufficient quantities to carry out
combustion reactions. Heat transfer is not reduced, because the heat capacity of the gases obtained is
higher than the heat capacity of the combustion products due to the higher content of CO 2 in them. The
heat capacity of CO2 is higher than the heat capacity of all other components of the combustion products.
The proposed option differs from the usual operation of a rotary kiln in that the temperature of the
aspiration air from the refrigerator increases. In the overall balance of the furnace unit, this will be about
5 %. Basically, kiln 1 acts as a furnace for clinker kiln 2. Kiln plants are better to be comparatively
analyzed by heat power. Heat power is amount of heat to be supplied into kiln per unit of time to provide
for quality of the final product. Heat power is defined by (5):

N  Pq

(5)
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where, P.- kiln capacity, kg of clinker per sec.,
q – specific consumption of heat energy for making 1 kg of clinker, kJ/kg.

Energy indicators for the combined calcination have been calculated in Sterlitamak cement plant (the
Russian Federation, Sterlitamak): dry process kiln has daily capacity of 3,500 t of clinker. Consumption
of gas fuel is 302,400 m3/day. Heat capacity of kiln is approximately 135,300 kW. Daily capacity of kiln
1 is 3,000 t, temperature of gases exhausted from kiln is 500 °C.
Capacity of heat flow of gases is defined by (6):

Nd  V  c  t




(6)

where, V – gas volume exhausted from kiln 1, m3/s,
c – gas heat capacity, kJ/m3·K,
t – gas temperature.

Decrease of specific fuel consumption will be:
Bf 



Nd
Q

where, Q – heat capacity of specific fuel, 29,308 kJ/kg.

Calculation results are given in the table 1.

(7)
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Figure 5. Scheme of the combined method for making Portland cement clinker




1 – low-temperature calcination kiln (lime-silica cement production);
2 – high-temperature calcination kiln (Portland cement production);
3 – clinker cooler

Table 1. Energy indicators of cement rotating kiln at combined procedure for making two kinds
of binders
Heat capacity of kiln
2 (Nd), kW

Heat flow capacity of
gases exhausted
from kiln 1 (Ng), kW

135300

25000 - 50000

Decrease of specific fuel consumption (Bf)
kg/day

%

73700 - 147400

21,3 – 38,6

More efficiency in the combined production of binders by extra reducing heat loss may be achieved at
simultaneous calcination of two raw mixes in two-section rotary kiln. Kiln gases therewith go directly
from low-temperature calcination section to the second chamber where Portland cement clinker is
produced. Clinker extraction with further cooling thereof takes place at the end of the first section of the
kiln. Raw mix loading to the second section for making lime-silica cement is also taking place here.
Carbonate sinter is extracted from the hot end of the second section.
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3.

CONCLUSIONS

The principle of simultaneous production of low-temperature and high-temperature firing binders in a
single line providing them with thermal energy is proposed.
Great decrease of fuel costs by 20-40 % when making Portland cement is shown to be achieved by
combining calcination of both Portland cement clinker and carbonate-silica mix in one heat and
technological cycle to get cements with low-temperature calcination. Extra heat effect is achieved by
adding combustible industrial wastes, like ashes from power plants or coal waste, to the raw mix to get
cements with low-temperature calcination.
The relationship between energy and environmental indicators of a single heat supply line of two rotary
kilns for the production of low-firing and high-firing binder is shown.
Further modification of lime-silica cements obtained by Portland cement clinker within 20-40 % range
by weights is shown to get mixed product with strength indices in sand mortar corresponding to 0,6-0,8
grade strength of original Portland cement.
Combined method for making two kinds of binders is shown to reduce carbon dioxide by 22-60 %
calculated as the final modified product as compared with traditional making of Portland cement clinker.
When substituting 50 % of clinker part by cements with low temperature calcination with certain
composition, grade strength of the mixed product is similar to Portland cement indicators.
Reduced energy costs.
Reduction of atmospheric pollution with greenhouse gases.
Customer satisfaction with various types of cements.
The proposed combined procedure for making Portland cement clinker and cements with lowtemperature calcination will enable to greatly expand possibilities to utilize large volumes of industrial
wastes, like ashes from power plants and coal waste.
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ABSTRACT
This paper describes the influence of curing temperature on the hydration of high slag cement. The
authors have been reported that the hydration and hydration products of high slag cement at 20 ℃,
and the formation of AFt was very important for the performance of high slag cement such as low dry
shrinkage or autogenous shrinkage and development of strength et al.. The formation of AFt is
decreased and AFm is formed in high slag cement with 5 anhydrite at 30 ℃ curing temperature. By
increasing of anhydrite addition or by addition of small amount of limestone powder, the formation of
AFm is prevented and AFt is produced. The thicknesses of the hydrated layers that were observed
surrounding unreacted slag grains were explained by the corresponding theoretical values in terms of
the conversion radius dependence. In addition, the estimation of slag hydration in high slag cement is
proposed by using the measured heat liberation of high slag cement and the simulated heat liberation
of ordinary cement by hydration model.
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1.

INTRODUCTION

The movement to reduce CO2 emissions (Damtoft et al. 2008 and Taylor et al. 2006) in the cement
industry an essential step toward establishing low-carbon society has led to recent evaluations of
mineral admixtures such as blast furnace slag (BFS) and fly ash (FA). Under Japanese green
procurement laws, blast furnace slag cement containing about 40% BFS has recently entered use for
real-world applications. Beyond this, a study of the practical use of cement composed of 60-70% BFS
(high volume blast furnace slag: HVBFS) has been proposed (Yonezawa et al. 2010, Sasan et al.
2011, Sivasundaram et al. 1992, Erhan et al. 2008 and Rashad 2018). To advance the practical use of
HVBFS cement, the authors have studied the effects of adding varying amounts of anhydride or
limestone fine powder (LSP) to ordinary Portland cement (OPC) in making HVBFS cement (Sakai et
al. 2011, Yonezawa et al. 2010, and Hashimoto et al. 2016). For example, autogenous and drying
shrinkage, a significant issue with HVBFS cement (Sivasundaram et al. 1992), can be resolved by
using appropriate amounts of anhydride or limestone powder (Sakai et al. 2011, Hashimoto et al.
2016). Used widely in Japan, chemical admixture such as AE water-reducing agents and AE highrange water-reducing agents retard the initial hydration of cement. The preferable approach to retard
initial hydration with chemical admixtures is to use HVBFS cement with BFS of 4000 cm2/g of surface
area and OPC of about 30%. In studies by the authors of the hydration of HVBFS cement at 20°C, the
main hydration products are ettringite (AFt), calcium silicate hydrate (C-S-H) and calcium hydroxide
(CH). Increasing anhydride content increases the amount of AFt production. It is clarified that CH
decreases with the reaction of blast furnace slag (Sakai et al. 2011).
The authors have been investigated the hydration of HVBFS cement and various mixtures of OPC,
anhydride, or limestone powder in HVBFS cement at 20 °C. However, the hydration and the suitable
mix proportions of HVBFS cement cured at 30°C are unclear. Cured at 30°C is a temperature
assuming concrete to be cast in summer. In particular, the reaction of BFS is highly temperature
dependent (Nito et al. 2008, Escalante et al. 2001). From the practical perspective, it is important that
BFS reactions such as hot weather concrete and initial shrinkage of HVBFS cement are related to the
generation of AFt. In this study, we investigated the effects of curing temperature, anhydride content,
and amount of LSP on the hydration reaction of HVBFS cement. The study presents a simple method,
using a conduction calorimeter (Ansai et al 2009), for estimating the reaction ratio of blast furnace slag
in HVBFS cement based on the improved Tomosawa’s model (Tomosawa 1974, Aikawa et al. 2014).
2.
2.1

EXPERIMENTAL METHOD
Preparation and analysis of specimens

Table 1 shows the chemical composition and physical properties of ordinary Portland cement (OPC),
the blast furnace slag fine powder (BFS), limestone fine powder (LSP), and anhydride. We adjusted
the composition of HVBFS cement by replacing OPC with BFS (65 mass%) and anhydride (5 mass%).
When the amount of anhydride added was 7 mass%, the OPC content was constant and the BFS
content of BFS was 63 mass%. Three or five mass% of LSP were replaced to OPC in consideration of
Japanese Industrial Standards of cement.
The OPC and powder additives were mixed manually kneaded for 10 minutes by pouring water to
obtain the predetermined water/powder ratio (W/P) of 0.4. The specimens were then cured at 20 °C
and at 30 °C in curing tanks to ensure precise temperature control. After the predetermined curing
times of 7 and 28 days, hydration was halted by adding acetone. Each specimen was dried in an
aspirator for 24 hours.
For the initial hydration reaction of HVBFS cement, rate of heat liberation and heat liberation were
measured by a conduction calorimeter. The hydrated product was identified by XRD. The CH content
was calculated from the mass reduction at 405 to 515 °C of the TG-DTA curve. The loss on ignition
was taken as a mass decrease up to 1,000 °C. The reaction rate of the blast furnace slag was
determined by the salicylic acid acetone methanol method (Kondo 1969).
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Table 1. Chemical composition and physical properties of materials
Density

Fineness

SiO2

Al2O3

Fe2O3

CaO

Chemical composition (mass %)
MgO

SO3

Na2O

K2O

TiO2

P2O5

MnO

(g/cm3)

(cm2/g)

OPC

21.3

5.1

3.2

65.4

1.0

2.0

0.3

0.4

0.2

0.1

0.1

3.16

3,430

BFS

34.3

14.4

0.3

42.8

5.9

-

0.2

0.3

-

-

-

2.91

4,390

Anhydride

0.8

0.2

0.2

40.8

0.1

56.8

-

-

-

-

-

2.91

4,320

LSP

0.0

0.1

0.1

55.1

0.5

-

-

0.03

0.02

-

-

2.74

5,100

Samples

(OPC: ordinary Portland cement, BFS: blast furnace slag, LSP: limestone powder)
2.2

Simple estimate of blast furnace slag reaction in high volume slag cement

Using a conduction calorimeter, we obtained a heat generation rate curve for HVBFS cement as the
curing temperature changed. Next, using the modified Tomosawa’s model (Aikawa et al. 2014 and
Tomosawa 1974) and considering particle size distributions, we estimated the hydration calorific value
of cement based on assumption that the reaction rate correlates with calorific value. The Tomosawa’s
model is shown in equation [1]; 1 - α is the reaction rate. By subtracting the integrated calorific value
for 30% OPC estimated by the reaction model from the integrated calorific value of HVBFS cement,
we obtain the integrated calorific value accompanying BFS reaction. In the correction equations
(Aikawa et al. 2014 and Tomosawa 1974) we used for different curing temperature, the values in
equation (1) are expressed as a function of temperature are used.
Tomosawa’s equation for analysing the hydration reaction of cement is given below (Tomosawa
1974):
d𝛼

3𝐶

− 𝑑𝑡 = 𝜈𝜌𝑤∞
𝑟2
𝐶 0

1

(1)

1
1
−
−
1
1
𝛼 3 −(2−𝛼) 3
2 (𝑘 +𝑘𝑟 )+
𝐷𝑒
𝑑
𝑟0 𝛼 3
1

where –dα/dt is the rate of the reaction, α is the residual fraction (1 −αis the degree of reaction); r0
is the particle radius, Cw∞ is the concentration of water around the particles; ν is the stoichiometric
ratio in the water-cement reaction; ρc is the density of the cement; kr is the rate coefficient of the
reaction,: and kd is the mass transfer coefficient. The latter is expressed as a function of α, as given
by (2), where Bd is the coefficient describing the formation of a protective layer that permits diffusion
and Cd is the coefficient expressing the destruction of the protective layer. The effective diffusion
coefficient De is expressed as a function of α as:
𝑘d =

𝐵𝑑
1−𝛼

+ 𝐶𝑑 (1 − 𝛼)2

𝐷𝑒 = 𝐷𝐸 [𝑙𝑛

(2)

2

1
1−𝛼

]

(3)

The reaction rate of a cement particle system with respect to particle size distribution is given by
Aikawa et al. (2014):
−

𝑑𝛼
𝑑𝑡

= −𝑓(𝑟𝑖 )

𝑑𝛼(𝑟𝑖 ,𝑡)
𝑑𝑡

(4)

where ri is the radius of the i-th particle and f (ri) is normalized. In the correction equations we used
(Aikawa et al. 2014) for different temperatures, the values in expression [2] and [3] are expressed as a
function of temperature. The diffusion coefficient is expressed below as a function of temperature
(Aikawa et al. 2014):
𝑇

𝐵𝑑 (𝑇) = 𝐵𝑑 √

𝜃

(5)
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1

1

𝑇

𝜃

𝐶𝑑 (𝑇) = 𝐶𝑑 exp [−𝛽1 ( − )]
1

1

𝑇

𝜃

(6)

𝑘𝑟 (𝑇) = 𝑘𝑟 𝑒𝑥𝑝 [−𝛽2 ( − )]
1

1

𝑇

𝜃

(7)

𝐷𝐸 (𝑇) = 𝐷𝐸 𝑒𝑥𝑝 [−𝛽3 ( − )]

(8)

where T is curing temperature, θ is 293 K, β1=0.30×104, β2=0.42×104, andβ3=0.40×104.
3.
3.1

RESULTS AND DISCUSSION
Effects of curing temperature

Figure 1 shows the XRD pattern for the calcium aluminate hydrates of HVBFS cement with 5 mass%
anhydride for curing temperatures of 20 °C and 30 °C. At 20 °C, the AFt phase is the main product at
both seven days and 28 days. AFt, C-S-H and CH are materials designed to be the main end products
in HVBFS cement (Sakai et al. 2011). For curing at 20 ℃, AFt is generated by design. For curing
temperature of 30 ℃, the proportions of the AFt phase decreases; AFm is the main product after both
seven days and 28 days of curing. The reaction of BFS is faster at 30 °C than at 20 °C. The solubility
of gypsum is not readily affected by temperature, but the solubility of anhydride decreases as the
temperature rises. It is presumed that the SO3 / Al2O3 ratio of hydrates product of HVBFS cement
decreases cured at 30°C. The solubility of anhydride drops to about 86% with 2.879 g CaSO4 / kg-H2O
at 20 °C versus 2.486 g CaSO4 / kg-H2O at 30 °C for II-type β-CaSO4 (The Society of Inorganic
Materials, Japan 1995). Table 2 shows the heat liberation for HVBSF cement and the reaction rate of
BFS in HVBFS cement cured for seven days. As measured by a conduction calorimeter at seven days
of curing, the total liberated is 271.0 J/g at 20 °C and 314.8 J/g at 30 °C. The reaction rate of the blast
furnace slag at this point has also increased from 17.5% to 21.0%. Higher curing temperatures
accelerate the hydration of BFS in HVBFS cement.
Table 3 shows the amount of CH and loss on ignition in HVBFS cement cured at 20°C and 30 °C. The
reaction ratio of BFS at 30 °C is lower than that of BFS at 20 °C. Over the long term, the higher curing
temperatures suppress blast furnace slag reactions. The amount of CH at 20 °C is less than that of
CH at 30 °C, because it can be considered that the reaction ratio of BFS is high and that CH was used
for product of AFt. Compared to 20 °C, the hydration of HVBFS cement at a curing temperature of
30 °C generates AFm preferentially over AFt. Since the formation of AFt is related to the initial
autogenous shrinkage, it is necessary to increase the amount of anhydride in light of other physical
properties. At seven days, the reaction of the blast furnace slag at 30 °C is more advanced than at
20 °C but lower at 20 °C at 28 days. The reaction of the blast furnace slag in HVBFS cement at 30 °C
over the long term does not improve.
▽：AFt
●：AFm

▽：AFt
●：AFm

▽：AFt
●：AFm
◆：Anhydride

▽：AFt
●：AFm

●

▽

▽

▽

▽
▽

●

▽

●

30 ℃ 28d

▽

◆

20 ℃ 28d
▽

CaSO4 7% 28d

▽
●

CaSO4 7%, 30 ℃, 28d
▽

●

20 ℃ 7d

▽

30 ℃ 7d
CaSO4 7% 7d

▽
●

●

◆

CaSO4 7%, 30 ℃, 7d

Figure 1. Effect of curing temperature on hydrated
products in high volume slag cement with 5%
anhydride

Figure 2. XRD pattern for hydrated products in
high volume slag cement with 7% anhydride
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Table 2. Effect of curing temperature on the early hydration of high volume slag cement with
5% anhydride at seven days
Samples

Heat liberated (J/g)

Reaction ratio for BFS (%)

20 ℃

271.0

17.5

30 ℃

314.8

21.0

Table 3. Effect of curing temperature on the hydration of high volume slag cement with 5%
anhydride at 28 days

3.2

Samples

Reaction ratio for BFS (%)

CH (%)

Loss on ignition (%)

20 ℃

23.9

5.2

16.2

30 ℃

22.5

6.5

16.9

Effects of anhydride

Figure 2 shows the XRD pattern for the calcium aluminate hydrate when the amount of anhydride
added is 7 mass% for curing at 30 °C. In contrast to the case in which added 5 mass% anhydride,
shown in Figure 1, more AFt is formed. AFt formation is related to the compensation of autogenous
and dry shrinkage of HVBFS cement. The other hydrates are C-S-H and CH and are the same as
when 5 mass% anhydride is added. AFt appears at seven days and 28 days of curing even at the
curing temperature of 30 °C due to an increase in the amount of anhydride added. This is due to an
increase in the supply of SO42- which in turn is due to an increase in the amount of anhydride added. If
we increase the curing temperature, it is preferable to set the amount of anhydride added to 7 mass%
from the viewpoint of AFt formation. However, AFm is also generated at seven days. The amount of
anhydride added must be determined based on considerations of other properties such as durability.
Table 4 shows the heat liberated for seven days. Heat liberation of HVBFS cement with 7% anhydride
is greater than for HVBFS cement with 5% anhydride. Table 5 shows the reaction rate of BFS, CH
amount and loss on ignition at 28 days of curing. The reaction ratio of BFS and loss on ignition are
nearly equivalent. The effect of the amount of anhydride added on the long-term reaction is small
(Rahhal et al. 1994). Note that the CH content is slightly smaller in the case of 7% of anhydride
addition, which appears to involve consumption in the generation of AFt.
Table 4. Effect of anhydride on the heat liberated (J/g) of high volume slag cement at seven
days
Samples

20 ℃

30 ℃

5% anhydride

271.0

314.8

7% anhydride
284.8
320.7
Table 5. Effect of anhydride on the hydration of high volume slag cement at 28 days

3.3

Samples

Reaction ratio for BFS (%)

CH (%)

Loss on ignition (%)

5% anhydride

22.5

6.1

16.9

7% anhydride

21.4

5.1

17.0

Effects of fine limestone powder

Figure 3 shows the XRD pattern for calcium aluminate hydrate at 30 °C in the case of replacement
ratio of LSP to OPC of 3 mass% and 5 mass% in HVBFS cement with 5% anhydride. Adding LSP
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changes the main product from AFm to AFt. In the case of 3 mass% LSP, AFm is produced early in
the curing process. In the case of LSP 5 mass% addition, AFt is the main product, even after seven
days of curing. In contract to the case of 7 mass% anhydride, AFt is generated after seven days of
curing, while AFm formation is suppressed. At high curing temperature, it appears to be easier to
control the formation of AFt by adding LSP rather than increasing the amount of anhydride added.
Although increasing the temperature promotes the reaction of BFS, since LSP reacts to produce
mono-carbonate (Mc), the anhydride appears to play a role in AFt formation.
Table 6 gives heat liberation of HVBSF cement with LSP at seven days. The addition of LSP slightly
inhibits HVBFS cement reactions. The reaction ratio of BFS was 17.9% in the case of LSP 3% versus
21.0% without. Table 7 shows the loss on ignition and the amount of CH at 28 days. At 28 days,
adding LSP slightly reduce the loss on ignition. This effect is small. In addition, the lower amount of
CH after adding LSP appears to be due to the decrease in OPC amounts and AFt generation. We
know that LSP reacts with aluminate phase (C3A) to produce Mc and hemi-carbonate (Hc) (Lee et al.
1995). Use in combination with gypsum stabilizes AFt, while the generation of Mc and Hc suppresses
AFm even when the composition ratio of gypsum and C3A is the mono-sulfate (AFm) stable product
(Lee et al. 1995). Although the amounts of OPC and LSP added are small, few occurrences of Mc and
Hc can be confirmed. We surmise that the same would happen also in a blast furnace slag system.

●

▽：AFt
●：AFm
▲：Mc

▽

▽：AFt
●：AFm
▲：Mc

▽：AFt
●：AFm
▲：Mc

▽

▽
●

●

●

No add.
28d

LSP 3% 28d

▲

▽

▽

▽

▲

LSP 5% 28d

●

●

No add.
7d

LSP 3% 7d

LSP 5% 7d

Figure 3. XRD patterns for hydrated products of high volume slag cement with LSP and 5%
anhydride
Table 6. Effect of LSP on the heat liberated (J/g) of high volume slag cement with 5% anhydride
at seven days
Samples

No add.

LSP 3%

LSP 5%

heat liberated (J/g)
314.8
287.8
300.7
Table 7. Effect of LSP on the hydration of high volume slag cement with 5% anhydride at 28
days

3.4

Samples

CH (%)

Loss on ignition (%)

No add.

6.1

16.9

LSP 3%

5.0

16.0

LSP 5%

4.8

16.2

Estimation of reaction rate of blast furnace slag using calorimeter

Table 8 shows the heat liberation of HVBFS cement at the curing temperature of 20 ° C and 30 ° C. In
addition, the reaction ratio of BFS, and the estimated heat liberation of reaction of BFS are also shown
in this Table. The heat liberation of BFS reaction in HVBFS cement is estimated by the following
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method. The heat liberation of OPC is estimated by session 2.2. OPC content in HVBFS cement is 30
mass% and heat liberation of 30 mass% OPC in HVBFS cement can be determined. Heat liberation of
BFS in HVBFS cement was obtained from the difference of the heat liberation of HVBFS cement
hydration and this value. At seven days, the heat liberation for the estimated blast furnace slag is
152.6 and 186.3 J/g at 20 ℃ and 30 ℃, respectively. As shown in Table 2, the reaction rate of BFS
with the selective dissolution method at seven days is 17.5% at 20 ℃ and 21.0% at 30 ℃. The heat
liberation accompanying the reaction of BFS estimated by this method indicates temperature
dependence. More data may demonstrate that this is related to the reaction rate of BFS (Hill et al.
2003). As described above, this is a potential quality control and method for estimating the reaction of
BFS in HVBFS cement. The method would make it possible to easily estimate the reaction ratio of
BFS simply by measuring the hydration heat liberation for HVBFS cement over seven days. Note that
the current model disregards the effect of blast furnace slag on the OPC reaction.
Table 8. Estimated heat liberation for slag in high volume slag cement with 5% anhydride at
seven days
Curing temperature
(℃)

Heat liberation of high volume
slag cement (J/g)

Estimated heat liberation of BFS
in high volume slag cement (J/g)

Reaction ratio of BFS in high
volume slag cement (%)

20

271.0

152.6

17.5

30

314.8

186.3

21.0

4.

CONCLUSION

The effect of curing temperature and addition of anhydride or LSP on the hydration reaction of HVBFS
cement was investigated. In addition, estimated method of the reaction rate of BFS in HVBFS cement
was examined by using of conduction calorimeter and the hydration model of OPC. In hydrated
HVBFS cement with 5% anhydride, AFt was mainly produced at 20 °C, but the produced amount of
AFm is increased at 30 °C. By increasing of anhydride addition or addition of LSP, AFt was mainly
performed in HVBFS cement cured at 30 °C. In HVBFS cement, the formation of AFt is very important
factor for prevention of crack base on the autogenously shrinkage and dry shrinkage at early stage.
And the reaction ratio of BFS in HVBFS cement can be estimated simply by using of conduction
calorimeter and the hydration model of OPC.
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ABSTRACT
Calcined kaolinitic clays are a promising approach to further decrease the clinker content of cement
and to reduce the CO2 emissions related to cement production. During the calcination of kaolinitic
clays, the highly-reactive metakaolin phase is formed and is responsible for the good performance of
cementitious blends containing calcined kaolinitic clays.
Methods to determine the reaction degree of metakaolin would be very helpful to better understand the
impact of metakaolin on the hydration of cementitious blends. In this study, three different methods are
used: a global mass balance of the system considering all phases involved during hydration, a
thermodynamic modeling approach and the Partial Or Not Known Crystalline Structure method
(PONKCS).
Similar results were obtained for mass balance and thermodynamic modeling approach, especially at
early age. PONKCS method shows globally comparable results, but higher variability of the results
does not make this method extremely suitable, especially for blends with a low initial amount of
metakaolin in calcined clay.
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1.

INTRODUCTION

The use of calcined clay in cement becomes more and more promising to reduce the CO 2 emissions
and the cost of cement production, especially in Limestone Calcined Clay Cements (LC3) (Sanchez et
al. 2016, Scrivener et al. 2016). Recent studies showed that even for blends with a clinker content down
to 50% (LC3-50), similar strength to plain cement was obtained from 7 days onwards using calcined clay
with 40% of kaolinite only (Avet et al. 2016). LC3 systems benefit from additional reactions compared
with clinker: the pozzolanic reaction of metakaolin (Tironi et al. 2013), the reaction of calcite with the
aluminate from clinker (Lothenbach et al. 2008) and the synergetic effect of metakaolin and calcite
(Antoni et al., 2012). In order to understand strength results and correlate them with the phase
assemblage, each reaction needs to be quantified (Avet et al. 2018a). The hydration degree of clinker
can be determined by X-Ray diffraction (XRD) combined with Rietveld method, as well as limestone
reaction. However, there is no universal method to determine the reaction degree of metakaolin in
calcined clay. XRD-Rietveld analysis cannot be used because metakaolin is amorphous. Moreover,
metakaolin particles are too fine to be accurately quantified by image analysis. Nuclear magnetic
resonance (NMR) is a viable method (Dai, 2014), but this equipment is not widely available and the
common presence of iron impurities in calcined clay makes it not appropriate. Mass balance based on
a single equation is also not optimal because it assumes that all the C-A-S-H comes from the reaction
of metakaolin, and does not consider the contribution of the clinker in the change of composition of the
C-A-S-H (Antoni et al., 2012). Thus, the objective of this study is to develop a new method for
determining the amount of reacted metakaolin in calcined clay blends. Three methods are compared.
The first consists of using a mass balance approach considering all the reactions involved in calcined
clay blends. The second is based on thermodynamic modelling, using GEMS software (PSI, 2014).
Finally, the partial or not known crystalline structure (PONKCS) method based on XRD-Rietveld is used.
2.

MATERIALS AND METHODS

Six calcined clays were used in this study. The metakaolin content was determined by thermogravimetric
analysis (TGA) carried out on raw and calcined clays (Avet et al. 2018b). The characteristics of each
calcined clay is shown in Table 1, with the origin, the calcination process, the phase composition and
the physical properties for each calcined clay. LC3-50 pastes were cast, with 50% clinker, 5% gypsum
and combination of 30% of calcined clay and 15% of limestone. The physical properties of the cement
and limestone used in this study are also shown in Table 1. The water to binder ratio was fixed to 0.4.
Table 1 Characteristics of the five calcined clays, the cement and the limestone used in this
study
Calcined clay

1
2
3
4
North
South
South South-east
Origin of clay
America
Asia
America
Asia
Calcination
Flash Furnace Flash
Furnace

5
South
America
Furnace

6
LimeSouth
Cement
stone
Asia
Furnace

Phase composition (%)
Metakaolin

94.2

76.8

64.4

46.5

31.7

15.0

-

-

Anatase

1.2

1.9

1.1

0.6

0.7

0.2

-

-

Hematite

-

0.2

-

10.0

1.7

3.9

-

-

Illite

-

-

1.7

-

-

36.2

-

-

Kaolinite

-

-

11.6

-

3.7

-

-

-

Mullite

4.6

-

-

1.2

-

-

-

-

Quartz

-

0.4

0.6

0.8

24.5

32.2

-

-

Rutile

-

-

-

-

4.3

1.5

-

-

Amorphous

0

20.7

20.6

40.9

33.4

11.0

-

-

5.9

8.4

7.2

Physical properties
Dv,50 (µm)

5.1

5.3

4.0

10.9

23.5
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BET Specific
surface (m2/g)

9.6

15.3

12.9

45.7

18.5

18.7

0.9

1.8

Concerning the methods used, mass balance is adapted from (Durdzinski et al. 2017), but with a fitting
for the reaction degree of metakaolin. It considers the hydration degree of clinker, gypsum and the
reaction of limestone as inputs. All these inputs are determined by XRD-Rietveld analysis. The
composition of the C-A-S-H is also required in order to know how much of calcium, silicon and aluminium
are present in the C-A-S-H. This is determined by scanning electron microscopy in energy dispersive Xray spectroscopy mode (SEM-EDS). Through a sequence of redistribution of oxides as shown in Figure
1, the content of the different hydration products is obtained (Avet et al. 2018b). The missing input is the
amount of reacted metakaolin. This amount is actually obtained by iterations, by comparing the outputs
of the mass balance sequence with experimental results, and especially the portlandite content obtained
by XRD-Rietveld analysis. Thermodynamic modelling works in a similar way, but includes Cemdata
thermodynamic database (EMPA, 2014), which permits to predict the phases formed during hydration.
Finally, the PONKCS method is used. The amorphous hump of metakaolin is fitted on calcined clay
patterns in order to calibrate the phase constants (Snellings, 2014). This hump is then applied on
hydrated sample. For calcined clays with less than 75% of metakaolin, the use of the metakaolin hump
is not accurate enough to fit the whole pattern of calcined clays. Thus, a second hump was used to
model the global amorphous hump of calcined clay.

Reacting
phases

C3S C2S C3A C4AF
CC C$H2
Free variable: AS2
Oxides
CSAFM$ C

M (MgO)
M 4AH10
A subtracted

S (SiO2)
C-A-S-H
A and C subtracted

A (Al2O3)
C 4ACH11
C subtracted

F (Fe2O3)
C3FS0.84H4.32
C and S subtracted

$ (SO3)
C 6A$3H32
A and C subtracted

Remaining C (CaO)
CH

Iterative resolution until
reaching same CH content
as obtained by XRD

Figure 1 Sequence of redistribution of oxides for mass balance
3.
3.1

RESULTS
Mass balance

Figure 2 shows the amount of reacted metakaolin in calcined clay as a function of the initial metakaolin
content in calcined clay from 1 to 90 days of hydration. It shows that the amount of reacted metakaolin
increases with the metakaolin content in clay until reaching a plateau above 60% of metakaolin in
calcined clay. For the calcined clay with 15.0% of metakaolin, a reaction degree of 100% is reached at
90 days of hydration. Moreover, the amount of reacted metakaolin slows down with time, and reaches
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maximum values of about 30-35% of reacted metakaolin in calcined clay. This maximum amount of
reacted metakaolin could be due to the lack of portlandite availability.

Figure 2. Amount of reacted metakaolin in calcined clay determined by mass balance as a
function of the metakaolin content in calcined clay
3.2

Thermodynamic modelling

The results of the amount of reacted metakaolin in calcined clay obtained by thermodynamic modelling
are shown in Figure 3. It shows similar features as observed for mass balance in Figure 2. Very close
values are obtained from 1 to 7 days. However, a slightly lower reaction is determined at 28 and 90 days
for thermodynamic modelling. This is explained by the C-S-H model used in this method. The Ca/Si ratio
is fixed to 1.63, whereas experimental measurements indicate that the Ca/Si is in the range 1.49 - 1.58.
Thus, for a higher Ca/Si ratio of C-S-H, more calcium is taken by the C-S-H formation, leading to a lower
amount of portlandite, and consequently a slightly lower amount of reacted metakaolin.
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Figure 3 Amount of reacted metakaolin in calcined clay determined by thermodynamic
modelling as a function of the metakaolin content in calcined clay
3.3

PONKCS method

The amount of reacted metakaolin obtained by PONCKS method is shown in Figure 4 for the different
calcined clay blends. As observed previously, the amount of reacted metakaolin increases with the
metakaolin content of the calcined clay, but the plateau is not as obviously observed. These slightly
different trends can be explained by the much higher deviations obtained using PONKCS method
compared with mass balance and thermodynamic modelling. These deviations originate from the
difficulty of fitting the amorphous humps for clays with relatively low amount of metakaolin, especially at
late ages when the amount of unreacted metakaolin becomes low.

Figure 4 Amount of reacted metakaolin in calcined clay determined by PONKCS method as a
function of the metakaolin content in calcined clay
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4.

CONCLUSION

Mass balance is the most accurate approach for the determination of the amount of reacted metakaolin.
Thermodynamic modelling gives similar results at early age but due to the fixed C-A-S-H composition
considered, results deviate from mass balance at late ages. PONKCS method looks more practical to
use, but requires high skills, and the accuracy becomes low for calcined clay containing relatively low
amount of metakaolin. It becomes harder to accurately the metakaolin hump when a low unreacted
amount is remaining.
5.

ACKNOWLEDGEMENTS

The authors acknowledge the Swiss Agency for Development and Cooperation (SDC) grant 81026665
for financial support.
6.

REFERENCES

Antoni M, Rossen J, Martirena F, Scrivener K (2012). Cement substitution by a combination of
metakaolin and limestone. Cement and Concrete Research, 42, pp 1579-1589.
Avet F, Snellings R, Alujas Diaz A, Ben Haha M, Scrivener K (2016). Development of a new rapid,
relevant and reliable (R3) test method to evaluate the pozzolanic reactivity of calcined kaolinitic clays.
Cement and Concrete Research, 85, pp. 1-11.
Avet F, Scrivener K (2018). Investigation of the calcined kaolinite content on the hydration of Limestone
Calcined Clay Cement (LC3). Cement and Concrete Research, 107, pp. 124-135.
Avet F, Li X, Scrivener K (2018). Determination of the amount of reacted metakaolin in calcined clay
blends. Cement and Concrete Research, 106, pp. 40-48.
Dai Z, Thuan T, Skibsted J (2014). Aluminum Incorporation in the C–S–H Phase of White Portland
Cement–Metakaolin Blends Studied by 27Al and 29Si MAS NMR Spectroscopy. Journal of the American
Ceramic Society, 97, pp. 2662 - 2671.
Durdziński P, Ben Haha M, Zajac M, Scrivener K (2017). Phase assemblage of composite cements.
Cement and Concrete Research, 99, pp. 172-182.
EMPA (2014). Cemdata 14 thermodynamic database. Available at http://www.empa.ch/cemdata
Lothenbach B, Le Saout G, Gallucci E, Scrivener K (2008). Influence of limestone on the hydration of
Portland cements, Cement and Concrete Research, 38, pp.848-860.
PSI (2014). GEMS software. Available at http://gems.web.psi.ch/
Sanchez S, Favier A, Rosa E, Sanchez I, Heierly U, Scrivener K, Martirena F, Habert G (2016).
Assessing the environmental and economic potential of Limestone Calcined Clay Cement in Cuba.
Journal of Cleaner Production, 124, pp. 361-369.
Scrivener K, John V, Gartner E (2016). Eco-efficient cements:Potential, economically viable solutions
for a low-CO2, cement based materials industry. UNEP.
Snellings R, Salze A, Scrivener K (2014). Use of X-ray diffraction to quantify amorphous supplementary
cementitious materials in anhydrous and hydrated blended cements. Cement and Concrete Research,
64, pp. 89-98.
Tironi A, Trezza M, Scian A, Irassar E (2013). Assessment of pozzolanic activity of different calcined
clays, Cement and Concrete Composites, 37, pp. 319-327.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Research on dispersion performance of modified graphene in
aqueous and cement matrix
Zhibo Sheng 1,a, Mingli Cao 2,b, Fang Yu 1,c, Jianbo Xiong 2,d, Zhihong Fan1,e, Haicheng Yang2,1,f
1Key Laboratory of Communication Industries for Durability Technology of Hydraulic Structures, CCCC

Fourth Harbor Engineering Institute Co. LTD, Guangzhou, China
2Faculty of infrastructure Engineering, Dalian University of Technology, Dalian, China
aszb901119@163.com
bcaomingli_research@163.com
c yfang1@cccc4.com
dxjianbo@cccc4.com
efzhihong@cccc4.com
fyhaicheng@cccc4.com

ABSTRACT
In this article, a novel method of preparation of highly dispersed covalent modified graphene by
treatment of H2SO4 and H3PO4 was illustrated. The dispersing behaviour of modified graphene (MGs)
in aqueous and in cement matrix of MGs were conducted by various method.The transmission electron
microscopy (TEM) images and atomic force microscopy (AFM) images showed visible dispersing
performance in aqueous. And the dispersion performance of MGs in cement paste was characterized
by rheological properties. In addition, Schematic illustrations showed the introduction of MGs could
increase the viscosity of cement paste and its mechanism was analyzed in this paper.
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1.

INTRODUCTION

Graphene is a novel carbon materials, which has attracted scientific attentions due to its special
properties. And graphene could be used as admixtures in cement-based materials for the purpose of
increasing the mechanical property decreasing the cracking risk, and, partly decreasing the drying
shrinkage as well.
Owing to its Van der Waals' force and high specific surface area, graphene often form agglomerates in
aqueous, the advantages of modified graphene confined to cement matrix are finite because of its bad
dispersion. Thus, it is crucial to study on the research dispersion of graphene and make it be
homogenous in solution. Recently, many methods are adopted to solve this issue, such as,
mechanical stirring, ultrasonication, modifying surface and adoption of dispersant. Yu et al. found that
the ultrasonication with sodium dodecyl sulfate had positive effect on the dispersion of multiwall
carbon nanotubes (MWCNTs). Mustafa Loty et al. reported that adoption of ultrasonication for
extended period (maximum to 430h) make graphene well-dispersed in water-sodium cholate solutions.
Pu et al. prepared homogeneous graphene suspension by using different kinds of dispersants,
including nonylphenylether (CO890), polycarboxylate (H14N) and sodium dodecyl sulfate (SDS).
However, it is doubt that how well-dispersed graphene in homogeneous suspension could be
uniformly distributed in cement matrix. The graphene dispersion is enhanced by improving the
hydrophilicity of graphene, as the cement mix is water-based. Thus, the hydrophilicity can be adjusted
and controlled by surface modification of the graphene prior to incorporation of the graphene in the
cement mix. Therefore, the research of dispersion behaviour in cement are important. Many
investigation on dispersion behaviour in cement were determined via workability of graphene oxidebased cement. Chuah S et al. reported that with the incorporation of 0.05wt.% graphene oxide, the
workability decreased about 42% via a mini-slump test. It is suggested that admixtures may not be
required to detect the dispersion of graphene oxide in cement. Thus, it is recognized to be a critical
issue that how the graphene dispersed in cement.
In this paper, the modified graphene (MG) was obtained by graphene via H 2SO4 and H3PO4 treatment.
MG was employed to improve the dispersion behaviour of cement in aqueous solution with the help of
sonication, in cement matrix as well. The dispersing performance of MG suspension was evaluated
using transmission electron microscopy (TEM) and atomic force microscopy (AFM). And dispersing
performance of MG in cement paste was determined by rheological properties via rheometer.
2.
2.1

EXPERIMENT
Materials

Graphene(GN) were purchased from Cheap Tubes Inc. USA. The physical parameters of GNPs are
shown in Table.1. Ordinary Portland cement was obtained from Dalian OCP. Nitric acid (HNO3,
98wt.%), sodium hydroxide (NaOH, 25wt.%), hydrogen peroxide (H 2O2 40wt.% and copper nitrate
(Cu(NO3)2, 99 wt.%) were obtained from Sinopharm Chemical Reagent Co., Ltd. China.
Table.1 Parameters of graphene
Products

Diameter (μm)

Average thickness (nm)

Specific surface area (m2·g-1)

Graphene

2

8-10

600-700

.
2.2

Preparation of Modified graphene (MG)

Modified graphene (MG) were prepared by graphene nano-platelets modified with H2SO4 and H3PO4.
The mixture of concentrated H2SO4/H3PO4 (40:10ml) was added to the mixture of graphene nanoplatelets (3g) and KMnO4 (6g) in a glass flask that was placed in ice-water bath, and then the mixture
was stirred continuously for 1h. Next, the temperature was then raised to 35 and 50ml deionized water
was added gradually to the mixture and stirring for 1h. Then the temperature switched to 98°C and
150 ml deionized water and 30ml H2O2 (40wt.%) slowly added to the solution in turn. The following
steps were carried out as Brodie method, including filtration, washing and lyophilization. Generally,
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modification process was shown in Figure. 1. It is a new way to prepare MG, of which functional
groups grafted to its surface. (see below).

Figure 1. Modification process of graphene nano-platelets to MG
2.3

Characterizations of Dispersion

TEM images of MG suspensions were obtained by a Tecnai G2 F30 microscope (FEI, Co., USA) to
evaluate the dispersing performance of MG suspension. And AFM images were represented to
thickness of MG platelets directly by a Dimension ICON microscopy (Bruker, Co., Germany).
Besides, rheological properties of MG-cement, GN-cement and plain cement were tested by the RSTSST rotational rheometer (Brookfield, Co., USA) with a paddle rotator of VT60-30, as shown in Fig.
2(a). The mix proportion of testing samples was listed in Table. 2. Rheological measuring program
included two parts, as illustrated in Fig. 2(b). The first cycle was pre-shear cycle, which was conducted
to make the each component get same shear history before measurement. Samples were tested
under a data-logging cycle for actual measurements and one data per second was recorded.
Table.2 Mix proportion
Product

Water/Cement(g)

Cement (g)

Water(g)

MG(g)

MG-cement

0.5

450

180

0.135

GN-cement

0.5

450

180

0.135

Plain cement

0.5

450

180

0

Fig. 2 Rheometer (a) and program of rheological properties measurement (b)
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3.

RESULTS AND DISCUSSION

3.1

Dispersibility analysis of MG in Aqueous Solution

The dispersing status of MG in aqueous was explored by TEM and AFM. Fig.3 (a) shows the overlap
and fold between layer and layer of GN before modification. After modification, as shown in Fig.3.(b)
and (c), MG are highly transparent and have few wrinkles and folds on its surface in aqueous solution
with help of sonication, which indicated that modification make MG disperse uniformly in aqueous
solution due to a certain degree of electrical repulsion between each oxygen-containing functional
groups.

Fig.3 Transmission electron microscopy (TEM) images of MG suspension: (a) before
modification; (b) and (c) after modification
Moreover, the atomic force microscopy (AFM) images in Fig.4 (a) and (b) showed apparently that,
contrast to GN, MG platelets are thin with average thickness of 1~3nm after modification. But the
diameters of layers have no obvious change. It can be proved that the agglomeration of layers can be
solved by modification effectively. Thus, dispersing performance of MG in aqueous is better.

Fig.4 Atomic force microscopy (AFM) images of MG: (a) 2D and (b) 3D
3.2

Dispersibility analysis of MG in cement paste

In order to confirm that the dispersion of MG in cement, two suspensions were prepared for cement
paste, one with MG and one with GN. Then the suspensions were mixed with cement and the
rheological properties of the samples were investigated by the mixing and measuring protocol
mentioned previously. As shown in the Fig.5, compared to the plain cement paste, all testing samples
show the typical shear thinning response of cement paste. At low shear stress (＜25 Pa·s) the
viscosity is high while at high shear stress (＞25 Pa·s), the viscosity descends and then reaches to a
constant viscosity. However, the GN-cement paste exhibit viscosity at low stress is high while MGcement exhibit viscosity is close to the viscosity of plain cement paste. At low shear stress conditions,
the agglomerates of GN-cement were more than that of MG-cement because of discrepant
dispersibility. At high shear stress, the agglomerates can be broken down by the fluid motions so the
viscosities are similar. Based on those analysis, it can be concluded that MG-cement exhibit excellent
dispersion performance in cement matrix.
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Fig. 5 Varied rheological properties values of MG-cement, GN-cement and plain cement
3.3

The mechanism of MG effect on dispersing performance in cement matrix

Considering the results of dispersibility, the mechanism of MG effect on the dispersion behaviour in
cement matrix is demonstrated in Fig.6. As shown Fig. 6(a), the many micro agglomeration structures
without MG or GN, the water is surrounded by cement particles. With incorporation of GN, the GN and
cement particles are agglomerated, leading to the increase of viscosity and decrease of fluidity. But
the MG possessed thin layers with smaller dimension than GN, and it has a number of oxygencontaining functional groups on its surface, which has steric hindrance and electrostatic repulsion to
make great significance to be homogeneous dispersion of cement particles in water. Thus the
viscosity of cement matrix is increasing. Moreover, the the hydration ions including Ca 2+, OH- were
attracted by oxygen-containing functional groups, and the MG layers were insert into each other layers,
leading to micro structure loose and weak intermolecular forces. Thus, the viscosity of MG cement
matrix is lower than that of GN cement matrix.

Fig.6 Schematic illustrations of micro structures: (a) in cement matrix without MG or GN, (b)
the cement matrix with GN and (c) the cement matrix with MG
4.

CONCLUSION

The dispersion behaviour of MG in aqueous solution and in cement matrix is studied, and the
dispersing method is confirmed through H2SO4 and H3PO4 with chemical functionalization. The MG
possess the thin layers with a number of oxygen-containing functional groups, which makes
homogenous dispersion in aqueous. On the other hand, the dispersion performance was investigated
by viscosity of MG cement matrix. Under the same measuring protocol, the viscosity of MG cement
and GN are decreasing until to stabilize, but the constant viscosity of MG is close to the plain cement.
For this reason, the steric hindrance and electrostatic repulsion of MG in micro structure make it
emerge homogeneously in cement matrix and the layers inserted into cement particles, which make
viscosity of its cement matrix decreasing.
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ABSTRACT
The partial or no known crystal structure (PONKCS) method based on Rietveld analysis was used to
quantify the amorphous siliceous fly ash and slag fraction in hydrating blended cements. The aim of
this work was to provide details on the protocol for a reliable PONKCS analysis for hydrating blended
cements containing siliceous fly ash and blast furnace slags. Even though there are other techniques
capable to quantify the fly ash and slag fractions in hydrated cements, XRD based methods are of
interest because of the relative short measurement analysis time and wide availability of the
equipment. A detailed protocol for the PONKCS analysis was developed in a systematic approach
departing from calibrations on synthetic mixtures and tested and validated on the hydrating blended
cements.
Blended cements with fly ash (10, 30 and 50 wt.% replacement) were included in the test population.
The results clearly show that the PONKCS method can be used to determine the unreacted
amorphous fly ash in the hydrated blended cement. The results for fly ash samples were crossed
checked with results published by Durdziński et al. [1] using complementary techniques. It was proven
that the accuracy for PONKCS method for fly ash is in good agreement if a proper and consistent XRD
phase quantification methodology is followed.
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1 Introduction
One of the main ways to reduce the environmental impact of Portland cement production is the
substitution of the clinker by one or more supplementary cementitious materials (SCMs) (Scrivener,
John et al. 2016). Quantification of the degree of reaction of the SCM is important for understanding
behavior and optimizing performance of low clinker cements (Scrivener, Lothenbach et al. 2015).
Recent work has demonstrated the feasibility of quantifying multiple amorphous phases by the socalled Partial Or No Known Crystal Structure (PONKCS) method (Scarlett and Madsen 2006). The
method was applied to anhydrous binary and ternary blended cements (Snellings, Salze et al. 2014).
The PONKCS results were in line with that of other independent techniques such as selective
dissolution (for fly ash) (Durdziński, Ben Haha et al. 2017) mass balance and thermodynamic
modelling (for calcined clay) (Avet, Li et al. 2018).
However, the results of a round robin study by RILEM committee TC SCM found that in the absence
of a clear analytical protocol, the PONKCS results for the degree of reaction of fly ash reported by the
participants presented more substantial scatter than other more established techniques such as
selective dissolution or back-calculation from portlandite consumption (Durdziński, Ben Haha et al.
2017).
This paper reports a practical protocol of PONKCS analysis for the quantification of amorphous
siliceous fly ash in hydrated blended cements.

2 Experimental
2.1 Materials and mix design
Siliceous fly ash (FA) and Portland cement (PC, type CEM I 42.5R) were used to prepare blended
cement. Table 1 gives the chemical and mineralogical composition of the materials used.
Blends of PC and 10, 30 and 50 wt. % FA were tested. Pastes were prepared at a water/binder ratio
of 0.4 mixed at 1600 rpm for 2 minutes. The pastes were sealed and placed in a temperaturecontrolled room at 20 °C. Slices 2-3 mm thick were cut from the hydrated cement pastes at 1, 3, 7,
28, 90 and 790 days. The hydration of the slices was stopped by isopropanol exchange.
Table 1 Chemical and mineralogical composition (%) of the raw materials and the X-ray mass
absorption coefficient (MAC) for Cu Kα radiation of the raw materials.
Oxides
(%)

MAC
PC

FA

PC

FA

CaO

(cm /g)
124.04

Phases
(wt. %)

63.65

0.10

C3S

60.7

--

SiO2

36.03

19.27

69.97

C2S

11.0

--

Al2O3

31.69

5.65

23.80

C3A

6.4

--

Fe2O3

214.9

3.63

2.39

C4AF

11.1

--

MgO

28.6

1.62

0.20

Periclase

0.3

--

Na2O

24.97

0.15

0.09

Lime

0.8

--

K2O

122.3

1.24

0.61

Anhydrite

5.6

--

SO3

44.46

3.16

0.00

Gypsum

2.3

--

TiO2

124.6

0.29

1.51

Bassanite

1.9

--

P2O5

39.66

0.19

0.14

Quartz

--

10.0

2

1

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
H2O

10.07

L.O.I. a
SUM
Mixture
[cm2/g]

MAC

Density b [g/cm3]

0.75

0.95

Magnetite

--

0.4

0.40

0.22

100.00

100.00

Mullite

--

18.5

99.42

40.89

Amorphous

0

71.1

3.10

2.10

Sum

100

100

Notes: a, loss on ignition at 950 °C; b, density measured by Le Chatelier flask using isopropanol
2.2 Testing method
Isothermal calorimetry was carried out using a TAM Air calorimeter at 20°C. The heat release was
recorded for 28 days. Thermogravimetric analysis (TG) was used to determine the bound water
content and the portlandite content. The portlandite content was measured using the tangent method
(Lothenbach and De Weerdt 2016).
A PANalytical X’pert Pro Bragg-Brentano diffractometer equipped with a long fine focus Cu Kα-tube
operated at 45 kV and 40 mA was used. Samples were scanned on a spinning sample stage running
at 15 rpm between 5 to 70° with 0.017 °2θ step size. Identical settings (optical and the scanning speed
and range) for all the scans (include the external standard, raw PC, fly ash, artificial mixes, and
hydrates) were used as any change of the diffractometer optics results in a change of the scattering
and diffraction signal thus biasing the final quantification. XRD data were collected on fresh discs,
dried discs and powders.
2 g of the stopped hydrated discs (without the edges and the surfaces) were ground by hand for ~5
minutes. The powder samples were back-loaded into sample holders with a diameter of 28 mm.
XRD Rietveld analysis was done with TOPAS academic version 6.0.
2.3 Fundamentals of the Rietveld PONKCS method
The weight fraction of the crystalline phases (Rietveld 1969) was obtained using the following
equation described by the external standard method (O'Connor and Raven 1988, Aranda*, De la
Torre et al. 2012):
𝑤𝛼 =

𝑆𝛼 (𝜌𝑉 2 )𝛼 𝜇𝑚
𝐾𝑒

eq. (1)

𝐾𝑒 =

𝑆𝑠 (𝜌𝑉 2 )𝑠 𝜇𝑠
𝑤𝑠

eq. (2)

where 𝑤𝛼 , and 𝑆𝛼 are the weight fraction and scale factor of phase α, respectively; (𝜌𝑉 2 )𝛼 is the unit
cell constant depending on the density (ρ) and the cell volume (V); 𝜇𝑚 is the X-ray mass absorption
coefficient (MAC) of the sample, and 𝐾𝑒 is the instrument constant which can be measured using the
external standard.
The weight fractions of the individual amorphous phases are obtained using the PONKCS method.
The key step in this procedure is to determine the calibration factor for each amorphous phase. Here
∗
this is done using Eq.3 in which Vpks is set to 1 and the or calibration factor (𝜌𝑝𝑘𝑠
) can be calculated
following eq. 3 (Snellings, Salze et al. 2014):
∗
𝜌𝑝𝑘𝑠
=

𝐾𝑒 𝑤𝑝𝑘𝑠
𝑆𝑝𝑘𝑠 𝜇𝑚

eq. (3)

where wpks is the weight fraction of the amorphous phase, here determined from the fly ash raw
material using the external standard approach.

2
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2.4 Parameters for Rietveld analysis coupled with PONKCS methods
Several constraints and different routines were applied to different types of phases due to the
complexity of the hydrated (blend) cement XRD pattern, especially when the PONKCS method was
incorporated.
For all refinements, a first-order Chebyshev function along with a 1/x term was used for the
background (in total 3 parameters were used). The reason for the limited number of parameters for
background function was to avoid overfitting of the amorphous hump coming from FA.
The PC used in the experiments was first analyzed using the Rietveld method. The cell parameters
for all the crystalline phases were refined with maximum 1% of variation from the reported crystal
structures. The refined parameters except for the scale factor and preferred orientation of the clinker
phases were subsequently fixed in the Rietveld analysis for the hydrated samples.
For all crystalline hydrates, i.e., portlandite and ettringite, the scale factor, the unit cell (1% of
variation), crystal size (crystal strain for Portlandite), and preferred orientation (portlandite and
ettringite, limited to 0.6-1) were refined.
For the amorphous siliceous fly ash, the profile used was identical to the one from the calibration
step. The parameters of the profile for C-S-H were fixed after the extraction from the 7-year old cement
paste. Only the scale factors for the FA and C-S-H profile were refined.
Normalization of the XRD Rietveld output and calculation of the degree of hydration were carried out
based on the method described in (Scrivener, Snellings et al. 2018).

3 Results
The PONKCS analysis of the fly ash blended cement pastes was made using the optimized
parameters. Results are given in Table 2. The degree of hydration (DoH) of the fly ash detected by
PONKCS method was reasonable for all the replacement levels (from 10 - 50 wt. %) used in this
paper. Specifically, the fly ash DoH from the PONKCS method of the 30 wt.% replaced cement was
in good agreement with the work from Durdzinski et al. (Durdziński, Ben Haha et al. 2017) working
on the same siliceous fly ash using independent techniques, i.e. selective dissolution, mass balance
from portlandite consumption and electron microscopy image analysis.
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Table 2 Selected phase content and the corresponding degree of hydration for fly ash and clinker

FA_50

FA_30

FA_10

Labels Age (d)
0
1
7
28
90
0
1
7
28
90
0
1
7
28
90

clinkera
56.9b
21.8
9.8
7.9
6.8
43.7
14.8
5.8
4.0
3.8
30.8
9.6
3.5
2.5
2.3

Amount (g/(100 g
CH
Mullite
0.0
1.3
8.2
1.4
12.5
1.1
11.4
1.1
11.7
1.1
0.0
3.9
6.3
4.0
9.1
3.9
8.8
3.8
7.5
3.8
0.0
6.3
4.0
6.1
5.4
6.0
4.5
6.2
3.5
5.9

paste))
Am. FA
5.0
3.9± 0.2 c
3.4± 0.2
2.3± 0.8
2.6± 0.9
14.9
15.0 ± 0.5
14.2± 0.5
12.8± 0.7
11.9± 1.0
24.5
24.5± 0.6
23.7± 0.6
21.4± 0.7
20.2± 1.6

AFt
0.0
3.8
3.2
3.1
3.6
0.0
3.6
3.7
4.9
5.8
0.0
4.1
5.0
5.7
7.8

Degree of hydration (%)
clinker Am. FA
FAd
61.7
82.8
86.1
88.1

23.3
32.1
53.4
48.8

16.5 ± 2.8
22.8 ± 3.1
37.9 ± 10.9
34.7 ± 12.2

66.2
86.7
90.9
91.4

-0.8
5.0
14.4
20.5

-0.5 ± 2.3
3.6 ± 2.5
10.3 ± 6.5
14.6 ± 7.5

68.9
88.5
92.0
92.5

0.1
3.4
12.9
17.6

0 ± 1.8
2.4 ± 1.9
9.1 ± 2.2
12.5 ± 2.8

Notes: a, clinker was the sum of C3S, C2S, C3A and C4AF; b, the italic numbers refers to the intial amount of the phase in
the fresh paste; c, the standard derivation (STD) were calculated based on on triplicate measurements for FA_10, and
FA_50 hydrated pastes; the degree of the FA was calculated using 0.71 × 𝐷𝑜𝐻𝑎𝑚𝑜𝑟𝑝ℎ.𝑆𝐹𝐴 .

Repeatability
The error1 on the quantification of the degree of hydration of amorphous fly ash was lower for higher
clinker replacement levels by fly ash. The error on the DoH of the fly ash was determined to be 12.2 %
(relative) at 90 days for 10% replacement, while less than 3 % (relative) for 50% replacement. This is
a consequence of the absolute error on quantification of the amount of amorphous fly ash which is
magnified in the DoH calculation for low clinker replacement. The detection limit and the magnified
error represent clear limitations for PONKCS analysis to analyse or compare the DoH in blended
cements containing amounts of SCM of 10 wt.% or lower. The technique is therefore more amenable
to the analysis of blended cements with higher replacement levels as demonstrated by the much
reduced error for 30 and 50% replacement by fly ash.
Internal consistency and comparison to other techniques
To assess the reliability and accuracy of the method the quantification results of an inert tracer was
followed and compared against an independent measurement of fly ash DoH by isothermal
calorimetry.
The mullite present in the fly ash is inert and can thus be used as an internal standard to veify the
reliability of the results (see Table 2). It was observed that indeed the mullite quantification results
remained within typical error of the initial amount. This indicates that the quantification was reliable.
The linear correlation of the DoH of cement and heat release was established based on reference PC.
The contribution of the fly ash to the calorimetry heat release was calculated using the DoH of cement
similar to the method from Varga et al. (De la Varga, Castro et al. 2018). The heat release from the
fly ash was found to be linearly correlated to the DoH determined by PONKCS analysis of the XRD

1

standard deviation based on at least triplicate measurements
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data of the fly ash for the 30 (FA_30) and 50 (FA_50) wt.% fly ash blended cement. This indicates
that the detected DoH values by XRD are at least consistent.

Fig. 1. Correlation of the heat release and degree of hydration of the fly ash (FA)

4 Conclusions
A detailed protocol for Rietveld PONKCS analysis of the DoH of siliceous fly ash in blended cements
was exposed and demonstrated for hydrating blended cements containing 10, 30 and 50 wt. % fly
ash. The precision of the method was shown to depend on the initial content of fly ash as quantification
errors are magnified when calculating fly ash DoH for low clinker replacement levels. The
quantification results were observed to be reliable showing no consumption of inert fly ash
constituents such as mullite. Moreover the determined DoH scaled linearly with independent heat
release from the fly ash reaction for higher replacement levels. This indicates that the results are
consistent. Moreover the results compared well with literature data on the same system
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ABSTRACT
The manufacture of Portland clinker is an energy intensive process and causes 5 to 8% of the
anthropogenic CO2 emissions. The temperature needed to produce a reactive magnesium oxide from
magnesite (750-900°C) is much lower than the temperature required to produce Portland clinker from
limestone (1450°C). During the hydration of magnesia and silica based cement pastes, magnesium
silicate hydrate (M-S-H) forms as primary reaction product. Partial substitution of Portland cement by
magnesia/silica- based pastes lead to a more complex system containing calcium, aluminum,
magnesium and silica. Even if the formation of calcium (alumino) silicate hydrate (C-(A-)S-H) is
established, little is known about the possible formation of magnesium (alumino) silicate hydrate (M-(A)S-H).
The incorporation of aluminum in M-S-H phases was investigated in this study. Magnesium (alumino)
silicate hydrate (M-(A-)S-H) was synthetized in batch experiments with a Mg/Si ratio of 1.1 and a Al/Si
ratio of 0.1. In parallel, mixes of Portland cement with silica fume, MgO, and Al2O3 were hydrated
during 1 year. Investigations were conducted on the solid phases by thermogravimetric (TG) analysis,
X-ray diffraction (XRD), and 29Si and 27Al MAS NMR techniques. In batch experiments, aluminum
was completely incorporated in M-(A-)S-H up to Al/Si=0.1, the aluminum was found in both tetrahedral
and octahedral sites of M-S-H.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

The manufacture of Portland clinker is an energy intensive process and causes 5 to 8% of the
anthropogenic CO2 emissions. The use of reactive magnesium from magnesium silicate minerals or
magnesite is in consideration to decrease the CO 2 emitted from construction. The temperature needed
to produce a reactive magnesium oxide from magnesite (750-900°C) is much lower than the temperature
required to produce Portland clinker from limestone (1450°C). Reactive magnesia can also be obtained
from magnesium silicate minerals at temperatures below 1000°C (Gartner et al., 2014).
The hydration of magnesia and silica based cement pastes leads to a binder system based on
magnesium silicate hydrate (M-S-H) as primary reaction product (Zhang et al., 2011). The properties
and structure of M-S-H vary strongly from calcium silicate hydrates (C-S-H) formed in Portland cement
paste. M-S-H is stable at pH values between 7.5 and 12 (Bernard et al., 2017a; Bernard et al.,
Submitted), while C-S-H is stable between 10 and 14 (Lothenbach and Nonat, 2015; Walker et al.,
2016). M-S-H has a layered silicate structure similar to phyllosilicate (Bernard et al., 2019; Brew and
Glasser, 2005; Nied et al., 2016) while C-S-H is mainly composed of silicate chains or dimers depending
on the Ca/Si ratio (see e.g. (Bell et al., 1990; Klur et al., 1998; Richardson, 2008)). Given the different
stability domains and structures, the precipitation of two distinct phases and not of a mixed calcium
magnesium silicate hydrate phase is most likely (Bernard et al., 2018; Brew and Glasser, 2005; Chiang
et al., 2014; Lothenbach et al., 2015).
The safety of geological nuclear waste repositories relies on the long service life of the underground
facility i.e. on a limited reaction between the cementitious materials used as structural elements and the
geological environment. To limit the deterioration of clayey materials in these specific disposals, a low
pH value of the cement paste is aimed for. The combination of Portland cement with silica sources is a
good method to decrease the pH values, as no or little portlandite is present and those pastes are mainly
composed of calcium silicate hydrate (C-S-H) and ettringite (Lothenbach et al., 2014). The addition of
magnesium to those mixes decreases the decalcification of C-S-H and the magnesium enrichment (as
observed e.g. in (Mäder et al., 2017)) and enhances the compatibility with clayey materials.
Partial substitutions of Portland cement by magnesia/silica-based pastes increase the complexity of the
calcium, aluminum, magnesium and silica system. The uptake of aluminum in calcium (alumino) silicate
hydrate (C-(A-)S-H) is well established, but little is known about the aluminum uptake in magnesium
(alumino) silicate hydrates (M-(A-)S-H) and its effect on the formation of hydrotalcite, a layered double
hydroxide with a variable Mg/Al ratio: [Mgl-xAl x(OH)2]x+ [Ax/n n-· mH2O]x-, with 0 < x < 0.33 (Miyata, 1983).
The incorporation of aluminum in M-S-H phases was investigated in this study. Magnesium (alumino)
silicate hydrate (M-(A-)S-H) was synthetized in batch experiments with a Mg/Si ratio of 1.1 and a Al/Si
ratio of 0.1. In parallel, mixes of Portland cement with silica fume, MgO, and Al2O3 were hydrated during
1 year. Investigations were conducted on the solid phases by thermogravimetric (TG) analysis, X-ray
diffraction (XRD), and 29Si and 27Al MAS NMR techniques.

2.
2.1

MATERIALS AND METHODS
Synthetic M-A-S-H

Magnesium oxide (Merck, pro analysis), silica fume (SiO 2, Aerosil 200) and metakaolin (Al2O3.2SiO2,
ARGICAL-M 1200S) were chosen as starting materials for the M-A-S-H synthesis (Bernard et al., in
preparation). The M-A-S-H sample was prepared with ratio Mg/Si=1.1 and with Al/Si= 0.1. The
suspension was equilibrated for 1 year at 50°C to accelerate the reaction; previous studies had indicated
that a temperature increase up to 70°C did not affect the composition and structure of M-S-H but
considerably accelerated the hydrate formation (Bernard et al.). The solid and liquid phases were
separated by filtration under pressure, the solids were washed and freeze-dried as detailed in (Bernard
et al., 2017b).
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2.2

Pastes

A reference paste 100% PC/SF composed of 50 wt.% Portland cement (PC) and 50 wt.% silica fume
(SF) with a w/s of 1.0 was prepared. The chemical compositions of the PC and SF used have been
determined by X-ray fluorescence analysis (XRF), Rietveld analysis from XRD (Le Saoût et al., 2011)
as detailed in Table 1. Two mixes with additional magnesium and aluminum content were studied:
30%MgO/Ht and 50%MgO/Ht corresponding to 30 and 50 wt. % of replacement of the PC/SF binder by
MgO/Ht mixes. Magnesium and aluminum were added by using periclase (MgO) and decarbonated and
dehydrated hydrotalcite (with a total ratio Mg/Al of 8). The commercial hydrotalcite
(Mg6Al2(CO3)(OH)16·4H2O from Sigma Aldrich) was decarbonated and dehydrated for 12h at 680°C to
make this product miscible with water and more reactive. The dead-burnt periclase MgO (Sigma Aldrich)
was crushed and only grain sizes smaller than 63 μm were kept.
Table 1: The chemical composition of CEM I and silica fume used for the paste experiments.

CEM I

SiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

SO3

CaO free

CO2

Cl

LOI

20.6

5.5

2.6

64.2

1.60

0.20

0.63

2.6

0.56

0.9

0.01

1.6

96.8

0.3

0.13

0.19

0.29

0.05

0.63

0.2

(g/100g)
Silica fume

1.1

The experiments were carried out at 20°C using a water/solid ratio of 1.0. This high water/binder ratio
was chosen to avoid the use of superplasticizer else needed due to the large amount of silica fume.
Right after the mixing with water, the pastes were cast in 12mL PE-bottles and stored in sealed
containers (to exclude the ingress of CO2) at 20°C. After 1 year the solid samples were crushed and the
hydration was stopped by submerging the specimens for 15 min in isopropanol. The solution was filtered
with a paper filter and rinsed with diethylether during 5 min. The dried powder was placed 10 min in the
oven at 40°C and analyzed by TGA and XRD within 20 hours; the remainder of the samples was stored
until further analysis in N2 filled desiccators at a relative humidity of ~30% (over saturated CaCl2
solution).
2.3

Analytical techniques

The pH values (±0.1) were measured at ambient temperature (23±2°C) and the results were corrected
to 20 or 50°C as detailed in (Bernard et al., 2017b). Thermogravimetric analyses (TGA) were carried out
on ground powder with a Mettler Toledo TGA/SDTA 8513 instrument using a heating rate of 20°C/min
from 30 to 980 °C. XRD data were collected using a PANalytical X’Pert Pro MPD diffractometer equipped
with a rotating sample stage in a Ɵ-2Ɵ configuration applying CuKα radiation (λ=1.54 Å) for the M-A-SH samples and CoKα radiation (λ=1.79 Å) for the paste samples. To ease the comparison, the XRD
plots are given based on the d-value. The 29Si MAS NMR single pulse experiments were conducted on
a Bruker Avance III NMR spectrometer using a 7 mm CP/MAS probe at 79.5 MHz. The 27Al NMR spectra
were measured using a 2.5 mm CP/MAS probe on the same instrument at 104.3 MHz. The parameters
are detailed in (Bernard et al., in preparation).

3.
3.1

RESULTS AND DISCUSSIONS
Synthetic M-A-S-H

The TG analysis and X-ray diffractogammes displayed in Figure 1 showed that both, the pure M-S-H
and M-A-S-H samples after 1 year of equilibration at 50°C, consisted of poorly ordered hydrated nanocrystallites. The TG analysis showed that both solids exhibited two types of water loss, assigned to i)
adsorbed water and water within the structure with a main weight loss between 30 and 230°C and ii) or
hydroxyl groups with a main weight loss above 300°C. The X-ray patterns showed the characteristic
large asymmetric peaks due to the nanocrystallite trioctahedral phyllosilicate as further discussed in
(Bernard et al., 2019). In addition, traces of quartz and anatase from the metakaolin used for the
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synthesis were detected. Neither brucite, aluminum hydroxide, nor hydrotalcite were detected by XRD
or TG analysis in the samples indicating mainly the presence of nano-crystallite gel-like phases.

Figure 1. a) XRD plots and b) TGA data of M-S-H, M-A-S-H samples. All samples were cured 1
year at 50°C

29Si

MAS NMR spectra associated to these two samples are shown in Figure 2a. The 29Si MAS NMR
spectrum of M-S-H investigated previously (Bernard et al., 2019; Bernard et al., 2017b; Nied et al., 2016)
showed approximately 2/3 Q3 signals (between -92 and -97 ppm) indicating in both, M-S-H and M-A-SH samples, the presence of sheet silica and 1/3 of Q 2 signals (-85 ppm) indicating either very small
coherent areas of silica sheets and/or defects in the silicate sheets or even to double chain silicate
layers. However, in the presence of aluminum, the resonances were broadened. The replacement of
silicon by aluminum in the silicate tetrahedral sheets should induce high frequency shift of 29Si. The
comparison with literature leads to two new bands at -82 and -91 ppm respectively (Komarneni et al.,
1986; Sanz and Serratosa, 1984). These two resonances were assigned to Q2(Al) i.e., silicate with one
aluminate and one silicate neighbour, and to Q 3(Al) tetrahedral silicate, i.e., silicate with one aluminate
and two silicate neighbours, respectively.
27Al

MAS NMR spectrum of M-A-S-H is presented in Figure 2b together with the spectrum of the raw
metakaolin starting material. The spectra indicated that the metakaolin had largely reacted to form the
M-A-S-H phases. The 27Al MAS NMR data of M-A-S-H showed the presence of IV- and VI- fold
coordinated aluminum. The broad signal at approximatively 62 ppm confirmed the presence of
tetrahedrally coordinated Al(IV), i.e. Al in the silicate layer, as e.g. in saponite (Bisio et al., 2008). The
Al(IV) signal was visible as a broad asymmetric signal in the M-A-S-H spectra and this broad signal
could again indicate the presence of two tetrahedral sites and/or poorly ordered aluminum sites in the
tetrahedral layers (Bisio et al., 2008). Additionally, the signal observed at 0- 20 ppm was assigned to
the octahedrally coordinated Al(VI) environment (Lippmaa et al., 1986; Sanz and Serratosa, 1984). The
broad quadrupolar broadened shape of this resonance (isotropic 27Al NMR chemical shift at ~11 ppm)
is related to a mid-ordering of the layers (Bisio et al., 2008; Costenaro et al., 2012). In hydrotalcite-like
phases, a symmetric Al(VI) signal centered at ~ 9-11 ppm ((Hibino and Tsunashima, 1998)) and for
poorly ordered aluminum hydroxide an asymmetric signal at around 11 ppm is expected. However, the
TGA and XRD data indicated the absence of hydrotalcite and of aluminum hydroxide indicating the
incorporation of a part of aluminum in the octahedral layers in M-A-S-H sample.
The results have shown that the addition of a small amount of metakaolin to magnesium oxide and silica
fume led to the formation of M-(A-)S-H, where aluminum is incorporated in the octahedral and
tetrahedral layers, while no significant hydrotalcite formation was observed. It can be speculated that
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both the relative small amount of aluminum and the low pH value of 9.4 led to the incorporation of
aluminum in the M-(A-)S-H rather than to the formation of hydrotalcite-like phase.

Figure 2. a) 29Si MAS NMR spectra and b) 27Al MAS NMR spectra with assignments of Qn and Al
environments of M-S-H, M-A-S-H; cured 1 year at 50°C

3.2

Blended pastes

Periclase (MgO) and dehydrated hydrotalcite (6MgO·Al 2O3) were added to the PC/SF blend to observe
whether M-A-S-H phases would form.
Figure 3a shows the XRD patterns of hydrated 100% PC/SF, 30% MgO/Ht and 50% MgO/Ht samples.
Ettringite, C-S-H, calcite and quartz were identified in 100% PC/SF. Ettringite and C-S-H were also the
main hydrated phases observed in a study dedicated to low-pH binders (Lothenbach et al., 2014).
Calcite and quartz (residues from the silica fume) were present in small quantities only. No ettringite
was detected in the two mixes and also the effective content of C-S-H decreased with the substitutions
of PC/SF by MgO/Ht. Instead, a small amount of basanite was detected.
Additionally, traces of brucite and mainly hydrotalcite were observed by XRD in the presence of MgO/Ht.
The content of hydrotalcite increased with the amount of MgO/Ht. The broad XRD reflections of
hydrotalcite are related to its poorly crystalline structure; the variable Mg/Al and interlayer composition
of hydrotalcite make its quantification by XRD difficult.
The content of unreacted MgO from periclase and from the decarbonated hydrotalcite (6MgO·Al 2O3)
was quantified by Rietveld analysis. It was found that only 40 ± 5 wt.% of it had reacted. This 40 wt. %
roughly corresponds to the magnesium added by the decarbonated hydrotalcite indicating that none or
very little of the dead burnt MgO had reacted. No M-(A-)S-H could be detected by XRD, due to its nanocrystallite structure. The XRD of M-A-S-H shows only very broad humps, which makes the identification
of M-S-H by XRD possible in synthetic samples but makes it very difficult within the complex matrix of
cement pastes.
TGA data associated to these 3 hydrated mixes are shown in Figure 3b and confirmed the presence of
ettringite in the 100% PC/SF sample only, the presence of C-S-H in all samples and the additional
increased presence of hydrotalcite with the substitutions by MgO/Ht; possibly also some M-S-H based
on the broad water loss between 300 and 600°C. A very small amount of carbonates was detectable
between 600 and 800°C. However, no brucite or basanite was identified by TGA.
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Figure 3. a) XRD patterns; E=ettringite, Hc=hemicarbonate, Ht=hydrotalcite, F=ferrite,
B=brucite, Ba=Bassanite, Q=quartz and b) TGA data of the 100%PC/SF sample and the 30%
MgO/Ht and 50%MgO/Ht replacement binder samples after 1 year of reaction at 20°C

29Si

MAS NMR spectra are shown in Figure 4a. The characteristic chemical shifts of the tetrahedral
silicate in C-S-H at approximately -79.7, -82.9, -85.5 and -88.4 ppm, corresponding to Q1 (end of chains),
Q2b (bridging position), Q2p (pairing position) and Q2u (bridging position with binding to H+ (Le Saout et
al., 2006; Sato and Grutzeck, 1991)), and more generally Q2 are visible in Figure 4a. None or only very
small quantities of Q3 with a chemical shift between -95 and -97 ppm (Le Saout et al., 2006; Myers et
al., 2015) have been reported at room temperature for C-S-H in presence of aluminum. C-S-H is
detected in each sample together with a large amount of unreacted silica particularly in the 100% PC/SF
sample (~30% of the total silica). The calculated Ca/Si in C-(A-)S-H remained more or less constant to
0.9-1.1 in all samples. Additionally, the mean chain length estimated in the C-S-H is approximately
constant in all samples. The unreacted silica together with the C-S-H content decreased with the partial
replacement by MgO/Ht, while the content of Q 3 increased with the MgO/Ht replacement indicating the
increased formation of M-(A-)S-H in the samples.
For the 50% MgO/Ht sample, one fourth of the total amount of the initial SF was present in M-(A-)S-H
indicating that a non-negligible formation of M-(A-)S-H is likely in the presence of the right amounts of
SiO2 and MgO.
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Figure 4b displays the 27Al MAS NMR spectra. Mainly broad environments Al(IV) at 70-50 ppm and
Al(VI) 15-0 ppm were observed. Approximately 45% of the total aluminum was found as Al(IV) in the
100% PC/SF sample and is attributed to the incorporation of aluminum in the C-(A-)S-H with a calculated
Al/Si ~ 0.1. The Al(VI) environment corresponds to mainly ettringite (at 13 ppm (Lothenbach et al.,
2008)), some third aluminate hydrated (TAH) (at 5 ppm (Andersen et al., 2006)) in C-A-S-H and
hydrotalcite (at 11 ppm). With the replacement by MgO/Ht, only a signal with a chemical shift at 11 ppm
in Al(IV) environment was observed, confirming the presence of hydrotalcite and the absence of
ettringite in those samples; also the TAH was difficult to detect. The Al(VI) environment in M-(A-)S-H is
similar to the Al(VI) environment hydrotalcite with a symmetric chemical shift at 11 ppm (see Figure 2b).
In the absence and presence of MgO/Ht a broad Al(IV) band was observed, which could be due to the
both Al(IV) in C-(A-)S-H and M-(A-)S-H. Therefore, in the pastes, the deconvolutions of the Al NMR data
and thus quantification of Al in M-S-H is very difficult.
Considering a Mg/Si ~ 0.8-1.0 for the M-(A-)S-H phases detected by 29Si MAS NMR (Bernard et al.,
2017a; Bernard et al., 2017b; Brew and Glasser, 2005; Szczerba et al., 2013; Zhang et al., 2012),
between 25 and 40% of the total magnesium present has precipitated in the M-(A-)S-H, indicating a
partial destabilization of the hydrotalcite initially added to cement to M-A-S-H.
From the Al NMR data an Al(IV)/Si of 0.1 in C-A-S-H was obtained if it was assumed that all the Al(IV)
would be incorporated in C-(A-)S-H; considering an equal Al(IV) distribution between M-S-H and C-S-H
the Al/Si would equal to 0.07. Finally, if we consider an aluminum incorporation with Al/Si ~ 0.1-0.2 in
M-(A-)S-H with the Al(VI), the ratio Mg/Al found in the LDH-like phase can vary between 1.4 and 2.3.
With no aluminum incorporation, Mg/Al would be between 1.3 and 1.9 in the hydrotalcite. Thus
considering the content of MgO and Al2O3 and the pH of the system, a large amount of Al is more likely
incorporated in the M-(A-)S-H as described in the pure phases study (section III.a).

Figure 4. a) 29Si MAS NMR spectra (Qn notation refers to the connectivity of the tetrahedral
silicate sites) and b) 27Al MAS NMR spectra with assignments of Qn and Al environments (AFt=
ettringite, Ht= hydrotalcite, TAH= partial Al in C-A-S-H) of the 100%PC/SF sample and the 30%
MgO/Ht and 50%MgO/Ht replacement binder samples after 1 year of reaction at 20°C
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4.

CONCLUSIONS

M-S-H and M-(A-)S-H phases synthesized in batch experiments and studied by TG analysis, XRD, 29Si
and 27Al MAS NMR techniques showed a comparable polymerization degree of the tetrahedral silicates
with nanosized Si-sheets, similar to a neo formed hydrated phyllosilicate. At Al/Si = 0.1, aluminum was
completely incorporated in M-(A-)S-H and the aluminum was found in both tetrahedral and octahedral
sites of M-S-H. The structure of silica in C-(A-)S-H and M-(A-)S-H differs from each other; silica is
arranged in sheets in M-S-H and in chains in C-S-H.
In blends of Portland cement, silica with reactive MgO and Al 2O3, the formation of M-(A-)S-H was
observed in addition of C-(A-)S-H and hydrotalcite, while ettringite was destabilized.
An in-depth understanding of the stability field of M-A-S-H versus hydrotalcite-like phases (at different
Mg/Al and with OH-, NO3-, CO32-, or other anions), calcium alumino-silicate phases (C-A-S-H), ettringite
and zeolite at different pH values, however, is still missing. The adequate description of the stability of
all relevant phases is needed for a reliable modelling of the precipitation of M-S-H at the interface and
to understand better the degradation at the surface of hydrated cement pastes exposed to magnesium
sulfate solution or seawater (De Weerdt and Justnes, 2015; Kunther and Lothenbach, 2018), where MS-H formation was observed, or to predict the performance and durability of magnesia/silica cementbased materials (Zhang et al., 2011; Zhang et al., 2012) where M-(A-)S-H is the main hydrate. Also,
further in-depth analysis of workability, density, mechanical properties of such hydrated pastes are
needed.
5.

ACKNOWLEDGMENTS

The authors would like to thank Alexandre Dauzères and the French Institute of Radiation Protection
and Nuclear Safety for the Ellina Bernard’s Ph.D. funding; Fabien Le Goff is acknowledged for the
support in the preparation of the samples and analysis; Daniel Rentsch is acknowledged for helpful
discussion on the NMR data. The NMR hardware was partially granted by the Swiss National Science
Foundation (SNSF, grant no. 206021_150638/1).
6.

REFERENCES

Andersen, M.D., Jakobsen, H.J., Skibsted, J., (2006). A new aluminium-hydrate species in hydrated
Portland cements characterized by 27 Al and 29 Si MAS NMR spectroscopy. Cement and Concrete
Research 36, pp. 3-17.
Bell, G., Bensted, J., Glasser, F., Lachowski, E., Roberts, D., Taylor, M., (1990). Study of calcium silicate
hydrates by solid state high resolution 29Si nuclear magnetic resonance. Advances in Cement Research
3, pp. 23-27.
Bernard, E., Lothenbach, B., Cau-Dit-Coumes, C., Chlique, C., Dauzères, A., Pochard, I., (2018).
Magnesium and calcium silicate hydrates, Part I: Investigation of the possible magnesium incorporation
in calcium silicate hydrate (C-S-H) and of the calcium in magnesium silicate hydrate (M-S-H). Applied
Geochemistry 89, pp. 229-242.
Bernard, E., Lothenbach, B., Chlique, C., Wyrzykowski, M., Dauzères, A., Pochard, I., Cau-Dit-Coumes,
C., (2019). Characterization of magnesium silicate hydrate (M-S-H). Cement and Concrete Research
116, pp. 309-330.
Bernard, E., Lothenbach, B., Le Goff, F., Pochard, I., Dauzères, A., (2017a). Effect of magnesium on
calcium silicate hydrate (C-S-H). Cement and Concrete Research 97, pp. 61-72.
Bernard, E., Lothenbach, B., Pochard, I., Cau-dit-Coumes, C., (Submitted). Alkali binding in magnesium
silicate hydrates.
Bernard, E., Lothenbach, B., Pochard, I., Cau-Dit-Coumes, C., Rentsch, D., (in preparation). Magnesium
aluminum silicate hydrate (M-A-S-H)
Bernard, E., Lothenbach, B., Rentsch, D., Pochard, I., Dauzères, A., (2017b). Formation of magnesium
silicate hydrates (M-S-H). Physics and Chemistry of the Earth, Parts A/B/C 99, pp. 142-157.
Bisio, C., Gatti, G., Boccaleri, E., Marchese, L., Superti, G., Pastore, H., Thommes, M., (2008).
Understanding physico–chemical properties of saponite synthetic clays. Microporous and Mesoporous
Materials 107, pp. 90-101.
Brew, D.R.M., Glasser, F.P., (2005). Synthesis and characterisation of magnesium silicate hydrate gels.
Cement and Concrete Research 35, pp. 85-98.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Chiang, W.S., Ferraro, G., Fratini, E., Ridi, F., Yeh, Y.Q., Jeng, U.S., Chen, S.H., Baglioni, P., (2014).
Multiscale structure of calcium- and magnesium-silicate-hydrate gels. Journal of Materials Chemistry A
2, pp. 12991-12998.
Costenaro, D., Gatti, G., Carniato, F., Paul, G., Bisio, C., Marchese, L., (2012). The effect of synthesis
gel dilution on the physico-chemical properties of acid saponite clays. Microporous and Mesoporous
Materials 162, pp. 159-167.
De Weerdt, K., Justnes, H., (2015). The effect of sea water on the phase assemblage of hydrated
cement paste. Cement and Concrete Composites 55, pp. 215-222.
Gartner, E., Gimenez, M., Meyer, V., Pisch, A., (2014). A Novel Atmospheric Pressure Approach to the
Mineral Capture of CO2 from Industrial Point Sources. Thirteenth annual conference on carbon capture,
utilization and storage, Pittsburgh, Pennsylvania.
Hibino, T., Tsunashima, A., (1998). Characterization of repeatedly reconstructed Mg− Al hydrotalcitelike compounds: Gradual segregation of aluminum from the structure. Chemistry of materials 10, pp.
4055-4061.
Klur, I., Pollet, B., Virlet, J., Nonat, A., (1998). CSH structure evolution with calcium content by
multinuclear NMR, Nuclear magnetic resonance spectroscopy of cement-based materials. Springer pp.
119-141.
Komarneni, S., Fyfe, C.A., Kennedy, G.J., Strobl, H., (1986). Characterization of Synthetic and Naturally
Occurring Clays by 27Al and 29Si Magic‐Angle Spinning NMR Spectroscopy. Journal of the American
Ceramic Society 69.
Kunther, W., Lothenbach, B., (2018). Improved volume stability of mortar bars exposed to magnesium
sulfate in the presence of bicarbonate ions. Cement and Concrete Research 109, pp. 217-229.
Le Saoût, G., Kocaba, V., Scrivener, K., (2011). Application of the Rietveld method to the analysis of
anhydrous cement. Cement and Concrete Research 41, pp. 133-148.
Le Saout, G., Lécolier, E., Rivereau, A., Zanni, H., (2006). Chemical structure of cement aged at normal
and elevated temperatures and pressures: Part I. Class G oilwell cement. Cement and Concrete
Research 36, pp. 71-78.
Lippmaa, E., Samoson, A., Magi, M., (1986). High-resolution aluminum-27 NMR of aluminosilicates.
Journal of the American Chemical Society 108, pp. 1730-1735.
Lothenbach, B., Le Saout, G., Gallucci, E., Scrivener, K., (2008). Influence of limestone on the hydration
of Portland cements. Cement and Concrete Research 38, pp. 848-860.
Lothenbach, B., Nied, D., L'Hôpital, E., Achiedo, G., Dauzères, A., (2015). Magnesium and calcium
silicate hydrates. Cement and Concrete Research 77, pp. 60-68.
Lothenbach, B., Nonat, A., (2015). Calcium silicate hydrates: Solid and liquid phase composition.
Cement and Concrete Research 78, pp. 57-70.
Lothenbach, B., Rentsch, D., Wieland, E., (2014). Hydration of a silica fume blended low-alkali shotcrete
cement. Physics and Chemistry of the Earth, Parts A/B/C 70, pp. 3-16.
Mäder, U., Jenni, A., Lerouge, C., Gaboreau, S., Miyoshi, S., Kimura, Y., Cloet, V., Fukaya, M., Claret,
F., Otake, T., Shibata, M., Lothenbach, B., (2017). 5-year chemico-physical evolution of concreteclaystone interfaces. Swiss Journal of Geosciences 110, pp. 307-327.
Miyata, S., (1983). Anion-exchange properties of hydrotalcite-like compounds. Clays and Clay Minerals
31, pp. 305-311.
Myers, R.J., L’Hôpital, E., Provis, J.L., Lothenbach, B., (2015). Effect of temperature and aluminium on
calcium (alumino)silicate hydrate chemistry under equilibrium conditions. Cement and Concrete
Research 68, pp. 83-93.
Nied, D., Enemark-Rasmussen, K., L'Hopital, E., Skibsted, J., Lothenbach, B., (2016). Properties of
magnesium silicate hydrates (MSH). Cement and Concrete Research 79, pp. 323-332.
Richardson, I.G., (2008). The calcium silicate hydrates. Cement and Concrete Research 38, pp. 137158.
Sanz, J., Serratosa, J., (1984). Silicon-29 and aluminum-27 high-resolution MAS-NMR spectra of
phyllosilicates. Journal of the American Chemical Society 106, pp. 4790-4793.
Sato, H., Grutzeck, M., (1991). Effect of starting materials on the synthesis of tobermorite, MRS
Proceedings, 245. Cambridge Univ Press, pp. 235-240.
Szczerba, J., Prorok, R., Śnieżek, E., Madej, D., Maślona, K., (2013). Influence of time and temperature
on ageing and phases synthesis in the MgO–SiO2–H2O system. Thermochimica Acta 567, pp. 57-64.
Walker, C.S., Sutou, S., Oda, C., Mihara, M., Honda, A., (2016). Calcium silicate hydrate (CSH) gel
solubility data and a discrete solid phase model at 25° C based on two binary non-ideal solid solutions.
Cement and Concrete Research 79, pp. 1-30.
Zhang, T., Cheeseman, C., Vandeperre, L., (2011). Development of low pH cement systems forming
magnesium silicate hydrate (MSH). Cement and Concrete Research 41, pp. 439-442.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Zhang, T., Vandeperre, L.J., Cheeseman, C.R., (2012). Magnesium-silicate-hydrate cements for
encapsulating problematic aluminium containing wastes. Journal of Sustainable Cement-Based
Materials 1, pp. 34-45.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Effect of nanopowders on strength evolution of high volume fly
ash concretes
Chamila Gunasekara a, David Lawb, Sujeeva Setungec
School of Engineering, RMIT University, Melbourne, VIC, Australia
achamila.gunasekara@rmit.edu.au
bdavid.law@rmit.edu.au
c sujeeva.setunge@rmit.edu.au

ABSTRACT
Portland cement (PC) is the most costly and energy-intensive component in concrete production.
Manufacturing of one tonne of cement emits between 0.6-0.8 tonnes of CO2, which is responsible for
5-7% of CO2 emissions worldwide. Thus, replacing cement with sustainable materials to reduce
energy consumption and emissions is a modern research focus. Design of a green concrete with the
replacement of high volume PC with supplementary materials is crucial in reducing these impacts.
However, a major disadvantage of high volume fly ash (HVFA) concrete is low early age strength
development. This is because of the production of less lime during hydration due to the reduced
cement content. This study reports on the development of two HVFA concrete mix designs, with
replacement levels of 65% (HVFA‒65) and 80% (HVFA‒80) of the cement content. A series of HVFA‒
65 and HVFA‒80 concrete specimens were prepared by changing fly ash‒lime‒nanopowder
combinations and the compressive strength development up to 90 days assessed. Nanopowders used
in this study were nano-silica and nano-calcium carbonate, which ranged between 1 to 3% of binder
volume. The 90 day optimized mixes achieved a compressive strength of 55.3 MPa and 48.1 MPa for
HVFA‒65 and HVFA‒80 concretes incorporated with 3% nano silica. Moreover, the addition of nano
silica HVFA‒65 and HVFA‒80 concrete increased early age strength by 50% and 100% at 7 days.
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1. INTRODUCTION
Concrete is the most widely used construction material in the world, and Portland cement (PC) is the
main component of this concrete. The use of PC in concrete has raised concern with regard to its
sustainability, given the fact that the production of 1 kg of cement releases 0.6-0.8 kg of CO2 into the
atmosphere (Gartner 2004, Meyer 2009, Chen et al. 2010). Due to growth in population and urbanization
the increasing use of concrete is inevitable in the near future. This concern has led to the use of
supplementary cementitious materials (SCMs) as partial replacement for PC in concrete. Fly ash is one
of the most common SCMs. However, its current usage in concrete is limited as a partial replacement
of PC at 20‒30%. Fly ash is precipitated electrostatically or mechanically from the exhaust gases of
coal-fired power stations, with an estimated annual worldwide production about 900 million tonnes (Park
et al. 2014). The annual fly ash production in Australia stands at 14.5 million tonnes, which is projected
to reach 20 million tonnes in 2025 (Park et al. 2014). The usage of fly ash in cement and concrete
manufacturing is estimated to be close to 20% of annual production, with another 25% used for other
low value-added applications. The balance is placed into long term storage, which has significant
environmental and operational costs. The increasing quantity of toxic metals in the landfill also potentially
increases the threat to ground water contamination and poses a significant risk to local aquifers due to
the possible leaching of heavy metals (Khale and Chaudhary 2007). Hence, the increase of fly ash
usage in concrete is a key priority to increase sustainability and provide socio-economic and
environmental benefits.
The use of concrete containing high volume fly ash (HVFA) has recently gained popularity as a resourceefficient, durable and sustainable option for a variety of concrete applications (Li 2004, Volz et al. 2013,
Alaka and Oyedele 2016, Moffatt et al. 2017). HVFA concrete is a concrete generally defined as that
with at least 50% of the PC replaced by fly ash (Malhotra et al. 2002). However, a major drawback for
HVFA concrete is low early strength development, when replacement levels exceed 40%. The reaction
rate is slower than that of concrete. At very early ages, it acts as a filler. The filler effect acts in three
ways, i.e., higher separation among cement particles may promote complete cement hydration due to
the availability of more space, the partial deflocculation of the cement particles in the three dimensional
network proves increased cement particle surface area, and provision of new nucleation sites on fly ash
spheres that can promote the formation of more hydration products (Shaikh et al. 2014). When fly ash
is added in the concrete mix, it will ultimately reduce the porosity.
In order to accelerate the early age hydration in HVFA concrete, cementitious additives that are finer
than fly ash, such as silica fume, blast furnace slag and rice husk ash are used. It is expected that due
to their smaller particle size and higher surface area, the low early age mechanical properties of HVFA
concrete will be improved due to the early hydration reaction with calcium hydroxide (CH), the formation
of secondary calcium silicate hydrate (C-S-H) gel and the filling of micro voids in the matrix.
More recently, the use of nano particles in construction materials has received significant attention.
Nano-silica (nSiO2) has recently been introduced as an advanced pozzolan to improve the
microstructure and stability of cement-based systems (Shaikh et al. 2014). The nSiO2 consumes free
CH during cement hydration and forms C-S-H gel due to its high fineness and reactivity (Li et al. 2004).
In addition, nSiO2 is particularly beneficial in acting as a nucleus to make the cement hydrate denser
and improves the interfacial transition zone even with the inclusion of small quantities of the
nanomaterials.
In addition to nSiO2, the efficacy of the addition of nano-calcium carbonate (nCaCO3) in accelerating the
hydration of PC has been investigated in recent years (Sato and Beaudoin 2011, Camiletti et al. 2013).
Sato and Beaudoin (Sato and Beaudoin 2011) showed that the early hydration of PC is accelerated by
the addition of nCaCO3 and the higher the amount of nCaCO3 addition, the greater was the accelerating
effect. Camiletti et al. (Camiletti et al. 2013) also reported that the addition of nCaCO 3 had an
accelerating effect on the hydration of C3S as well as on the hydration of PC. Furthermore, the induction
period of C3S hydration was significantly shortened by the addition of nCaCO 3, and the amount of
nCaCO3 decreased as the hydration of C3S initiated.
This study focused on developing two HVFA concrete mixes which contain 65% (HVFA‒65) and 80%
(HVFA‒80) of the cement replaced with fly ash and other additives. Firstly, two HVFA concrete mixes
were designed by adding hydrated lime. The required lime content for a specific HVFA mix was initially
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calculated using the Pozzolanic Index and then optimized via a detailed experimental program. The
hydration pattern of HVFA‒65 and HVFA‒80 pastes with optimized hydrated lime was investigated by
isothermal calorimetry and thermogravimetric analysis (TGA). Secondly, the compressive strength
development between 3 and 90 days of both HVFA‒65 and HVFA‒80 concretes incorporating different
percentages of nSiO2 and nCaCO3 were investigated. The optimized quaternary blend HVFA‒65 and
HVFA‒80 concrete mixes were identified based on the compressive strength data.
2. EXPERIMENTAL PROCEDURE
ASTM-Type III PC, Australian low calcium class F fly ash, hydrated lime and nanomaterials
(nSiO2/nCaCO3) were used to manufacture HVFA-65 and HVFA-80 concretes. The chemical
composition of PC, fly ash and nano materials, determined by X-ray fluorescence analysis is shown in
Table 1. The mean particle size of fly ash was 20µm and fineness at 45µm was 87%. The fly ash has
62.5% reactive amorphous phase with non-reactive quartz (15.8%) and mullite (19.2%) identified as the
crystalline phases, as quantified by X-ray diffraction analysis. The hydrated lime consists of 91% of
calcium hydroxide. The mean particle size of nSiO2 and nCaCO3 are 15nm and 27.5nm, and contain
99% of SiO2 and CaO, respectively. Both coarse and fine aggregate were prepared in accordance with
AS 1141.5 (2000). The fine aggregate was river sand in uncrushed form with a specific gravity of 2.6
and a fineness modulus of 2.9. The coarse aggregate was crushed granite aggregate (10mm in size)
with a specific gravity of 2.65 and water absorption of 1.74%. The coarse aggregate used in concrete
was in a saturated surface dry condition in order to prevent water absorption from the concrete mix.
Table 1. Chemical composition
By weight (%)
Material
SiO2

Al2O3

Fe2O3

CaO

P2O5

TiO2

MgO

K2O

SO3

MnO

Na2O

aLOI

PC

22.5

4.5

0.4

66.3

0.67

0.20

0.51

0.15

2.8

0.10

0.17

1.7

FA

65.9

24

2.87

1.59

0.19

0.92

0.42

0.58

0

0.06

0.49

1.5

aLoss

on ignition (unburnt carbon content)

Firstly, the HVFA-65 and HVFA-80 concrete mixes were optimized using hydrated lime content (C.
Gunasekara 2018). These two concrete mixes themselves were then optimized by incorporating
nanomaterials in the mix. This was undertaken by varying the nSiO 2 and nCaCO3 percentage between
1% and 3%, as shown in Table 2. The total binder content of HVFA-65 and HVFA-80 concrete was fixed
to 450 kg/m3, the fly ash quantity in each mix was adjusted based on hydrated lime and nanomaterials
percentage, maintaining the cement content at 35% and 20% respectively and the combined fly ash,
hydrated lime and nanomaterials at 65% and 80% respectively. The water/binder ratio was kept at 0.3,
and a high early strength superplasticizer in liquid form, was used together with tap water in order to
maintain the workability within the range of 55-65 mm. The ratio of the components, cement, sand,
coarse aggregates and mixing water, was calculated based on the absolute volume method (Neville
1996).
The mixing of concrete was carried out using a 120-liter concrete mixer. The dry materials (PC, fly ash,
hydrated lime, sand and coarse aggregates) were mixed first for 4 minutes. Water mixed with
nanomaterials and superplasticizer, was added to the dry mix and then mixed continuously for another
4 minutes. Immediately after mixing, the concrete mix was poured into steel cylinder moulds and
compacted using a vibration table to remove air bubbles. All concrete specimens were demoulded one
day after casting and then cured in a lime saturated water tank at 23ºC temperature until being tested.
The corresponding paste samples for the TGA test were prepared following the same mix proportioning
as the optimized HVFA concrete mixes with hydrated lime, except that the sand and coarse aggregates
are excluded. The paste samples were crushed and ground into fine particles, then filtered using a 53µm
sieve to obtain the required powder samples.
Compressive strength testing was performed at 3, 7, 28 and 90 days using an MTS machine with a
loading rate of 20 MPa/min according to AS 1012.9 (1999). The reported compressive strength values
at each specific age are an average of four samples for each mix. The TGA test was performed using a
PYRIS TGA machine under a N2 atmosphere. A powder sample of 5-12 mg was placed into the platinum
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crucible subject to a heating rate of 10ºC/min from 35ºC to 860ºC. The percentage of mass loss of
cement samples due to decomposition with the increase of temperature was observed.
The heat of hydration of paste samples at a constant temperature of 23ºC were measured using a TAM
Air 8-Channel Standard Volume Calorimeter. Prior to mixing the paste, the cement, FA and water were
all kept at room temperature for 24 hours in order to achieve a constant room temperature of 23ºC for
all materials. Wooden sticks were used to manually mix the samples. Immediately after mixing, the
samples were injected into 20 mL glass ampoules which were then placed in the calorimeter for 72
hours. The heat flow and cumulative heat over time for the samples were recorded as the isothermal
calorimetry data. The data for each sample were normalized with respect to the total mass of its
cementitious material so that different samples can be compared with each other.
Table 2. Mix designs for HVFA concrete incorporating nanomaterials (kg/m 3)
Mix proportions (kg/m3)
Mix Notation
PC

FA

HL

nSiO2

nCaCO3 Sand

Aggregate Water

100PC

450

0

0

0

0

135

644

1218

35PC + 52FA + 13HL

157.5

234

58.5

0

0

135

601

1137

35PC + 51FA + 13HL + 1NS

157.5

229.5

58.5

4.5

0

135

601

1138

35PC + 50FA + 13HL + 2NS

157.5

225

58.5

9

0

135

601

1138

35PC + 49FA + 13HL + 3NS

157.5

220.5

58.5

13.5

0

135

602

1139

35PC + 51FA + 13HL + 1NCC

157.5

229.5

58.5

0

4.5

135

601

1138

35PC + 50FA + 13HL + 2NCC

157.5

225

58.5

0

9

135

601

1138

35PC + 49FA + 13HL + 3NCC

157.5

220.5

58.5

0

13.5

135

602

1139

35PC + 50FA + 13HL + 1NS + 1NCC 157.5

225

58.5

4.5

4.5

135

602

1139

35PC + 49FA + 13HL + 1NS + 2NCC 157.5

220.5

58.5

4.5

9

135

602

1140

35PC + 49FA + 13HL + 2NS + 1NCC 157.5

220.5

58.5

9

4.5

135

602

1139

20PC + 62FA + 18HL

90

279

81

0

0

135

591

1118

20PC + 61FA + 18HL + 1NS

90

274.5

81

4.5

0

135

591

1118

20PC + 60FA + 18HL + 2NS

90

270

81

9

0

135

591

1119

20PC + 59FA + 18HL + 3NS

90

265.5

81

13.5

0

135

591

1119

20PC + 61FA + 18HL + 1NCC

90

274.5

81

0

4.5

135

591

1118

20PC + 60FA + 18HL + 2NCC

90

270

81

0

9

135

591

1119

20PC + 59FA + 18HL + 3NCC

90

265.5

81

0

13.5

135

591

1119

20PC + 60FA + 18HL + 1NS + 1NCC 90

270

81

4.5

4.5

135

591

1119

20PC + 59FA + 18HL + 1NS + 2NCC 90

265.5

81

4.5

9

135

592

1120

20PC + 59FA + 18HL + 2NS + 1NCC 90

265.5

81

9

4.5

135

592

1119

3. RESULTS AND DISCUSSION
3.1 Strength development with hydrated lime
The compressive strength development of 100PC and HVFA concretes between 3 and 90 days is
tabulated in Table 3. It is noted that the HVFA‒65 and HVFA‒80 concretes showed lower compressive
strength than the 100PC concrete at all ages. The compressive strength of the HVFA‒65 concrete
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increased from 20.8 to 52.2 MPa, the HVFA‒80 concrete from 9.8 to 39.3 MPa and the PC concrete
from 47.6 to 60.5 MPa from 3 to 90 days. The HVFA‒65 concrete demonstrated a two-fold strength
increase while HVFA‒80 concrete had a three-fold strength gain between 3 and 28 days. The data
indicates that hydration continues in the HVFA concretes up to 90 days. As would be anticipated due to
the pozzolanic reaction of the fly ash with the hydrated lime, the percentage of strength development is
significantly larger than in PC concrete over this period.
Table 3. Compressive strength of optimized HVFA concretes using hydrated lime (MPa)
Duration

3–day

7–day

28–day

90–day

aStrength

100PC

50.1

56.5

60.8

68.1

35.93%

HVFA65

20.8

25.0

42.7

52.2

150.96%

HVFA80

9.8

14.5

29.5

39.3

301.05%

evolution

(90-day strength – 3-day strength)/3-day strength

a

3.2. Degree of hydration
The variation of normalized heat flow of 100PC, HVFA‒65 and HVFA‒80 concrete over the first 3 days
is shown in Figure 1. The 100PC concrete had the greatest heat flow compared with the two HVFA
concretes. It was noted that with the increase of cement replacement, the overall height of the
normalized heat flow curve decreased, indicating a lower rate of hydration for HVFA concretes than
100PC. At the time of mixing, hydration occurs rapidly, identified as the first peak in the normalized heat
flow curve. This is principally due to the hydration of C 3A and C4AF phases, Figure 1(a) (Neville 2011).
This first peak appears earlier for HVFA concrete than 100PC. Moreover, the duration of the dormant
period, occurring after the first peak, is shortened for both HVFA‒65 and HVFA‒80 concrete. This
observation indicates that the hydration of C3A and C4AF phases for HVFA concretes occurs earlier than
100PC concrete. Additionally, the hydration of these phases was faster with the increase of fly ash
percentage in binder.
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Figure 1. Normalized heat flow vs. time in 100PC, HVFA‒65 and HVFA‒80 concrete
The second peak after the dormant period is associated with the hydration of C3S and the production of
the main hydrates C-S-H and CH. Setting also occurs during this period. Figure 1(b) shows that with the
increase of fly ash and hydrated lime in the concrete, the second peak of the heat flow curve shifted to
the left. This is contrary to the heat flow curves of binary cement paste with fly ash observed in previous
research (Xu et al. 2010, Sofi et al. 2017). For Portland cement pastes with fly ash as the only SCM, the
heat flow curve usually shifts to the right, with larger fly ash dosages contributing to a larger shift (Xu et
al. 2010, Sofi et al. 2017). The reason for the accelerated advent of the second peak in the heat flow
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curves of HVFA‒65 and HVFA‒80 concretes is attributed to the addition of hydrated lime. It has been
reported that the presence of alkalis can speed up the appearance of the second peak, due to the
formation of C3S hydrate at an earlier age (Neville 2011). The shape of the second peak is also changed
for both HVFA concretes. In the 100PC concrete, the second peak of the heat flow curve is quite
conspicuous. However, in HVFA‒65 and HVFA‒80 concretes, the second peak is less prominent
compared to the 100PC sample. HVFA‒80 concrete also has a smaller second peak compared with the
HVFA‒65 concrete. This would indicate that the increase of fly ash and hydrated lime dosage results in
a lesser hydration of C3S.
The third peak, quickly following the second peak, is due to renewed hydration of C 3A and C4AF
components of the cement. It can be seen that the HVFA‒80 concrete had the earliest occurrence of
the third peak and 100PC concrete had the latest. As mentioned in previous studies, the entire heat flow
curve would shift to the right with an increase of fly ash dosage. Thus, the occurrence of the third peak
would be expected to be delayed. In this study, the increase of fly ash content accelerates the advent of
the third peak instead. This could also be due to the addition of hydrated lime causing the renewed
hydration reaction of C3A and C4AF phases to occur earlier.
3.3 Strength development with nanomaterials
The compressive strength development of HVFA‒65 and HVFA‒80 concretes formulated with nSiO2
and nCaCO3 are reported as the average of four specimens for each mixture at 3, 7, 28 and 90 days,
as shown in Table 4.
Table 4. Compressive strength of HVFA concrete incorporating nanomaterials (MPa)
Compressive Strength (MPa)
Mix Notation
3–day

7–day

28–day

90–day

100PC

50.1

56.5

60.8

68.1

35PC + 52FA + 13HL

19.8

25.0

42.7

45.9

35PC + 51FA + 13HL + 1NS

20.1

24.7

42.3

47.8

35PC + 50FA + 13HL + 2NS

23.4

26.1

43.2

53.1

35PC + 49FA + 13HL + 3NS

24.8

37.5

47.1

55.3

35PC + 51FA + 13HL + 1NCC

14.1

18.0

26.0

36.7

35PC + 50FA + 13HL + 2NCC

16.5

20.1

35.2

41.4

35PC + 49FA + 13HL + 3NCC

17.0

22.6

36.1

42.1

35PC + 50FA + 13HL + 1NS + 1NCC

23.1

24.5

43.1

51.2

35PC + 49FA + 13HL + 1NS + 2NCC

22.0

31.6

42.3

49.4

35PC + 49FA + 13HL + 2NS + 1NCC

25.0

25.7

42.8

43.8

20PC + 62FA + 18HL

9.3

14.5

28.2

35.0

20PC + 61FA + 18HL + 1NS

10.1

15.0

28.2

36.3

20PC + 60FA + 18HL + 2NS

13.2

23.5

38.3

47.5

20PC + 59FA + 18HL + 3NS

18.8

28.8

40.1

48.3

20PC + 61FA + 18HL + 1NCC

10.3

16.6

32.5

44.6

20PC + 60FA + 18HL + 2NCC

9.0

12.2

28.8

38.0

20PC + 59FA + 18HL + 3NCC

9.2

11.5

20.3

31.1

20PC + 60FA + 18HL + 1NS + 1NCC

13.5

20.7

35.6

43.1

20PC + 59FA + 18HL + 1NS + 2NCC

12.0

15.9

28.6

36.3
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20PC + 59FA + 18HL + 2NS + 1NCC

14.7

20.3

37.1

34.8

In order to determine the optimum mix design for each HVFA concrete, the content of nSiO2 and nCaCO3
was varied from 1 to 3%. The compressive strength values were found to increase with an increase of
nanomaterials percentage up to 3% for both HVFA concretes. It is noted that the
[35PC+49FA+13HL+3NS] concrete mix obtained the highest compressive strength at 28 days for
HVFA–65 concrete (also referred to as “HVFA–65ns”) whereas the [20PC+59FA+18HL+3NS] concrete
mix gave the optimum 28-day strength for HVFA-80 concrete (also referred to as “HVFA–80ns”).
It was observed that addition of nSiO2 in concrete provided considerable compressive strength evolution
for both HVFA concretes between 3 and 90 days, Figure 2. The compressive strength of the HVFA‒
65ns concrete increased from 24.8 to 55.3 MPa, the HVFA‒80ns concrete from 18.8 to 48.3 MPa and
the 100PC concrete from 50.1 to 68.1 MPa from 3 to 90 days. The HVFA concretes without
nanomaterials had considerably lower compressive strength at early age (i.e. 3 and 7 days) than the PC
concrete. However, after addition of 3% nSiO2 to the HVFA‒65 and HVFA‒80 concrete mixes, they
displayed almost 25% and 56% strength increase (5.0 and 10.5 MPa), respectively at 3 days, and 50%
and 100% strength increase (12.5 and 14.3 MPa), respectively at 7 days. The HVFA‒65ns and HVFA‒
80ns concrete showed a strength development over time, but with a reduced rate after the first 7 days.
Overall, the HVFA‒65ns and HVFA‒80ns concrete obtained 123% and 157% strength gain between 3
and 90 days, respectively.
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Figure 2. Compressive strength development of HVFA–65ns and HVFA–80ns concrete
It was interesting to note that the addition of nCaCO3 to the HVFA concrete mixes showed a strength
reduction compared to the control HVFA‒65 and HVFA‒80 concretes. The reduction in strength
observed increased as the nCaCO3 percentage became greater. This contradicted previous findings,
Sato and Beaudoin (Sato and Beaudoin 2011) noted that the seeding effect of the nCaCO 3 particles and
the nucleation of C-S-H improved the compressive strength of HVFA concretes.
A possible explanation is that while it has been reported that adding nanomaterials improves the
compressive strength of HVFA concrete, a major drawback of nSiO 2 and nCaCO3 is the tendency to
form agglomeration during wetting and mixing. Unless the individual particles are well dispersed,
agglomeration reduces the exposed particle surface leading to inferior concrete properties. This study
only employed mechanical mixing of the nanomaterials in water, followed by direct mixing with dry
materials (i.e. cement, fly ash, lime and aggregates) in the concrete production. Further investigation is
currently progressing to determine the impact of dispersion and to develop an effective nanomaterial
mixing technique to enhance the particle dispersion and minimise agglomeration.
3.4. Degree of hydration
The variation of normalized heat flow of 100PC, HVFA‒65ns and HVFA‒80ns concrete over the first 3
days is shown in Figure 3. The 100PC concrete had the greatest heat flow compared with the two HVFA
concretes containing nSiO2. At the time of mixing, hydration occurs rapidly, identified as the first peak in
the normalized heat flow curve. This is principally due to the hydration of C 3A and C4AF phases, Figure
1(a) (Neville 2011). This first peak appears earlier for HVFA concrete than 100PC. Moreover, the
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duration of the dormant period, occurring after the first peak, is shortened for both HVFA‒65ns and
HVFA‒80ns concretes. This observation indicates that the hydration of C3A and C4AF phases for HVFA
concretes occurs earlier than 100PC concrete. Additionally, the hydration of these phases was faster
with the addition of nSiO2 in binder.
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Figure 3. Normalized heat flow vs. time in 100PC, HVFA‒65ns and HVFA‒80ns concrete
The second peak after the dormant period is associated with the hydration of C 3S and the production of
the main hydrates C-S-H and CH. Setting also occurs during this period. Figure 3(b) shows that with the
increase of fly ash, hydrated lime and nSiO2 in the concrete, the second peak of the heat flow curve
shifted to the left. This is contrary to the heat flow curves of binary cement paste with fly ash observed
in previous research (Xu et al. 2010, Sofi et al. 2017). For Portland cement pastes with fly ash as the
only SCM, the heat flow curve usually shifts to the right, with larger fly ash dosages contributing to a
larger shift (Xu et al. 2010, Sofi et al. 2017). The reason for the accelerated advent of the second peak
in the heat flow curves of HVFA‒65ns and HVFA‒80ns concretes is attributed to the addition of hydrated
lime. It has been reported that the presence of alkalis can speed up the appearance of the second peak,
due to the formation of C3S hydrate at an earlier age (Neville 2011). The shape of the second peak is
also changed for both HVFA concretes. In the 100PC concrete, the second peak of the heat flow curve
is quite conspicuous. However, in HVFA‒65ns and HVFA‒80ns concretes, the second peak is less
prominent compared to the 100PC sample. HVFA‒80ns concrete also has a smaller second peak
compared with the HVFA‒65ns concrete. The third peak, quickly following the second peak, is due to
renewed hydration of C3A and C4AF components of the cement. The addition of nSiO2 in binder
accelerates the advent of the third peak instead. This could also be due to the addition of nSiO2 causing
the renewed hydration reaction of C3A and C4AF phases to occur earlier.
4. SUMMARY AND CONCLUSIONS
Two ternary blend high-volume fly ash concrete mixes, with cement replacement up to 65% and 80%
(HVFA‒65 and HVFA‒80) were initially designed using hydrated lime. The compressive strength of 42.7
MPa and 40.1 MPa was obtained at 28 days, using HVFA‒65 and HVFA‒80 concrete, respectively. The
addition of hydrated lime enhanced the initial hydration of fly ash during the first 7 days in the HVFA
concretes. The addition of 3% nSiO2 to the HVFA‒65 and HVFA‒80 concrete mixes showed 50% and
100% strength increase, respectively at 7 days. However, the addition of nCaCO 3 to the HVFA concrete
mixes showed a strength reduction compared to the control HVFA‒65 and HVFA‒80 concretes. The
reduction in strength observed increased as the nCaCO 3 percentage increased. Overall, the
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compressive strengths of 55.3 MPa and 48.3 MPa were achieved at 90 days, with the optimized HVFA‒
65ns and HVFA‒80ns concrete, respectively.
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ABSTRACT
This article analyzes the impact of Portland Cements CEM I which meet the requirements of EN 450-1
standard "Fly ash to concrete", on K28 and K90 activity index values of siliceous fly ash. Twelve
samples of siliceous fly ash from various power plants and 7 samples of Portland cement CEM I from
different cement plants were selected for tests. The cements were varied due to their phase and
chemical composition; mainly tricalcium aluminate and alkali content. Basic research of the materials
were made. Samples of siliceous fly ash were investigated due to the suitability for cement and
concrete.
Studies have shown that different values of K28 and K90 activity index for the same siliceous fly ash
were obtained for CEM I Portland cements from different cement plants. The impact of Portland
Cements on activity index is explained by the different properties of Portland cements used for testing
and meeting the requirements of EN 450-1. The results obtained show that producer (cement plant) of
CEM II/A, B-V or CEM IV/A, B (V) cement ashes should select the siliceous fly ash, most compatible
with his Portland cement.
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1. INTRODUCTION
The cement industry is guided by the strategy of sustainable development, whose main objective is to
reduce environmental pollution, and above all to reduce emissions of CO2 and dust and the use of
waste from other industries. The production of Portland clinker is associated with a significant CO2
emission, the source of which is the decomposition of calcium carbonate contained in the raw material
set and combustion of fuel in the clinker sintering process. One of the solutions to reduce CO2
emissions is to change the phase composition of clinker to belit clinker with very low alite content [1-5].
The main direction of CO2 emission reduction is the production of cements with mineral additives
replacing part of Portland cement clinker in cement [6-8]. Over the last 10 years, the production of
cements with mineral additives has increased in Poland by around 10%. For the production of
cements with mineral additives in the country, mainly granulated blast-furnace slag and siliceous fly
ash are used. In addition, the use of limestone is increasing, mainly as a secondary component of
cements, i.e. up to 5% of the cement mass, but also calcium Portland cements are also produced.
[9,10].
According to the EN 450-1 standard "Fly ash for concrete. Part 1: Definition, specifications and
conformity criteria”, CEM I Portland cements may be used for testing activity index, which must meet
three requirements: content of C3A tricalcium aluminate from 6% to 12%, sodium and potassium
content from 0.5 % to 1.2% Na2Oe and specific surface area greater than 3000 cm2/g. Such a large
range of these two variables in the requirements for Portland cement for the study of the K28 and K90
activity indexes it can cause different values of K28 and K90 activity index for the same siliceous fly
ash [11]. Such changes confirm large differences in the results of the study of activity index obtained
by ash producers and in our Institute.
The article examines the impact of several Portland CEM I cements, meeting the requirements
of the PN-EN 450-1 standard, on K28 and K90 activity indicators of silica fly ash. Twelve samples of
siliceous fly ash from various power plants and seven CEM I Portland cements from several cement
plants were used for the tests. The basic properties of these cements were tested in accordance with
the requirements of EN 197-1 standard "Cement. Part 1: Composition, specifications and conformity
criteria for common cements”. These cements were used to determine the of the activity indexes of
siliceous fly ashes.

2. MATERIALS AND METHODS
The chemical compositions of ashes and their fineness as a residue on a 45 μm sieve are given in
Table 1. Chemical and phase composition of used CEM I class 42.5 cement from various cement
plants are given in Table 2. These cements were used to determine the activity indicators K28 and
K90 mentioned ashes.

Table 1. Chemical composition of siliceous fly ashes

Designation of
LOI
fly ash
1p
2p
3p
4p
5p
6p
7p
8p

1,54
2,44
3,60
3,74
3,75
4,50
4,87
4,96

SiO2

Al2O3

53,6
49,6
51,3
49,1
50,7
50,6
51,7
52,2

26,8
28,0
27,6
27,2
26,2
26,8
27,6
24,5

Component
Fe2O3 CaO MgO
% mass,
6,9
2,86
2,35
9,0
3,21
2,09
6,3
3,22
1,80
6,5
3,97
2,90
7,3
3,31
2,74
6,4
3,65
2,40
6,0
2,30
1,78
7,1
3,05
2,48

Na2O

K2O

SO3

0,91
1,42
1,01
1,15
1,15
0,91
0,60
0,99

3,27
2,59
2,89
3,24
3,18
3,01
3,03
3,08

0,05
0,03
0,02
0,18
0,04
0,04
0,06
0,14

Fineness*

22,9
34,8
38,5
33,3
14,2
33,3
38,3
34,1
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9p
5,40
49,2
26,5
6,9
3,62
10p
5,54
51,1
25,2
6,7
3,27
11p
7,15
48,7
26,4
6,8
3,32
12p
9,26
47,5
24,9
5,7
4,01
* residue on a 45 μm sieve; i.e. N fineness category

2,17
2,50
2,18
2,85

2,14
1,05
0,88
1,07

2,60
2,97
2,83
2,90

35,1
39,4
25,8
31,8

0,04
0,07
0,03
0,24

Table 2. Chemical composition of CEM I cements (reference cements)
Designation of cement
3c
4c
5c
% masy
LOI.
3,04
3,13
4,85
4,75
3,28
SiO2
19,83
19,71
19,34
19,26
19,89
Al2O3
4,37
4,60
5,26
5,14
4,73
Fe2O3
3,36
3,54
2,28
2,75
2,26
CaO
64,19
62,14
62,56
61,91
63,17
MgO
0,60
2,33
1,59
1,36
1,78
SO3
2,89
3,05
2,75
3,11
3,31
Na2O
0,21
0,09
0,12
0,14
0,13
K2O
0,51
0,89
0,68
0,83
0,82
Na2Oe
0,55
0,68
0,57
0,69
0,67
Skład fazowy według Bogue’a, % masowy [12]
C3S
68
59
61
58
62
C2S
4
11
8
10
9
C3A
6
6
10
9
9
C4AF
10
11
7
8
7
* Cement marked 6c does not meet the requirements of EN 450-1.
Component

1c

2c

6c*

7c

1,23
20,82
4,41
5,34
63,31
0,93
2,57
0,33
0,25
0,50

3,07
19,80
4,39
3,38
64,15
0,59
2,29
0,20
0,51
0,55

55
17
3
16

68
4
6
10

3. RESEARCH RESULTS AND DISCUSSION
In accordance with the EN 450-1 standard, from the materials in Tables 1 and 2, mixtures consisting of
25% ash and 75% cement were made. In total, 84 blends were made, which were evaluated for
compressive strength after 28 and 90 days of hardening. The K28 and K90 ash activity indexes were
calculated by comparing the strength results of the mixtures with the strength of the CEM I reference
cements after 28 or 90 days of hardening. The results of calculations of activity indicators K28 and
K90 of all siliceous fly ash and individual reference cements are presented in Tables 3-9. On the other
hand, Figures 1 and 2 present activity index for a selected one siliceous fly ash, tested in blends with
all cements.

Table 3. Activity index of all siliceous fly ashes obtained with reference cement 1c
Kind of fly Ash
(Table 1)
Reference cement 1c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p

Compressive strength, MPa
After 28 days
After 90 days
57,1
63,4
46,2
62,9
46,9
60,8
47,4
56,7
45,4
58,9
51,1
64,1
46,1
59,1
46,2
56,6
47,3
61,2
48,5
64,0
46,0
56,8
48,9
61,2

Activity index, %
K28
K90
100
100
80,9
99,2
82,1
95,9
83,0
89,4
79,5
92,9
89,5
101,1
80,7
93,2
80,9
89,3
82,9
96,6
84,9
100,9
80,6
89,6
85,6
96,5
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12p

46,3

60,3

81,1

95,1

Table 4. Activity index of all siliceous fly ashes obtained with reference cement 2c
Kind of fly Ash
(Table 1)
Reference cement 2c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
56,4
63,1
45,3
61,2
42,3
56,0
42,7
51,8
43,8
53,7
45,0
59,1
39,0
54,3
38,2
51,4
39,7
52,4
40,6
56,1
38,8
51,5
42,8
56,7
41,0
55,7

Activity index, %
K28
K90
100
100
80,3
97,0
75,0
88,7
75,7
82,1
77,7
85,1
79,8
93,7
69,1
86,1
67,7
81,5
70,4
83,0
72,0
88,9
68,8
81,6
75,9
89,9
72,7
88,3

Table 5. Activity index of all siliceous fly ashes obtained with reference cement 3c
Kind of fly Ash
(Table 1)
Reference cement 3c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
54,9
61,7
46,9
59,5
49,8
58,0
49,1
56,1
49,2
58,7
50,4
64,2
46,4
58,7
43,7
54,1
47,5
58,5
46,2
63,3
44,0
54,6
49,5
57,3
49,6
57,7

Activity index, %
K28
K90
100
100
85,4
96,4
90,7
94,0
89,4
90,9
89,6
95,1
91,8
104,1
84,5
95,1
79,6
87,7
86,5
94,8
84,2
102,6
80,1
88,5
90,2
92,3
90,3
93,5

Table 6. Activity index of all siliceous fly ashes obtained with reference cement 4c
Kind of fly Ash
(Table 1)
Reference cement 4c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
47,8
56,2
39,3
54,2
42,3
52,6
37,2
51,7
41,1
58,6
45,5
58,8
42,7
61,1
41,5
51,8
44,7
58,7
43,7
52,6
40,0
54,7
40,8
59,1
41,3
56,4

Activity index, %
K28
K90
100
100
82,2
96,4
88,5
93,6
77,8
92,0
86,0
104,3
95,2
104,6
89,3
108,7
86,8
92,2
93,5
104,4
91,4
93,6
83,7
97,3
85,4
105,2
86,4
100,4
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Table 7. Activity index of all siliceous fly ashes obtained with reference cement 5c
Kind of fly Ash
(Table 1)
Reference cement 5c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
55,4
62,2
42,2
52,3
48,9
57,4
43,3
51,1
42,6
50,8
46,4
54,8
46,2
56,2
46,6
56,9
46,2
53,6
47,8
57,8
44,9
54,7
46,9
55,6
46,8
57,3

Activity index, %
K28
K90
100
100
76,2
84,1
88,2
92,3
78,1
82,2
76,9
81,7
83,7
88,1
83,5
90,4
84,2
91,5
83,5
86,2
86,2
92,9
81,1
87,9
84,7
89,4
84,5
92,1

Table 8. Activity index of all siliceous fly ashes obtained with reference cement 6c
Kind of fly Ash
(Table 1)
Reference cement 6c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
47,0
59,3
36,8
59,1
39,1
57,8
35,9
55,9
40,5
55,3
39,2
60,1
35,9
59,5
33,7
50,0
38,6
57,1
37,1
59,6
40,4
59,6
42,8
58,5
42,3
58,1

Activity index, %
K28
K90
100
100
78,3
99,7
83,2
97,4
76,4
94,3
86,1
93,2
83,5
101,3
76,4
100,3
71,7
84,3
82,2
96,3
78,9
100,5
86,0
100,5
91,1
98,6
90,0
97,9

Table 9. Activity index of all siliceous fly ashes obtained with reference cement 7c
Kind of fly Ash
(Table 1)
Reference cement 7c
1p
2p
3p
4p
5p
6p
7p
8p
9p
10p
11p
12p

Compressive strength, MPa
After 28 days
After 90 days
57,2
63,6
42,9
60,6
45,7
60,2
46,7
56,2
44,5
54,1
47,2
63,8
47,8
58,7
43,9
57,9
44,0
62,4
44,1
61,3
45,6
59,9
45,9
55,4
45,7
60,8

Activity index, %
K28
K90
100
100
75,0
95,3
79,9
94,7
81,6
88,4
77,8
85,1
82,5
100,3
83,6
92,3
76,7
91,0
76,9
98,1
77,1
96,4
79,7
94,2
80,2
87,1
79,9
95,6
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Figure 1. Activity index K28 and K90 for siliceous fly ash 3p

Figure 2. Activity index K28 and K90 for siliceous fly ash 5p

From all siliceous fly ashes of N fineness category, only 12p ash did not meet the requirements of the
PN-EN 450-1 standard, because it had too much loss on ignition (LOI) 9.26% (Table 1). Also, cement
6c did not meet the requirements of the PN-EN 450-1 standard, because it contained 3% tricalcium
aluminate (Table 2), and should contain this phase from 6 to 12%. However, cement 6c and fly ash
12p were used to check the effect of a high LOI in silica fly ash and low C3A content in cement on the
K28 and K90 activity indicators.
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In the case of 1c cement (Table 3), all ashes meet the requirements of the EN 450 -1 standard,
achieving K28 and K90 activity rates above 75 and 85% respectively, relative to the reference cement
CEM I. The highest K90 activity index, exceeding 100%, were obtained for ashes 5p and 9p. The
highest K90 activity rates exceeding 100% were obtained for ashes 5p and 9p.
In the case of 2c cement (Table 4), 6 fly ashes (50%) meet the requirements of the K28 activity index,
and 8 fly ashes (75%) meet the requirements of the K90 activity index. The highest activity index was
obtained by 1p fly ash.
In the case of 3c cement (Table 5), all ashes meet the requirements for activity indicators K28 and
K90. Similarly to 1c cement, the highest activity indicators K90, exceeding 100%, were obtained by
ashes 5p and 9p.
In the case of 4c cement (Table 6), all ashes meet the requirements of activity indicators K28 and
K90, and 50% of ashes obtained K90 activity indexes, exceeding 100%.
In the case of 5c cement (Table 7), all ashes meet the requirements of the K28 activity index, and
75% meet the requirements for the K90 activity index. The highest activity indexes were obtained by
ashes 2p and 9p.
In the case of 6c cement (Table 8), only 7p fly ash does not meet the requirements for activity
indicators K28 and K90. The remaining ash meets these requirements. For the 5p, 6p, 9p and 10p fly
ashes the K90 activity indices exceeding 100%.
In the case of 7c cement (Table 9), all ashes tested meet the requirements for activity indicators K28
and K90. The highest activity index K90, exceeding 100%, was obtained by 5p fly ash.
Analyzing the results of K28 and K90 activity indicators for particular siliceous fly ash N category of
fineness, it can be concluded that the smallest activity indexes were obtained for ash 3p, and the
highest activity indexes were obtained for ash 5p (Figures 1 and 2). Such activity index results should
be mainly explained by the fineness of these fly ashes.

4. CONCLUSIONS
The obtained test results allow to present the following conclusions:
• For the same silica fly ash (6p and 8p) very high activity rates K28 and K90 were obtained for 4c
cement and very small, non-conforming EN 450-1 standard, for 2c cement.
• Among the tested 6 standard CEM I cements, the worst results of activity indexes of fly ashea
were obtained by reference Cement 2c, in which for 11 standard siliceous fly ash 6 did not meet
the requirements of K28 and K90 activity indexes.
• Siliceous fly ashes: 2p, 5p and 11p complied with the requirements of K28 and K90 activity
indicators for each cement, including also for 6c cement not meeting the requirements of the EN
450-1 standard, as reference cement.
•Considering the above, in order to check the siliceous fly ash, the potential cement producer
CEM II/A,B-V or CEM IV/A,B (V) should send its Portland cement (reference cement) to the test
of the K28 and K90 activity indicators.
• For the production of cements with the addition of fly ash, the producer should choose such a
siliceous fly ash that gives the best results with its CEM I Portland cement.
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ABSTRACT
Using calcined clay to produce Limestone Calcined Clay Cement (LC3) is becoming more attractive to
decrease the carbon footprint of the cement industry. Thanks to the synergic effect between calcined
clay and limestone, clinker is usually replaced up to 30% and can go up to 45% of replacements while
the properties of LC3 are comparable or better than PC. To obtain calcined clays, conventional rotary
kiln or flash calcination is mainly used. Because of this significant replacement levels, apparent
Activation energy (Ea) of the blended system should be significantly different compared to Portland
cement. As a first step, the R3 test, which was designed to obtain information about the reactivity of
calcined clays, was slightly modified to evaluate the activation energy of calcined clays prepared by
above two mentioned methods. This research will assist in evaluating how the two calcination process
can affect the sensitivity to change of temperature when the calcined clay is used in the LC3 systems,
and thus able to predict the chemico-mechanical developments of LC3 concrete.
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1.

INTRODUCTION

Calcined clays are today attractive as a source of supplementary cementitious materials (SCMs) to
reduce the clinker factor of cement production. The use of calcined clay with sufficient kaolinite
content (>40%) mixed with limestone to produce Limestone Calcined Clay cement (LC 3) shows
satisfactory results in terms of performance (Avet & Scrivener 2018). Reducing clinker can be possible
up to 50% (LC3-50) and gives compressive strength values comparable to the reference thanks to the
synergic effect between calcined clay and limestone.
To make kaolinitic clays suitable to be used as SCM, the raw clays must be activated through a
mechanical, a chemical or a thermal process. The most economically-viable and common technique to
activate raw clays is the thermal activation through dehydroxylation/calcination of the clays. Thermal
activation of kaolinitic clays leads to the formation of a highly reactive metastable phase called
metakaolin, according to reaction (1). The adequate thermal range for clay calcination is between
700°C and 850°C.
𝐴𝑙2 𝑂3 ∙ 2𝑆𝑖𝑂2 ∙ 2𝐻2 𝑂 → 𝐴𝑙2 𝑂3 ∙ 2𝑆𝑖𝑂2 + 2𝐻2 𝑂 (𝑣𝑎𝑝. )
Kaolinite

(1)

Metakaolin

The conventional thermal activation process for clay is carried out in a rotary kiln, similar to the one
used for the clinker manufacturing process. More recently, flash calcination has been used to produce
calcined clay. This process is more thermally efficient than rotary calcination and seems to slightly
enhance the reactivity of calcined clay by preventing crystallisation of high temperature phases during
the calcination process (Nicolas et al. 2013 & Salvador 1995). In this study a fluidized bed calciner
was used with residence time only slightly longer than is common for flash calcination.
Due to the high replacement levels of clinker (up to 50% for LC3-50 (Avet & Scrivener 2018)), the
apparent activation energy (Ea) of the blended system may be significantly different compared to
Portland cement. Therefore, the temperature sensitivity of the pozzolanic reaction of the calcined clay
should be examined. In addition, the impact of the calcination process is studied by comparing
fluidized bed and rotary kiln calcination. As a first step, the R3 test developed by Avet et al. 2016,
which was designed to obtain information about the reactivity of calcined clays, was carried out at
different temperatures to calculate the temperature dependency of the pozzolanic reaction.
2.

MATERIALS AND METHODS

2.1

Calcined clay preparation

The raw clay used in this study contains about 45% of kaolinite, determined using Thermogravimetric
analysis (TGA). The chemical composition of raw clay obtained by X-ray fluorescence (XRF) is shown
in Table 1.
Table 1 The chemical composition of raw clay by XRF
Oxides

(%)

SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
TiO2
MnO

43.2
24.7
11.5
3.6
0.6
0.1
0.2
0.4
1.7
0.2
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L.O.I.*

13.3

* L.O.I. = loss on ignition measured at 1,000°C
The sample preparation differed depending on the calcination processes. In case of the rotary kiln, the
clay was crushed to get around 1-2 cm size pieces and then was calcined in the rotary kiln at 800˚C
with a 15 min soaking time at the target temperature. For fluidized bed, the clay was ground to get a
particle size of approximately 30 µm. Calcination was carried out at 750˚C for 5 seconds. After
calcination for both processes, calcined clays were ground to get the particle size about 10 µm using a
ball mill.
2.2

Calcined clay characterisation

The particle size of calcined clays was analyzed using laser diffraction (Malvern MasterSizer S).
Calcined clay particles were dispersed in Na2CO3 solution (pH ≈ 10). Mie theory was used to predict
the size of the particle. The refractive index of 1.33 for the Na2CO3 dispersing solution and 1.53 for
calcined clay were used. The absorption index of calcined clay was chosen as 0.01.
The specific surface area of powder was carried out using gas adsorption technique. Micromeritics
TriStar II Plus equipment was used. The powder was degassed at 200°C under constant N 2 flow for 24 hours before the experiment. The BET equation was employed to determine the specific surface
area (Brunauer et al. 1938).
2.3

R3 test

To investigate the sensitivity of the reaction of calcined clays to the temperature, the information about
the reactivity of calcined clays was obtained from the R3 test using isothermal calorimetry to measure
the evolution of degree of reaction over time. The mix composition of the R3 test is given in Table 2.
The powders were mixed with water using a high-speed mixer at 1,600 rpm for 2 minutes in a plastic
cup. Approximately 15 g of the paste was introduced in the calorimeter ampoule and then was placed
in the isothermal calorimeter (TAM Air, TA instrument). The heat flow data from the isothermal
calorimeter were collected at three different temperatures: 20°C, 30°C, and 40°C for 28 days.
Table 2 The mix composition used in the R3 test

2.4

Composition

(g)

Water
Calcined clay
Ca(OH)2
K2SO4
KOH

60.00
12.50
37.50
1.473
0.316

Determination of activation energy of calcined clays

The activation energy is the minimum energy needed for a chemical reaction to start. The Arrhenius
equation was used to approximate the sensitivity of calcined clay reaction to the temperature. As seen
in (2), a higher activation energy means that the reaction rates are more sensitive to changing
temperature.
−𝐸𝑎

𝑘 = 𝐴 × 𝑒 𝑅𝑇

(2)

where 𝑘 is the rate of reaction measured as heat evolution (W), 𝐴 is a constant with same units as k,
𝐸𝑎 is the activation energy (J/mol), 𝑅 is the natural gas constant (8.314 J/mol/K) and 𝑇 is the
temperature in K at which the reaction occurs.
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There are several methods to determine the activation energy as described in (Poole et al. 2007 &
Broda et al. 2002). In this study two methods were used for calculating the activation energy of
calcined clays, i.e. the superposition method and the rate method which are detailed below.
2.4.1 The superposition method
This method uses the concept of an equivalent time to fit the curves of the heat accumulation obtained
from the R3 test at different temperatures as seen in Figure 1. This method is modified from ASTM
C1074-04, by using the isothermal calorimetry data instead of the compressive strength data. This is
convenient since the calorimetry data are continuous and is more reliable to measure the rate of
chemical reaction compared to strength data (Poole et al. 2010).

Figure 1 Fitting three heat accumulative curves for the superposition method
The equation to compute the equivalent time is given in (3). The exponential function used for fitting
the heat accumulation curve is (4).
𝑡𝑒 = ∑𝑡0 𝑒

−𝐸𝑎 1 1
( − )]
𝑅 𝑇 𝑇𝑟

[

∆𝑡

(3)

where 𝑡𝑒 refers to the equivalent time (h or day) at reference temperature (𝑇𝑟 ), 𝑇 and ∆𝑡 are the testing
temperature (K) and the time interval (h), 𝐸𝑎 and 𝑅 are defined previously
𝐻(𝑡𝑒 ) = 𝐻𝑢 × 𝑒

−[𝜏⁄𝑡 ]
𝑒

𝛽

(4)

where 𝐻(𝑡𝑒 ) equals the cumulative heat at the equivalent time (J/g), 𝐻𝑢 is the ultimate heat evolved
(J/g), 𝜏 is the reaction (hydration) time parameter (hr or day), 𝛽 is the reaction (hydration) shape
parameter
The data from the isothermal calorimeter, the cumulative heat curve, was fitted using (4) to solve 𝐻𝑢 ,
𝜏, and 𝛽 at each temperature using MATLAB software. Only 𝜏 was assumed to be a temperature
dependent parameter, thus, 𝐻𝑢 and 𝛽 were presumed independent of the given temperature. The
average value from the three temperatures for 𝐻𝑢 and 𝛽 were used to calculate 𝜏 for each
temperature. The 𝐸𝑎 was calculated by plotting 𝑙𝑛𝑘(𝜏) versus 1⁄𝑇 and the data were fit to (5) using a
least squares fit as seen in Figure 2.
𝐸𝑎 = −

𝜏
𝑙𝑛( 𝑟⁄𝜏)
1 1
( − )
𝑇𝑟 𝑇

× 𝑅

(5)
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Figure 2 Detemination of 𝑬𝒂 from the plot of 𝒍𝒏𝒌(𝝉) versus 𝟏⁄𝑻 for the superposition method
2.4.2 The rate method
The determination of the reaction rate for two different testing temperatures is given in (6). At the
same heat of evolution value, the activation energy for the two temperatures can be calculated as
shown in (7).
(𝑑𝐻⁄𝑑𝑡)

𝑇1

(𝑑𝐻⁄𝑑𝑡)

𝑇2

= 𝑘(𝑇1 )𝑓(𝐻)

= 𝑘(𝑇2 )𝑓(𝐻)

(6)

where 𝑓(𝐻) refers to a function depending on the degree of reaction

𝐸𝑎 (𝐻) = 𝑅 [

3.
3.1

𝑇1 ∙𝑇2
𝑇1 −𝑇2

𝑑𝐻1
𝑑𝑡
ln ( 𝑑𝐻
)]
2

(7)

𝑑𝑡

RESULTS
Calcined clay characterization

The particle size and the BET surface area of calcined clay particles prepared by two different
processes are summarized in Table 3. The clay calcined by the fluidized bed (FB45) process shows a
higher surface area compared to the clay calcined from rotary kiln (RK45) for a similar particle size
(D(v,50)) of calcined clays.
Table 3 Median article size and BET surface area of both calcined clay

Calcined clay

Calcination process

Median particle size
(μm)

BET specific
surface area
(m2/g)

RK45
FB45

Rotary kiln
Fluidized bed

10.06
9.33

24.84
29.38
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3.2

Activation energy of calcined clays

3.2.1

The superposition method

The cumulative heat curves of each calcined clay before and after fitting are shown in Figure 3. For
processes, the higher the temperature, the faster the rate of the reaction of calcined clays. FB45
reacted faster at the beginning but showed no significant difference in the ultimate heat released later.
This reactivity difference could be explained by the higher surface area for FB45 compared with RK45
as seen in Table 3.
The fitted parameters for equations (4) and (5) and the activation energy of the calcined clays are
given in Table 4. Table 4 shows that the activation energies for both calcined clays are similar using
the superposition method. The values are between 59.60 kJ/mol and 63.0 kJ/mol and are in the range
of the deviations calculated for each temperature pair (20-30°C, 30-40°C, and 20-40°C).

Figure 3 Cumulative heat e curves of the R3 test for RK45 and FB45 for the superposition
method, before curve fitting (lelt) and after curve fitting (right)
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Table 4 The paremeters for curve fitting and evaluated 𝑬𝒂 using the superposition method
Calcined
clays

Hu
(J/g)

β

RK45

532.66

1.144

FB45

546.43

1.086

𝛕
20°C

30°C

𝐄𝐚
(kJ/mol)

40°C

55.91

20.96

10.77

(R2=0.949)

(R2=0.954)

(R2=0.991)

21.45

10.05

4.51

(R2=0.959)

(R2=0.981)

(R2=0.998)

63.0 ± 9.9
(R2=0.992)
59.6 ± 6.9
(R2=0.990)

*R2 (τ) of least squares best-fit line of three parameters exponential model vs measured heat flow
**R2 (Ea) of least squares best-fit line of lnk(τ) vs 1/T

3.2.2

The rate method

The plots of 𝐸𝑎 as a function of the cumulative heat are presented in Figure 4 and the averages of 𝐸𝑎
for each pair of temperature pair over the range of the constant heat value (100-300 J/g) are given in
Table 5.

Figure 4 The 𝑬𝒂 of calcined clays plotted as a function of heat for the rate method
Table 5 The 𝑬𝒂 results using the rate method over the heat range of 100 – 300 J/g
Calcined clays
RK45
FB45

The average 𝑬𝒂 (kJ/mol)
20°C – 30°C

30°C – 40°C

20°C – 40°C

67.4 ± 2.5
57.4 ± 3.8

61.3 ± 2.4
64.1 ± 1.5

64.4 ± 2.3
60.6 ± 2.0

The variation of the 𝐸𝑎 value at both the early (H < 100 J/g) and late reaction (H > 300 J/g) can be
explained by measurement bias. For the early reaction this can be explained by the time required for
temperature equilibration after introducing the sample, for later age reaction by the fact that only very
low heat is dissipated and slight differences in heat flow can lead to significant deviations in
cumulative heat.
3.2.3 Comparison the activation energy of calcined clay for the different methods
The analysis result for the temperature sensitivity of calcined clays from different calcination processes
using the superposition method and the rate method is shown in Figure 5. The 𝐸𝑎 values obtained for
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both the superposition method and the rate method show no significant difference in 𝐸𝑎 for the two
calcination processes. Thus, the physical properties of calcined clay appear not to affect the 𝐸𝑎 , i.e.
the sensitivity to temperature. This is in agreement with literature results (Poole et al. 2010) that show
the main factor influencing the sensitivity to temperature of the calcined clay reaction to be the
composition of the calcined clay.

Figure 5 The comparison of 𝑬𝒂 using the different methods
4.

CONCLUSIONS

Calcined clay obtained from the rotary kiln process shows a lower surface area compared to the clay
obtained from fluidized bed calcination. Due to a higher surface area of calcined clay from fluidized
bed calcination, a more rapid early reaction of calcined clay is observed, however no significant
difference in the ultimate heat release was found. The activation energy of the pozzolanic reaction of
the calcined clays from both calcination processes determined using the superposition method and the
rate method is similar, i.e. about 59 – 65 kJ/mol. Thus, it is concluded that the physical properties of
the calcined clay do not affect the 𝐸𝑎 significantly.
5.
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ABSTRACT
Stability of cementing in geothermal wells, usually performed with the use of oilwell cements or their
blends with some silica source, can be severely impaired by the decrease of strength and mainly by
the increase of porosity accompanying transformations of primary hydration products due to high
temperatures and pressures environment. Although many studies have focused on the undergoing
undesired phase changes and on the enhancement of cement mixture compositions, these researches
are limited to short terms testing. Present study continues to investigate the performance of
commercial G-oil well cement partially replaced by pozzolanic and latently hydraulic additives under
hydrothermal conditions simulated in laboratory autoclave. On the basis of our previous results, silica
fume, metakaolin and blast-furnace slag as well as their combination in selected amounts were used to
allow formation of more thermal stable phases and thus enhance structure and strength characteristics
of final materials necessary for durability and satisfactory function of cementing in wells. Development
of pore structure, its relation to phase composition and compressive strength after curing at 0.6 MPa
and 165 °C from 7 up to 28 days were studied by means of mercury intrusion porosimetry, X-ray
diffraction and thermogravimetric analyses.
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1.

INTRODUCTION

Following the growing demand to reduce the amount of traditionally obtained energy and on the contrary,
replace it by the so-called green energy, among others, also thermal energy has attracted increasing
attention. Cementing in geothermal wells used to be performed with oil well cements that were originally
developed for oil and/or gas wells (William et al. 2005). However, different conditions of high
temperatures and higher pressures in liquid or vapour dominated wells impair stability of cementing.
Both, the temperature and the pressure influence kinetics of reactions as well as equilibrium state. Even
though C-S-H is the first main hydration product whatever the temperature and the pressure are affecting
hydration of cement paste, at temperatures above 100 °C, the crystalline α-C2SH and jaffeite (C6S2H3)
become more stable phases (Taylor et al. 1997). Accordingly, depending on the conditions, equilibrium
should be attained between α-C2SH, jaffeite and portlandite (CH) (Bresson et al. 2002). Since C3S is
the major clinker phase that in addition reacts faster that β-C2S as the second most major one, C/S ratio
present in cement or in fresh cement paste can be roughly considered to be 3. Because C/S ratio of
jaffeite is approximately equal to the mentioned one, it should forms easily. Indeed, investigation of C3S
hydration showed that primary formed C-S-H converts to jaffeite first, eventually followed by formation
of α-C2SH at 160 °C (Bresson et al. 2002). On the basis of conductivity experiments, the same authors
proved that at room temperate, higher pressure just affects kinetics of C3S hydration, however, structure
of C-S-H phases remains unchanged. At higher temperature, pressure would favour formation of phases
with lower molar volume. In such a case, faster formation of α-C2SH than jaffeite could be expected.
However, besides temperature and pressure, also C/S ratio and water available for reactions, the
amount of which changes in time, belong to important factors. The decrease of C/S ratio with some silica
source is used as a possible way how to partially prevent from transformations of primary hydration
products associated with the decrease of strength and mainly with the increase of porosity (Palou et al.
2016).
In our previous studies (Kuzielová et al. 2017, 2018), C/S ratio of G-oil well cement was modified by
additions of silica fume (SF), metakaolin (MK) or ground granulated blast furnace slag (BFS) and their
combination. Regardless of the composition, hydrothermal curing realized at 0.6 MPa and 165 °C
favours formation of α-C2SH, whilst larger amounts of jaffeite were determined after curing at the
pressure and the temperature of 2.0 MPa and 220 °C, respectively. Accordingly, it seems that under
these conditions C-S-H transforms to α-C2SH at first, which subsequently converts to jaffeite. However,
the performed experiments took only 7 days. The same systems were therefore submitted to longer
hydrothermal curing. Important properties of cement pastes after 7, 14 and 28 days of autoclaving were
studied by means of mercury intrusion porosimetry (MIP), X-ray diffraction (XRD) and thermogravimetric
(TGA) analyses.
2.

MATERIAL AND METHODS

Composition of prepared samples, as depicted in Table 1, comprised of high sulphate resistant
Dyckerhoff cement Class G (Dyckerhoff GmbH, Germany), metakaolin L05 (Mefisto, České lupkové
závody a.s., Czech Republic), silica fume (SF; Oravské ferozliatinárske závody, a.s., Slovak Republic)
and ground granulated blast-furnace slag (BFS; Kotouč Štramberk, spol. s r.o., Czech Republic). Oxide
composition of all the input materials is presented in Table 2.
Referential as well as blended samples were prepared by mixing of dry mixtures with adequate quantity
of water. Fresh cement pastes were poured into 16 x 4 x 4 cm moulds and let to hydrate at 105 °C for
1.5 h. Still hot samples were demoulded, quickly put in laboratory autoclave and exposed for 7, 14 and
28 days to hydrothermal curing at 0.6 MPa and 165 °C (High Pressure Autoclave Testing Bluhm &
Feuerherdt GmbH).
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Table 1. Composition of prepared samples (in mass %) and used water to binder ratio (w/b)
Samples

wPC

wMK

wSF

wBFS

w/b

D0

100

-

-

-

0.23

D1

85

15

-

-

0.24

D2

85

-

15

-

0.24

D3

85

-

-

15

0.24

D4

85

5

5

5

0.24

Compressive strength of hardened composites was determined using WPM VEBWerkstoffprufmaschinen Leipzig (up to 300 kN). Each displayed data of the compressive strength
represents arithmetic mean of 6 experimental measurements.
Mercury intrusion porosimetry was performed on Quantachrome Poremaster 60GT (Quantachrome UK
Ltd.). Several pieces taken from different parts of each dried sample with diameter less than 10 mm and
total mass max. 2 g were used for the tests. The maximum applied pressure of mercury was 414 MPa,
equivalent to a Washburn pore radius of 1.8 nm.
Phase changes taking place in the samples were monitored by TGA/DSC technique (TGA/DSC – 1,
STARe software 9.30, Mettler Toledo). The 50.00 (± 0.03) mg of powdered samples was heated in the
open platinum crucibles up to 1000 °C at the heating rate of 10 °C min -1 in the atmosphere of synthetic
air (purity 5.0).
Crystalline phases in the samples were detected by XRD analysis (Diffractometer system EMPYREAN,
PANanalytical, the Netherlands; CuKα radiation, λ = 0.1540598 nm, operating at 40 kV and 30 mA).
Table 2. Oxide composition and specific surface of the used cement and supplementary
cementitious materials (SCMs). All depicted values of specific surface areas determined using
Blaine represent the average of three measurements

Materials

3.
3.1

Specific surface
(m2 kg-1)

Oxide composition (mass%)
CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Dyckerhoff

62.73

20.12

4.46

5.05

0.95

2.21

Blaine

327

SF

0.50

97.10

0.21

-

0.40

-

BET

15,000

MK

0.24

49.70

42.36

0.79

0.22

0.08

Blaine

2,586

BFS

36.53

35.76

9.39

0.24

14.00

0.03

Blaine

470

RESULTS AND DISCUSSION
Results of Mercury porosimetry

Classification of pores proposed by (Mehta and Monteirio 2006) was used to divide pores according to
their size into gel pores (< 4.5 nm), mesopores (4.5 – 50 nm), middle capillary pores (50 – 102 nm), large
capillaries (102 – 104 nm) and macropores (> 104 nm). As referred pore sizes are interpreted only in the
terms of mercury intrusion context, the term “pore sizes” relates the percolation size of pores
corresponding to the intruded pressure only.
In comparison with standardly cured samples (Kuzielová et al. 2018), 7 days of hydrothermal curing
caused the decrease of gel pores portion, whilst that of larger capillaries increased (Table 3).
Prolongation of hydrothermal curing resulted in the additional decrease of gel pores and mesopores
portions. Already 14 days of autoclaving were sufficient to eliminate the existence of gel pores in
referential sample (D0) and sample with BFS addition (D3) totally. Abundance of mesopores in both of
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these compositions diminished for more than 80 % after 28 days of autoclaving when compared with
corresponding 7-days samples. Whilst portion of middle capillary pores also decreased with increasing
time of autoclaving, determined quantity of large capillaries increased significantly. As a result,
permeability coefficient of particular compositions reached the highest values regardless of the length
of hydrothermal treatment.
On the contrary, majority of pores in compositions D1 (initially containing MK), D2 (prepared with
addition of SF) and quaternary D4 after 14 and 28 days of autoclaving still belonged to mesopores.
Inconvenient changes in the percentages of larger pores, mainly with size between 50 and 10 4 nm,
which have the main effect on the transport processes and correspondingly the detrimental influence on
the durability of materials, were only small. In the case of all autoclave regimes, the highest portion of
gel pores was determined for composition D2. Compositions D1 and D4 contained the highest portion
of mesopores. Owing to the character of porous structure, permeability coefficient of these samples
reached low values, even when compared with corresponding standardly cured samples (Kuzielová et
al. 2018), and increased only slightly with prolongation of autoclaving time. Despite similar total porosity
and tortuosity of all the samples submitted to the same autoclave treatment, permeability coefficients of
D1, D2 and D4 attained in comparison with D0 and D3 numbers of low-order already after 7 days of
autoclaving. The differences between these compositions increased significantly with time.
Table 3. Pore size distribution” (portion of pores in the given area of pore diameter in nm) and
total porosity of samples
Pore size distribution (vol. %)
Samples

<4.5

4.5–50

50–102

102–104

>104

Total
porosity
(%)

Pore
tortuosity

Permeability
coefficient x
10-13(m s-1)

7 days
D0

0.25

44.59

16.43

16.51

22.22

26.43

1.93

13.92

D1

1.11

77.80

1.50

4.82

14.77

29.88

1.89

2.77

D2

14.52

59.26

0.82

2.34

23.06

21.06

1.99

0.45

D3

0.89

41.96

20.98

17.94

18.23

27.92

1.91

10.28

D4

3.50

75.25

1.01

2.84

17.40

31.58

1.87

1.36

14 days
D10

0.00

21.22

28.94

31.39

18.45

27.16

1.92

58.57

D1

2.14

73.80

3.01

3.93

17.12

30.21

1.89

3.58

D2

11.64

51.68

0.87

3.74

32.07

20.39

2.00

0.64

D3

0.00

20.85

17.40

46.41

15.34

30.04

1.89

55.76

D4

0.65

75.53

0.83

3.26

19.73

32.24

1.87

2.70

28 days

3.2

D0

0.00

4.94

5.79

71.57

17.70

28.67

1.91

377.42

D1

0.29

65.69

5.22

12.41

16.39

31.77

1.87

6.39

D2

4.46

64.62

0.68

1.82

28.35

27.32

1.92

1.43

D3

0.20

9.79

9.61

61.08

19.34

31.07

1.88

118.96

D4

0.59

71.36

2.19

2.67

2.33

34.09

1.84

4.83

Thermal analysis

Feature of DTG curves after exposure of samples to higher pressure and temperature for the time of 14
and 28 days resembles those of corresponding samples autoclaved for shorter time of 7 days and differs
from commonly observed curves for hydrated cement pastes (Kuzielová et al. 2018). In comparison with
standard curing, intensity of peaks in the temperature area of amorphous hydrates decomposition

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
decreased substantially (Figures 1, 2). In the case of samples prepared with MK (D1), some broad effect
spreading approximately between 300 °C and 500 °C appeared. It extended from the area of C-A-S-H
phases up to the area of CH decomposition, nevertheless, XRD analysis did not confirm the presence
of crystalline CH in particular samples (Figures 3, 4).
14 days

Derivative weight (mg °C-1)

0.0000
-0.0002
-0.0004
-0.0006
-0.0008

D0
D1
D2
D3
D4

-0.0010
-0.0012

200

400

600

800

1000

Temperature (°C)

Figure 1. DTG curves of samples after 14 days of curing at 0.6 MPa and 165 °C
28 days

Derivative weight (mg °C-1)

0.0000

-0.0002

-0.0004

-0.0006

-0.0008

D0
D1
D2
D3
D4

-0.0010

200

400

600

800

1000

Temperature (°C)

Figure 2. DTG curves of samples after 28 days of curing at 0.6 MPa and 165 °C
Likewise in the 7 days samples, mass losses corresponding with the amount of amorphous hydrates
are the highest in the samples prepared by partial substitution of cement with SF (D2) and MK (D1),
whilst the lowest in the referential D0 and D3 with BFS addition (Table 4).
The presence of undesired α-C2SH and jaffeite, which is expected in the samples submitted to the used
temperature of autoclaving, can be according to the thermal analysis confirmed on the basis of changes
in the temperature area of CH decomposition overlapping with that of α-C2SH, and changes between
490 – 560 °C, where jaffeite decomposes (Palou et al. 2014). Since in D1, D2 and D4 very small mass
losses between 400 – 480 °C were determinated and portlandite was not detected even by XRD, as it
was mentioned, it can be assumed that reactivity of SF and MK led to total consumption of CH in
pozzolanic reactions. Consequently formed hydrated phases, much more stable than ordinary products
of cement hydration, showed significant resistance against their transformation mainly to α-C2SH.
Nevertheless, except D2, the presence of jaffeite was proved by both the thermal analyses and the XRD
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in these samples. Its amount, however, seems not to be influenced by the time of hydrothermal curing,
the same as in the case of D0 and D3. Mass losses of the mentioned compositions pointed out besides
higher quantity of jaffeite also the presence of α-C2SH, which can be assumed according to the higher
mass losses between 400 – 480 °C when compared with standardly cured samples as well as by the
shift of particular peak maxima to higher temperatures (Kuzielová et al. 2018). Longer times of
hydrothermal curing resulted in the increase of effect in the corresponding area, however it did not
display clear dependence on the length of autoclave treatment. Some amount of portlandite certainly
carbonated into carbonates and in this manner could cause the observed discrepancies. Its amount was
𝑚
therefore recalculated by means of expression (1). In this manner assigned values of 𝑓CH
suggest higher
amounts of α-C2SH after longer hydrothermal treatment (Table 5). The broad effects in the curves of D1
and D4 hinder from the recalculation of CH (and possibly also α-C2SH) content.
𝑚
𝑓CH
= 𝐿CH

𝑀CH
𝑀H2 O

+ 𝐿CaCO3

𝑀CH

(1)

𝑀CO2

𝑚
where 𝑓CH
is the mass fraction of CH, Mx the molar mass of X, LCH and 𝐿CaCO3 are the mass losses
attributed to CH and CaCO3 in their respective temperature decomposition area (Kocaba 2010).

Table 4. Total mass loss and mass loss of the prepared samples in different temperature
intervals corresponding with particular hydration products. Displayed temperature intervals
are only orienting. Corresponding mass losses were dedicated according to the particular DTG
curves
Temperature interval (°C)
Samples

r.t.–400
(C-S-H, C-A-S-H)

400–480
(CH)

490 – 560
(jaffeite)

560–1000
(carbonates)

Total mass
loss (%)

7 days
D0

5.08

4.44

1.00

2.45

13.20

D1

7.38

2.32

1.22

1.88

13.00

D2

7.96

1.11

0.62

1.64

11.44

D3

5.39

4.34

1.08

2.49

13.55

D4

6.54

1.56

0.98

1.75

10.98

14 days
D0

3.83

5.53

0.96

2.04

12.36

D1

7.90

2.44

1.02

1.59

12.98

D2

7.59

1.51

0.65

1.65

11.41

D3

5.75

4.30

0.94

2.71

13.69

D4

7.76

1.76

0.79

1.63

11.97

28 days
D0

4.28

4.96

1.05

3.31

13.60

D1

6.97

3.16

1.14

1.81

13.08

D2

8.80

1.51

0.68

1.90

12.89

D3

3.59

5.37

1.02

2.33

12.31

D4

7.78

1.98

0.87

1.92

12.56
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Table 5. Mass fraction of CH (𝒇𝒎
𝐂𝐇 ) calculated for the selected autoclaved samples
𝒇𝒎
𝐂𝐇

Samples

3.3

7 days

14 days

28 days

D0

22.39

26.19

25.97

D3

22.04

22.25

26.01

XRD analysis

Regardless of the autoclaving time, XRD analysis confirmed higher amounts of unreacted clinker phases
in D2 (Figures 3, 4), which correlates with the lower total mass losses of this composition detected by
TGA (Table 4). Besides hatruite (C3S), larnite (β-C2S) and brownmillerite (C4AF), also merwinite (MC3S2)
and akermanite (C2MS2) were indicated in the compositions with BFS. In accordance with the content
of Al3+ ions in the samples, the formation of katoite (C-A-S-H; in all the autoclaved samples) and
hibschite (C-A-S-H; in D1 and D4, thus especially from MK) was recorded. As it was already mentioned,
the presence of portlandite was proved by XRD only in the compositions D0 and D3. More reactive MK
and SF in the compositions D1, D2 and D4 led to its total consumption already during the first 7 days of
hydrothermal curing.
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Figure 3. XRD patterns of samples cured at 0.6 MPa and 165 °C for 14 days. Abbreviations:
α – α-dicalcium silicate hydrate (α-C2SH), A – akermanite (C2MS2), B – brownmillerite (C4AF),
C – calcite (𝐂𝐂̅), H – hatruite (C3S), Hi – hibschite (C-A-S-H), J – jaffeite (C6S2H3), K – katoite
(C-A-S-H), L – larnite (β-C2S), M – merwinite (MC3S2), P – portlandite (CH)
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Figure 4. XRD patterns of samples cured at 0.6 MPa and 165 °C for 28 days
Except composition D2, jaffeite was detected in all the autoclaved samples. According to the intensities
of diffraction maxima, its amount did not change significantly neither with the change of composition nor
with the length of hydrothermal curing. On the contrary, the quantity of α-C2SH strongly depended on
the time of autoclaving. Already after one month of hydrothermal curing under the used conditions,
α-C2SH became the major crystalline phase in D0 and D3 and taking the character of these samples
according to DTG curves into account (their crystalline character), also the major phase as such. This
is clearly demonstrated by Figures 5-7 displaying selected area of XRD patterns of the samples D0, D1
and D3, respectively, submitted to different times of autoclaving.
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Figure 5. XRD patterns of D0 after different times of hydrothermal curing at 0.6 MPa and 165 °C
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Figure 6. XRD patterns of D1 after different times of hydrothermal curing at 0.6 MPa and 165 °C

Intensity (a.u.)

D3 - 7 days
D3 - 14 days
D3 - 28 days



J

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0

27.5

2 theta (°)

Figure 7. XRD patterns of D3 after different times of hydrothermal curing at 0.6 MPa and 165 °C
3.4

Mechanical properties

The longer time of hydrothermal curing, the lower values of compressive strength were determined for
particular samples (Table 6), which is in accordance with the observed changes in porosity and
composition. Owing to the finer character of porous structure, which was not influenced by detrimental
phase transformations, composition D2 disposed of the highest compressive strength values within the
autoclaved samples.
Higher temperature and pressure as well as duration of their action influenced negatively mainly the
composition D3 and referential D0. As the amount of jaffeite in these samples did not changed
significantly, coarsening of their microstructure leading to the distinct decrease of their compressive
strengths depended very probably on the increasing amount of α-C2SH.
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Table 6. Compressive strengths of prepared samples

Samples

4.

Compressive strengths (MPa)
7 days

14 days

28 days

D0

47.4 ± 2.2

31.6 ± 2.3

28.8 ± 2.3

D1

63.0 ± 10.2

56.3 ± 0.3

46.0 ± 2.9

D2

95.8 ± 5.2

95.4 ± 6.5

84.8 ± 1.7

D3

39.0 ± 4.3

34.3 ± 0.4

25.0 ± 2.2

D4

57.6 ± 4.1

58.1 ± 0.6

43.0 ± 3.2

CONCLUSION

Received results can be summarized as follows.
- The detrimental effect of higher temperature and pressure on the final properties of the designed G-oil
well cements depended strongly on their composition.
- Partial replacement of Dyckerhoff cement by 15 mass% of SF, MK or by their combination seemed to
be the most promising for applications in geothermal wells.
- Except composition D2 (with SF), jaffeite and α-C2SH were determined in the samples already after 7
days of autoclaving.
- Whilst the amount of jaffeite remained almost unchanged with prolongation of curing from 7 to 28 days,
the amount of α-C2SH significantly increased especially in referential D0 and samples prepared with
BFS (D3).
– Ongoing coarsening of porous structure in these compositions resulted in the considerable increase
of permeability coefficient and the decrease of compressive strength in time.
– Regardless of the autoclaving time, compressive strength and permeability coefficient of D2 reached
the best values within the prepared samples. Better pore size distribution of this composition could be
explained by more stable hydration products owing to lower C/S ratio.
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ABSTRACT
In general, the application of supplementary cementitious materials (SCMs) in appropriate form of
pozzolanic or latent hydraulic materials in combination with commercially available cements leads to
lowering of energy consumption necessary required to manufacture of cement. Equally, using of socalled blended cements results in decreasing silicate and/or aluminosilicate raw material basis
demand and usually substantially improve properties of resulting materials. On the other hand, there is
still lack of complex information regarding hydration course and its impact on the properties of
materials in four-component samples prepared by systematic changing of the same raw materials
portions. For these reasons we proposed and studied 12 multicomponent samples and compared
obtained data with referential ones after three different times of hydration. Ordinary Portland cement
CEM I 52.5 R (OPC) was blended with silica fume as a highly reactive source of silicon dioxide,
metakaolin as a highly reactive aluminosilicate pozzolan and blast-furnace slag which represents latent
hydraulic material. The differential thermal analysis and strength measurements were used to
investigate the effect of the used SCMs on the development of phase composition and related strength
characteristics of final materials.
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1.

INTRODUCTION

The production of Portland clinker is accompanied by considerable consumption of energy as well as
by formation of gases causing the so-called greenhouse effect (Damtoft 2008). Other negative impact
is the systematic changing of environment as a result of quarrying. Energy saving and CO2 emissions
reductions can be achieved using the blended cements. In conformity with particular European
standard (EN 197-1:2011), many binary and ternary blended types of cement were defined and
introduced in practice.
In our previous (Palou 2016) and actual study, we have focused on the development and the
investigation of quaternary cementitious blends. It has been proved that the combination of ordinary
Portland cement (OPC) and three properly selected supplementary cementitious materials (SCMs)
may offer many advantages in comparison with simpler systems. For example, the total heat
generated at the beginning of hydration course of such a system is considerably lowered due to the
dilution effect. On the contrary, the presence of SCMs, mainly with higher finesse, allows faster
reaction rate between OPC and water during early and middle hydration stages (Kuzielová 2019a,
2019b). Besides the mentioned, additives can act as fillers and/or microfillers and, of course, they can
participate in pozzolanic reactions leading to the formation of other binding phases (Guang 2015,
Saraya 2014, Wild 1996). All of these results in the improvement of pore structure, thus to the
decrease of permeability followed by the increase of mechanical strength characteristics. Suitable
utilization of the mentioned positives can lead to the development of new self-compacting (Şahmaran
2006) or even high-performance concretes (Poon 2001, Curcio 1998).
The simultaneous application of different types of SCMs, however, markedly changes the hydration
course of already very complex system. The differences in their chemical and especially mineralogical
composition and fineness affect their reactivity as a function of the curing time. When more reactive
SCMs are applied, e.g. silica fume (SF) or metakaolin (MK), their positive influence on such systems
can be expected mainly within early and/or middle stage of hydration. On the contrary, when slowly
reactive SCMs, such as ground granulated blast-furnace slag (BSF), are used, their positive effect can
be assumed in later stages of hydration. Correspondingly, the mutual utilisation of various more and
less reactive SCMs can improve properties of cementitious system from the beginning of hydration up
to its later stages.
The actual study continues in investigation of selected four-component cement-based systems.
Particular blends of ordinary OPC with 35 and 45 mass% of three selected SCMs, i.e. MK, SF and
BSF were studied by means of differential thermal analysis technique. The investigation of hydration
was supported by evaluation of mechanical characteristics.
2.

MATERIAL AND METHODS

Particular composition of studied samples is depicted in Table 1. All the samples were prepared with
OPC, class CEM I 52.5 R (Považská cementáreň, a.s. Slovakia). Quaternary samples also contained
SF (Oravské ferozliatinárske závody, a.s., Slovakia), MK L05 (Mefisto, České lupkové závody, a.s.,
Czech Republic) and BFS (Kotouč Štramberk, spol. s r.o., Czech Republic). The mineral composition
of the used OPC is displayed in Table 2. The oxide compositions as well as the specific surface of all
the input materials are shown in Table 3.
Initial powders were homogenized before adding drinking water. Subsequently, pastes prepared with
water-to-binder ratio (w/b) of 0.35 were 5 min homogenized using the standard mortar mixer. In this
manner processed pastes were forced into the moulds with the dimensions of 40 x 40 x 160 mm. After
that, the samples were cured in accordance with the requirements of European standard (EN 1961:2016).
For the purposes of mechanical strengths evaluation, WPM VEB-Werkstoffprufmaschinen Leipzig was
used. The evaluation fully satisfied the conditions described in particular standard (EN 196-1:2016).
The hydration of samples was after the measurement stopped by immersing them in acetone. The
residual acetone was subsequently removed by evaporating and samples were submitted to thermal
analysis.
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Simultaneous TGA/DSC – 1 apparatus (equipped with STARe software 9.30, Mettler Toledo) was
used to monitor phase changes occurring during the hydration course in the samples. The 50.00 (±
0.03) mg of powdered samples was heated in the open platinum crucibles up to 1000 °C at the
heating rate of 10 °C min-1 in the atmosphere of synthetic air (purity 5.0).
Table 1. The composition of prepared samples (in mass%)
Sample

wOPC

wSF

wMK

wBFS

R

100

-

-

-

65M10_1

65

10

15

10

65M10_2

65

10

10

15

65M10_3

65

10

5

20

65M5_1

65

5

15

15

65M5_2

65

5

10

20

65M5_3

65

5

5

25

55M10_1

55

10

15

20

55M10_2

55

10

10

25

55M10_3

55

10

5

30

55M5_1

55

5

15

25

55M5_2

55

5

10

30

55M5_3

55

5

5

35

Table 2. The mineral composition of the used OPC given by producer
Mineral composition/mass%
CEM I 52.5 R

C3S

β-C2S

C3A (ort.)

C3A (cub.)

60.36

11.38

5.72

2.32

C4AF Free lime
8.35

2.69

M
0.24

Table 3. The oxide compositions and the specific surface of the used materials
Oxide composition/mass%

Component

Specific surface/m2 kg-1

C

S

A

F

M

S̅

CEM I 52,5 R

61.84

21.84

5.15

2.85

1.56

3.33

Blaine

560.9±0.8

SF

0.50

97.10

0.21

-

0.40

-

BET

15 000

MK

0.24

49.70

42.36

0.79

0.22

0.08

Blaine

2 586±38

BFS

36.53

35.76

9.39

0.24

14.00

0.03

Blaine

469.9±0.5

3.
3.1

RESULTS AND DISCUSSION
DTG analysis

DTG curves of 28 days cured samples are shown in the Figures 1-4. Particular blended samples still
manifested considerable “dilution effect”. As a result, the highest mass loss was assigned to the
referential sample. The higher amount of SF in the samples, the higher quantity of C-S-H gels and the
lower amount of CH were detected, which confirms more pronounced impact of pozzolanic reactions.
At the same time, the samples prepared with 10 mass% of SF manifested lower content of C-A-S-H
phases as corresponding samples initially containing its lower amount, which is in accordance with
oxide composition of these samples (Tables 4, 5).
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By comparing the effects of different MK contents, it can be seen that the quantity of binding phases
decreased with decreasing amount of MK. The quantity of CH in the samples prepared with 10 mass%
of SF decreased in the same order. In the case of samples with 5 mass% of SF, the amount of CH
increased a little with decreasing initial amount of MK. Particular samples also demonstrated higher
total mass losses. The mentioned observations can be explained by increasing influence of BFS,
whilst more reactive SF and MK are almost depleted in this time of curing.
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Figure 1. DTG curves of 28 days samples with 65 mass% of OPC and 10 mass% of SF
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Figure 2. DTG curves of 28 days samples with 65 mass% of OPC and 5 mass% of SF
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Figure 3. DTG curves of 28 days samples with 55 mass% of OPC and 10 mass% of SF
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Figure 4. DTG curves of 28 days samples with 55 mass% of OPC and 5 mass% of SF
The amount of strength-giving phases as well as total mass losses of samples obviously increased
with prolongation of hydration time. However, whilst the amount of CH in referential samples increased
with time, the ongoing pozzolanic reactions in all the blended samples let to its significant
consummation and as a result its decreased amounts were detected after longer time of curing. The
quantity of C-A-S-H phases in several blended samples prepared with lower cement replacement level
even exceeded those for corresponding referential samples after 28 as well as after 90 days of curing.
In addition to the fact that blended samples contain higher amounts of Al 3+ cations owing to their
compositions, their higher tendency to the formation of polymeric framework containing bridging
[AlO4]5- tetrahedra increases also with decreasing C/S ratio (Richardson 1993). Nevertheless, despite
the samples with higher replacement level of cement dispose of higher Al 3+ contents as well as of
lower C/S ratios (Cong 1996, Bensted 1998) than the samples with higher content of cement, the
comparison of assigned quantity of C-A-S-H phases after both curing times points out the stronger
influence of dilution effect.
Whereas in the case of 28 days samples the amount of formed hydrated products decreased with
decreasing amount of MK, the situation is reversed after longer time of curing. The results of TG
analysis point out that the higher amount of BFS, the higher is the quantity of binding phases. Thus,
the influence of slowly reacting BSF becomes more distinguished. Besides, the quantity of carbonates
increased with increasing BSF content in the samples.
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Figure 5. DTG curves of 90 days samples with 65 mass% of OPC and 10 mass% of SF

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
0,0000

Derivative mass/mg °C-1

-0,0001
-0,0002
-0,0003
-0,0004
-0,0005
-0,0006
-0,0007
-0,0008

R
65M5_1
65M5_2
65M5_3

-0,0009
-0,0010
-0,0011
100

200

300

400

500

600

700

800

900

1000

Temperature/°C

Figure 6. DTG curves of 90 days samples with 65 mass% of OPC and 5 mass% of SF
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Figure 7. DTG curves of 90 days samples with 55 mass% of OPC and 10 mass% of SF

Derivative mass/mg °C-1

0,0000

-0,0002

-0,0004

-0,0006

-0,0008

R
55M5_1
55M5_2
55M5_3

-0,0010
100

200

300

400

500

600

700

800

900

1000

Temperature/°C

Figure 8. DTG curves of 90 days samples with 55 mass% of OPC and 5 mass% of SF
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Table 4. The total and relative mass loss of referential sample and samples with 65 mass% of
OPC in different temperature intervals
Composition

R

65M10_1

65M10_2

Curing time/d

65M10_3

65M5_1

65M5_2

65M5_3

2

Temperature interval/°C

Relative mass loss/mass%

r.t. – 130 (C-S-H)

4.96

3.93

4.49

3.98

3.83

4.16

3.87

130 – 420 (C-A-S-H)

7.18

7.18

7.12

6.23

7.09

6.90

6.32

420 – 500 (CH)

2.71

1.43

1.51

1.72

1.62

1.63

1.73

500 – 1000 (carbonates)

4.41

4.18

3.96

4.14

4.17

4,30

3.87

Total mass loss/mass%

19.27

16.72

17.08

16.07

16.71

16.99

15.79

Curing time/d

28

Temperature interval/°C

Relative mass loss/mass%

r.t. – 130 (C-S-H)

5.77

3.88

4.73

5.54

5.04

4.94

4.90

130 – 420 (C-A-S-H)

8.93

7.05

9.46

8.62

9.28

9.64

9.04

420 – 500 (CH)

3.24

1.68

1.28

1.64

1.73

1.40

1.77

500 – 1000 (carbonates)

4.49

3.81

3.99

3.22

3.51

4.14

3.62

Total mass loss/mass%

22.43

16.42

19.47

19.02

19.57

20.12

19.32

5.37
9.32
1.37
3.47
19.53

Relative mass loss/mass%
4.93
6.36
5.20
9.21
9.37
9.79
1.25
1.30
1.56
3.27
3.12
3.23
18.66
20.15
19.78

5.23
10.01
1.40
4.25
20.89

4.77
9.51
1.30
4.03
19.61

Curing time/d
Temperature interval/°C
r.t. – 130 (C-S-H)
130 – 420 (C-A-S-H)
420 – 500 (CH)
500 – 1000 (carbonates)
Total mass loss/mass%

90
5.79
9.80
3.74
4.66
23.99
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Table 5. The total and relative mass loss of samples with 55 mass% of OPC in different
temperature intervals
Composition

55M10_1

55M10_2

55M10_3

Curing time/d

55M5_2

55M5_3

2

Temperature interval/°C

Relative mass loss/mass%

r.t. – 130 (C-S-H)

3.56

3.81

3.71

4.32

3.80

3.78

130 – 420 (C-A-S-H)

6.81

6.89

6.43

6.78

6.47

6.06

420 – 500 (CH)

1.39

1.20

1.22

1.35

1.51

1.68

500 – 1000 (carbonates)

3.63

4.66

4.50

4.34

3.84

3.57

Total mass loss/mass%

15.39

16.57

15.86

16.79

15.62

15.09

Curing time/d

28

Temperature interval/°C

Relative mass loss/mass%

r.t. – 130 (C-S-H)

5.01

4.82

4.79

4.84

4.84

4.63

130 – 420 (C-A-S-H)

8.65

8.60

8.57

8.94

9.18

8.91

420 – 500 (CH)

1.34

1.10

1.08

1.34

1.36

1.41

500 – 1000 (carbonates)

3.21

3.31

3.44

3.28

3.77

3.94

Total mass loss/mass%

18.20

17.83

17.88

18.41

19.16

18.88

Curing time/d

90

Temperature interval/°C

3.2

55M5_1

Relative mass loss/mass%

r.t. – 130 (C-S-H)

5.29

4.64

4.68

4.81

4.90

4.83

130 – 420 (C-A-S-H)

9.20

9.08

8.91

9.17

9.66

9.38

420 – 500 (CH)

1.29

1.06

1.06

1.22

1.29

1.35

500 – 1000 (carbonates)

2.94

3.04

2.98

3.30

3.94

3.80

Total mass loss/mass%

18.72

17.81

17.64

18.51

19.78

19.35

Mechanical strengths

The results of flexural and compressive strengths measurements are shown in Table 6. It can be seen
that in earlier times of curing, higher strengths were determined for the samples prepared with 10
mass% of SF. On the contrary, after 90 days of curing, higher strengths were attained by using higher
amounts of BFS. The same conclusions result from the comparison of the samples initially containing
the same amounts of SF. The prolongation of curing time resulted in the more pronounced
manifestation of BSF influence and thus to higher strengths of the samples with its higher amounts.
Besides higher quantity of C-S-H and C-A-S-H phases, which was detected in particular samples after
90 days of curing, these samples also demonstrated higher level of carbonation that could contribute
to the increase of their strengths.
Whilst between 2 days cured samples, the highest compressive strength was achieved in the case of
referential sample, after longer curing times, the evaluated strengths of blended samples reached or
even overcame the values of the referential ones.
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Table 6. The results of flexural and compressive strengths measurements
Curing time / d

2

Sample

4.

28

90

Flexural strength/MPa

2

28

90

Compressive strength/MPa

R

6.7±0.5

4.7±0.5

3.7±0.3

47.5±2.0

62.1±4.1

64.1±2.5

65M10_1

5.7±0.5

5.8±0.1

6.3±0.5

45.0±0.8

59.0±3.3

57.3±3.3

65M10_2

4.8±1.1

6.4±0.3

7.7±0.4

42.7±1.2

65.5±1.0

68.7±3.3

65M10_3

5.6±0.9

6.8±0.8

8.5±0.9

39.1±0.8

56.8±2.4

67.2±2.1

65M5_1

6.4±0.5

4.8±0.1

6.7±0.1

36.5±1.5

54.4±2.5

70.1±2.2

65M5_2

5.8±1.0

4.9±0.6

6.3±0.4

40.9±2.7

61.5±2.9

75.5±2.5

65M5_3

5.9±0.8

5.7±0.5

6.6±0.6

34.7±3.3

60.2±1.8

69.5±4.1

55M10_1

2.8±0.4

5.2±0.9

7.3±0.2

37.4±1.6

61.1±1.3

64.7±1.3

55M10_2

4.1±0.9

5.6±0.6

8.1±0.5

41.2±1.8

65.1±1.2

74.2±2.0

55M10_3

5.9±0.6

6.8±0.7

8.4±0.5

37.2±2.3

70.5±3.1

70.0±3.4

55M5_1

5.4±0.7

4.9±0.7

6.7±0.3

36.3±1.3

63.3±4.4

62.7±4.2

55M5_2

5.3±0.5

5.2±0.6

5.3±0.2

34.0±1.0

61.6±3.6

65.6±1.9

55M5_3

5.5±0.9

5.5±0.2

4.9±0.5

35.0±1.6

66.7±2.1

69.4±3.7

CONCLUSION

The received results can be summarized as follows. The amount of C-S-H and C-A-S-H phases in
different times of hydration depends on the oxide composition and the reactivity of the used additives,
whilst the extent of pozzolanic reactions reflects the decrease in portlandite quantity. Positive effect of
SF is manifested especially in earlier times of hydration. In later times, the influence of BFS comes to
the fore. At the same time, the bigger increase in strength possessing phases with increasing time of
curing was determined in the case of samples prepared with higher substitution level of cement. This
probably relates to reactivity and filler effect of finer additives, especially that of SF, in earlier times of
hydration, its possibility to accelerate hydration of clinker, resulting pore structure, and related
availability of water. MK affected mainly the formation of C-A-S-H phases throughout the reporting
period, but the observed dependencies are not univocal and require clarification.
Despite relatively high replacement level of OPC (up to 45 mass%), flexural and compressive
strengths of blended samples reached or even exceeded those of corresponding referential samples
already after 28 days of hydration. Compositions prepared with 10 mass% of SF seem to be more
convenient within the prepared samples. Prepared quaternary systems can be considered as suitable
for applications, however, further research is needed to clarify observed dependencies.
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ABSTRACT
The use of secondary cementitious materials in hydraulic binders manufacturing is well known and it is
increasing year by year due to the stringent requirements for sustainable development and greenhouse
gas reduction. The presence of mineral additions strongly modifies the hydration chemistry and
microstructure of cement based materials. The effects, both positive and negative, on cements quality
and performance are deep. X-ray computed micro-tomography represents a non-invasive approach to
the microstructural investigation of Portland cement based mortars and concretes. In particular,
interesting information on porosity, size distribution, morphology and other parameters related to microand macro-pores may be obtained. In this paper we present the results of a detailed investigation of
blended cements microstructure with particular focus on porosity. Pore distribution of mortars is
correlated with main performances and durability parameters, such as compressive strengths and
resistance to carbonation, as well as with particle size of clinker and mineral additions. Interesting
information on cement grinding process optimization may be drawn.
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1. INTRODUCTION
In 2016 the global cement production was estimated at 4.65 billion tonnes, more or less completely
used to batch more than 15 billion m 3 concrete: around 2 m 3 for each person living on planet Earth
(Cembureau Activity Report 2017). Concrete is in fact the most common building material, thanks to
good mechanical performances, flexibility in use, durability and, finally, low cost. On the other hand, it
has been widely discussed for decades that concrete and Portland cement industry pose some
environmental concerns, mainly related to the emission of greenhouse gases. Since the beginning of
Portland cement manufacturing, the use of mineral additions that could reduce production costs has
always been an important issue. Nowadays, blended cements with low clinker content are mandatory
and could theoretically promote a relevant reduction of CO 2 emissions (Damtoft et al 2008, Scrivener
2017). Whatever is the type of cement considered, investigation of microstructure is fundamental for a
correct understanding of macroscopic properties. Hardened mortars and concrete can be considered
composite materials: in addition to binding medium (hydrated cement paste) and aggregates, porosity
(that extends from nanometric capillaries to macro-pores with equivalent diameters in the range of
millimeters) plays a key role in defining mechanical performances and durability (Copenhagen 1983).
1.1

Microstructural investigation of blended cements: X-ray computed microtomography

X-ray computed microtomography represents a non-invasive approach to the microstructural
investigation of materials in general and particularly of cement-based materials. In a nutshell, X-ray
computed micro-tomography is an imaging technique based on the virtual reconstruction of the inner
density distribution of an object from 2D X-ray radiographs collected at different viewing angles, while
the sample rotates relatively to a fixed source-detector pair. Result of the reconstruction process is a
series of cross-sectional images (slices) that, when stacked together, provide a full 3D map of the
spatial variations of the X-ray linear attenuation coefficient () within the investigated object (Parisatto
et al 2015, du Plessis et al 2016). The linear attenuation coefficient  is related to the material with
which X-radiation interacts and X-ray tomography is particularly useful when porosity is considered: Xray absorption of solid mass (either aggregates or hydrated cement phases) is remarkably different
from those of air or water contained in the pores that are normally formed due to air entrainment
during mortar or concrete preparation. Details on porosity such as dimension, volume and distribution
of pores in the mortar/concrete mass can be thoroughly described and correlated with macroscopic
parameters such as type of cement, water to cement ratio, presence of chemical additives that may
promote air entrainment. Target of the present paper is to describe the application of X-ray
tomography to the investigation of microstructure and porosity of mortars, prepared with ordinary
Portland or blended cements.
2.
2.1

EXPERIMENTAL
Samples preparation: cements reproduction

Cements were prepared in lab by grinding and blending of commercially available samples of clinker,
gypsum and secondary cementitious materials (fly ash), coming from different sources. In details,
OPCs were prepared by inter-grinding Portland clinkers and natural gypsums in a lab ball mill and
composition was selected as typical CEM I according to European Standard EN 197-1. Fly ash was
ground in lab ball mill as well, then mixed with OPCs to reproduce typical CEM II/B-V cements
(compositions according to European Standard EN 197-1). Separate grinding and interblending allows
the particle size distribution of mineral addition to be modified maintaining fixed that of OPC: this is
useful for investigating the effect of the fineness of secondary cementitious material on cement
properties.
2.2

Chemical, physical and mechanical tests

Fineness was measured in terms of Blaine specific surface (according to EN 196-6, reproducibility of
the test, expressed as % standard deviation over average, can be considered as ±1.3%). Mechanical
performances of cements were tested through determination of compressive strengths in mortar,
according to EN 196-1 (water to cement ratio 1:2, cement to sand ratio 1:3, fresh mortar is casted in
4x4x16 cm moulds, demoulded after 24 h and cured in water for the required time). The reproducibility
of compressive strengths test (expressed as % standard deviation over average) can be considered
±3%. During mortar mixing, typical chemicals used as grinding aid/cement additives were added
directly in the mixing water. Dosages are expressed as % referred to mass of cement. An accelerated
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carbonation test was used to check carbonation resistance: mortar prisms like those prepared for
compressive strengths (but with W/C = 0.55) were casted, immediately wrapped in polyethylene after
demoulding and stored for 13 days. Polyethylene was removed and specimens stored for three weeks
at 20°C/50% humidity and natural CO2 (below 400 ppm). After this, specimens are exposed to
accelerated carbonation (1% CO2, 20°C and 60% humidity) for 8 weeks. During accelerated
carbonation, CO2 diffuses in the mortars from the edge to the core and the penetration depth can be
checked by cutting the prisms and treating the internal surface with phenolphthalein (1% in ethanol).
On the internal area where the carbonation is not completed the indicator turns to pink colour, due to
higher pH. On the external border (fully carbonated, where pH is lower than 8) no colour change is
noticed. The penetration depth can be quantified by measuring the border thickness with a ruler,
considering at least two measurements per side and expressing the results as the mean of the four
sides. Typical appearance of a mortar specimen treated for carbonation can be seen in figure 1.
Usually an accuracy ±0.5 mm can be considered, as reported by most common official test methods
according to European standards (see for example EN 13295:2005). Penetration depth is always
lower on one side of the prism and a gradient of carbonation may be seen moving from “bottom” to the
“top”, being “bottom” and “top” sides related to the jolting or vibration step during mortar preparation.
This point will be discussed more in details afterward. Total water bound in hydrates and calcium
hydroxide contained in mortars after selected curing time was determined by crushing and grinding
mortars and analysis through TGA – Thermo Gravimetric Analysis (Simultaneous Thermal Analysis
Netzsch STA Jupiter F1).

Figure 1. Typical carbonation test with phenolphthalein
2.3

X-Ray computed micro tomography

The tomographic measurements were performed using a Skyscan 1172 lab scanner (Bruker, Billerica,
US) on 1 cm diameter cylinders drilled from 4x4x16 cm mortar prisms. Shadow images were collected
by irradiating the sample with a cone X-ray beam, with 85 kV energy, 785 ms exposure time and 0.3°
rotation step. Image reconstruction was performed using the FDK algorithm (Feldkamp et al 1984), by
which 1200 tomographic slices having 5 m pixel size were obtained. The image processing suite
ImageJ (Schneider et al 2012) was used to convert the grayscale images to binary, remove noise and
extract individual unconnected pores. Binarization was achieved by an iterative threshold algorithm
(Ridler 1978). Lastly, the volume and sphericity of the individual pores were measured. The latter was
quantified using the standard deviation of the centre to surface distance, where the value of the
standard deviation (zero for a sphere) is proportional to deformation. Volume may be expressed in
voxels (the tri-dimensional equivalent of pixel, widely used in 3D image analysis: the name comes
from “volume” and “pixel”), each voxel corresponding to 125 m3.
3.
3.1

RESULTS
Discussion on air entrainment and porosity formation

Before describing the results obtained, it is worth pointing out some apparently simple features of the
mortar preparation process that may indeed have a huge impact on the final porosity of
mortars/concrete:


during mortar mixing (when sand, cement and water are blended in the mixing equipment)
air is normally entrained in the fluid mix. The stabilization of air bubbles is a complicated
process and it is probably related to chemical parameters such as ionic force (hence to the
ions immediately released in the mixing water, finally related to cement chemistry),
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3.2

presence of surface active molecules (such as chemical additives used as grinding aids or
performance enhancers) and to physical parameters such as viscosity of mix (related to
water to cement ratio, water demand and particle size distribution of cement).
When fresh mortar is casted in the mould, a de-aeration step is normally envisaged in all
standardized test methods. In details, specific cycles with jolting or vibrating tables are
used to promote the elimination of air bubbles, that leave the fluid mortar from the top
surface exposed to atmosphere. Again, although this phenomenon is obvious, the
mechanisms lying behind and controlling the coalescence of air bubbles are quite
complicated. Viscosity of mortar, presence of organic additives with surface active
properties and particle size distribution of cement particles play a key role in promoting the
coalescence of bubbles and the ability to overcome the friction of the fluid being eliminated
or entrained in the mortar.
Once casted in the mould, mortar increases its viscosity and hardens. Air bubbles are
trapped in the bulk mass and contribute to the definition of the microstructure. Porosity
varies with time following the hydration and the filling of pores with hydration products.

General features of pore analysis

3D image analysis allows objects in the image stack to be detected and described with main
parameters such as volume, surface, mean and standard deviation of the distance from the geometric
center of the object to the surface’s pixels. If the object was perfectly spherical, standard deviation of
the distance to center would be zero, hence this parameter may be considered a description of the
deformation of the pores. Generally speaking, in the conditions of the tomographic analysis of the
present work, pores detected after binarization and noise removal have dimensions ranging over
several orders of magnitude, starting from lowest detection limit in the range 8-21 voxels
(corresponding to 12-17 µm diameter, 1000-2600 µm3 volume if considered spherical) up to biggest 23 mm diameter pores. Tomography (at least with the experimental setup of the present work) is then
specific for the study of micro- and macro- porosity of mortars and concrete. It is convenient to classify
all the pores in several groups and describe the porosity as frequency distribution, either by number of
pores and by total volume of pores in each dimension class. Frequency can also be normalized
dividing by total number or total volume of objects. A typical example, whose general features are
found in all mortars tested, is summarized in table 1 and figure 2 that represent pore analysis of a
CEM I mortar with W/C=0.5 mixed without treatment with chemical additives and cured for 24 hours.
Table 1. Typical pores distribution of CEM I mortar

Volume
intervals
(voxels)

Diameter of
equivalent
sphere (m)

Freq.

<10

<13

30

2,9%

10-102

13-29

360

102-103

29-62

103-104

Normalized
tot. vol. in the
interval

Average SD
from center
(pixels)

161

0,0%

0,43

35,0%

16628

0,2%

0,40

420

40,8%

154176

2,0%

0,53

62-134

167

16,2%

504093

6,6%

0,87

104-105

134-288

43

4,2%

1342495

17,5%

1,79

105-106

288-620

7

0,7%

1836567

23,9%

1,65

106-107

620-1337

2

0,2%

3836257

49,9%

10,96

1029

100,0%

7690377

100,0%

-

Total:

Total volume
Normalized
in the interval
frequency
(voxels)

It appears immediately that smallest pores (below 104 voxels - 1.25·106 m3), although representing
more than 90% of the total, account for less than 10% in terms of volume. The biggest fraction of the
total void is contained in the biggest pores. This is quite obvious, as a single 1-2 mm diameter pore
corresponds in terms of volume to hundreds of thousands small pores, but it poses some interesting
considerations:
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Figure 2. Pores distribution, normalized frequency and volume




The air detraining step (with jolting or vibrating table) during mortar preparation promotes
the elimination of biggest pores. A few of them eliminated or left in the mortar would have a
deep impact on the total volume of voids (in the example above the two biggest pores
contain almost 50% of total void volume). It may be questioned whether these pores
classes should be considered in the analysis or discarded due to low reproducibility.
It has been widely discussed if the macroscopic parameters such as compressive
strengths or durability (meant as resistance to diffusion of external aggressive agents such
as carbon dioxide in the mortar core) are more influenced by “big” or “small” pores (Kumar
& Bhattacharjee 2003). In any case, on the basis of the data summarized in the present
work, it is convenient to treat separately the biggest ones, and to refer to 104 voxels
(1.25·106 m3) as an empirical volume threshold.

Another interesting feature of pores analysis lies in the standard deviation of distance to center, that
increases with pore dimensions. Smallest pores are spherical, while biggest ones strongly deviate
from sphericity. This suggests that as dimension of pores increases the deformation of pore is more
pronounced. Parameters modifying the surface tension in the first minutes of hydration (ionic
strengths, presence of chemical additives with surface active properties) may influence the pores
deformation either stabilizing bigger pores (that are easily eliminated during jolting/vibration) or
promoting the subdivision of bigger pores in smaller ones that remain in the mortar and increase
porosity after hardening.
3.3

Effect of chemical additives

The presence of chemical additives (normally used in cement manufacturing as grinding aid and
performance enhancers) strongly influences the pore distribution of hardened mortars at all curing
times. Typical example is described in table 2 and 3 and figure 3. Several CEM I mortars were
prepared (W/C=0.5, 28 days curing) without any additives and with the addition of some typical
molecules used as grinding aid (TIPA – tri-isopropanolamine, DEIPA – diethanolisopropanolamine and
glycerol). Among them, TIPA and DEIPA are reported to increase strengths at late ages, while glycerol
is considered a pure grinding aid with no chemical effect on strengths, at least at dosages in the range
100-400 ppm (Gartner & Myers 1993, Riding 2010). It can be seen that presence of TIPA and DEIPA
increases the number of pores and total volume in all dimensions classes, and this may limit the
extent of compressive strengths increase obtained through hydration enhancement. It is worth to
stress the fact that this pore distribution, although related to initial air entrainment, is measured on
hardened mortar and it is different from air content measured on fresh mortars with standard method
based on pressure or density measurement (European Standard EN 413-2). In addition, it gives more
information than total porosity as obtained with dry/wet weight or saturation methods (Safiuddin 2005).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 2. Effect of chemical additives on pores distribution

Blank

0.025% TIPA

Blank

0.025% TIPA

Volume
intervals
(voxels)

Diameter of
equivalent
sphere (m)

Total volume in
the interval
(voxel)

Total volume in
the interval
(voxel)

Freq.

Freq.

<10

<13

34

94

11

14

10-102

13-29

3011

7381

70

164

102-103

29-62

46745

86107

117

227

103-104

62-134

240602

310128

77

96

104-105

134-288

965516

1144904

28

41

105-106

288-620

3366742

4662053

14

15

4622650

6210667

317

557

Total:

Table 3. Effect of chemical additives on pores distribution. Additives dosage: 0.025%
Chemical
additive

Total
number
pores

Total vol.
(Voxels)

Total number
below 104 Vox

Total volume
below 104 Vox

Mortar
compressive
strengths (MPa)

Blank

317

4622650

275

290392

48.5

TIPA

557

6210667

501

403710

53.5

DEIPA

459

5932621

394

403119

49.7

Glycerol

287

4103715

243

268720

48.0

Figure 3. Pores distribution with and without additive (dosage: 0.025%)
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3.4

Porosity variation related to casting procedure

Porosity of mortar is not constant in the whole mass: during jolting or vibrating step, air bubbles moves
toward the upper surface in order to be removed. We should expect a gradient of porosity moving from
the lower to the upper surface along the vertical axis of the prism. This may seem a minor feature, but
it could have relevant practical consequences: the lower penetration of carbon dioxide commonly
found in the lowest side of a mortar prism is reasonably related to the more compact microstructure
and to the lower porosity found in the lower side. In order to study the variation of porosity along the
vertical axis of a standard mortar, cylinders were drilled from upper and lower surfaces of the same
mortar prisms and pores distribution evaluated. Typical results are reported in figure 4 (showing a
CEM I mortar, without additives, W/C=0.5, cured 28 days) and table 4 (showing CEM I mortars,
W/C=0.5, 28 days curing, with and without the addition of common chemical additives). Bottom side of
mortar contains a lower number of pores in all dimension classes.

Figure 4. Pores distribution of top and bottom of mortar prism
Table 4. Pores distribution, top and bottom. Additives dosage: 0.025%

3.5

Mortar type and position

Total number
pores

Total vol.
(Voxels)

Total number below
104 Vox

Blank - Top

939

11679507

840

Blank - Bottom

736

9883836

663

DEIPA - Top

898

21641875

824

DEIPA - Bottom

641

12936635

577

Glycerol - Top

864

15625254

790

Glycerol - Bottom

802

12315224

736

Carbonation and particle size distribution

One of the main concrete degradation phenomena is the reaction with atmospheric carbon dioxide
that decreases the pH of hydrated cement paste promoting the corrosion of reinforcement steel bars.
This is particularly true for fly ash blended cements (Šavija 2016). Several CEM II/B-V (30% fly ash
content) were reproduced and tested for carbonation as previously described. Samples of the same fly
ash ground at different fineness were used while OPC part and other compositional parameters were
kept fixed. At the beginning of carbonation tests (hence after five weeks hydration), part of the mortars
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prisms was crushed, ground and analysed for total water bound in hydrates (TGA weight decrease in
the range 0-400°C) and portlandite content (TGA weight decrease in the range 450-550°C) (Collier
2016). Results of this type of experiment are summarized in table 5, together with details of cement
and fly ash fineness (it has to be remembered that Blaine variation of cements is totally related to fly
ash fineness variation, as the OPC used for CEM II/B-V reproduction is the same). Carbonation
resistance was found to be related to fineness of fly ash used: this suggests that reactivity of fly ash
increases with fineness (as expected: portlandite content of mortars decreases while fly ash reactivity
increases), although water bound in the hydrates is not proportional to fly ash reactivity. Considering
the pore distribution measured with X-ray tomography (excluding the biggest pores and focusing on
the total volume of pores below 104 voxels - 1.25·106 m3) a further correlation seems to be present:
as the total volume of small pores increases, the carbonation depth is deeper. This is represented in
figure 5, where data coming from more mortars with same cements are summarized. Porosity
differences may be of course a consequence of higher fly ash reactivity (porosity is filled with
secondary C-S-H, the higher the reactivity of fly ash, the higher the pores fraction filled), but it could
also be related to a different pores distribution when fly ash fineness is modified. In any case, the
relationship between pores distribution as measured with X-ray tomography (either related to fineness
variation or to air detraining procedures) and carbonation resistance deserves more attention.
Table 5. Effect of fly ash fineness on porosity and carbonation

Cement type

Cement
Blaine
cm2/g

Fly ash
Blaine
(cm2/g)

Carbonation
depth (mm)

Total vol.
pores <104
(voxels)

% Ca(OH)2

% Total
bound water
0-400°C

II/B-V - 1

5210

4020

10,1

1184590

3,4

5,3

II/B-V - 2

5520

4800

9

413757

2,8

4,7

II/B-V - 3

5590

5430

8,9

231187

2,8

4,9

II/B-V - 4

5830

5600

7,6

151680

2,6

5,2

Figure 5. Carbonation and total volume of small pores
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4.

CONCLUSIONS

Among several methods for determination of porosity and pore size distribution of hardened cementbased materials, analysis of images from X-ray computed microtomography presents several
advantages. Although limited to pores dimensions in the range of m (hence probably not suitable for
capillary and nanoporosity), it is a non-destructive technique in which pores structure determination is
not modified during analysis, as reported with other techniques such as MIP - mercury intrusion
porosimetry (Diamond 2000). In addition, it provides information (such as pores deformation) that
cannot be obtained in other ways. Correlations of pores size/volume distribution with macroscopic
parameters such as presence of chemical additives and air detraining procedures related to
mortars/concrete preparation is evident. In particular, porosity of blended cements mortars has a deep
impact on fundamental properties such as carbonation resistance: some correlations between
fineness of mineral addition and durability has been evidenced. This suggests that optimization of
blended cements fineness (e.g. through separate grinding) could be an interesting way to improve the
quality of hydraulic binders.
5.
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ABSTRACT
The high carbon and energy footprint of cement calls for substitution by supplementary cementitious
materials (SCMs), and for various waste streams or by-products, cementitious products have been
identified as an effective sink. The variability of the composition of these SCMs makes it necessary to
identify a fast and reliable test to predict concrete strength and facilitate their utilization. There are
some conventional reactivity tests such as the Modified Chapelle test and Frattini test, that measure
reactivity based on indicators such as consumption of calcium hydroxide in accelerated conditions.
Furthermore, new tests called R3-tests, applicable for SCMs from various sources, have been
developed recently and are currently tested within RILEM TC-267 TRM. Municipal Solid Waste
Incineration (MSWI) ash is identified as a potential SCM, the composition of which varies with time and
location. In the current research two size fractions of MSWI ash were selected, and conventional and
R3 reactivity tests were conducted on this material. This paper reports the results of all reactivity tests
and compares them with the strength development of mortar bars with 25% Portland cement
replacement by MSWI ash.
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1.

INTRODUCTION

The cement industry has undertaken the task of growing into a more sustainable industry. The strategy
to attain that is by using more alternative fuels and raw materials for its production (Scrivener et al 2016).
Silica is abundantly present in earth’s crust. Many of the industrial processes have as a goal to separate
other more valuable materials or energy from silica thereby creating reactive silica containing materials
as by-products. This indeed makes a wide range of industrial by-products suitable to be used as
supplementary cementitious material (SCM) in addition to those of natural origin, for example blast
furnace slag, fly ash, silica fume, steel slag, etc. The wide range of possible origins leads to different
SCMs that vary widely in terms of chemical composition, mineralogy, impurities present, etc. which could
drastically affect their reaction with calcium hydroxide in hydrating cement, thus affecting their efficiency.
Municipal solid waste incineration (MSWI) residue is such a material which has potential to be used as
SCM. The downside, however, is that MSWI ash contains metallic aluminium which reacts with water to
form aluminium hydroxide and hydrogen. This hydrogen formed induces porosity in concrete, reducing
the strength. This can be mitigated by pre-treatment of the ash, converting the metallic aluminium to its
hydroxides before its utilisation. Employment of such a pre-treatment allows its efficient use as SCM
(Joseph et al. 2017a). Still, its reactivity depends on the exact mineral composition, amorphous versus
crystalline phase content, particle size distribution, etc.
Various tests have been developed to determine the reactivity of SCMs. The effect of replacement of
cement by SCM is manifested in two forms. First, it enhances the reaction of C 3S by providing additional
surface area for nucleation and growth of the C-S-H phase, which is known as filler effect (Bullard et al.
2011, Joseph et al. 2017b). Secondly, it reacts with, or is activated by, portlandite (CH) formed as a
result of hydration of C3S and C2S and forms an additional C-S-H phase (Taylor 1990). The first
mechanism is proportional to the surface area, and can be estimated by quantifying the surface area of
SCM. The second effect is not easy to measure and various methods have been developed for its
estimation. The reactivity of SCM is determined either directly by quantifying the unreacted SCM or
indirectly from consumption of CH, amount of bound water, heat released during reaction or from volume
change during the reaction. The reactivity of SCMs used in concrete will influence their contribution to
the compressive strength, which is a key property for practical use. In general, strength is inversely
proportional to porosity, and after a first phase of network formation by hydration products and
percolation, further strength development happens by pore filling by hydration products. The higher the
reactivity of the SCM, the more hydration products will be formed and the higher will be the strength
development. In addition to that, strength is affected by the nature of hydration products and the effect
of SCMs on hydration of cement phases. Understanding reactivity of SCMs helps to rapidly screen them
for use in concrete. It also helps to understand the mechanism behind its reaction, which in turn helps
to devise effective strategies to increase its utilisation. Therefore, tests for determining the reactivity of
SCMs should preferably capture their contribution to concrete strength.
Various rapid reactivity screening tests have been in use for more than a century. The most commonly
used standardised reactivity tests are Chapelle / Modified Chapelle test and Frattini test. Both are rapid
tests measuring portlandite consumption, accelerated by increased temperature. The Frattini test is
based on the rate of portlandite consumption. The test is qualitative and classifies SCM as reactive if
the solution is undersaturated with respect to CH after 8 or 15 days of hydration (Snellings & Scrivener
2016). In the Chapelle / Modified Chapelle test, the SCM is boiled/ kept at 90°C for 16h with portlandite,
and the consumed amount is calculated from titration. The Chapelle test has the disadvantage of being
too far from real systems, since the temperature applied is rather high. Alternatively, portlandite
consumption can also be measured by thermo-gravimetric analysis and X-Ray diffraction of cement
paste. Portlandite consumption based tests often have the drawback of underestimating efficiency of
slags and other calcium rich SCMs, because zero source of soluble calcium is assumed in the system.
Other measurements that can be related to SCM reactivity include the heat of hydration of blended
SCM-Portland cement pastes measured by isothermal calorimeter. Alternatively, chemical shrinkage
tests measure the volume change caused by the reaction. The volume change is monitored by following
the level of coloured oil on top of water connected to the pores in the cement paste. Finally, water bound
in the C-S-H phase can be determined by drying techniques and related to the SCM reaction. To
differentiate the reactivity of SCMs from the filler effect, comparison should be made with pastes
containing inert filler of comparable particle size distribution. Recently, RILEM TC 267-TRM (Tests for
Reactivity of Supplementary Cementitious Materials) has evaluated the existing reactivity tests and
develop a pre-normative recommendation for rapid SCM reactivity tests that can be adopted as standard
testing methods. The proposed tests are called R³ tests, which stands for rapid, reproducible and
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relevant. The aim is to have a method which can give results correlating to strength in standard mortars
(relevant) in a much shorter time (rapid), which is relatively simple to carry out and which gives
reproducible results (Li et al. 2018). This method is intended to better simulate the conditions occurring
in a blended cement, by the addition of calcite (since commercial CEM I brands contain limestone added
as filler in the range of 5%) and small amounts of sulfate and alkali to an SCM portlandite mixture. The
test is accelerated by measuring the reaction at 40°C. Either the heat release is determined continuously
up to 7 days in an isothermal calorimeter, or the reaction is evaluated after 7 days by measuring the
portlandite consumption by thermogravimetry, or the bound water content between 105 and 350 °C by
heating in an oven for 2 h. In addition chemical shrinkage can be determined by placing sealed samples
in a water bath at 40 °C and recording the volume changes recorded for 14 days. It was found that the
R³ model calorimetry and bound water tests gave acceptable correlations (R² > 0.85) with the benchmark
of 28 days relative strength of mortar bars with 30% replacement of CEM I 42.5 by SCM.
In this paper the reactivity of pre-treated MSWI bottom ashes is discussed, as investigated using a
conventional reactivity test (Frattini) and calorimetry tests on R3 model paste and cement paste with
SCM. The results are further compared to strength development of mortar specimens applying the
bottom ash as SCM.
2.

MATERIALS AND METHODS

The MSWI ash used in this study was collected from the grate furnace of the incineration facility of
Indaver nv in Doel, Belgium. After incineration in the furnace, the ashes are treated by magnetic
separation and eddy current to separate metals and are then sorted into various size fractions. The
fractions between 2 and 6 mm and between 6 and 15 mm were used for this study, and are named as
2/6 and 6/15. The collected material was dried in an oven at 105°C and then milled in planetary ball mill
at 300 rpm for 15 minutes. The particle size distribution of the milled ash was determined by laser
diffraction. The CEM I 52.5N used in this study was collected from VVM cements. The chemical
composition of the cement and ash were determined by XRF. Amorphous content was determined by
XRD with ZnO as internal standard and applying Rietveld analysis.
The used MSWI ashes contain metallic aluminium, which reacts with water in presence of alkalis at
room temperature and produces hydrogen increasing the porosity of the resulting concrete. The MSWI
ash 6/15 has a metallic aluminium content of 0.22% by weight of ash and 2/6 has a content of 1.08%.
To mitigate this problem, the milled ash is submerged in water at a solid to liquid ratio of 1:5 and kept in
an oven at 105°C for approximately 24 hours until it is dried. The obtained pre-treated ash was free of
elemental aluminium content, as far as detectable by hydrogen generation measurements made in a
set-up described elsewhere (Joseph et al. 2017a).
Compressive strength of mortar was determined according to EN 196-1. The binder used consisted of
CEM I 52.5N and 25% milled and pre-treated ash by weight. Relative strength was calculated by the
formula in Equation 1.
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑙𝑒𝑛𝑑𝑒𝑑 𝑚𝑖𝑥−𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐶𝐸𝑀 𝐼 𝑚𝑖𝑥
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐶𝐸𝑀 𝐼 𝑚𝑖𝑥

(1)

The Frattini test was conducted according to EN 196-5 in test samples prepared by mixing 15 g CEM I
52.5N and 5 g ash. The CH (calcium hydroxide) saturation of the solution obtained when mixing this
blend with distilled water at a water-to-solid ratio of 5 was determined after 8 days of hydration. The
hydroxide ion concentration was determined by titrating against 0.01M HCl solution with methyl orange
indicator and the Ca-ion concentration by titrating against standardised 0.03M EDTA solution with Patton
Reeder indicator.
Isothermal calorimetry was performed on three mixes at water to binder ratio 0.5; namely the control
containing CEM I 52.5N and the MSWI mixes in which the CEM I was blended with 25% of the milled
bottom ash fractions 6/15 and 2/6, respectively. In order to measure exclusively the heat evolved due
to SCM reaction, an isothermal calorimetry test was also conducted for the hydration of R3 model paste.
The isothermal calorimetry tests were performed at 40°C for 7 days similar to the procedure described
in Li et al. (2018). The composition of R3 model paste is shown in Table1. The mentioned components
were mixed in this proportion using a paste mixer and 5 g of the paste was put in glass ampoules and
the heat released was measured using an isothermal calorimeter (type TAM Air).
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Table 1. Composition of R3 model paste

3.

Component

Weight in g

SCM

11.11

Calcium hydroxide

33.33

Calcium carbonate

5.56

Potassium sulphate

1.2

Potassium hydroxide

0.24

Water

60

RESULTS AND DISCUSSIONS

The chemical composition of ash samples is shown in Table 2. The 2/6 fraction has relatively higher
calcium content, while for the 6/15 fraction more silica is present. The alkali content is similar for both
ashes. Alkali content and chloride content is higher than the recommended values of 5% and 0.1%
according to EN 450-1. The former limit is used in conjunction with alkali reactive aggregates. The
problem with chloride induced corrosion in reinforced concrete can be moderated by diluting the chloride
content by using a cement with low chloride content (Bureau voor Normalisatie 2012). The particle size
distributions of milled ashes are shown in Figure 1. After milling, the ash 6/15 is finer than 2/6. The
amorphous content is slightly (~ 9%) higher for 2/6 than 6/15.
The strength development of mortars with control CEM I 52.5N as binder and those in which 25% by
weight of binder was replaced by pre-treated ashes is shown in Figure 2. The mortar with 2/6 has higher
strength despite its lower fineness. The relative strength of the 6/15 mix with respect to CEM I is -34.9%
at 28 days and -25.8% at 90 days, while for 2/6 this is ~21% at both 28 and 90 days.
Table 2. Chemical composition of ash samples
Chemical component

6/15

2/6

SiO2

56.6

47.4

CaO

14.6

20.6

Al2O3

9.55

8.59

Fe2O3

6.8

8.11

MgO

1.78

2.38

P2O5

0.61

1.26

MnO

0.13

0.24

TiO

0.92

1.16

SO3

0.7

1

Na2O

5.63

5.13

K2O

1.32

1.66

Na2O eq

6.42

6.13

Cl-

0.24

0.15

Amorphous content, % (from
XRD and Rietveld analysis)

61.05

66.6
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Figure 1 Particle size distribution of milled ashes
Figure 3 shows CaO and OH- concentration in mmol/L in solution in contact with hydrated cement paste
with 75% CEM I 52.5N and 25% milled ashes after 8 days of hydration. 6/15 shows better portlandite
consumption than 2/6, even though the strength results demonstrate otherwise. The result of the Frattini
test is interpreted qualitatively, and the material is classified as pozzolanic since the solution is
undersaturated with respect to calcium hydroxide. Portlandite consumption can be calculated from the
results reported in Figure 3 by the method described in Dontatello et al. (2010). Portlandite consumption
is calculated as the difference between the theoretical maximum content of CaO (dependant on the
measured hydroxide concentration) and the CaO content present in the solution after hydration. The
theoretical maximum value of CaO is given by Equation 2.

𝑀𝑎𝑥 [𝐶𝑎𝑂] =

350
[𝑂𝐻]−15

(2)

The percentage of CaO removed with respect to the theoretical maximum is 77.9% and 61.3% for 6/15
and 2/6, respectively. Polettini et al. (2015) conducted Frattini tests on cements blended with MSWI
bottom ash at replacement rates of 10, 20 and 30%. All the blends fell in the pozzolanic region of the
lime solubility curve. The percentage portlandite consumption for all the blends was almost the same,
ranging between 40-45%. Donatello et al. (2010) compared portlandite consumption estimated from
Frattini tests for different SCMs. Incinerator sewage sludge ash, with an constituent CaO content of 12%
(roughly similar to the MSWI ash under study, see Table 2), had a very low portlandite consumption
(1.6%). Coal fly ash, with an constituent CaO content of 2.3% (much lower than the MSWI ash under
study), was reported to have a percentage portlandite consumption of 50%. This lack of trend in results
indicates ambiguousness in making interpretations from the Frattini test.
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Figure 2 Strength development of mortars with CEM I and blended binders
Figures 4 and 5 show the rate and cumulative heat of hydration of the R3 model paste at 40°C.
Cumulative heat of hydration after 7 days amounts to around 190 and 240 J/g SCM for 6/15 and 2/6,
respectively. Li et al (2018) conducted a round robin campaign for different reactivity tests including R3
calorimetry tests on different SCMs. The heat release they obtained after 7 days for mixes with siliceous
fly ashes is similar to the results shown here for mixes with MSWI ashes, and also the relative strength
was is the same range.
Figures 6 and 7 show heat of hydration of CEM I and CEM I blended with 25% 6/15 and 2/6 at 40°C.
Note that at 20°C, the main hydration peak lasts for 20-30 hours, while through acceleration at 40°C,
the peak lasts only for about 10 hours, as reported in literature (Berodier & Scrivener 2015). The effect
of bottom ash in these experiments includes both filler effect and pozzolanic reaction of ashes. The
cumulative heat amounts to 330, 370 and 400 J per gram of cement for CEM I, 6/15 mix and 2/6 mix,
respectively. This implies that 40J and 70J per gram of cement is contributed by 6/15 and 2/6,
respectively, including both the pozzolanic and filler effect. Considering that the blended mixes have an
OPC/SCM ratio of 3/1, this implies that the contribution of the MSWI ashes to the total heat release is
120 J and 210 J per gram of ash, for 6/15 and 2/6, respectively. On the other hand, in the R 3 calorimetry
tests (Figures 4 and 5), 192 J and 240 J of heat are released per gram of the ashes 6/15 and 2/6. This
implies that the MSWI ashes in the blend certainly have not reached their full reaction potential after a
week at 40°C. It is clear that the SCM in R 3 model paste hydrates faster (at the same temperature),
which can be due to the portlandite being readily available in R 3 systems, while in cement paste systems,
portlandite is produced by hydration of the calcium silicate clinker phases.
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Figure 3 Calcium oxide and hydroxide concentration after 8 days of hydration (1: pozzolanic
region, 2: non-pozzolanic region)

Figure 4 Rate of heat evolution for R3 model paste in isothermal calorimeter at 40°C
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Figure 5 Cumulative heat of hydration for R3 model paste hydrating at 40°C

Figure 6 Rate of heat evolution for cement paste with 25% ashes at 40°C

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 7 Cumulative heat release of control and blended cement pastes at 40°C
4.

CONCLUSIONS

The R3 calorimetry test is an effective technique to determine the reactivity of incineration bottom ash.
It mitigates the disadvantages of traditional portlandite consumption based reactivity tests in Ca rich
SCMs. Also, it can be applied to measure exclusively the effect of reactivity of SCM without the filler
effect, which is not the case for calorimetry on blended SCM-Portland cement systems.
According to the results of the R3 calorimetry tests applied on two milled fractions of MSWI bottom ash,
6/15 and 2/6, the 2/6 fraction showed higher heat release and hence higher reactivity. The same trend
was observed in the strength development of mortar bars, and the heat release from hydration of
blended cement paste at 40°C.
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ABSTRACT
The availability of siliceous (Class F) fly ash is decreasing in the US while demand is increasing. This
has prompted interest in expanding resources for supplementary cementitious materials (SCMs) for
use in concrete mixtures. One promising approach is to chemically and physically modify fly ashes
recovered from landfills and impoundments or those that do not currently meet specifications. Several
fly ashes that have been beneficiated by drying, grinding, blending, and/or chemical additions were
tested for their performance in cement pastes, mortars, and concrete. For beneficiated fly ashes
meeting the compositional and physical criteria for Class F fly ash, the variable with the highest impact
on performance was median particle size, which controlled both compressive strength gains and
workability. Since particle size can be controlled in beneficiated materials through grinding,
understanding the role of this parameter is quite important.
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1.

INTRODUCTION

Siliceous Class F fly ash is one of the most commonly used supplementary cementitious materials
(SCMs) in the USA because of its ability to supress deleterious expansion due to alkali-silica reaction
(ASR) and sulfate attack (ACI 2003). However, the supply of Class F fly ash continues to decrease in
the USA, with certain areas unable to meet the demand. Between 2010 and 2017, the amount of fly ash
produced dropped nearly 44% (ACAA 2011, 2018). This is largely due to cheaper alternative energy
sources, such as natural gas, as well as US Environmental Protection Agency (EPA) emission
standards. As a result, no new coal-fired power plants have been constructed in the USA since 2013,
and plant retirements are forecasted through 2040 (EIA 2017).
To accommodate EPA emission standards issued in 2011, coal-fired power plants began to install
emission control systems, which, in turn, reduced the quality of the fly ash. High carbon content,
improper composition, or improper particle size are all examples of how the fly ash quality can be
reduced and no longer meet the requirements of ASTM C618 (ASTM 2017). These fly ashes can be
treated to meet the specification with a variety of methods that include, but are not limited to: blending,
grinding, selective collection, chemical passivation, air classification, electrostatic separation, and
thermal beneficiation. Such fly ashes are called beneficiated.
In 2017, 34.6 million metric tons of fly ash were produced in the USA, while 21.9 million metric tons
(63%) were utilized in various industries (ACAA 2018). Due to storage space constrains or failure to
meet the requirements of ASTM C618, the remaining unused fly ashes are discarded primarily through
landfill disposal and surface impoundments, by ponding. These waste management methods accounted
for up to 80% of total unused ashes in the USA in 2012 (EPA 2015). Recently, suppliers have begun to
reclaim, retrieve, or recover these landfilled or ponded ashes to be reused with minimal beneficiation,
typically drying and grinding or classifying. However, since disposing fly ash in landfills requires less
water and is more easily controlled, they are the primary source of reclaimed fly ash.
Previous studies have shown that reclaimed fly ashes showed no major changes in composition or
shape compared to a production fly ash (McCarthy et al. 2017, Diaz-Loya et al. 2017). However,
fineness and loss-on-ignition (LOI) increased with the increasing length of the wet storage period
(McCarthy et al. 2017). The effect of particle size of beneficiated and reclaimed fly ashes has also been
studied previously by Ranganath et al. (1998), who separated ponded fly ashes into fine, medium, and
coarse particle size ranges. The coarse fraction, which comprised 65% of the ponded fly ash, was found
to be poorly reactive, which made the ponded fly ash unusable in its “as-disposed” state. Berry et al.
(1989) performed a similar study with beneficiated fly ashes, finding that particles in the fine size range
were more reactive than the coarse ones. These coarse particles, however, can be ground or milled to
produce a similar early age strength contribution as a production fly ash and an increase in late strength
in relation to an OPC control (Cheerarot & Jaturapitakkul 2004).
Particle sizes of a fly ash that is beneficiated or reclaimed can be affected by grinding processes and
wet storage periods. In this research, beneficiated and reclaimed fly ashes were compared to a control,
production fly ash to investigate the effects of particle size on the performance of cement-based
materials.
2.

MATERIALS AND TESTING

Three beneficiated and two reclaimed fly ashes were evaluated in this study. The fly ashes were labeled
using a single letter with a prefix of either B or R to designate whether the material was beneficiated or
reclaimed, respectively. All three beneficiated fly ashes, B-C, B-L, and B-S, were blended by the supplier
with a secondary material to comply with ASTM C618 specifications. Both reclaimed fly ashes, R-G and
R-M, were dried to remove residual moisture and ground to reduce agglomeration that occurred during
impounding. Three control materials were also tested as comparisons: a Type I portland cement (OPC),
a production Class F fly ash (FA), which had not been impounded, and an inert fine quartz powder (Q).
Oxide analysis and particle size distribution of the materials were determined, and results are presented
in Table 1. Particle shape and texture of the materials were also imaged through environmental scanning
electron microscopy (ESEM) (Figures 1-3). Based on the ESEM images, the particle shapes of the
materials were qualitatively categorized in Table 1.
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Table 1. Oxide Analysis and Particle Size/Shape of Materials Tested
Characteristic

OPC

FA

Q

B-C

B-L

B-S

R-G

R-M

SiO2

20.36

50.88

99.20

59.07

60.99

60.13

51.50

46.95

Al2O3

5.82

22.79

0.21

14.07

13.10

14.43

21.34

19.90

Fe2O3

2.30

5.01

0.13

3.16

3.08

4.65

4.92

8.35

CaO

62.49

10.60

0.18

9.36

10.19

6.91

11.33

14.05

MgO

1.36

2.45

0.03

1.57

0.61

1.13

2.08

3.43

SO3

3.30

0.47

0.09

3.41

3.92

3.22

2.72

0.86

Na2O

0.15

0.13

0.02

3.28

2.69

3.20

0.17

0.77

K2O

0.89

0.86

0.03

2.94

3.08

3.46

0.78

0.98

d50 (µm)

13.9

26.9

16.2

6.3

9.5

9.8

22.2

12.8

Particle Shape

Angular

Round

Angular

Partially
Angular

Angular

Angular

Round

Round

Figure 1. ESEM image of angular B-S

Figure 2. ESEM image of partially angular B-C
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Figure 3. ESEM image of round R-G
2.1

Workability Testing

Workability testing was performed on paste samples to assess how it is affected by particle size of the
beneficiated and reclaimed fly ashes.
Paste rheology was conducted using an Anton Paar MCR 301 Rheometer. Samples consisted of a 20%
replacement of the cement by mass for each fly ash, as well as a straight-OPC control, all at a water-tocementitious material (w/cm) ratio of 0.45. A temperature-controlled high shear mixer was used to
maintain the paste at 23 ± 2°C while mixing in accordance with ASTM C1738 (2018). Flow curves were
then obtained using the rotational rheometer in accordance with ASTM C1749 (2017) and analyzed
using the Bingham model to determine the viscosity and yield stress of the mixtures (Han & Ferron
2015).
2.2

Compressive Strength Testing

Concrete mixtures were designed generally following ACI 211 Proportioning Concrete Mixtures (1991)
for structural concrete for a target strength of 31 MPa and a target slump of 102 mm. Concrete mixtures
consisted of a 20% replacement of cement by mass for each fly ash and a w/cm of 0.485. An example
of a concrete mixture design is shown in Table 2 for a straight cement mixture.
Table 2. OPC Concrete Mixture Design
Component

Amount (kg/m3)

OPC

335

Water

157

Coarse Aggregate [Colorado River gravel (Texas)], 19 mm

1072

Fine Aggregate [Colorado River sand (Texas)]

796

Air

Assumed 2 volume %

Concrete cylinders were cast in accordance with ASTM C39 (2018) and compressive strength was
measured at 7, 28, 56, and 90 days. The role of particle size on strength gain was evaluated.
3.
3.1

RESULTS AND DISCUSSION
Workability Testing

A Bingham model was used to determine the yield stress and viscosities of the paste samples (Table 3)
from the flow curves. The y-intercept of the trendlines corresponds with the yield stress, while the slope
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corresponds to the viscosity. All the beneficiated fly ash pastes had greater yield stresses and viscosities
than the OPC and FA-containing pastes. This is due to the angular particles of the beneficiated fly ashes
as seen in Table 1. Additionally, the beneficiated fly ash particles have a larger surface area than the
reclaimed and control fly ashes due to their smaller particle sizes, contributing to the higher yield
stresses and viscosities observed in these mixtures. The larger and round particles of the reclaimed fly
ashes and FA resulted in similar low yield stresses and viscosities between the mixtures. Both the yield
stress and viscosity of the paste mixtures were plotted against the median particle size of the
cementitious materials as seen in Figures 4 and 5, respectively. A trend can be seen in both figures
where the yield stress and viscosity of the pastes decrease as the median particle size of the material
increases. Least-square regression lines are included in Figures 4 and 5 simply to guide the eye.
Table 3. Workability of Cement Paste and Concrete Mixtures
Material

Yield Stress (Pa)

Viscosity (Pa·s)

OPC

46.73

0.19

FA

27.90

0.12

B-C

70.92

0.25

B-L

65.43

0.26

B-S

101.50

0.31

R-G

36.63

0.15

R-M

25.34

0.14

120

Yield Stress (Pa)

100

80
60
40
20
0

0

5

10

15
d50 (µm)

20

25

30

Figure 4. Yield stress versus median particle size cementitious materials

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
0.35

Viscosity (Pa·s)

0.3
0.25
0.2
0.15
0.1

0.05
0
0

5

10

15
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Figure 5. Viscosity versus median particle size cementitious materials
3.2

Compressive Strength Testing

To analyze the effect of particle size on concrete compressive strength, the compressive strength of the
cylinders was plotted against the median particle size of the beneficiated and reclaimed fly ashes at
each age as seen in Figure 6. A good correlation was found between the particle size and compressive
strength, where the smaller the median particle size of the fly ash, the higher the compressive strength.
This correlation strengthened at later ages. This can be attributed to an increase in fly ash reactivity due
to the larger surface area of the smaller particles, as well as particle packing effects in the presence of
coarse aggregate. The small particles of the beneficiated fly ashes more easily fill and densify the
interfacial transition zone (ITZ), increasing the concrete compressive strength (Ollivier et al. 1995).

Compressive Strength (MPa)

56
49
42

35

R² = 0.9807
R² = 0.9591
R² = 0.9144
90 Day
56 Day
28 Day
7 Day

R² = 0.8782

28
21

14
7
0

0

5

10
15
d50 (µm)

20

25

Figure 6. Concrete compressive strength versus median particle size of beneficiated and
reclaimed fly ashes
4.

CONCLUSIONS

As suppliers continue to beneficiate off-spec fly ash, as well as reclaim fly ash from ponds and landfills,
it is important to be aware of how these effect particle size and shape of the fly ash. Wet storage of fly
ash causes particles to agglomerate over time making them larger and irregularly shaped. Additionally,
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grinding or classifying fly ash as a form of beneficiation reduces the particle size and makes the particles
more angular in shape. This study compared how these factors affect the performance of cement-based
materials.
Workability of the pastes and concretes was significantly impacted by the particle sizes and shapes of
the materials. The three beneficiated fly ashes, B-C, B-L, and B-S, resulted in stiffer paste mixtures than
the OPC control due to their small median particle size and angular particles. R-G, R-M, and FA resulted
in more fluid paste mixtures than the OPC control due to their large, round particles.
Compressive strength results of the concrete cylinders strongly correlated with the particle size of the
beneficiated and reclaimed fly ashes. The smaller particles of the beneficiated fly ashes resulted in
higher concrete compressive strengths than the reclaimed fly ash concrete. This correlation
strengthened at later ages. However, this correlation was found using a small sample size of
beneficiated and reclaimed fly ashes, and a more extensive study is required to validate the trend.
Fly ash physical, chemical, and mineralogical properties can vary widely based on the coal source,
burning conditions, and collection and storage conditions, which influences their effect in cement-based
mixtures (Thomas et al. 2017). Disposal methods, locations, and conditions can also alter these
properties (McCarthy et al. 2017). Finally, a variety of beneficiation techniques exist and they differ
among plants. Because of this, a larger sampling size of beneficiated and reclaimed fly ashes is required
to validate the effects of particle size and shape seen in this study.
5.
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ABSTRACT
This experimental study further investigated the feasibility of using the local FA to replace cement at
weight ratios ranging from 40% to 70% to produce high volume fly ash (HVFA) concrete. The
experiments of testing water absorption of HVFA concrete at ages of 28 and 90 days. Experimental
results showed that HVFA concrete exhibited much higher water absorption than that of the control
concrete at 28 days. With 28 to 90 days of curing, the pozzolanic reaction of FA progresses
significantly and consumes large amounts of CH with producing additional secondary C-S-H gels,
resulting in denser and more compact microstructure, thus decreasing the amount of water absorption
of HVFA concrete.
Key words:
High volume fly ash, concrete, water absorption
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1.

INTRODUCTION

Fly ash (FA) is a by-product generated from the burning of pulverized coal in electric power plants and
collected by mechanical and electrostatic separators from fuel gases (Šiler, Bayer et al. 2015).
Throughout the past decades, most of the FA is usually disposed of in landfills or ash ponds directly,
creating a lot of environmental problems. Therefore, management and utilization of FA are becoming
urgent matters. Figure 1. illustrates the annual production and utilization factor of FA in different
countries. India is the highest producing country in the world with an annual production of about 112
million tons. However, its utilization factor is lower than any other country, at only 38%. Research has
indicated FA can be widely used in soil systems (Pandey et al. 2010), agriculture and construction
(Basu, Pande et al. 2009). Take the USA FA utilization as an example (Figure 2). FA utilization in USA
is mainly focused on concrete/concrete products/grout and structural fills/embankment, all of which
accounted for nearly 80%.

Figure 1. Production and utilization factor of FA in different countries

Figure 2. USA FA utilization (Source:
https://www.linkedin.com/pulse/utilization-fly-ash-from-coal-fired-power-plants-zara-ashraf )
HVFA concrete is a type of concrete containing at least 50% FA by mass of total cementitious materials
normally, but some other authors hold the view that above 40% FA in concrete is a suitable definition for
HVFA concrete (Felekoglu et al. 2006). HVFA concrete was initially developed to reduce the heat of
hydration and its long term performance typically meets or exceeds that of conventional concretes. A
significant amount of research has been devoted to the topic of HVFA concrete and also found that FA
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also helps to contribute to a secondary calcium silicate hydrate gel (C-S-H gel) and a denser
microstructure of concrete through its pozzolanic reaction with calcium hydroxide (CH). HVFA concrete
has been successfully applied to dams, pavements, ports and other structural construction (Nassar,
Soroushian et al. 2013). Moreover, the use of HVFA concrete also offers a potential green solution to
achieve sustainable development in the concrete industry.
Wyoming leads the nation in coal production, accounting for more than 40% of all coal mined in the
United States. Coal-fired power plants dominate Wyoming electricity generation and rough estimates
for Wyoming FA production generated during coal combustion are around 2.1 million tons though the
exact figure is difficult to ascertain. However, the management of FA is part of the matter of concern
because disposal of this substance in ponds and landfills has been a common solution in Wyoming,
where both modes of disposal reduce economic value and greatly damage the environment. Literature
reports claim an undoubted approach, giving economic value while respecting the environment, is to
replace cements with high FA contents to produce blended cements.
In our previous study (Sun, Shen et al. 2018), local FA in Wyoming was characterized and some
properties of HVFA concrete based on this FA in terms of hydration properties and mechanical strength
were also investigated. The results indicated that the HVFA concrete with FA replacement of 40%
showed comparable 180-day compressive strength to the control concrete. Hydration tests also
confirmed that the pozzolanic reaction of FA played a critical role in the compressive strength
development of the concrete at later ages. However, the effects of the local FA on the durability of
concrete in terms of chloride permeability, sulfate resistance and water absorption are still not clear.
Water absorption is an important durability parameter that describes water ingress into pores of
unsaturated concrete caused by capillary suction (Supit et al. 2015). Information concerning pore
connectivity can also be provided by water absorption and water sorptivity (the rate at which water is
absorbed).
Under such a background, the water absorption of HVFA concrete based on local FA was further
evaluated. The findings of this study confirm that it is possible to use the local FA to develop HVFA
concrete with satisfactory durability and it is also a better use of local FA to cast HVFA concrete.
2.
2.1

MATERIALS AND METHODS
Materials

A Type I/II cement complied with current ASTM C150 standard was used in this study. FA was obtained
from Jim Bridger Power Plant (shown in Figure 3.) in Point of Rocks, Wyoming, USA. The chemical
compositions of cement and FA are summarized in Table 1. The natural sand and the crushed stone
supplied from a local sandpit were used as fine and coarse aggregates, respectively. Their physical
properties are presented in Table 2.
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Figure 3. Location of main power plants in Wyoming
Table 1. Chemical compositions of cement and fly ash
Oxide compositions

CaO

SiO2

Al2O3

SO3

Fe2O3

MgO

K2O

TiO2

Na2O

LOI

Cement

61.26

20.70

4.87

3.50

3.37

1.54

0.66

0.24

0.40

3.15

Fly ash

5.93

59.15

21.63

0.84

3.85

2.26

1.18

0.91

2.50

0.85

(wt.%)

Table 2. Physical properties of aggregates
Components

Fine aggregate

Coarse aggregate

Type of aggregate

Natural sand

Crushed stone

Maximum size (mm)

4.75

19

Oven dried specific gravity

2.61

2.78

2.62

2.79

0.12

0.39

(g/cm3)
Saturated surface dried
specific gravity

(g/cm 3)

Water absorption (%)

2.2
2.2.1

Methods
Specimen preparation

To investigate the water absorption of HVFA concrete, the FA was partially substituted into cement at a
weight of 0, 40%, 55% and 70%. A fixed water to binder (cement + FA) was maintained at 0.45. The
specific mixture proportions of concrete are shown in Table 3.
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Table 3. Mixture proportions of HVFA concrete
Mix

Cement

FA

designation

Coarse

Fine

aggregate

aggregate

Water

Super-

Slump

Air
content

plasticizer

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

(mm)

(%)

OPC

409

0

1026

829

184

2.6

50.8

2.5

OPC60FA40

245.4

163.6

1026

829

184

0

147.3

1.8

OPC45FA55

184.1

224.9

1026

829

184

0

215.9

1.5

OPC30FA70

122.7

286.3

1026

829

184

0

304.8

1.3

All concretes were mixed in a pan mixer. Dry coarse and fine aggregates, cement and FA were mixed
homogenously in a dry form for 3 min. Then about half of the mixing water was poured into the mixer for
3 min. After that the total amount of SP (if needed) with remaining water was added into the mixture for
2 min and additional 1 min to complete the production. The fresh concrete was cast into 50mm ×
200mm (Diameter × Height) cylindrical moulds. After 24h of casting, the specimens were demoulded
and then removed to be cured in a curing room at 20 °C and 95% RH (Relative humidity).
2.2.2

Water absorption test

The water absorption was measured at 28 and 90 days in accordance with ASTM C1585-04. After 28
and 90 days of curing, the corresponding samples were cleaned and then dried in an oven at 60°C until
their mass was kept constant. In order to ensure that only one surface of the specimens was in free
contact with water (the principle of this standard), the side of the cylindrical specimens was coated with
a layer of paraffin prior to testing (as shown in Figure 4, adapted from (Shoukry, Kotkata et al. 2016)). At
this time, the total weight of concrete samples and paraffin was taken as dry weight, W 1. Then these
samples were immersed in water and measured at 1, 4, 9, 16, 25, 36, 49, 64, 81, 100, 121, 144, 169,
196 and 225min, respectively. Immediately after taking out the specimen from water, a towel was used
to remove the loose water from the wet sample and its weight was taken as wet weight, W 2. The water
absorption was calculated according to (1). The initial rate of water absorption (k, mm/seconds1/2) was
stipulated as the slope of the line that was the best fit to water absorption (I) plotted against the square
root of time (t, seconds), as shown in (2).
I=(W2-W1)/(A*ρ)

(1)

Where A and ρ represents the cross sectional area contact with water and the density of water,
respectively.

I=k*t0.5+ S0

(2)
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Figure 4. Schematic diagram of water absorption
3.

RESULTS AND DISCUSSION

The water absorption of HVFA concrete at 28 and 90 days was determined and presented in Figure 5.
and Figure 6., respectively. Up to 28 days in Figure 5, all HVFA concrete samples experienced a
significant increase in water absorption after high volume of fly ash was added. In comparison with the
control concrete, the water absorption of HVFA concrete with 40% FA increased by 6.67%, while an
increase of 166.67% in water absorption could be found in HVFA concrete prepared with FA of 70%.
On the one hand, high volume of fly ash in concrete lowers the relative proportion of cement and dilutes
the active component in the blended cement pastes. On the other hand, our previous study (Sun, Shen
et al. 2018) also confirmed that the local FA had a low pozzolanic activity during this period. Both of
these two effects lead to a decrease in hydrates volume and microstructure degeneration, thus
significantly increasing in water absorption of the HVFA concrete samples.

Figure 5. Water absorption of HVFA concrete at 28 days
As illustrated in Figure 6., an increase in the curing ages from 28 days to 90 days would decrease the
amount of water absorption, especially for the sample OPC60FA40. This rapid decrease in water
absorption of HVFA concrete can be attributed to the fact that the pozzolanic reaction of FA progressed
significantly at the later curing period. During this period, the pozzolanic activity of FA was activated by

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
calcium hydroxide (CH) formed during the cement hydration. The amorphous SiO2 and Al2O3 in FA
were released continually and then reacted with CH to form large amounts of secondary C-S(A)-H gels,
resulting in a denser and more compact microstructure, thus reducing the water mobility inside the
hardened cement paste and the corresponding amount of water absorption. In addition, FA can also be
helpful to decrease the accumulation of CH crystals around the interfacial transition zone (ITZ) and
improve the homogeneity in the ITZ, resulting in a reduction in water absorption of HVFA concrete
simultaneously. These results were also well in agreement with the compressive strength development
of HVFA concrete in our previous work (Sun, Shen et al. 2018) presented in Figure 7.

Figure 6. Water absorption of HVFA concrete at 90 days

Figure 7. Compressive strength development of HVFA concrete up to the ages of 180 days
4.

CONCLUSION

This study further investigated the influence of local high volume fly ash in Wyoming on the water
absorption of the concrete. The limited water absorption test results showed that HVFA concrete
showed significantly higher water absorption than that of the control concrete at 28 days. With 28 to 90
days of curing, the pozzolanic reaction of FA progresses significantly and consumes large amounts of
CH which produces additional secondary C-S-H gels, resulting in denser and more compact
microstructure, thus decreasing the amount of water absorption of HVFA concrete.
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ABSTRACT
The production of Portland clinker is associated with significant CO2 emissions. Though, the cement
industry has already reached considerable reductions in these emissions, further efforts need to follow
to cope with the increasing demand for the cement. The quantities of useful SCMs are limited and are
unlikely to increase.
HeidelbergCement initiated a research program on both production and interaction of the different
cement components with the aim to maximize the clinker replacement by GBFS and limestone while
keeping adequate cement/concrete performance.
The impact of the initial cement composition on the phase assemblage and resulting porosity was
investigated by means of the thermodynamic modelling supporting by the hydration kinetics models.
The used approach allowed defining precisely the specific interactions between the clinker, GBFS and
limestone. This knowledge on the microstructure features enabled the prediction of the compressive
strength evolution. The modelling predictions were verified by the testing of laboratory cements by
means of the existing standards for some chosen composition.
Consequently, the production methodology of the composite cements was optimized. Traditionally, in
order to compensate for the low early strength from this process, the finesses of composite cements
needed to be higher than OPC. Present contribution demonstrates that using an optimized separate
grinding process of the cement components results in the adequate performance evolution while
keeping the energy demand and water demand of the cement low.
The general agreement between predictions and measured performance evolution has confirmed the
correctness of the developed models and general concept of the composite cement optimization.
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1.

INTRODUCTION

The cement production is associated with significant CO 2 emissions (Gartner and Hirao, 2015). The
cement demand is expect to increase, the CO 2 emissions therefore, may further increase negatively
contributing to the climate changes (Scrivener et al., 2016). Already now, the signiﬁcant reductions of
CO2 emissions associated with the cement production were achieved via the increased energy
efﬁciency, use of alternative fuels and through Portland cement clinker substitution by supplementary
cementitious materials (SCMs). Currently, the most suitable SCMs are granulated blast-furnace slags
(herein "slag" ) and coal fly ashes classified at semi hydraulic and pozzolanic material respectively. The
availability of these materials with adequate quality is globally limited (Scrivener et al., 2016).
Consequently, the work is need to increase the efficiency of this material to furthered decrease the
Portland cement clinker content in the final composite cement. Slag or fly ash can be replaced by
limestone. However, the content of limestone in composite cement is limited by its low contribution to
the compressive strength.
This contribution presents the optimization study of the multicomponent cement, maximizing the cement
performance evolution, while minimizing its environmental impact. The work is a part of the extensive
research project aiming at understanding of parameters that allow the minimizing of the cement clinker
content by replacing it by slag and limestone while meeting an adequate cement performance. An
important objective of these investigations was to limit the amount of slag. This objective was achieved
over the mastering the links between the hydrating multicomponent cement and the resulting
performance (Adu-Amankwah et al., 2017). These efforts led to establishing the know-how supported
by the modelling tools (Skocek et al., 2017) (Zajac et al., 2018) allowing the optimization of the cement
composition and properties.
The general agreement between the predictions and measured performance evolution confirms the
correctness and accuracy of the models developed as well as of the general concept of the composite
cement optimization applied.
2.

HYDRATION AND PERFORMANCE OF THE COMPOSITE CEMENT

Hydration of the composite cement is a complex process involved reaction of the several cement
components that affecting the reactions of each other. The Portland cement clinker is reacting with water
as the first, particularly C3S, C3A and calcium sulfate are fast reacting phases. The main hydration
product are C-S-H phase, portlandite and ettringite and later on the AFm phases (Bullard et al., 2011).
The other cement clinker phase, i.e. C2S and C4AF are reacting slower. It is important to mention that
the reaction of these phases is influenced by the presence of SCMs (Scrivener et al., 2015). One the
one hand, the less reactive SCMs like limestone may accelerate and extend the reaction of C3S, C3A
and C2S and C4AF (filler effect), on the other, the slag and fly ash are believed to limit their later reaction.
The cement clinker has impact on the reaction of the SCMs providing alkali and portlandite that are the
partners of the reaction for pozzlanas and or activators for the slag. SCMs can have impact on the
reaction of the other SCMs by activating it (Adu-Amankwah et al., 2017). Furthermore, the SCMs have
impact on the phase assemblage by changing the proportion of the hydrated phases and modifying their
composition and microstructure when compared to the traditional net Portland cement (Lothenbach et
al., 2011).
The resulting compressive strength is the effect of all these interactions. Figure 1 gives the strength of
the neat Portland cement and two composite cements containing quartz (PC-Q) and slag-limestone (PSS-L). The drop of the compressive strength by the replacement of the Portland clinker by the inert quartz
is called dilution effect. The difference in the strength between the quartz and slag-limestone sample
show the active effect of the slag and limestone reaction. This is related to the formation of the C-S-H,
AFm and hydrotalcite phases and microstructure modifications that overall all results in the strength
increase.
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Figure 1. Evolution of the compressive strength (EN-196-1) on a Portland cement containing
mainly cement clinker (PC) and two composite cements (50 % replacement ratio) containing
quartz (inert filler) and slag and limestone PC-Q and PC-S-L respectively). Dilution effect and
active contribution of SCMs are highlighted.
The approach adopted within this work allows accounting for the specific interactions between the
Portland clinker, slag and limestone as described above. Additionally, knowledge generated accounts
for the specific microstructure features of the systems investigated. Overall, this enables the prediction
of the compressive strength evolution over time.
3.

THE MODEL

The calculations routine applied within this project includes several numerical models. Results obtained
at each calculation step constitute the input for the next step. Combination of the three basic models
allow for the linking between the strength evolution with the initial cement composition:




Empirical model that describes the dissolution of the clinker phases
Thermodynamic equilibrium model based on GEMS platform that assumes equilibrium
between the solution and the hydrates together to calculate the volume evolution of the
system including the porosity
Empirical model relating the porosity with the strength.

Additionally, the intermediate modelling results may be used as an indication of the durability
performance (Whittaker et al., 2016) and may facilitate explanation of the phenomena observed. The
here described approach is derived from the modeling approaches developed in (Lothenbach and
Winnefeld, 2006) and further improved in (Skocek et al., 2017).
The modelling of the compressive strength evolution as a function of the cement composition and time
is based on the:




Definition of the composite cement composition, including the composition of the clinker and
supplementary cementitious materials.
The composition of the materials used within these studies were similar to the investigated
earlier (Adu-Amankwah et al., 2017).
Calculation of the reactive phases dissolution kinetics.
The dissolution kinetics of anhydrous phases was mathematically described with multiparametric smooth functions. The input was based on experimentally determined dissolution
kinetics of clinker phases and slag, as reported in our earlier studies (Adu-Amankwah et al.,
2017) as well on the other available literature data (Kocaba et al., 2012) (Berodier and
Scrivener, 2015).
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Thermodynamic calculations using a consistent thermodynamic dataset to predict the porosity.
Thermodynamic modelling was carried out using the geochemical modelling program Gibbs
Energy Minimization Software for Geochemical Modeling GEMS (Kulik et al., 2013) with
thermodynamic data from the PSI-GEMS database (Hummel et al., 2002) supplemented by
cement specific data (Lothenbach et al., 2018).
Calculation of the compressive strength based on the predicted porosity; within the present
work, a simple relationship between the porosity and the compressive strength was assumed.
The relationship was fitted for the data presented in (Zajac et al., 2018).

The compositions in the following ranges were investigated: 50 – 100 wt.-% clinker, 0 – 50 wt.-% slag
and 0 – 50 wt.-% limestone (Figure 2). Composite cements were made from a commercial Portland
clinker with its typical composition (see Table 1), ground granulated blast-furnace slag and ground
natural limestone (see Table 2). All the materials were produced or quarried in Germany. For the
calculations, it was assumed that the slag and limestone contain only glassy phase and calcite,
respectively. The overall SO3 level was set to 3 % by adding calcium sulfate (anhydrite).
Table 1 Composition of the cement CEM I 52.5R (wt.-%) according to QXRD results
Phase

Alite

Belite

Aluminate

Ferrite

Calcite

Anhydrite

Basanite

Others

CEM I

58.1

14.3

9.2

6.7

1.9

1.7

3.0

5.1

Table 2 Mineralogical composition of supplementary materials (wt.-%)
Phase

Calcite

Quartz

Dolomite

Anhydrite

Amorphous/Others

Slag

2.4

0.1

-

-

97.5

Limestone

96.6

0.4

1.0

-

2.0

Anhydrite

-

2.1

5.5

91.0

1.4
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Figure 2 Modelled compositions of cements
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4.

RESULSTS OF THE MODELLING

The cement composition has a distinct impact on the content of these phases and consequently on the
formed microstructure and performance. At all investigated hydration times, the model predicts the
formation of the C-S-H phase, portlandite and ettringite. Depending on the limestone presence AFm
phases composition vary. In the presence of limestone monocarbonate is calculated, while in limestone
free system monosulphate is expected to precipitate. Additionally, hydrotalcite and hydrogarnets
precipitate. However, their content is significantly lower.
An example of the interdependences between the cement composition and time of hydration is
discussed in Figure 3.
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Figure 3. Evolution of the content of the portlandite (CH) and C-S-H phase depending on the
initial cement composition at 7 and 180 days of hydration
Portlandite is formed from the hydration of clinker. In slag containing composite cements, a part of
portlandite is consumed to from hydrates such as AFm and C-S-H phases (Lothenbach et al., 2011).
This interaction is fully captured by the model (Figure 3). The maximal portlandite content is predicted
to be present in the neat Portland cement. The increasing slag content results in a higher decrease of
portlandite content when compared to the impacts of limestone. Additionally, the graph shows that the
portlandite content increases over the hydration time because of the clinker activity. It is noticeable that
little portlandite is consumed by the slag reaction.
At 7 days of reaction, the highest C-S-H content is observed for the samples rich in cement clinker. This
is because the slag does not contribute significantly to the hydration products at that time. The C-S-H
phase content is the highest for the compositions rich in clinker and slag after 180 days of hydration. C-
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S-H phase is the main hydration product of the slag reaction that is characterized by a high hydration
yield at that time. The increasing limestone content reduces the C-S-H phase content. However, it is
noticeable that the C-S-H phase content is similar for the cements characterized by the similar limestone
content, i.e. for the similar cement clinker and slag content.
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Figure 4. Evolution of the content of the ettringite and sum of hemicarbonate and
monocarbonate (HC+MC) phase depending on the initial cement composition at 180 days of
hydration
Limestone blends with alumosilicate-bearing SCMs and clinker are characterized by complex
interactions between its constituents. Calcite from limestone reacts with the available alumina from the
clinker and slag to form monocarboaluminate phases instead of the monosulfoaluminate phase present
in cements without limestone. This results in ettringite stabilization, decreased porosity and increased
strength. The adopted modelling method fully describes these interactions between alumina bearing
phases and limestone present and provides further insights. Figure 4 shows that ettringite content
initially increases with the increasing content of limestone (calcite). This is accompanied by the
transformation of monosulfate to monocarbonate as described above (results not shown). The ettringite
content stays constant from a calcite content of about 5 wt.-%, further increase of calcite content does
not promote the formation of any additional ettringite. Figure 4 shows that the total content of the
hemicarbonate and monocarbonate, at later hydration times, is high for the slag reach compositions.
This further contributed to the reduction of the porosity.
Understanding of the relationship between the starting cement composition and the phase assemblage
formed at given time is of a primary importance because the phases formed govern the porosity and
hence the resulting strength performance (Zajac et al., 2018). The predicted compressive strength at 7
and 180 days of hydration is shown in Figure 5. The compressive strength at early times is depending
mainly on the cement clinker, while other cement components have little impact: the higher the clinker
content in the cement, the higher is the compressive strength. This phenomenon is related to the kinetics
of the reaction of the different materials. The clinker phases (particularly C3S and C3A) react faster than
slag. Thus, at the early times, mainly the reaction of the clinker contributes to the formation of the
microstructure and resulting compressive strength. However, it is noticeable that already at that time
some small presence of limestone has a positive impact on the compressive strength according to the
mechanisms described above (Lothenbach et al., 2008).
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Figure 5. Predicted compressive strength at 7and 180 days of hydration

At later days of hydration, the contribution of the slag is clearly pronounced, at 180 days of hydration,
the highest compressive strength is predicted for the systems rich in slag. Note that at that time overall
hydration degree is lower in slag blends compared to Portland clinker. This phenomenon is related to
the fact that the slag containing blends are characterized by a more efficient microstructure from the
perspective of the strength formation, when compared to the pure Portland cement (Zajac et al., 2018).
For all investigated cements, the increase of the limestone content by more than ~ 10 wt.-% results in
the decrease of the compressive strength. Limestone contributed only limited to the formed
microstructure by interacting with alumina bearing phases.
5.

VERIFICATION OF THE MODELLING CONCEPT

In order to verify the modelling predictions, the testing of the laboratory made cements was prepared.
The cements are based on the other batch of the materials, but characterized by the similar properties
(Table 3 and Table 4).
Table 3 Composition of the cement CEM I 52.5R (wt.-%) according to QXRD results
Phase

Alite

Belite

Aluminate

Ferrite

Calcite

Anhydrite

Basanite

Others

CEM I

58.7

14.3

9.5

6.6

2.2

1.7

3.1

3.9

Table 4 Mineralogical composition of supplementary materials (wt.-%)
Phase

Calcite

Quartz

Dolomite

Anhydrite

Amorphous/Others

Slag

2.7

0.4

-

-

96.9

Limestone

97.8

0.8

1.4

-

-

Anhydrite

-

2.1

5.5

91.0

1.4

The cements were prepared by blending the cement components in a laboratory mixer. The tested
cements are characterized by the clinker replacement ratio of 40 and 50 wt.-%, respectively, contain 2040 wt.-% slag, 10 and 20 wt.-% of limestone. In order to prepare these cements, the industrial CEM I
52.5R was mixed with the ground slag and ground limestone and ground calcium sulfate (anhydrite).
The composition of the cement is given in Table 5.
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Table 5. Composition of the cements used for the mortar preparation (wt.-%), following the
definitions of EN 197-1
Sample name

Clinker

Slag

Limestone

SO3

60-20-20

60

20

20

3.0

60-30-10

60

30

10

3.0

50-30-20

50

30

20

3.0

50-40-10

50

40

10

3.0

The experimental conditions were similar to the investigation used for the calibration of the modelling.
Mortar bars were cast according to EN 196-1 procedure, at constant w/c of 0.50. The results of the
strength measurements are plotted in Figure 6.
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Figure 6 Compressive strength measured according EN196-1
At early hydration times, the slag and limestone mostly dilutes the cement clinker and the strength
decreases with increased Portland cement clinker substitution. Improvement of the strength is
noticeable for the low limestone contents. As hydration time progresses, the contribution of the slag
increases.
This comparison confirms that adopted modelling approach can correctly account for the interactions in
the reacting multicomponent cement, microstructure features and consequently, it correctly predicts the
compressive strength evolution.
While the measurements data are collected for limited range of composition, the modelling tools provide
significantly higher resolution and are hence capable to precisely find the optimal compositions.
6.

CONCLUSIONS

The relationship among the cement composition, phase assemblage and microstructure and finally
resulting mechanical performance evolution was investigated extensively. This enabled creation of the
model allowing prediction of the hydration and mechanical performance of the composite cements
containing Portland cement clinker, blast furnace slag and limestone.
The present contribution demonstrates an application of the this tool for optimizing the composition of
multicomponent cement enabling minimizing the Portland cement clinker and granulated blast-furnace
slag content while maximizing the performance of the cement.
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The impact of the initial cement composition on the phase assemblage and resulting porosity was
investigated by means of the thermodynamic modelling supported by the hydration kinetics models. The
approach used accounted for the specific interactions among the clinker, slag and limestone. Knowledge
of the microstructure features in the investigate systems enabled the prediction of the compressive
strength at different hydration times. The modelling predictions were verified by the testing of laboratory
cements according to the existing standards. The general agreement between predictions and
measured performance evolution had confirmed the accuracy of the models developed as well as of the
general concept of the composite cement optimization.
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ABSTRACT
Blended cement with supplemental cementitious materials such as fly ash and blast-furnace slag has
been extensively used worldwide from environmental point of view. In Japan, however, the
consumption of blended cement accounts for only about 20 %. Especially, fly ash cement has rarely
been used for concrete structures except for dam concrete. This is mainly because strength
development of fly ash cement concrete is slower than ordinary Portland cement concrete. The
purpose of this study is to propose general-purpose fly ash cement. Several samples of cement with
increased C3S content and with high specific surface area were manufactured at an actual cement
plant and strength development and shrinkage cracking resistance of fly ash cement concrete using
the samples was experimentally investigated. Effects of addition of limestone powder and increase in
SO3 content were also investigated. The performance of the proposed fly ash cement was compared
with that of conventional cements. It has been found that compressive strength of concrete with fly ash
cement can be improved by the increases in C3S content and fineness of the base cement and the
addition of limestone powder. Shrinkage cracking resistance of concrete with the proposed fly ash
cements can be also higher than those with OPC and conventional blended cement.
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1.

INTRODUCTION

Use of blended cement, in which a part of cement is replaced by supplemental cementitious materials
such as fly ash (FA) and blast-furnace slag, has great effect on reduction of CO2 emission in the
process of cement production. In Japan, however, the most popular cement is ordinary Portland
cement (OPC), which accounts for around 70% of the total consumption of cement in this country.
Regarding to blended cement, although the consumption of blast-furnace slag cement accounts for
about 20%, fly ash cement (FA cement) has rarely been used for concrete structures except for dam
concrete. Use of FA as admixture at concrete mixing plants is also rare in this country. This is mainly
because strength development of FA cement concrete is slower than OPC concrete. It should be
noted that ordinary Portland cement with alite content at 55 - 60%, is generally used as base cement
to make conventional FA cement.
In order to increase application of FA cement to general concrete structures, it is desirable to improve
early-age strength development of concrete with FA cement. Several measures to accelerate strength
development of FA cement have been suggested in published papers. It is well known that increasing
alite (alite) content in cement is effective to increase the rate of cement hydration. It was reported in
1970’s that high alite cement with one day compressive strength more than 20 N/mm 2 was
successfully manufactured at an actual cement plant (Teramoto. 1972). Although this type of cement
was commercially produced for a period of time, it is no longer in use. On the other hand, many
researches using laboratory clinker with high alite content have been carried out by many researchers.
It was reported that cement with alite content of 76% was suitable to improve strength development of
FA cement (Hou G et al. 1989). It was reported that early-age strength of FA cement concrete could
be improved by using high-early strength Portland cement with alite content of around 65% (Morioka
et al. 2002). In the most published reports on high alite cements, the experiments were carried out
using clinker samples prepared with laboratory ovens.
One of the authors reported in a published paper that several cement samples with alite content up to
72% by Bogue equation were successfully manufactured at an actual cement plant (Nito N et al. 2014),
and concrete properties of FA cement using high alite cement was reported (Kipkemboi et al. 2017). It
was also reported that the high alite cement samples could be effectively used to improve
compressive strength of blast-furnace slag cement at early ages (Miyazawa et al. 2014). The purpose
of this study is to develop FA cement which can be widely used for general concrete structures.
Improvement of strength development of FA cement concrete is aimed at, so as to obtain strength
equivalent to that of OPC concrete. The samples of cement clinker with increased alite content up to
72% and with relatively high specific surface area were manufactured at an actual cement plant.
Strength development of concrete with the high alite cement samples, in which FA was used at
replacement ratio of 15% - 20%, was experimentally investigated. Effects of adding limestone powder
and increasing SO2 content in FA cement were also investigated. Shrinkage cracking resistance of
concrete was investigated by measurements of restraint stress in uniaxially restrained concrete
specimens which were subjected to drying shrinkage. The performance of the proposed FA cement
was compared with that of OPC and conventional blended cement with FA or blast-furnace slag.
2.
2.1

EXPERIMATNAL PROCEDURES
Materials

Mineral compositions and Blaine fineness of cement samples used in the experiments are shown in
Table 1, in where mineral compositions of the samples are calculated by Bogue equation. The
samples of cement A64, A65, A69, A70 and A72, which have larger alite content and larger fineness
than those of conventional OPC, were produced at an actual cement plant to be used as base
cements for FA cement. In the manufacture process of these cement samples, the kinds of raw
materials, including wastes and industrial by-products such as coal ash and construction generated
soil, were the same as those for OPC which is commercially produced at the cement plant, but the
proportions of the raw materials are modified to obtain the intended mineral compositions. In this
paper, the samples of cement A64, A65, A69, A70 and A71 are called as high alite cement hereafter.
The contents of free CaO of A65, A69, A70 and A71, ranging from 1.8% to 3.0%, are higher than that
of OPC. The samples of cement N51, N57, N60 and N61, which fall into the category of OPC, were
used for making control concrete specimens. In the cement sample N51, which is commercial product
of OPC, limestone powder was added at the cement plant as minor additional constituent. It should
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be noted that limestone powder is often added into commercial OPC as minor additional constituent,
the maximum limit of which is specified as 5 % by JIS R 5210 (Japanese Standards Association,
2009). The content of limestone powder in N51 was estimated to be 2.7%, which was measured by
thermal analysis (ignition loss at 600 – 800 oC) on the assumption that the content of CaCO3 of the
limestone powder is 100%. Then, the mineral composition of sample N51 before addition of limestone
powder was estimated as shown in Table 1. Although limestone powder is not included in the other
cement samples, limestone powder L1 was added in concretes with N61 and A64, and limestone
powder L2 in concrete with A70 at mixing concretes for preparing specimens. The properties of L1
and L2 are almost the same as shown in Table 2.
Table 1. Chemical and physical properties of cement

Cement
N51
N57
N60
N61
A64
A65
A69
A70
A72

Blaine
fineness
(cm2/g)
3100
3340
3350
3350
4200
4190
4690
4190
4820

Composition (%)
f.CaO

C3S

C2S

C3 A

C4AF

SO3

0.0
0.6
0.6
0.6
1.1
2.0
1.8
1.8
3.0

51
57
60
61
64
65
69
70
72

22
16
13
12
9
7
5
4
0

9
9
9
9
10
10
9
10
9

9
9
10
10
9
9
9
8
8

2.0
2.2
2.3
2.3
2.6
2.7
2.4
3.0
3.4

Table 2. Properties of limestone powder used in the experiments

Name

Density
(g/cm3)

L1
L2

2.71
2.71

Blaine
fineness
(cm2/g)
5270
4990

Chemical composition （%）

ig.loss
(%)

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

43.5
43.6

<0.01
0.00

0.04
0.04

0.02
0.02

56.0
56.1

0.24
0.22

<0.01
0.00

<0.01
0.00

<0.01
0.00

Table 3. Properties of fly ash used in the experiments

Name

SiO2
(%)

Ig. loss
(%)

Density
(g/cm3)

F(1)
F(2)
F(3)
F(4)
F(5)

58.50
59.20
57.15
58.89
59.81

1.10
2.04
2.93
2.60
2.49

2.27
2.28
2.34
2.27
2.27

Blaine
fineness
(cm2/g)
3690
3510
4230
3580
3450

Strength activity index (%)
7 days

28 days

56 days

91 days

74
72
-

84
85
85
85
83

98
92
-

102
103
102
96
97

Samples of FA used in this study, denoted as F(1), F(2), F(3), F(4) and F(5), are by-products from two
different coal-fired power plants. Their properties, which are shown in Table 3, are similar to each
other and agree with the requirements of Class II fly ash specified by JIS A 6201 (Japanese Standards
Association, 2012). Class II fly ash, which corresponds to Class F fly ash specified by ASTM C618-05
(American Society of Testing and Materials, 2005), is the most typical class of FA in Japan. For
comparisons, blast-furnace slag Portland cement Type B (BB-S2.3), which are widely used in Japan,
were also used in the experiment. Blain fineness of BB is 3830 cm2/g. The base cement for the
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sample BB is OPC and the replacement ratio of ground granulated blast-furnace slag was around
40%.
Fine aggregate and coarse aggregate used to make concrete specimens were river sand and crushed
hard sandstone respectively. Air-entraining and water-reducing agent (AEWR), whose main
ingredients are lignin-sulfonic acid compound and polycarboxylic acid, was used for all the mixtures.
In addition, in order to obtain the target air content of concrete, two types of air-entraining agents were
used. Alkylcarboxylic acid type agent was used for concretes with FA and alkylether type agent was
used for concrete without FA.
The mix proportions of concrete are shown in Table 4. Replacement ratio of FA was taken to be 0%,
15%, 18% and 20%. At mixing of concrete with N61, limestone powder L1 was added at 3.5% related
the total mass of N61 and L1. And at mixing of concrete with A 64 and A70, L1 and L2 were
respectively added at 4.5%. The properties of limestone powders L1 and L2 are almost the same, the
same notation “L” is put on the names of the concrete mixtures as shown in Table 4. As previously
mentioned, limestone powder was blended into N51 at cement plant. In some cases, un-hydrous
gypsum (Gyp.) was added at mixing of concrete in amount such that SO3 content of FA cement was
increased up to 2.9% or 3.4 %. On the other hand, the contents of SO3 in the samples, to which Gyp.
was not added at mixing concrete, were ranging from 2.0% to 2.3%. The contents of SO3(%) related
to the mass of binder is indicated after “S” in the names of the mixtures, as shown in Table 4. In
comparison, concrete specimens were prepared with three kinds of OPC denoted as N51-S2.0-L,
N57-S2.2 and N61-S2.2-L, conventional FA cement denoted as N51-F(5)18-S1.9-L, N60-F(3)18-S2.0
and N61-F(4)18-S1.9-L and conventional blast-furnace slag cement denoted as N51-BSF45-S2.1-L
and BB-S2.3. Water to cement ratio of concretes was fixed at 0.55. Slump was 19 ± 2.5 cm and air
content was 5.0 ± 1.5%. The content of AEWR was taken to be 1.0 % for all the mix proportions and
slump of concrete was controlled by adjusting water content.
Table 4. Mix proportion of concrete
Unit content (kg/m3)
FA
BFS
LSP Gyp.

S

G

AEWR
x C(%)

800

957

1.0

812

957

1.0

11.5

799

956

1.0

7.0*

801

958

1.0

802

959

1.0

800

958

1.0

790

945

1.0

57

802

959

1.0

262

65

802

945

1.0

180

256

59

12.1

790

945

1.0

A70-F(5)18-S2.9-L

180

253

59

11.9

3.6

790

945

1.0

A70-F(5)18-S3.4-L

180

250

59

11.8

6.5

789

945

1.0

A72-F(1)15-S3.4

180

278

49

802

946

1.0

N51-BSF45-S2.1-L

175

170*

804

962

1.0

BB-S2.3

175

318

805

963

1.0

Name

W

C

N51-S2.0-L

180

318*

N57-S2.2

180

327

N61-S2.2-L

180

316

N51-F(5)18-S1.9-L

175

254*

57

N60-F(3)18-S2.0

175

261

57

N61-F(4)18-S1.9-L

175

252

57

9.1

A64-F(4)18-S2.2-L

180

256

59

12.1

A65-F(3)18-S2.2

175

261

A69-F(2)20-S2.9

180

A70-F(5)18-S2.3-L

8.8*

143

4.7*

* : pre-blended miner additional constituent
2.2

Environmental performance of cement

In the manufacture process of the high alite cement at the actual cement plant, the kinds of raw
materials including wastes and industrial by-products such as coal ash and construction generated soil
were the same as those for commercial productions of OPC clinker. The amount of CO2 emission
from the production of the high alite cement is discussed as follows.
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(1) Chemical analysis of the cement samples reveals that the CaO contents of the alite cement
samples range from 64.8% to 65.6% and those of the OPC samples from 63.5% to 64.7%. Therefore,
it can be said the difference in CaO content of the two types of cement is about the same and that the
consumptions of limestone as raw material are also about the same. Therefore, CO2 emission due to
decarbonation in the productions of the high alite cement and OPC are equivalent.
(2) During the production of the high alite cement, the temperature in the kiln was controlled to be
about the same as that for the commercial production of OPC. Therefore, it can be said that CO2
emission from calcination energy for the high alite cement is about the same as that for OPC.
(3) The raw materials used for production of the high alite cement are the same as those for OPC, as
previously mentioned. And the time for grinding clinker was also about the same for each type of
cement. Therefore, it can be said that electric energies for the processes of raw material treatments
and grinding clinkers are about the same for the high alite cement and OPC. However, the specific
surface area of the high alite cement is higher than OPC (see Table 1), because the former contains
larger amount of alite with high grindability.
It was reported that the amount of CO2 emission due to decarbonation, calcination energy and electric
energy were roughly in the ratio of 6:3:1 (Sano. 2000), which means that the decarbonation is the
dominant component. In regard to CO2 emission due to decarbonation, the difference between the
high alite cement and OPC is very small, as mentioned in (1). Therefore, it can be said that the CO2
emission from the production of FA cement using the high alite cement is less than that of OPC, since
the consumption of clinker is substantially reduced by replacement of FA at 15% to 20%.
2.3

Test methods

2.3.1 Compressive strength
Compressive strength test for concrete was conducted for two type of curing, standard curing and
sealed curing, using cylinders specimens of with 100 mm in diameter and 200 mm in length. For
standard curing, the concrete specimens were cured under water at 20 oC after demolding at the age
of 1 day. Strength measurements were done at the ages of 1 day, 3 days, 7 days, 28 days and 91
days. In order to study early-age strength development of concrete, the following tests were
conducted. After casting concrete, concrete was cured in the mold at 20 ± 1 oC, where plastic film was
put on the top surface of specimens to eliminate moisture evaporation from the concrete. When the
specified ages for strength measurement of 1 day, 3 days and 7 days were reached, the specimens
were demolded and compressive strength tests were conducted. Three specimens were prepared for
each condition.
2.3.2 Shrinkage cracking resistance
In order to study shrinkage cracking tendency of
concrete with FA cement using high alite
cement, restraint stress of concrete caused by
drying shrinkage was measured by uniaxial
restraint tests as shown in Figure 1.
A
deformed reinforcing bar with nominal diameter
of 25 mm was embedded as a retraining body
at the center of concrete beam specimen of 100
mm in width and 100 mm in depth, and 1100
mm in length. Both the libs and lugs of the
reinforcing bars were removed in the central
portion with 300 mm in length and this portion
was sealed with Teflon sheet with 0.2 mm in
thickness in order to eliminate bond between
reinforcing bar and concrete. Concrete was
casted and cured in sealed condition at room
temperature until the age of 3 days and they
were exposed to drying conditions.
The
specimens with N51-F(%)18-S1.9-L, A70F(5)18-S2.3-L, A70-F(5)18-S2.9-L and A70F(5)18-S3.4-L were stored in a room at

Reinforcing bar

Teflon sheet

Mold

(a) Apparatus for restraint stress test

Specimen

(b) Specimens stored in drying condition
Figure 1. Test for restraint stress in
concrete due to drying shrinkage
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temperature from 5 oC to 13 oC and relative humidity
from 40 to 70 % R.H.. The specimens with the other
mixtures were stored in a temperature controlled
chamber at 20 oC and 60 % R.H.. Restraint stress of
concrete caused by drying shrinkage was obtained
from the strain of the reinforcing bar which was
measured with electric resistance wire strain gauges
with length of 5 mm. The strain gauges were put on
the both sides of the reinforcement in the central cut
portion.
During the drying period, the time at
cracking in the specimens was detected from a
sudden decrease in strain of the reinforcing bar. For
the test for shrinkage cracking resistance, three
specimens were prepared for each mix proportion.
3.
3.1

RESULTS AND DISCUSSIONS
Compressive strength

Figure 2 shows the test results for FA cement using
high alite cements with various alite contents.
Although SO3 content is different among the sample,
it can be seen from this figure strength development
after the age of 7 days is increased by addition of
limestone powder. It can be seen that A69-F(2)20S2.9 and A72-F(1)15-S3.4, in which limestone
powder is not included as miner constituent, has very
high compressive strength at one day and three days
due to high alite content and high fineness. However,
the strength at 28 days and 91 days is lower than
samples with limestone powder. A65-F(3)18-S2.2
without limestone powder also exhibits lower
strength at 28 days and 91 days. On the other hand,
A64-F(4)18-S2.2-L, A70-F(5)18-S2.9-L and A70F(5)18-S3.4-L, in which limestone powder is included,
exhibit better strength development up to the age of
91 days. Similar trend was also reported in a
published paper, which suggested that compressive
strength of FA cement mortar was increased from the
age of 3 days onward by replacing a part of FA by
limestone powder (Weerdt K De 2011).

Figure 2. Compressive strength of
concrete with high alite fly ash cement
(Effect of limestone powder)

Figure 3. Compressive strength of
concrete with high alite fly ash cement
(Effect of SO3 content)

Figure 3 shows the effect of SO3 content on strength
development of concrete with high alite FA cement. It
should be pointed out from the figure that
development of compressive strength improved by
increase in SO3 content up to 3.4%. Compressive
strength of concrete with A70-F(5)18-S2.9-L and
A70-F(5)18-S3.4-L, in which anhydrous gypsum was
added at mixing concrete, is slightly higher at 28
days and 91 days than A70-F(5)18-S2.3-L.
Figure 4 shows the test results for high alite FA
cements A70-F(5)18-S2.9-L which is compared with
the results of conventional FA cement N61-F(4)18S1.9-L, conventional blast-furnace slag cement BBS2.3 and OPC samples N51-S2.0-L, N57-S2.2 and
N61-S2.2-L. It can be seen from this figure that
concretes with conventional FA cement and
conventional blast-furnace slag cement show lower

Figure 4. Compressive strength of
concrete with high alite fly ash cement
and with conventional cement
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compressive strength than OPC samples before 28
days, although the observed values at 91 days are
equivalent or even higher. On the other hand, the
concretes
with
A70-F(5)18-S2.9-L
exhibits
compressive strength equivalent to that with OPC
samples before and after 28 days. Especially,
compressive strength at 3 days and 7 days is
significantly improved compared with the samples of
conventional blended cements. It is proved from
these
experimental
results
that
strength
development of FA cement concrete can be
considerably improved by using high alite cement
which includes limestone powder as miner
constituent.
Some of the authors of this paper, Hirao H and Sakai
Figure 5. Compressive strength of
E have made investigations on the effect of
sealed concrete at early ages
limestone powder using the samples of A65, FA(3)
and limestone powder L1.
They reported that
compressive strength of cement was improved by
Table 5. Age of concrete to obtain
addition of limestone powder at 2.5-10% of the mass of
compressive strength of 10 N/mm 2
binder and that it was maximized at 5% (Aki T et al
2017). From chemical investigations, they pointed out
Required
Type of cement
that the reaction ratio of FA was higher in cement paste
age (days)
with A70-F(5)18-S2.3-L than that with N51-F(5)18-S1.9N51-S2.0-L
2.0
L at the ages of 56 days and 91 days (Mukai T et al.
2019). From these observations, it is suggested that
N51-F(5)18-S1.9-L
2.1
the increase in long-term strength of FA cement is
BB-S2.3
3.1
caused by pozzolanic reaction of FA and by the reaction
A70-F(5)18-S2.3-L
1.8
between limestone powder and Al2O3 in the binder, and
that the reaction of FA in high alite cement is higher
A70-F(5)18-S2.9-L
1.6
than that in OPC.
From the above mentioned
A70-F(5)18-S3.4-L
1.6
experiments and discussions that compressive strength
of FA cement concrete can be improved by increasing
alite content and fineness and addition of limestone
powder as miner constituent. It can be also said that the modification of SO3 content could have effect
on strength development of high alite cement with FA.
In order to estimate the curing period to obtain enough concrete strength for form removal, early-age
strength development under sealed curing was measured for concrete with each cement sample.
Observed values of compressive strength of concrete at 1 day, 3 days and 7 days are plotted against
the maturity calculated from equation (1), and are shown in Figure 5.
𝑀(𝑡) = ∑𝑡𝑍=1(𝜃𝑧 + 10)

(1)

where, 𝑀(𝑡): maturity at age t (oC･day)
θz: the average temperature at age z (oC)
t, z: age of concrete (day)
As shown in Figure 5, linear relations can be seen for each type of cement, the fitted lines were
determined by regression analysis. At construction sites, strength development of concrete at early
ages can often be one of the indices to determine the time of form removal which often affects the
duration of execution. For example, it is specified by Architectural Institute of Japan that forms may be
removed after confirming compressive strength of concrete more than 5 or 10 N/mm2, depending on
the service life of the structure (Architectural Institute of Japan 2009). The ages at which compressive
strength of the tested concrete mixtures reaches the specified strength, for example 10 N/mm 2, are
obtained from the fitted lines in Figure 4, and they are shown in Table 5.
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The age of concrete to obtain compressive strength of 10 N/mm 2 is from 2.0 days for OPC sample
N51-S2.0-L. As compared to this result, N51-F(5)18-S1.9-L has similar result. The result for BB-S2.3
is 3.1 days, which means the conventional blast-furnace slag cement may lead to delayed foam
removal at sites. On the other hand, for the concretes with A70-F(5)18-S2.3-L, A70-F(5)18-S2.9-L
and A70-F(5)18-S3.4-L, the age at which compressive strength of 10 N/mm 2 is attained is earlier than
OPC concrete. Therefore it can be said that some delay for form removal caused by using
conventional blended cement can be avoided by using the FA cement in which the base cement with

Figure 6. Restraint stress of concrete due to drying shrinkage
high alite content and high specific surface area
is used.
3.2

Shrinkage cracking resistance

In order to estimate shrinkage cracking
resistance of concrete with high alite FA cement,
restraint stress of concrete was observed on
uniaxially restrained tests, where the concrete
specimens were exposed to drying condition
after sealed cuing for 3 days. Some examples
of the observed restraint stresses in concrete
are shown in Figure 6, in which tensile stresses
are expressed as plus values on the vertical
axis. It should be noted in this figure that the
observed restraint stress fluctuated in the
specimens with A70-F(5)18-S2.3-L and A70F(5)18-S2.9-L due to the ambient temperature
change as previously mentioned in 2.3.2. As
shown in these figures, restraint stresses of
concrete gradually increased with progressive
drying and through cracks were observed in the
specimens with sudden decreases in restraint
stress.

Figure 7. Age of concrete at drying
shrinkage cracking (the average with dot
and the range of three specimens in bar)
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The period of drying until cracking in each specimen is shown in Figure 7. In some cases, large
variations in cracking age are seen in the three specimens with each mixture, which is often observed
in restraint stress tests reported before. It can be seen from these experimental results that the ages
of cracking in concrete with OPC samples and conventional blast-furnace slag cement are from 20
days to 40 days. For conventional FA cement samples, it is suggested that addition of limestone
powder has good influence on cracking resistance when comparing the experimental results of N60F(3)18-S2.0 and N61-F(4)18-S1.9-L. Among the samples of high alite FA cement, A70-F(5)18-S2.3-L,
A70-F(5)18-S2.9-L and A70-F(5)18-S3.4-L show much longer cracking ages than the samples of OPC
and conventional blast-furnace slag cement. From the experimental results, the effect of limestone
powder is not clear for the samples of high alite FA cement. The effect of the increase in SO3 content
cannot be clearly seen.
It is suggested from the restraint tests that high alite FA cement with C3S content of around 70% and
with limestone powder as miner constituent has higher cracking resistance than OPC. Therefore, the
proposed FA cement can be effectively applied to relatively thin members such as walls of reinforced
concrete buildings, in which drying shrinkage of member is relatively large. It should be also noted that
the restraint stress tests in this study were conducted in a single environmental condition and in a
single degree of restraint. Therefore, the influences of these test conditions on test results should be
investigated in the future.
4.

CONCLUSIONS

In the experiments in this study, cement samples with high alite content and high specific surface area
were experimentally produced at an actual cement plant to be used as base cement of generalpurpose FA cement. Effects of addition of limestone powder and increase in gypsum content on
strength development were experimentally investigated. Restraint stress due to drying shrinkage of
concrete was also experimentally investigated in order to estimate shrinkage cracking resistance.
New findings in this study are as follows.
(1) Early-age compressive strength of FA cement concrete can be increased by increases in alite
content and fineness of base cement and long-term strength can be increased by addition of
limestone powder as miner constituent.
(2) When the proposed high alite FA cement with limestone powder is used, the age of concrete at
form removal can be set earlier than OPC and conventional blast-furnace slag cement.
(3) It is suggested from restraint stress tests that the resistance to shrinkage cracking of concrete with
high alite FA cement including limestone powder is higher than that with OPC and with conventional
blast-furnace slag cement.
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ABSTRACT
High-temperature condition is necessary for alite generation in cement manufacturing and consumes a
large amount of energy. Therefore, low-temperature calcination of cement has been investigated and
fluoride compounds are used as fluxes. However, elution of fluoride ions after the calcination
decreases the fluidity of cement paste containing superplasticizers. We discuss this fluidity decrease
from the influence of fluoride on the solid and liquid phases in cement paste. Allylether-type and
methacrylate-type polycarboxylate-based superplasticizers were used, and potassium fluoride was
used to add fluoride ions. The influence of fluoride ions on the solid phase was a generation of fine
particles, resulting in the preferential adsorption of superplasticizer to the fine particles. On the other
hand, the influences on the liquid phase were a decrease in Ca2+ concentration and an increase in
SO42- concentration. These changes in concentrations cause the adsorption hindrance of
superplasticizer, but the influence depended on the water-cement ratio. At low water-cement ratio, the
influence of adsorption hindrance with fluoride addition was strong. At high water-cement ratio, Ca2+
concentration increased and SO42- was diluted, resulting in the weakening of adsorption hindrance.
Allylether-type superplasticizers showed the preferential adsorption even with strong adsorption
hindrance at low water-cement ratio. In contrast, adsorption of methacrylate-type superplasticizers was
hindered at low-water cement ratio and did not adsorb preferentially. At high water-cement ratio, since
the adsorption hindrance became weak, methacrylate-type superplasticizers also showed the
preferential adsorption.
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1.

INTRODUCTION

Alite (Ca3SiO5=C3S) generation in cement calcination requires high-temperature (>1450°C) and much
energy (Stadler et al. 2011), thus low-temperature calcination using fluxes and mineralizers has been
investigated (Blanco-Varela et al. 1986, Kolovos et al. 2001). Fluxes are compounds affecting the
liquid phase and they accelerate the C3S generation (Maki & Goto 1982). On the other hand,
mineralizers are compounds affecting the solid-phase diagram and they widen the temperature range
where C3S exists to lower temperatures (Blanco-Varela et al. 1984). In general, sulphate compounds
(e.g., CaSO4) are used as fluxes and fluoride compounds (e.g., CaF2) are used as mineralizers
(Johansen & Christensen 1979, Klemm et al. 1979). 1 mass% additions of CaSO4 and CaF2 to the raw
materials of cement result in approximately 220°C decrease in calcination temperature (Raina &
Janakiraman 1998) and approximately 4.5% reduction in energy consumption (Gardeik 1981).
However, the calcination synthesizes soluble or highly reactive compounds (e.g., K2SO4 and
Ca12Al14O32F2) from fluxes and mineralizers (Jawed & Skalny 1977, Klemm et al. 1979), thus sulphate
and fluoride ions can elute into cement suspension after the calcination. In addition, when slag is
contained in concrete, fluoride ions can elute from slag into the concrete (Mizukami et al. 2004)
because fluoride compounds are used as fluxes in iron manufacture.
Sulphate ion decreases the fluidity of cement paste containing superplasticizer (Andersen et al. 1986,
Nakajima & Yamada 2004, Pourchet et al. 2012, Yamada et al. 2001). Superplasticizers adsorb on
cement particles and aid in dispersion, thus adsorption of superplasticizer is quite important for the
fluidity of cement paste. However, sulphate ion decreases adsorption of superplasticizer for cement
particles and the mechanism of the fluidity decrease can be classified into two groups; i.e., the
influence on the solid or liquid phase condition. First, generation of hydrated products can be regarded
as an influence on the solid phase. Calcium aluminates in cement can react with sulphate ions and
generate hydrated products. The hydrated products have additional adsorption sites and then some
superplasticizer molecules adsorb on the hydrated products (Matsuzawa et al. 2015b). Finally, this
adsorption decreases concentration of superplasticizer in the liquid phase, resulting in a decrease in
adsorption of superplasticizer on cement particles and the fluidity decrease. A similar fluidity decrease
is also reported for cement paste with montmorillonite addition (Ng & Plank 2012, Atarashi et al. 2015).
Montmorillonite particles have considerably large surface area and many superplasticizer molecules
adsorb on montmorillonite, resulting in the fluidity decrease. The influence of montmorillonite is quite
strong even if the dosage is less than 1 mass% of cement. However, the influence of hydrated
products on adsorption is not so strong for small and moderate amount of sulphate ions. A more
important influence of sulphate ions is adsorption hindrance of superplasticizer; i.e., an influence on
the liquid phase rather than the solid phase. Because the solubility of calcium sulphate is not high,
sulphate ions decrease Ca2+ concentration in the liquid phase and they also occupy Ca2+ site on
cement particles. These decrease adsorption sites on cement particles, resulting in a decrease in
adsorption of superplasticizer on cement particles and the fluidity decrease. This fluidity decrease with
sulphate ions has been investigated for many years.
However, the influence of fluoride ions on the fluidity has not been investigated in detail. Actually, the
authors have researched the influence of fluoride addition on the solid phase (Matsuzawa et al. 2017)
but the influence on the liquid phase is not investigated. In this paper, the authors discuss the fluidity
change with fluoride ion addition from the viewpoint of influences of fluoride ion addition on the solid
and liquid phases in cement paste using different polycarboxylate-based superplasticizers.
Polycarboxylate-based superplasticizers can be classified into many groups, including allylether-type
and methacrylate-type superplasticizers. Allylether-type superplasticizers are also called maleic-type
because they have maleic acid as the functional group for adsorption. On the other hand,
methacrylate-type superplasticizers have methacrylic acid with a single carboxyl functional group. The
authors consider that different superplasticizers have different susceptibility to the influences of
fluoride ions on the solid and liquid phases. Investigation of the difference between allylether-type and
methacrylate-type superplasticizers is considered to be effective to reveal the influence of fluoride
ions.
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2.
2.1

EXPERIMENTAL INVESTIGATION
Materials

The actual amount of fluoride ion elution from low-temperature calcined cement has not been revealed
in detail. However, to clarify the influence of fluoride ions, the authors used KF solution for fluoride ion
addition into cement paste as the model experiment of fluoride ion elution, in consideration of the
generation of soluble or highly reactive compounds under the low-temperature calcination. Cement
pastes for experiments were made of ordinary Portland cement (OPC, made by Japan Cement
Association, Japan), polycarboxylate-based superplasticizers, potassium fluoride (KF), and distilled
water. Because the research had been performed for several years, two OPCs are used in this paper;
i.e., OPC(A) and OPC(B). Table 1 shows the chemical compositions of OPC(A) and OPC(B). There is
a slight difference between OPC(A) and OPC(B), but both compositions belong to the range of OPC.
Thus, the difference is considered to have only a negligible influence on the results in this paper. The
authors used two polycarboxylate-based superplasticizers having different molecular structures (P-10
and TI-5). Figure 1 shows the molecular structure of P-10 (made by NOF Corporation, Japan). P-10
has poly-ethylene oxide graft chains and maleic acid functional groups. P-10 also contains styrene but
the content is so small that its effect on P-10 is considered to be negligible. Figure 2 shows the
general molecular structure of methacrylate-type polycarboxylate-based superplasticizers (Plank et al.
2015) and this is also the supposed molecular structure of TI-5 (made by NIPPON SHOKUBAI CO.,
LTD., Japan). The actual molecular structure of TI-5 is not exposed but considered to be quite similar
to the general molecular structure. TI-5 has poly-ethylene oxide graft chains and methacrylic acid
functional groups. OPC(A) was used for all of the experiments with P-10. OPC(B) was used for all of
the experiments with TI-5. To keep enough fluidity to mix the paste, the dosage of superplasticizer
was 0.192 mass% of OPC in all of the experiments. The mass ratio of water to cement (W/C) was
changed from 0.32:1.0 to 1.0:1.0. Considering the mineralizer amount in actual low-temperature
calcinations, the dosage of KF was changed from 0 to 0.128 mol/kg (0.744 mass%) of OPC.
2.2

Methods

Specific surface area of the solid phase in OPC paste was investigated in the following method. First,
a solution with certain amounts of superplasticizer and KF was poured into OPC, and then the paste
was mixed by hand with a stainless steel spoon for 5 min at 20°C. Immediately after this mixing, the
paste was diluted with acetone to stop hydration. The cement-acetone suspension was centrifuged at
8200 m/s2 for 10 min and the solid phase was collected. The collected solid phase was dried under a
low pressure (0.01 MPa) for 24 h at 20°C and then it was degassed in N2 gas flow at 40°C. Finally, the
specific surface area of the degassed solid phase was measured by the Brunauer-Emmett-Teller
(BET) method with N2 adsorption using a surface area analyser (Gemini V2380, Micromeritics, USA).
Adsorption of superplasticizer and ion concentrations in the liquid phase were investigated in the
following methods. First, the paste was mixed by hand with a stainless steel spoon for 5 min at 20°C.
Then, the paste was centrifuged at 8200 m/s2 for 10 min and the liquid phase was extracted. The
concentration of superplasticizer and ion concentrations in the extracted liquid were measured using a
total organic carbon analyser (TOC-L CSH/CSN, Shimadzu Corporation, Japan) and an ion
chromatograph (LC-20ADsp prominence, Shimadzu Corporation, Japan), respectively. The adsorbed
amount of superplasticizer was calculated from the difference between superplasticizer concentrations
of the added solution and the extracted liquid.
The fluidity of OPC paste was investigated in the following method. First, the paste was mixed by hand
with a stainless steel spoon for 5 min at 20°C. Immediately after this mixing, the fluidity measurement
was started using a rotational cylinder viscometer (Haake MARS III Z41-TI, Thermo Fisher Scientific
K.K, Japan). The distance between inner cylinder and outer cylinder is 0.99 mm. The radius and
height of inner cylinder are 20.71 mm and 55 mm, respectively. The shear stress was linearly changed
from 0 to 200 Pa in 120 s at 20°C. The yield stress and the apparent viscosity are regarded as indexes
of fluidity. Similar to a previous report (Matsuzawa et al. 2015a), the yield stress is defined as the
shear stress where the shear speed is 1 s −1 and the apparent viscosity is measured at where the
shear stress is 200 Pa. Higher yield stress and apparent viscosity indicate lower fluidity.
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Table 1. Mineral compositions of used OPCs [mass%]
Ca3SiO5

Ca2SiO4

Ca3Al2O6

Ca4Al2Fe2O10

CaSO4

OPC(A)

58.7

15.8

9.7

8.6

3.5

OPC(B)

59.8

15.9

8.2

9.6

3.4

Figure 1. Molecular structure of P-10

Figure 2. Supposed molecular structure of TI-5
3.
3.1

RESULTS AND DISCUSSION
Influence of fluoride ion on fluidity of cement paste

Figure 3 shows the influence of KF addition on the yield stress of cement pastes containing
superplasticizers. Without KF addition, the yield stresses were 3 Pa for paste containing P-10 and 0.5
Pa for paste containing TI-5. These values mean the pastes are easy to mix and the fluidities are so
high. However, when KF was added, the yield stresses increased. At KF dosage of 0.128 mol/kg, the
yield stresses were 30 Pa for P-10 and 43 Pa for TI-5. It means the yield stresses increased by
approximately 10 and 80 times larger from those without KF addition, respectively. Figure 4 shows the
influence of KF addition on the apparent viscosity of cement pastes containing superplasticizers.
Without KF addition, the apparent viscosities were 488 mPa·s for P-10 and 304 mPa·s for TI-5.
However, the apparent viscosities also increased with KF addition. The apparent viscosities were 954
mPa·s for P-10 and 889 mPa·s for TI-5 at KF dosage of 0.128 mol/kg. The apparent viscosities
increased by approximately 2 and 3 times larger than those without KF addition, respectively.
Comparing the superplasticizers with each other, P-10 showed smaller yield stress but larger apparent
viscosity than TI-5 when KF dosage was 0.128 mol/kg. These results indicate a difference between
the influences of KF addition on the pastes containing different superplasticizers but both results with
different superplasticizers show the fluidity decrease with KF addition for cement paste containing
superplasticizer.
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Figure 3. Relationship between KF dosage
and yield stress of cement paste
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Figure 4. Relationship between KF dosage
and apparent viscosity of cement paste

Influence of fluoride ion on adsorption of superplasticizer

Figure 5 shows the influence of KF addition on adsorption of P-10. Figure 6 shows the influence of KF
addition on adsorption of TI-5. Left vertical lines of Figures 5 and 6 indicate the amount of adsorbed
superplasticizer per unit mass of the solid. Here, the adsorption time is only 5 min, thus authors
assume that the mass of the solid phase does not change during the experiment. Therefore, the
adsorbed amount per unit mass corresponds to the total amount of adsorbed superplasticizer in the
paste. If all of the superplasticizer molecules adsorb, the adsorbed amount should be 1.92 mg/g
(0.192 mass%). The right vertical lines of Figures 5 and 6 indicate the amount of adsorbed
superplasticizer per unit area. The adsorbed amount per unit area is calculated from the adsorbed
amount per unit mass and the specific surface area (Figure 7). In general, the fluidity is related to the
adsorbed amount per unit area because polycarboxylate-based superplasticizers aid in dispersion with
the steric hindrance effect of their grafted side chains. In this section, W/C is fixed at 0.32:1.
Without KF addition, the adsorbed amounts per unit mass were 0.49 mg/g for P-10 and 1.06 mg/g for
TI-5. In addition, the adsorbed amounts per unit area were 0.53 mg/m2 for P-10 and 0.78 mg/m2 for TI5. The adsorbed amount of TI-5 was larger than P-10. This is considered to correspond to the
difference in molecular structures. When KF was added, both adsorbed amounts of P-10 and TI-5
changed but the influences of KF addition were opposite to each other. The adsorbed amount of P-10
was increased considerably but that of TI-5 was decreased by KF addition. At KF dosage of 0.128
mol/kg, the adsorbed amounts were 1.43 mg/g and 0.77 mg/ m2 for P-10. The total amount of
adsorbed P-10 increased by approximately 3 times larger with KF addition and the adsorption per unit
area also increased. In contrast, the adsorbed amounts were 0.97 mg/g and 0.51 mg/ m2 for TI-5 at KF
dosage of 0.128 mol/kg. These adsorbed amounts are approximately 90% and 70% of those without
KF addition, respectively. This adsorption decrease with ion addition seems to be similar to the
adsorption hindrance with sulphate ion addition. Here, the fluidity decrease with KF addition can be
explained by adsorption for the paste containing TI-5 because the amount of adsorbed TI-5 decreased
with KF addition. However, the fluidity decrease cannot be explained by adsorption for P-10 because
the amount of adsorbed P-10 increased with KF addition. It indicates that most of P-10 molecules do
not adsorb on cement particles but do adsorb on the surface of other substances.
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Figure 6. Relationship between KF dosage
and adsorption of TI-5

Influence of fluoride ion on solid phase in cement paste

Section 3.2 indicates that P-10 molecules adsorb on other substances except cement particles in
cement paste with KF addition. Because the adsorbed amount of P-10 was increased considerably by
KF addition, the other substances should have many adsorption sites and large surface area. Thus,
the specific surface area of the solid phase in cement paste was investigated.
Figure 7 shows the influence of KF addition on the specific surface area of the solid phase in cement
paste. Without KF addition, the specific surface areas were 0.91 m2/g for the paste with P-10 and 1.36
m2/g for the paste with TI-5. There is a difference between the specific surface areas with different
superplasticizers. A candidate for the cause is the difference between functional groups of P-10 and
TI-5. P-10 has maleic acid having twin carboxyl functional groups so it can adsorb to Ca2+ on cement
particles strongly. This strong adsorption restrains the early hydration of cement, resulting in the
smaller specific surface area. However, what matters in this experiment is the influence of KF addition
on the specific surface area. The difference between the pastes containing different superplasticizers
is not the key point in this experiment, thus here the authors avoid discussing the difference in detail.
At KF dosage of 0.128 mol/kg, the specific surface areas were 1.84 and 1.91 m2/g for the pastes with
P-10 and TI-5. KF addition considerably increased the specific surface area independent of the type of
superplasticizer. Here, the dosage of KF was only 0.128 mol/kg (0.744 mass%) of OPC at most but
the specific surface area increased by 202% and 140% for the pastes with P-10 and TI-5, respectively.
Thus, it indicates generation of extremely fine particles with KF addition (Matsuzawa et al. 2017). This
generation of fine particles can be regarded as the influence of KF addition on the solid phase
condition. The authors consider that the particles are enough fine to have considerably large surface
area and then many P-10 molecules adsorb preferentially on the fine particles, resulting in the
increase in adsorbed amount of P-10 and the fluidity decrease. This mechanism is similar to the
influences of sulphate ion addition on the solid phase and montmorillonite addition.
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Figure 7. Relationship between KF dosage and specific surface area of solid phase in cement
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paste
3.4

Influence of fluoride ion on liquid phase in cement paste

Section 3.3 indicates the generation of fine particles with KF addition. P-10 is considered to adsorb
preferentially on the fine particles and this preferential adsorption may be a cause of the fluidity
decrease. However, section 3.2 indicates that TI-5 does not adsorb on the fine particles. The
adsorbed amount of TI-5 decreased with KF addition, similar to the adsorption hindrance which is wellknown for the paste with sulphate ion addition. The adsorption hindrance is related to Ca2+
concentration in the liquid phase, thus the authors investigated the influence of fluoride ions on the
liquid phase in cement paste. In this section, TI-5 is used as a representative superplasticizer and its
dosage is 0.192 mass%. In addition, the paste with KCl addition was investigated for comparison. To
investigate the influence of fluoride ions on the liquid phase in detail, W/C was changed from 0.32:1.0
to 1.0:1.0.

30

Amount of Ca2+ in liquid
[mmol/kg of OPC]

Concentration of Ca2+
[mmol/L]

Figure 8 shows the influences of KF addition and W/C change on Ca2+ concentration in the liquid
phase. Figure 9 shows the total amount of Ca 2+ in the liquid phase. The total amount is calculated
from the concentration and the water amount. At a certain W/C, Ca2+ concentration was decreased by
KF addition and increased by KCl addition. When Ca2+ concentration without the salts is regarded as
100%, Ca2+ concentrations are approximately 70% and 130% for the paste with KF and KCl,
respectively. Both KF and KCl are potassium salts, but there is a large difference in the influences on
Ca2+ concentration. Thus, the decrease in Ca2+ concentration with KF addition must be caused by
fluoride ions rather than potassium ions. Independent of potassium salt addition, Ca2+ concentration
increased when W/C changed from 0.32:1.0 to 0.80:1.0 and slightly decreased when W/C changed
from 0.80:1.0 to 1.0:1.0. In particular, the total amount of Ca2+ increased monotonically and it
increased by approximately 4 times when W/C changed from 0.32:1.0 to 1.0:1.0. Here, the
mechanism of the decrease in Ca2+ concentration with KF addition is discussed. First, a candidate of
the cause is solubility of CaF2. CaF2 is an insoluble compound so that fluoride ions in the liquid phase
should decrease Ca2+ concentration. However, the authors also measured F- concentration and it was
below the measurement limit even in the paste with KF; i.e., approximately 0 mmol/L. It is supposed
that all of the added fluoride ions became solid matter in the 5 min mixing. Thus, fluoride ions no
longer can decrease Ca2+ concentration directly. On the other hand, other insoluble calcium salts are
calcium sulphates. Calcium sulphates exist in OPC and SO42- concentration is related to Ca2+
concentration as known for the adsorption hindrance with sulphate ion addition. Next, the authors
investigated SO42- concentration in the liquid phase.
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Figure 10 shows influences of KF addition and W/C change on SO42- concentration in the liquid phase.
Figure 11 shows the total amount of SO42- in the liquid phase. At a certain W/C, SO42- concentration
was increased by KF addition but not changed by KCl addition. Thus, the increase in SO42concentration with KF addition must be caused by fluoride ions rather than potassium ions. It is
surprising that fluoride addition increases SO42- concentration but it may be caused by some reactions
between the added fluoride ions and sulphates in OPC. Here, CaSO4·2H2O is regarded as a
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representative sulphate in OPC. A reaction between fluoride ions and CaSO4·2H2O is spontaneous
(1).
CaSO4·2H2O + 2F- → CaF2 + 2H2O + SO42-

ΔG=-39 kJ/mol

(1)

However, a reaction between chloride ions and CaSO4·2H2O is nonspontaneous (2).
CaSO4·2H2O + 2Cl- → CaCl2 + 2H2O + SO42-

ΔG=+92 kJ/mol

(2)

Table 2 shows the standard formation Gibbs energies of the substances in (1) and (2) (Dean 1998).
Incidentally, a similar result of calculation is obtained for the reactions of CaSO4·0.5H2O. From these
calculations, it is considered that the increase in SO42- concentration with KF addition is caused by
reactions between fluoride ions and calcium sulphates in OPC. SO42- concentration did not change
with KCl addition because chloride ions cannot react with calcium sulphates.
TI-5 0.192mass%

Amount of SO42- in liquid
[mmol/kg of OPC]

Concentration of SO42[mmol/L]
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Figure 10. Change in SO42- concentration
with KF addition

Figure 11. Relationship between watercement ratio and amount of SO42- in liquid

Table 2. Standard formation Gibbs energies for (1) and (2)

F- (aq)

Cl- (aq)

SO42- (aq)

CaF2

CaCl2

CaSO4·2H2O

H2O (l)

-278.8

-131.3

-744.5

-1175.6

-748.8

-1797.5

-237.2

When W/C increased, SO42- concentration decreased but the total amount of SO42- was almost
constant independent of W/C. The total amounts were approximately 20 mmol/kg of OPC for the paste
without KF and approximately 50 mmol/kg for the paste with KF. Therefore, the decrease in SO42concentration with increasing W/C must be attributed to simple dilution. Incidentally, KF of 0.128
mol/kg eluted 18-31 mmol/kg SO42-. Equation (1) means 2 mol fluoride ions elute 1 mol sulphate ions.
Thus, F- of 36-62 mmol/kg should react with sulphates; i.e., 28-48% of the dosage. The authors did not
detect CaF2 particle generation with the X-ray diffraction method (Matsuzawa et al. 2017) but (1)
indicates CaF2 generation from F- of 36-62 mmol/kg. The fine particles causing the preferential
adsorption should be generated by remaining fluoride ions (52-72% of the dosage).
From these results, it can be said that the influences of fluoride ion addition on the liquid phase are a
decrease in Ca2+ concentration and an increase in SO42- concentration. As said in section 1, it is
known that a decrease in Ca2+ concentration and an increase in SO42- concentration cause the
adsorption hindrance of superplasticizer for cement paste with sulphate ion addition. Thus, it is
reasonable to consider the same influence of adsorption hindrance also exists for cement paste with
KF addition. This adsorption hindrance is considered to cause the decrease in adsorption of TI-5 with
KF addition (Figure 6). However, adsorption of P-10 was not susceptible to this adsorption hindrance;
i.e., it increased with KF addition (Figure 5). The reason why there is a considerable difference
between P-10 and TI-5 is not revealed, but such a difference in superplasticizers also has been
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reported for cement paste containing silica fume (Schröfl et al. 2012). It is reported that allylether-type
superplasticizers adsorb preferentially on silica fume rather than cement particles but methacrylatetype superplasticizers do not show such preferential adsorption. The authors consider that the
difference between P-10 and TI-5 in this paper is similar to that reported in the previous paper.
Allylether-type superplasticizers are considered to be easy to show such preferential adsorption and
be able to overcome the adsorption hindrance with KF addition.
3.5

Influence of water-cement ratio on adsorption hindrance with fluoride ion addition

Section 3.4 reveals that TI-5 is less susceptible to the fine particle generation but more susceptible to
the change in ion concentration. However, because Ca2+ concentration is increased and SO42concentration is diluted by increasing W/C, the influence of adsorption hindrance with KF addition is
considered to become weak at high W/C. Here, to investigate the susceptibility to the change in ion
concentration in detail, the authors changed W/C and then measured the adsorbed amount of TI-5. It
is expected that the adsorption behaviour of TI-5 is strongly affected by W/C change because the
adsorption hindrance should be weak at high W/C.

Amount of adsorbed TI-5
[mg/g]

Figure 12 shows how the influence of KF addition changes with W/C. When W/C was 0.32:1.0 (low
W/C), the adsorbed amount of TI-5 was 1.07 mg/g in cement paste without KF and decreased to 0.97
mg/g with KF addition. This result is also shown in Figure 6. In contrast, when W/C was 1.0:1.0 (high),
the adsorbed amount of TI-5 was 0.92 mg/g in cement paste without KF and increased to 1.24 mg/g
with KF addition. It should be related to the degrees of adsorption hindrance at different W/Cs. When
the adsorption hindrance is strong at low W/C, TI-5 cannot show the preferential adsorption. The fine
particles are generated independent of W/C (Figure 7), but their influence on adsorption of TI-5 is
cancelled out by the adsorption hindrance. In contrast, when the adsorption hindrance is weak at high
W/C, TI-5 can show the preferential adsorption. Here, the fine particles are generated even with high
W/C and their influence is not cancelled out.
1.3
KF
0.128mol/kg

1.2
1.1
1.0

+KF
+KF

No KF

0.9
TI-5 0.192mass%

0.8
0.2

0.4

0.6

0.8

1.0

Water ratio to OPC [g/g]

Figure 12. Relationship between W/C and influence of KF addition on adsorption behaviour of
TI-5
4.

CONCLUSIONS

The authors investigated the influence of fluoride ion addition on the fluidity of cement paste
containing superplasticizer. An allylether-type polycarboxylate-based superplasticizer having maleic
functional group and a methacrylate-type polycarboxylate-based superplasticizer having methacrylic
functional groups were used. The results show the following conclusions.
(1) KF addition decreased the fluidity of cement paste containing superplasticizer, independent of the
types of superplasticizers. However, the influences of KF addition on adsorptions of superplasticizers
were different between the types of superplasticizers. KF addition decreased the adsorbed amount of
the methacrylate-type superplasticizer. This decrease in adsorption is considered to cause the fluidity
decrease. In contrast, KF addition increased the adsorbed amount of the allylether-type
superplasticizer. It is contrary to the usual relationship between the fluidity and adsorption.
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(2) The specific surface area of the solid phase in cement paste increased with KF addition. It
indicates generation of fine particles having large surface area. This generation can be regarded as
the influence of fluoride ions on the solid phase condition. On the other hand, SO42- concentration
increased and Ca2+ concentration decreased with KF addition in the liquid phase of cement paste. The
cause is considered to be reactions between calcium sulphates in cement and added fluoride ions.
These changes can be regarded as the influence of fluoride ions on the liquid phase condition.
(3) The fluidity decrease with KF addition for cement paste containing allylether-type superplasticizers
can be explained by the preferential adsorption mechanism which also has been reported for cement
paste containing silica fume particles. KF addition generates fine particles and then many
superplasticizer molecules adsorb on the particles. It results in a decrease in superplasticizer
concentration in the liquid phase and a decrease in adsorption of superplasticizer on cement particles.
In this mechanism, the total amount of adsorbed superplasticizer is increased by KF addition but
where superplasticizer molecules adsorb on is important. On the other hand, the fluidity decrease for
cement paste containing methacrylate-type superplasticizers can be explained by the adsorption
hindrance mechanism which also has been reported for cement paste with sulphate ion addition.
Because of the reactions between calcium sulphates and added fluoride ions, KF addition increases
SO42- concentration and decreases Ca2+ concentration in the liquid phase. It results in a decrease in
adsorption sites for superplasticizer and a decrease in adsorption of superplasticizer on cement
particles. Susceptibility to the adsorption hindrance with KF addition indicates that methacrylate-type
superplasticizers are easy to be affected by the liquid condition.
(4) With the increase in water-cement ratio, Ca2+ concentration increased but SO42- was diluted,
resulting in weakening of the adsorption hindrance. These changes in the ion concentrations affect
adsorption of the methacrylate-type superplasticizer. When water-cement ratio was low, the adsorbed
amount of the methacrylate-type superplasticizer was decreased by KF addition because of the
adsorption hindrance. In contrast, when water-cement ratio was high, the adsorption hindrance
became weak and the adsorbed amount of the methacrylate-type superplasticizer was increased
considerably by KF addition. This result also indicates that methacrylate-type superplasticizers are
easy to be affected by the liquid phase condition and can show the preferential adsorption when the
influence of adsorption hindrance is weak.
(5) This research gives a guide principle to decrease the influence of fluoride ion on the fluidity of
cement paste containing superplasticizer. Both preferential adsorption and adsorption hindrance
should be considered. In addition, the relationship between the molecular structure of superplasticizer
and the influence of fluoride ion is shown. This investigation into the influence of fluoride ion
contributes to development of the new superplasticizer against the influence of fluoride ion and finally
will result in more effective uses of low-temperature calcined cement and iron slag containing fluoride
ion in cement industry.
5.

ACKNOWLEDGEMENTS

The authors thank NOF Corporation for synthesis of P-10. The authors thank NIPPON SHOKUBAI
CO., LTD. for synthesis of TI-5. The authors thank the Tokodai Kikin Fund for the financial assistance.
The authors thank Edanz Group (www.edanzediting.com/ac) for editing a draft of this manuscript.
6.

REFERENCES

Andersen PJ, Kumar A, Roy DM, & Wolfe-Confer D (1986). The effect of calcium sulphate
concentration on the adsorption of a superplasticizer on a cement: methods, zeta potential and
adsorption studies. Cement and Concrete Research, Volume 16, pp 255-259.
Atarashi D, Yamada K, Ito A, Miyauchi M, & Sakai E (2015). Interaction between Montmorillonite and
Chemical Admixture. Journal of Advanced Concrete Technology, Volume 13, pp 325-331.
Blanco-Varela MT, Palomo A, & Vázquez T (1984). Effect of fluorspar on the formation of clinker
phases. Cement and Concrete Research, Volume 14, pp 397-406.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Blanco-Varela MT, Vázquez T, & Palomo A (1986). A study of a new liquid phase to obtain low-energy
cements. Cement and Concrete Research, Volume 16, pp 97-104.
Dean JA (1998). Lange’s Handbook of Chemistry. 15th ed., pp 6.81-6.123.
Gardeik HO (1981). Effect of the clinkering temperature on the specific energy consumption in cement
clinker burning. Zement Kalk Gips, Volume 34, pp 169-174.
Jawed I & Skalny J (1977). Alkalies in cement: A review I. Forms of Alkalies and their effect on clinker
formation. Cement and Concrete Research, Volume 7, pp 719-729.
Johansen V & Christensen NH (1979). Rate of formation of C3S in the system CaO-SiO2-Al2O3-Fe2O3MgO with addition of CaF2. Cement and Concrete Research, Volume 9, pp 1-5.
Klemm WA, Jawed I, & Holub KJ (1979). Effects of calcium fluoride mineralization on silicates and
melt formation in portland cement clinker, Cement and Concrete Research, Volume 9, pp 489-496.
Kolovos K, Loutsi P, Tsivilis S, & Kakali G (2001). The effect of foreign ions on the reactivity of the
CaO-SiO2-Al2O3-Fe2O3 system: Part I. Anions. Cement and Concrete Research, Volume 31, pp 425429.
Maki I & Goto K (1982). Factors influencing the phase constitution of alite in portland cement clinker.
Cement and Concrete Research, Volume 12, pp 301-308.
Matsuzawa K, Atarashi D, Miyauchi M, & Sakai E (2015). Working mechanism of superplasticizer in
cement paste with fluoride ion. Journal of Advanced Concrete Technology, Volume 13, pp 305-310.
Matsuzawa K, Atarashi D, Miyauchi M, & Sakai E (2015). Fluidity Change of Cement Paste with
Superplasticizer by K2SO4 and KF. Superplasticizer and Other Chemical Admixtures in Concrete,
Published as part of proceedings of the Eleventh International Conference on Superplasticizers and
Other Chemical Admixtures in Concrete in Ottawa, American Concrete Institute SP-302, SP302-32,
Canada, 12-15 July 2015.
Matsuzawa K, Atarashi D, Miyauchi M, & Sakai E (2017). Interactions between fluoride ions and
cement paste containing superplasticizer. Cement and Concrete Research, Volume 91, pp 33-38.
Mizukami H, Ishikawa M, Hirata T, Kamiyama T, & Ichikawa K (2004). Dissolution Mechanism of
Fluorine in Aqueous Solution from Fluorine Containing Synthetic Slag. ISIJ International, Volume 44,
pp 623-629.
Nakajima Y & Yamada K (2004). The effect of the kind of calcium sulfate in cements on the dispersing
ability of poly β-naphthalene sulfonate condensate superplasticizer. Cement and Concrete Research,
Volume 34, pp 839-844.
Ng S & Plank J (2012). Interaction mechanisms between Na montmorillonite clay and MPEG-based
polycarboxylate superplasticizers. Cement and Concrete Research, Volume 42, pp 847-854.
Plank J, Sakai E, Miao CW, Yu C, & Hong JX (2015). Chemical admixtures — Chemistry, applications
and their impact on concrete microstructure and durability. Cement and Concrete Research, Volume
78 Part A, pp 81-99.
Pourchet S, Liautaud S, Rinaldi D, & Pochard I (2012). Effect of the repartition of the PEG side chains
on the adsorption and dispersion behaviors of PCP in presence of sulfate. Cement and Concrete
Research, Volume 42, pp 431-439.
Raina K & Janakiraman LK (1998). Use of mineralizer in black meal process for improved
clinkerization and conservation of energy. Cement and Concrete Research, Volume 28, pp 1093-1099.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Schröfl Ch, Gruber M, & Plank J (2012). Preferential adsorption of polycarboxylate superplasticizers
on cement and silica fume in ultra-high performance concrete (UHPC). Cement and Concrete
Research, Volume 42, pp 1401-1408.
Stadler KS, Poland J, & Gallestey E (2011). Model predictive control of a rotary cement kiln. Control
Engineering Practice, Volume 19, pp 1-9.
Yamada K, Ogawa S, & Hanehara S (2001). Controlling of the adsorption and dispersing force of
polycarboxylate-type superplasticizer by sulfate ion concentration in aqueous phase. Cement and
Concrete Research, Volume 31, pp 375-383.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

New cement types with low clinker content and their application
in concrete
Volkert Feldrappea, Andreas Ehrenberg b
Department Building Materials, FEhS - Institut für Baustoff-Forschung e.V., Duisburg, Germany
av.feldrappe@fehs.de
ba.ehrenberg@fehs.de

ABSTRACT
The cement production is an energy, raw material and CO2 emission intensive process. Due to the
world-wide discussions on sustainability, resource and climate protection since years the cement
industry aims to substitute Portland cement clinker by different types of SCMs. Bilateral combinations of
clinker with GBS or fly ash are established and are already defined in some cement standards. The
main topic of two projects of FEhS and VDZ was to combine clinker, GBS and fly ash in order to create
new types of cement and to verify their technical and ecological potential in concrete. The basic idea
was to achieve a higher clinker substitution rate compared to only bilateral combinations. Both projects
were based on a statistical design of experiments. This procedure limited the technical tests and it
optimized the expressiveness of the results.
The results of the 1st project show clearly that beyond already known and standardized combinations
new types of cement with sufficient technical properties and ecological advantages, e.g. regarding CO2
load, could be designed. Thus the upcoming revised European cement standard EN 197-1 will contain
so-called CEM II/C- and CEM VI-cements based on clinker, GBS and fly ash combinations.
Within the 2nd project besides concrete strength development and workability properties in particular
concrete durability aspects regarding carbonation, freeze thaw resistance (with and without de-icing
salt) and chloride resistance were investigated. The results allow to give clear recommendations
concerning the application of the new cement types in concrete to be described in relevant concrete
standards.
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1.

INTRODUCTION

The production of cement is energy- and raw material-intensive. Against the background of the
discussions on sustainability and resource conservation, the cement industry has therefore been
striving for years to reduce the proportion of Portland cement clinker and to substitute Portland cement
with cements containing other main constituents, such as granulated blast furnace slag (GBS) and/or
limestone (Ludwig 2003, Hoenig & Schneider 2002). In particular, the use of GBS as main cement
component is of great importance due to its high performance. In 2017, the share of CEM II-S and
CEM III cements rose to approx. 43 %, whereas the Portland cement (OPC) share was only approx.
28 % in Germany (VDZ 2018). The high performance of GBS also means that the proportion of other
main cement constituents can be increased significantly compared to the simultaneous use without
GBS and beyond the compositions previously standardised in DIN EN 197-1 (Feldrappe et al. 2012a,
Müller et al. 2009a, Wolter 2009, Müller et al. 2009b). The inclusion of such cements in the revised
European cement standard EN 197-1 is expected to take the form of CEM II/C and CEM VI cement.
In 2016 the CEN technical report CEN/TR 16912 "Guidelines for a procedure to support the European
standardization of cements" was published. A two-stage process is defined for the standardisation of
new cements with known raw materials. Within the first stage normative cement requirements with
regard to mechanical and physical properties, among other things, are tested. The second stage deals
with the application of these cements in concrete. Already in 2009 FEhS – Building Materials Institute
(FEhS) together with the Research Institute of the German Cement Industry (VDZ) started two
research projects with respect to the combination of GBS, fly ash (PFA) and clinker. Their structures
already corresponded to the two-stage process of the guideline defined 7 years later. The results are
reported in this paper.
2.

RESEARCH OBJECTIVES

Objective of the first research project was determine possibilities and limits of cements with granulated
GBS and PFA from hard coal combustion (Rickert et al. 2012). Main focus was put on cement
properties, but also few orienting concrete trials should gave first information if such cements can also
be used in concrete. The results, presented in (Feldrappe et al. 2012b) have already been considered
in the current draft of prEN 197-1.
Their application in concrete concerning workability and strength development but especially in regard
to durability was objective of the second research project (Müller et al. 2017). A broadly based
database of durability relevant properties of concretes was created in laboratory tests using cements
developed within stage one. A further objective of the project was to develop exposure classdependent application recommendations in analogy to Annex F of German concrete standard DIN
1045-2 out of these results.
3.

TESTING PROGRAM

The cement performance is mainly influenced by reactivity and fineness of the constituents but also by
their quantitative contents. This results in a very large number of possible combinations which only
could be taken into account by using statistical methods of experimental design within the projects. 15
compositions with 108 material combinations, made out of 2 different reactive GBS, OPC and PFA,
were considered within the first project. The relevant chemical, mineralogical, physical and
performance orientated properties important for characterizing the material parameters are compiled in
table 1. As a first step mortar strength according to EN 196-1 after 28 days and heat of hydration
development during 7 days were determined. All measurement results were statistically assessed and
relevant influencing factors were identified. With these factors mathematical models were established
for each parameter being investigated (mortar strength and heat of hydration). Based on the proved
mathematical models 23 additional cements with compressive mortar strength of ≥ 32.5 MPa were
defined and tested too.
Investigations into the durability of concrete are usually lengthy and complex. Experiences show that
concrete compressive strength is a necessary, but not a sufficient criterion for durability. As a rule,
however, this requires a certain minimum strength, which moreover comes from mechanical or static
requirements. In order to work on the durability of the concretes with cements rich in GBS and PFA in
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the 2nd project that was extensive but nevertheless feasible, 7 cements based on the statistical
parameter study were selected based on the strength of standard mortar to determine the resistance
of concretes produced with them to various exposures. The composition of the cements ranged from
previously known CEM II cements to CEM II/C and CEM VI cements not yet standardized to cements
with even lower OPC clinker contents. All cements were produced by mixing the finely ground cement
constituents – OPC, sulphated GBS and PFA. These cements were used to produce the concretes for
the durability tests.
Table 1. Properties of cement constituents used for parameter study
Unit

GGBS (S)

CEM I 42.5 R (C)

Fly ash (V)

S1

S2

C1

C2

V1

1.15

1.53

-

-

-

Al2O3

11.8

14.0

3.99

4.38

25.5

24.3

20.2

CaO

35.8

39.8

64.3

64.7

4.8

2.5

2.6

MgO

9.03

9.93

0.81

1.37

1.98

1.35

1.27

SiO2

39.1

32.5

20.5

20.1

50.6

52.4

53.7

0.47

0.81

0.21

0.20

1.09

1.12

0.91

-

-

55

64

-

-

-

C2S

-

-

20

9

-

-

-

C3A

-

-

7

8

-

-

-

C4AF

-

-

6

5

-

-

-

99

100

-

-

74

-

64

2.923

2.917

3.142

3.116

2.369

2.457

2.402

(C+M)/S

-

TiO2

wt.-%

C3S

Glass content

V2

V3
-

True density

g/cm³

Blaine fineness

cm²/g

4260

5430

4230

5210

3540

4620

3920

4400

3290

d'

µm

16

13

15

12

21

12

22

19

30

n

-

0.73

0.88

0.79

0.99

0.85

0.87

0.78

0.92

1.02

60

-

81

-

-

-

-

-

88

-

104

-

-

-

-

-

PSD
Activity
index

4.
4.1

7d
28 d

%

RESULTS AND DISCUSSION
Parameter study for cement development

As expected, the statistical assessment of the 108 compositions showed a significant impact of the
cement composition on the mortar strength after 2 and 28 days. Also the reactivities of OPC clinker
and GBS were important influencing factors. In respect to the chosen boundary conditions, PFA
chemistry had, however, no influence on 2 d mortar strength and only a minor influence on 28 d
mortar strength. Models of high quality were established with a regression coefficient of 81 % and
96 % respectively. Figure 1 contains the graphical evaluation of the model for the example of OPC C2
and GBS S2 at 4200 cm²/g. The black circles indicate the compositions being tested according to the
statistical design of experiments. The area of standardised cements according to EN 197-1 was
marked in white for an easier interpretation of the cement compositions. The model was assessed with
7 additional tests which themselves were not part of the statistical design. According to the results the
mortar strength after 2 and 28 days is predictable to a good approximation depending on cement
composition and raw material properties.
In order to ensure a mortar strength after 28 days of > 42.5 MPa, especially the PFA content has to be
limited. Independent on quality and reactivity of the other main constituents, a fly ash content of
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30 wt.-% is maximum allowable for all cements containing less than 65 M.-% OPC clinker and
respecting the boundary conditions. The maximum content can be exceeded if raw materials of higher
reactivity are used. As the example of figure 1 shows, this value can be increased up to 40 wt.-%
when a more reactive GBS is used. The reactivity influence of GBS and PFA increases continuously
with lowering OPC clinker content of the cements. As figure 1 also illustrates, a mortar strength of
42.5 MPa after 28 days was not achievable in any case with inappropriate combinations. All in all, one
can say that higher GBS reactivity at simultaneously constant OPC clinker quality allows the use of
higher quantities of lower performing cement raw materials like PFA or limestone.

Figure 1. Predicted 2 d (left) and 28 d (right) mortar strength for cements with clinker C2 and
GGBS S2 (4200)
An excerpt of the strength development of the 23 additional cements is shown in figure 2. According to
the selection criteria all cements had a compressive mortar strength > 35 MPa, so the standard
requirement concerning strength class 32.5 is achieved. However 28 day mortar strength of
commercial German cements is normally close to the upper strength level of the relevant strength
class (e.g. strength class 32.5  app. 50 MPa). Figure 2 clearly shows that such a strength level can
be achieved if the fly ash content is limited as already mentioned before. Mortar strength of 50 MPa
after 28 days is achievable even with CEM X/B- or CEM III/C-cements containing only 31 or 20 wt.-%
OPC clinker respectively.

* C1; S1 or V1

** C2; S2 or V3

Figure 2. Strength development of some of the additional tested cements
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Beside of the strength development also the physical (setting, soundness) and chemical (loi, insoluble
residue, SO3- and chloride content) properties were tested. Furthermore the water demand and the
consistency measured as mortar flow spread at constant w/c ratio of 0.50 were also determined. All
requirements of EN 197-1 were fulfilled by all 23 additional chosen cements. The initial setting time
increased while a smoother consistency, that means an increasing flow spread arose with decreasing
OPC clinker content of the cements. The water demand of all cements was in the range between 26.0
and 29.5 wt.-%. All in all the physical cement properties which are market relevant concerning
handling in concrete were similar to those of commercial cements.
4.2

Cements for determining durability properties

Based on the above described findings 4 CEM I cements with different reactivity (different C 3S
content) and different early strength, 2 GBS with different reactivity and 3 different PFA were used to
setup a second statistical design. The ground granulated blast furnace slag was adjusted with ground
anhydrite to an SO3 content of 3.2 wt.% on average, as otherwise the sulphatisation would be too low
in combination with Portland cement. The statistical evaluation of the results led to models with similar
predications as described in section 4.1. The quality of the models was checked with testing additional
cements which were not part of the statistical design. The results clearly demonstrated that the
compressive strength of mortars can be predicted on the basis of the selected composition and the
main constituents used with sufficient accuracy. Consequently 7 cements could be chosen from the
statistically verified models for the durability tests (table 2). The current development for updating EN
197-1 (introduction of CEM II/C and CEM VI cement) was taken into account by 3 cements.
Furthermore 4 cements were chosen exceeding the compositions of EN 197 to estimate the potential
of these cements rich in GBS and PFA.
Table 2. Cements used for testing concrete durability aspects
Cement

4.3

OPC

GBS

PFA

D

CEM II/C

50 wt.-%

R2-4

30 wt.-%

HS2

20 wt.-%

PFA1

C

CEM VI

35 wt.-%

R2-4

45 wt.-%

HS2

20 wt.-%

PFA1

E

CEM VI optimised

45 wt.-%

R1-4

43 wt.-%

HS2

12 wt.-%

PFA1

A1

CEM X

30 wt.-%

R1-4

40 wt.-%

HS3

30 wt.-%

PFA1

A2

CEM X

30 wt.-%

R1-4

40 wt.-%

HS3

30 wt.-%

PFA2

A3

CEM X

30 wt.-%

R1-4

40 wt.-%

HS3

30 wt.-%

PFA3

B

CEM X

30 wt.-%

R1-4

64 wt.-%

HS3

6 wt.-%

PFA1

Consistency and strength development of concretes

Concrete composition always met the minimum requirements of German concrete standard DIN 10452 concerning the different exposure classes. All concretes were produced and stored according to DIN
EN 12390-2. An exception was testing the carbonation and sulphate resistance respectively. The tests
on carbonation resistance were carried out on fine concretes with 507 kg/m³ cement, while standard
mortars were produced for the sulphate resistance test. All tests were carried out in comparison to
corresponding mortars and concretes with 2 reference cements (CEM III/A 42.5 N).
Flow spread 4 minutes after water addition as well as compressive strength development up to an age
of 91 days were determined for all concretes. The results for concretes with 300 kg/m³ cement and a
w/c ratio of 0.60, used for testing frost resistance with cube test, are shown in figure 3. In this case no
additions were added to the concretes. The flow spread of the concretes was between 440 mm and
490 mm which corresponded to a consistency class F3 to F4 according to DIN EN 206-1. Compared
to the reference concretes with CEM III/A cement flow spread was always higher. The strength
development of the concretes was similar. At least strength class C25/30 was achievable for each of
the 7 cements when this concrete composition was used.
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Figure 3. Flow spread and strength development for concretes with 300 kg/m³ cement and a
w/c ratio of 0.60
4.4

Testing concrete durability

Carbonation, chloride migration, freeze-thaw and freeze-thaw and de-icing salt as well as sulfate
resistance were taken into account as durability relevant properties. The progress in carbonation is
shown in figure 4 for the fine concretes with a curing time of 7 days. Concretes with cements "A" and
"C", which have a low OPC clinker content and a high PFA content, show significantly higher
carbonation depths than the reference concretes with cements "R1" and "R2". In contrast the figure
clearly show that concretes with cements low in clinker and rich in GBS ("B", "D" and "E") had a
significantly lower carbonation depth. In particular, the concrete with the optimized CEM VI cement "E"
was comparable to the reference concretes.
10
Concrete with cement:
R1
R2
A1

Depth of Carbonation [mm]

9
8

C

D

A2

E

B

A3

7
6
5
4
3
2

1
0
10

100
Storing time [d]

1000

Figure 4. Carbonation of fine concretes with 507 kg/m³ cement after 7 days of curing
The resistance to penetrating chlorides was determined using the rapid method (migration test
according to BAW code of practice) on concretes with 320 kg/m³ cement and a w/c ratio of 0.50. The
test specimens were stored in water until the test age of 35 or 98 days. Figure 5 demonstrates that
concretes with a low chloride migration coefficient were produced with all low-clinker cements. It was
significantly lower than that to be expected for Portland cement concretes and it was in the order of
magnitude of the reference concretes with CEM III/A cement.
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B

Figure 5. Chloride migration coefficients for concretes with 320 kg/m³ cement
and w/c of 0.50
The frost-thaw resistance was assessed by using the cube test according to DIN CEN/TS 12390-9.
The concretes with 300 kg/m³ cement and a w/c ratio of 0.60 were tested up to 100 freeze-thaw cycles
(ftc) with two cycles per day. The procedure corresponded to the standards that had previously been
applied for the approval of cements by the German Institute for Building Technology (DIBt). The
scaling of all concretes was significantly below the acceptance criterion for frost resistance used by
DIBt (figure 6). Furthermore, the scaling behaviour of the concretes with CEM II/C and CEM VI
cements in particular was comparable to that of the two reference concretes with CEM III/A cement.
Based on the evaluation scale of the DIBt, concrete can be produced with these cements for the
exposure class XF3 according to DIN 1045-2.
12

Cube test acc. to DIN CEN/TS 12390-9
Scaling after 100 ftc [wt.-%]

11
Acceptance criterion of DIBt
10
9

8
7
6
5

4
3
2
1

Concrete 0
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R2

D

C

E

A1

A2
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B

Figure 6. Scaling after 100 ftc with cube test for concretes with 300 kg/m³ cement, w/c =0.60
The influence of PFA on the scaling behaviour can be clearly seen in figure 6 if only concretes with
cements "A" are compared. Although the scaling is clearly below the acceptance criterion of the DIBt,
it should be noted that a factor 3 is between the scaling of concretes with cement "A1" (PFA 1) and
"A3" (PFA 3). The reason can be seen in the reactivity and granulometry of the individual PFA.
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The CDF test according to DIN CEN/TS 12390-9 was used for determining the freeze-thaw and deicing salt resistance of the concretes with 320 kg/m³ cement, w/c ratio of 0.50 and an air content of
≥ 4.5 vol.-%. Although the CDF test is a generally accepted and widely used test method in Germany
up to now no limiting values for defining the freeze-thaw and de-icing salt resistance were defined in
concrete standard yet. However, only the Federal Waterways Engineering and Research Institute
(BAW) has established an acceptance criterion of 1.5 kg/m² after 28 freeze thaw cycles in its code of
practice "Frost test". The reason for the missing limiting values is that especially for slower hardening
concretes, such as concrete with blast furnace cements, laboratory results are produced which often
do not correspond to the decades of good practical experiences. This was also evident in the results
of the two reference concretes with CEM III/A 42.5 N cement, which, as illustrated in figure 7, showed
a scaling of 1.47 kg/m² and 1.53 kg/m² respectively after 28 ftc.
3,0

Scaling after 28 ftc [kg/m²]

2,5

2,0
Acceptance criterion of BAW
1,5

1,0

0,5

0,0
Concrete
with cement

R1

R2

D

C

E

A1

A2

A3

B

Figure 7. Scaling after 28 ftc with CDF test for concretes with 320 kg/m³ cement, w/c =0.50 and
air content of ≥ 4.5 Vol.-%
The scaling after 28 ftc was lower than the acceptance criterion only for concretes with cement "D"
and "E". Concretes with the low-clinker cements "A", "B" and "C", however, had a scaling of in part
significantly more than 1.5 kg/m². Even if the acceptance criterion was substantially exceeded for
concretes with cement "A", the effect of reactivity and granulometry of PFA on the scaling behaviour is
clearly seen in figure 7. Therefore the quality and fineness of the PFA have to be taken into account.
5.

PROPOSAL OF APPLICATION RULES

The final objective of the extensive research work was to propose application rules how to use such
cements in concrete in Germany in future. Possible application rules should be developed on the basis
of Tables F3.1 to F3.4 of the German concrete standard DIN 1045-2. Taking into account the ongoing
development of standard revision this was only made for the new cement types CEM II/C (S-V) and
CEM VI (S-V), which will be introduced into EN 197-1, on the basis of the systematic evaluation of the
durability tests for concretes with cements rich in GBS and PFA. Further investigations were also
included in it, in which the effect of robustness towards tolerances in quality of cement main
constituents, cement composition but also concrete making on the concrete durability was considered.
However, further investigations on concretes with additional cements and exposure tests are still
necessary to safeguard the proposal which excludes only the exposure class XF4 for CEM VI (S-V)
cements. The proposal is presented in table 3.
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Table 3. Proposed application rules for CEM II/C (S-V) and CEM VI (S-V) cements according to
draft EN 197-1 for the production of concrete according to DIN 1045-2
no risk

Corrosion of reinforcement
Corrosion induced by carbonation

Corrosion induced by
chlorides

Exposure
class

X0

XC1

XC2

XC3

XC4

XD1/
XS1

XD2/
XS2

XD3/
XS3

CEM II/C (S-V)

X

X

X

X

X

X

X

X

CEM VI (S-V)

X

X

X

X

X

X

X

X

Concrete attack
Freeze-thaw attack

Chemical attack

Exposure class

XF1

XF2

XF3

XF4

XA1

XA2d

XA3d

CEM II/C (S-V)

X

X

X

X

X

X

X

CEM VI (S-V)

X

X

X

O

X

X

X

6.

CONCLUSIONS

In 2016 the CEN technical report CEN/TR 16912 "Guidelines for a procedure to support the European
standardization of cements" was published which defines a two-stage process for the standardisation
of new cements with known raw materials. While technical performance of cements is assessed in
stage 1, application oriented questions concerning concrete performance and durability are in focus of
stage 2. Even if the research program reported within this paper started in 2009 its setup already
corresponded to this procedure.
Testing results of a lot of specific cement combinations derived from the statistical evaluation of the
parameter study clearly demonstrated that manufacturing of cements of strength class 42.5 is possible
within a wide range of cement composition and quality of cement main constituents. If the fly ash
content is limited accordingly properties can be achieved comparable to those of commercial cements.
These findings provided an important basis for including CEM II/C (S-V) and CEM VI (S-V) cements in
the current draft EN 197-1 which will define 39 cement types.
Seven cement combinations were chosen from the statistically evaluated parameter study with the
proviso that appropriate cement strength is a necessary, but not sufficient criterion for concrete
durability. Concretes according to the minimum requirements of the German concrete standard DIN
1045-2 were manufactured with these cements. Extensive durability tests were carried out concerning
carbonation behaviour, penetration of chlorides, frost and freeze-thaw de-icing salt resistance and
sulphate resistance. The investigations clearly show that durable concretes can be produced with all
cements if the minimum concrete composition requirements defined in DIN 1045-2 for the
corresponding exposure classes are met. The only exception was the laboratory test for freeze-thaw
de-icing salt resistance. However, this does not necessarily mean that the cements tested cannot be
used to produce concrete with a high freeze-thaw de-icing salt resistance. Rather, the results are a
further indication of the inadequacies of the CDF test method, in particular with regard to the curing
conditions of the lab test method which are not realistic (Feldrappe & Ehrenberg 2017, Feldrappe &
Ehrenberg 2018). Based on these results a proposal for an application rule could be developed how in
future CEM II/C (S-V) and CEM VI (S-V) cements can be used in concrete according to German
concrete standard DIN 1045-2.
As a side effect the huge potential of using design of experiments and statistically assessment tools in
the building materials sector could be demonstrated. With comparatively few tests general relations
between the different impact parameters and the performance of cements consisting of GBS, OPC
and PFA were developed statistical safeguarded.
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ABSTRACT
Currently, there is vast interest in the development of novel binders capable of reducing cement
content while improving mechanical properties and durability of cementitious materials. Here we study
a new type of blended binder consisting of Ordinary Portland Cement (OPC), mechanochemically
activated Fly Ash (FA) and a polymer-based chemical admixture. Fly Ash is mechanochemically
activated by means of high-energy milling in the presence of the chemical admixture. As a result, the
amount of amorphous phase, as well as the surface energy increase and the chemical admixture
adsorbs onto the surface of the fly ash particles. To elucidate the contribution of each component in
the mill, we compare the properties of fresh and hardened mortar mixes prepared from (1) blends of all
components (OPC, FA and admixture) without mechanochemical treatment, (2) blends consisting of
OPC, milled FA with subsequent chemical introduction of the admixture into the mortar and (3) blends
consisting of OPC and mechanochemically activated FA in the presence of the admixture. Using these
results, we will be able to determine the optimal amount of OPC replaced as well as admixture used
and therefore propose a way of utilizing fly ash and chemical admixture in a more efficient manner.
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1. INTRODUCTION
Currently cement production is responsible for the generation of about 4.1% of the worldwide CO2
emission (Olivier et al., 2015). Taking into account that worldwide concrete consumption has grown over
the last decades, the using of supplementary cementitious materials (SCM) such as fly ash (FA), is
always an actual topic for research. The efficiency of FA as a SCM is characterised by its chemical and
mineralogical composition, its amount of amorphous phase and particle size. FA can substitute up to 50
wt.-% of cement in blended binders, without decreasing the final strength (Bentz et al., 2010). Meanwhile
the use of FA has certain limitations that are embodied in delayed setting times and low early-age
strength development. To boost the early strength and improve setting times, a number of activation
methods can be applied. The current paper deals with mechanical activation of FA by means of milling.
Upon activation the amorphous part of FA increases (Rajak et al., 2017), (Kumar et al., 2011) with
subsequent reduction of particle size that increases the mechanical properties (Payá et al., 1997), which
in turn predictably increases the viscosity (Payá et al., 1996).
For mechanical activation of FA, a wide range of mills are applied e.g. vibratory ball mills (Rajak et al.,
2017), (Kumar et al., 2011), planetary ball mills (Patil et al., 2015), disc mills (Terzić et al., 2015) and
others. The specific surface and the fineness of FA increases with milling duration, but the effectiveness
of milling decreases over time, (Bouzoubaâ et al., 1997). This causes an increase in particle size beyond
a certain duration due to the agglomeration of particles (Balaz, 2008).
In order to increase the efficiency of milling and improve the rheological properties of blended binders
prepared with activated FA, the current research proposes mechanochemical activation (MCA) of FA by
means of milling in a planetary ball mill in the presence of an anionic surfactant.
2. EXPERIMANTAL
2.1 Materials
The cement used was CEM I 52.5 R with a specific surface area as measured by Blaine of 0.578 m2/g.
The chemical composition of cement and fly ash is presented in Table 1. In the tests a standard quartz
sand complying with EN 196-1 was used. The anionic surfactant used was commercially available
Polynaphthalene Sulfonate (PNS) superplasticizer (SP).
Table 1. Chemical composition of cement and fly ash (wt.-%)
Oxide

CaO

SiO2

Al2O3

Fe2O3

MgO

TiO2

K2O

Na2O

P2O5

Mn2O3

SO3

LOI

Cement

61.14

20.53

5.33

2.36

1.49

0.29

0.72

0.21

0.13

0.05

3.39

1.73

Fly ash

9.07

44.26

30.10

5.20

2.37

1.74

0.40

0.53

2.32

0.07

0.47

4.16

2.2 Methods
2.2.1 Milling was performed using a planetary ball mill (PBM) Fritsch Pulverisette 5 classic line. Milling
duration were 15, 30, 60 and 120 min. The milling time included cycles of 5 min of milling followed by a
5 min break. The milling speed was 200 rpm.
2.2.2 Specific surface area was measured by Blaine in accordance with EN 196-6 and BET method.
2.2.3 Particle size distribution was measured using laser particle size analyser Malvern Mastersizer
2000.
2.2.4 Casting and curing of the samples was performed according to EN 196-1:2016 (E). The water to
binder ratio was 0.5, and binder to sand ratio 1:3. FA substituted 10 wt.-% of cement in the blended
binder. PNS dosage in all mixtures was 0.5 wt.-% of cement. Compressive strength was tested after 28
days of curing in water.
2.2.5 Rheological measurements were performed on cement pastes with a water to binder ratio of 0.5.
For this an Anton Paar Rotational Rheometer Rheolab QC incorporating a crossed-blade impeller stirrer
was used. The samples for rheological measurements were pre-sheared in two intervals: (1) a
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continuously increasing shear rate of 0 to 50 s -1 at an acceleration of 1 s-2; (2) a constant shear rate of
50 s-1 for 50 s. The rheological data was taken from the third interval (3) a continuously increasing shear
rate of 0 to 100 s-1 at an acceleration of 1 s-2. The yield stress and the plastic viscosity were calculated
using the standard Bingham model.
2.2.6 X-ray diffraction tests were performed using a Malvern PANAlytical EMPYREAN X-ray
diffractometer at the following measurement conditions: wavelength type Cu Kα1 = 1.54 Å; scan range
of 10…70°; step size of 0.0131°; counting time of 58.396 s; sample spinning at 60 rpm. The samples
were back loaded at a holder of 27 mm diameter. XRD scans were analysed using HighScore Plus
software. The scans were used qualitatively to detect changes in crystalline phases.
3. RESULTS
Figure 1 presents the influence of the milling time on median and mean particles sizes of the FA. It is
shown that the rate of particle size reduction changes over time. The reduction in particle size was very
high initially, but slowed down as the milling duration increased. The presence of PNS in the mill had no
significant influence on the median particle size but drastically influenced the mean particle size. After
60 min of milling without PNS, the mean particle size increased, which indicates the aggregation of the
particles. This phenomenon can be seen distinctly in Figure 2. FA after milling for 120 min in presence
of PNS has smaller particles and fewer particles of size larger than 100 m. Obviously, the larger
particles are aggregates formed from smaller particles.

Figure 1. Particle size of milled fly ash

Figure 2. Particle size distribution

For the rheological and strength tests FA, which underwent milling for 120 min, was selected. The
specific surface, median and mean particle sizes are presented in Table 2.
Table 2. Specific surface and particle size of fly ash after 120 min of milling
Sample
Fly ash
Fly ash milled
Fly ash milled with PNS

Specific surface, m2/g
Blaine
BET
0.361
1.088
0.779
2.702
0.793
2.778

Median Particle Size, m

Mean Particle Size, m

27.6
6.1
5.2

44.8
14.0
8.6

The presented results for Blain and BET analyses seem to be contradicting, but these methods are
known for yielding different results (Ramezanianpour, 2014). The influence of mechanical activation in
presence of PNS on rheological properties is presented in Figure 3. The lowest plastic viscosity and
yield stress were obtained in the paste prepared with FA milled with PNS. The probable reasons for this
are discussed below.
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Figure 3. a) Shear Stress vs Shear Rate, b) Apparent Viscosity. Notation: C – cement; FA – fly
ash.
Table 3 presents the yield stress and the plastic viscosity as calculated from the data shown in Figure
3. Due to their spherical shape and the fact that the FA particles are bigger than the cement used, the
addition of FA slightly decreased the viscosity and the yield stress of the blended binder. Upon milling,
the shape of the FA particles became irregular and their size decreased. As a result, the viscosity and
the yield stress are increased. In order to improve rheological properties PNS superplasticizer is
introduced. In the current research two different modes of PNS introduction are examined:
 conventional method – introduction with the mixing water (sample 4 in Tab. 3);
 introduction by means of mechanochemical activation – milling of FA in the presence of PNS
(sample 5 in Tab. 3);
It can be seen that the paste prepared from the blended binder with PNS introduced during MCA exhibits
lower viscosity and yield stress in comparison to paste prepared with PNS introduced with the mixing
water. Despite the reduction in particle size, the presence of PNS in the mill had no significant influence
on the 28-day compressive strength. Evidently, this is related to the retardation effect of PNS (Simard
et al., 1993). Nevertheless, mortar prepared with milled FA demonstrated an increment in strength of ~
10% in comparison to non-activated FA.
Table 3. Yield stress, plastic viscosity and compressive strength of blended binders.
#

Samples

1
2
3
4
5

Reference
C + FA
C + FA milled
C + FA milled + PNS
C + (FA+PNS) milled

Yield Stress, Pa

Plastic Viscosity, mPa·s

430
400
452
159
100

2678
2000
2477
1372
1031

Compressive Strength
(28 days), MPa
69.3
63.3
67.3
60.3
63.7

It is known, that mechanical activation induces an increase in the content of the amorphous phase,
which is considered as a positive phenomenon. In the current project, after milling for 120 min in the
planetary ball mil, the main peaks of quartz, hematite and periclase did not change. The peaks of mullite
are reduced (Figure 4, 5). This apparently shows its amorphization. It can be seen in Figure 5 that phase
changes of mullite are not governed by the presence or absence of PNS. Introduction of PNS induces
the changes of calcite peaks (Figure 4), which indicates the decomposition of the mineral.
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Figure 4. X-ray diffraction patterns of fly ash in the range of 2 = 15…43

Figure 5. X-ray diffraction pattern of the main
mullite peaks (2 = 25.98 and 26.28)

4. DISCUSSION
The principal effect of the introduction mode of
PNS on rheology is presented in Figure 6a and
6b. After introduction with the mixing water, PNS
is distributed between the cement and FA
unevenly. The affinity of PNS to adsorb on cement
particles is greater than on FA and is therefore
mostly adsorbed on the cement (Figure 6a). This
phenomenon can be called “preferential
adsorption”. This implies the shortcoming of PNS
for plasticizing FA. Taking into account that the FA
particles are smaller than the cement particles,
this preferential adsorption of PNS cannot be
considered as optimal. Since the working
mechanism of anionic surfactants is embodied by
electrostatic attraction, due to its surface charge,
cement is assumed to have higher adsorption.
Because of this FA adsorbs less PNS. MCA
clearly changes the adsorption mechanism.
During the milling, the FA uptakes PNS by means
of physical impact. The remaining part of the
surfactant that has not been adsorbed by FA is
adsorbed by the cement. Thereby, PNS is
distributed more effectively. As a result, viscosity
and yield stress decrease (Figure 6b).
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Figure 6. Principal scheme of PNS adsorption in cement paste prepared with: a) milled fly ash
with PNS dissolved in water, b) fly ash milled with PNS

5. CONCLUSIONS
 Mechanochemical activation of fly ash in presence of PNS prevents agglomeration of the
particles, whereas changes of the median particle size are independent of the presence of
PNS in the mill.
 Mechanical activation of fly ash induces amorphization of the mullite phase. Furthermore,
the introduction of PNS additionally causes decomposition of calcite.
 Mechanochemical activation stimulates the adsorption of PNS on the fly ash, which
subsequently mitigates the influence of “preferential adsorption” – the uneven distribution of
the surfactant in the solution between the cement and fly ash.
 Pastes prepared with fly ash activated in presence of PNS demonstrate reduction of the
plastic viscosity and the yield stress by 25 % and 38 % respectively, in comparison to fly ash
activated in absence of PNS.
 Mortars prepared with activated FA are stronger by ~ 10% than those with non-activated FA.
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ABSTRACT
Ground granulated blast furnace slag are standardized to 3000, 4000, 6000 and 8000 by Japanese
Industrial Standards (JIS) according to the Blaine specific surface area. In general, strength of mortar
is improved by using ground granulated blast furnace slag with high Blaine specific surface area.
Ground granulated blast furnace slag with a Blaine specific surface area higher than JIS standard is
expected to be used as repair related material. However, the smaller the particle size of ground
granulated blast furnace slag, the greater the amount of water reducing agent added to obtain the
same flow value. Therefore, using fine ground granulated blast furnace slag has problems in fluidity.
Besides, it is said that the use of ground granulated blast furnace slag with a high Blaine specific
surface increases shrinkage of mortar. Little knowledge of mortar using ground granulated blast
furnace slag finely powdered in the single micron region outside the JIS standard. Therefore, the
compressive strength and shrinkage of mortar using ground granulated blast furnace slag finely
powdered in the single micron region outside the JIS standard were tested. Mortar blended with single
micron region ground granulated blast furnace slag at 30% showed compressive strength almost equal
to that of mortar using OPC at 1day. It was also found that mortar using single micron region ground
granulated blast furnace slag can reduce shrinkage compared to mortar using OPC. The reason why
shrinkage was reduced was considered to be a difference in the character of ground granulated blast
furnace slag particles.
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1.

INTRODUCTION

Ground granulated blast furnace slag are standardized to Blaine specific surface area values of 3000,
4000, 6000 and 8000 by Japanese Industrial Standards (below JIS). In addition, blast surface slag
powders with Blaine specific surface of more than 10,000 cm2/g are produced, which are larger than
the JIS specification. The blast furnace slag fine powder in the single micron region of about
10,000cm2/g has a particle diameter of 3 to 4μm in 50% cumulative volume passing diameter (below
D50).
In general, strength of mortar is improved by using ground granulated blast furnace slag with higher
Blaine specific surface area. Ground granulated blast furnace slag with Blaine specific surface area
higher than JIS (over 10,000cm 2/g) is used as repair related material for the purpose of improving
initial strength development. Further improvement of initial strength is required from the viewpoint of
productivity improvement. However, with smaller the particle size of ground granulated blast furnace
slag, greater amount of water reducing agent is required to obtain the same flow value. Therefore,
using fine ground granulated blast furnace slag has problems in fluidity. Furthermore, it is said that the
use of ground granulated blast furnace slag with a high Blaine specific surface increases shrinkage of
mortar. There are only few studies focusing on improvement of curing characteristics and shrinkage
characteristics when blast furnace slag fine powder in the single micron range is used. Therefore in
order to improve the performance of repair purpose mortar materials in the future, further research is
necessary.
In order to improve the initial strength of repair related mortar materials, the authors made prototype
blast furnace slag fine powder of about D50=2μm in particle size smaller than D 50=4μm. A comparative
test was carried out on compressive strength and drying shrinkage of mortar using each blast furnace
slag fine powders with both particle sizes. As a result, it was ascertained that the use of blast furnace
slag fine powder with D50=2μm is more effective in improving the initial strength. Initially, it was
predicted that drying shrinkage will be larger with the blast furnace slag fine powder with D50=2μm.
However, the drying shrinkage was proved smaller when blast furnace slag fine powder with D50=2μm
was used. Therefore, many points are unknown about the shrinkage characteristics of mortar using
blast furnace slag fine powder in the single micron range.
In this study, we aimed to further the understanding of the influence of blast furnace slag fine powder
in the single micron region on the strength characteristics and shrinking characteristics. In order to
confirm this purpose, experiments were conducted on the pore structure of the particles of the blast
furnace slag fine powder and the pore structure of the mortar.

2.
2.1

OUTLINE OF EXPERIMENT
Materials used

Table 1 shows the materials used in this study and Figure 1 shows the particle size distribution of the
blast furnace slag fine powder. Differences in the pore structure of the blast furnace slag fine powder
in the single micron region were taken as the difference in BET specific surface area. The numerical
values of the symbols in Table 1 are D50 of fine blast furnace slag powder.
As shown in Table 1 and Figure1, the particle size of BF-1.7 is about half of BF-3.7, the BET specific
surface area of BF-1.7 is 2.83m2/g, smaller than 3.21 m2/g of BF -3.7. BF-1.7 is a blast furnace slag
fine powder with a smaller BET specific surface area despite its smaller particle size than BF-3.7.
Here, the BET specific surface area was calculated from the adsorption amount of nitrogen gas after
preliminary vacuum suction at a temperature of 105 °C for 5 hours. The particle size distribution was
measured by a laser diffraction based particle size distribution measuring instrument (Microtrac MT
3300 EX II). The Blaine specific surface area of BF - 1.7 was measured by a method which do include
porosity into consideration.
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Table 1. Property of materials

Material

Symbol

Blaine specific
surface area（
cm2/g）

Ordinary portland cement

OPC

3,350

-

Ground granulated blast furnace slag1（
D50=3.7）

BF-3.7

11,500

3.21

BET specific
surface area
（m2/g）

Density（
g/cm3）

3.16

2.91
Ground granulated blast furnace slag2（
D50=1.7）

BF-1.7

21,600

2.83

Quartz sand

S

-

-

2.63

Water

W

-

-

1.00

Polycarboxylic acid-based polymer

SP

-

-

-

Polyalkylene glycol derivatives

DF

-

-

-

Cumulative distribution （ %）

100
BF-3.7

BF-1.7

80

60
40

20
0

0.1

1
Particle size （ μm）

10

Figure 1. Particle size distribution of the blast furnace slag
2.2

Mix proportions of mortars and method of mixing

Table 2 shows the levels compared in this study. It was aimed to grasp various characteristics caused
by the difference in powder degree of blast furnace slag fine powder and its replacement ratio. The
substitution rate of blast furnace slag fine powder 0% ordinary Portland cement (OPC) was used as
the base standard. Experiments were conducted on seven levels where BF-1.7 or BF-3.7 were
replaced with 30, 50 and 70 weight% relative to OPC.
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The contents of the mortar and the mixing method were tested with reference to JASS 5M - 701: 2015.
The ratio of the binder and the fine aggregate was B:S = 1:1.4 by weight, and the ratio of the water
binder was 30%. Dry quartz sand was used as the fine aggregate and the weight ratio of No.3 silica
sand and No.6 silica sand was set to 7:3 mass ratio. However, OPC and blast furnace slag fine
powder were weighed separately in the case of mixing.
For mixing of mortar, an ASTM mixer was used. The rotation speed of the mixer was set to 139 rpm.
The mixing method was as follows;
Dry mixed for 30 seconds → Add water and superplasticizer → 2 minutes mixing → 20 seconds
scraping off → 2 minutes 40 seconds mixing → 5 minutes stopping mixing → 30 seconds mixing.
Table 2. Mix proportions of mortars

Ration of Binder (%)
Symbol

W/B(%)

OPC

-

BF-1.7-30

BF-1.7

BF-3.7-30

BF-1.7-50

OPC

BF

100

0

70

30

50

50

30

70

BF-3.7

30

BF-1.7

BF-3.7-50

BF-3.7

BF-1.7-70

BF-1.7

BF-3.7-70

2.3

BF type

BF-3.7

Measurement variables and methods

2.3.1 Measurement of fresh properties
The mortar flow value and the unit volume mass were measured in accordance to the Japanese
Architectural Standard Specification for Reinforced Concrete Work JASS5 (JASS 5M-701: 2015). The
mortar flow value was adjusted with the superplasticizer to be 260 ± 10mm, and the targeted air
content was less than 3.0%.
2.3.2 Measurement of compressive strength
The compression strength of the mortar was measured in accordance with JASS 5 M-701: 2015. The
specimens for the compressive strength tests were cylindrical with dimensions of φ50 × 100mm. 1 day
strength refers to the strength at 24 hours after the addition of water. Specimens for compressive
strengths at 3, 7, 28 and 91 days of age were stored and cured in water at 20 ° C.
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2.3.3 Measurement of drying shrinkage and mass loss
Drying shrinkage and mass loss were measured 48 hours after the addition of water by measuring the
length of the base test piece and the mass of the base test piece. The rest of the specimens were then
placed in a thermostatic chamber at a temperature of 20 ± 1°C. and a humidity of 60 ± 2%. Length and
mass were measured according to Japanese Industrial standards (JIS A 1129-3) at drying periods 1, 3,
7, 14, 21, 28, 56 and 91 days. The rate of change in length (drying shrinkage) was calculated by
comparing the change in length in comparison to the base specimen over time. Mass loss was also
calculated by the same method. The mortar test piece was moulded to shape of 40 × 40 × 160mm.
2.3.4 Measurement Autogenous shrinkage
Autogenous shrinkage was measured with reference to the Japan Concrete Institute Autogenous
shrinkage committee test method (JCI-SAS 2). For measurement of Autogenous shrinkage, an
embedded strain gauge was used. Initial setting time of mortar was based on the time measured by
JIS A 1147. Measurements were made up to age of 30 days. The thermal expansion coefficient of
mortar was corrected for strain at 10 × 10-6/°C. The test piece of mortar has a shape of 100 × 100 ×
400mm.
2.3.5 Measurement of pore size distribution
For the measurement of the pore size distribution, a test piece (φ 50 × 100mm) was demoulded 48
hours after the addition of water. The test piece was kept in the same environment as the dry
shrinkage test. Measurement of the pore size distribution was also conducted at the drying periods 1,
3, 7 and 28 days. Measurement was carried out by two methods, nitrogen gas adsorption method and
mercury penetration method.
In general, pore size distribution of mortar is often measured by mercury penetration method. However,
In this case, very fine blast furnace slag fine powder in the single micron range is used. In addition,
according to Lee's research, there is a report that evaporation of moisture in pores smaller than 10 μm
greatly affects drying shrinkage. For these reasons, measurements were made by nitrogen gas
adsorption method targeting mesopores from micropores (About 2-50 nm in diameter). The preliminary
treatment was a vacuum freeze drying method (FD method). At the drying period 1, 3, 7 and 28 days,
the test piece in the form of a cylinder was ground to a size of 2.5 to 5 mm. Next, pre-freezing was
carried out for 3 hours at -45 °C. Thereafter, freeze-drying was carried out using a freeze dryer
(EYELA FDS-1000). After completion of drying, it was returned to normal temperature and normal
pressure, and storage was carried out with a desiccator until measurement. Measurement of nitrogen
gas adsorption was carried out after vacuum evacuation for 24 hours at normal temperature.
2.4

Experimental Results

2.4.1 Results of fresh properties
Table 3 shows the test results of fresh properties. Lower dosage of superplasticizer for the mortar flow
adjustment was achieved by substituting the powder with ground granulated blast furnace slag rather
than OPC. In addition, the mortar with BF - 1.7 tended to reduce the superplasticizer dosage than BF 3.7. This can be speculated to be due to the smaller BET specific surface area of BF - 1.7 than of BF 3.7. It is seemed that the difference in these values caused the reduction of the adsorption amount of
superplasticizer on the particle surface of ground granulated blast furnace slag, and thus the amount
of superplasticizer required to obtain the same mortar flow value could be reduced.
2.4.2 Results of compressive strength
The compressive strength results of the mortar are shown in Figure 2 and Table 3. Compressive
strength at 24 hours of age is smaller than OPC when ground granulated blast furnace slag is
replaced except for the mix which BF-1.7 is replaced by 30%. Compressive strength after 3 days was
equal to or higher than OPC. However, excluding all substitution rates of BF-3.7 at 3 days. In
particular, at the initial strength of 3 and 7 days, BF-1.7 showed higher strength characteristics than
BF-3.7 at the same ground granulated blast furnace slag replacement rate. The reason for this is
considered to be due to the improvement of reaction rate of the blast furnace slag caused by BF-1.7
having a smaller particle size than BF-3.7. Alternatively, it is presumed that hydration of calcium
silicate in the cement mineral was accelerated by filling of the fine voids within the mortar. Therefore, it
is necessary to clarify which of the potential causes are the true reasoning behind higher compressive
strength with BF-1.7.
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Table 3 Results of fresh mortals and compressive strength

SP/B

DF/B

(%)

(%)

Symbol

Compressive Strength （N/mm2
）

Flow
Value

Air
Content

(mm)

(%)

1
days

3
days

7
days

28
days

91
days

OPC

2.00

258

2.7

35.6

74.7

93.0

112

128

BF-1.7-30

0.90

260

1.7

34.5

91.0

114

129

131

BF-3.7-30

1.10

254

1.4

33.7

74.5

109

129

146

BF-1.7-50

0.85

260

1.5

27.1

92.4

120

143

145

BF-3.7-50

1.00

260

1.9

21.9

71.5

108

139

148

BF-1.7-70

1.00

254

3.0

21.8

78.9

102

130

134

BF-3.7-70

0.95

259

3.0

18.2

68.4

95.7

128

142

0.06

Compressive strength（N/mm2 ）

150
91days

120

28days
90

7days

3days

60

1days
30
0
OPC

BF-1.7-30

BF-3.7-30

BF-1.7-50

BF-3.7-50

BF-1.7-70

BF-3.7-70

Figure 2. Compressive strength of the mortar
2.4.3 Results of drying shrinkage and mass loss
Figure 3 shows the relationship between drying shrinkage over drying time and Figure 4 shows the
relationship between dry shrinkage and mass loss. From Figure 4, the drying shrinkage of BF-1.7 was
smaller than that of BF-3.7 and OPC. The drying shrinkage of both BF - 1.7 and BF - 3.7 increased
with increasing ground granulated blast furnace slag substitution rate. However, the rate of increase in
drying shrinkage was smaller in BF-1.7 than in BF-3.7 with increase of the ground granulated blast
furnace slag substitution rate.
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From Figure 4, at the same dry shrinkage, the mass loss tends to be larger in BF-1.7 than in BF-3.7.
The reason for this is that the BET specific surface area of the blast furnace slag is smaller in BF - 1.7
than in BF - 3.7. Therefore, it can be inferred that the pore diameter of mortar is larger in BF-1.7 than
in BF-3.7, and the amount of moisture evaporation is larger in BF-1.7 than in BF-3.7.
0.00

0

20

40

Drying shrinkage （ %）

-0.02

60

80

BF-1.7-30
BF-1.7-50
BF-1.7-70
OPC

-0.04

100

BF-3.7-30
BF-3.7-50
BF-3.7-70

-0.06
-0.08

-0.10
-0.12

Drying time （ days）

Figure 3. Relationship between drying shrinkage and drying time

0.00

-2.0

-1.5

-1.0

-0.5

0.0

Drying shrinkage （ %）

-0.02
-0.04

-0.06

BF-1.7-30
BF-3.7-30
BF-1.7-50
BF-3.7-50
BF-1.7-70
BF-3.7-70
OPC

-0.08

-0.10
-0.12

Mass loss （ %）

Figure 4. Relationship between drying shrinkage and mass loss
2.4.4 Results of Autogenous shrinkage
Figure 5 shows the relationship between Autogenous shrinkage and time. Autogenous shrinkage also
tended to be similar to drying shrinkage. The Autogenous shrinkage became smaller in BF-1.7 than in
BF-3.7. In addition, BF-1.7-30 had a gentle curve at the initial slope of about 2 days as compared with
OPC, and in the long term the shrinkage was almost the same as OPC. From now on, it is necessary
to clarify the mechanism by which Autogenous shrinkage can be reduced by decreasing the BET
specific surface area even with the same particle size.
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Figure 5. Relationship between Autogenous shrinkage and time
2.4.5 Results of pore size distribution
Figure 6 shows the relationship between Cumulative pore volume and pore diameter in nitrogen gas
adsorption method. Figure 7 shows the relationship between quantity absorbed and relative pressure
in mercury penetration method. Figure 8 shows the relationship between pore volume and pore
diameter in mercury penetration method. As shown in Figure 6, the difference in overall pore structure
was not so different between BF-1.7 and BF-3.7, measured by nitrogen gas adsorption method. From
Figure 7, BF-1.7 has a larger proportion of pores larger than 50 nm at the same age and same
substitution rate as compared with BF-3.7. This can be read from the value around P / P0 = 0.95 – 1.0.
In other words, BF-1.7 has a larger ratio of pore diameter than BF-3.7. BF-1.7 is assumed to have
smaller capillary tension than BF-3.7. From the results, in the case using the ground granulated blast
furnace slag, the change in amount of macropores from the mesopores is large in respect to drying
time, but the change with OPC is small. Therefore, the mechanism of dry shrinkage is considered to
be different between OPC and ground granulated blast furnace slag. In the future, this difference and
the mechanism caused must be clarified .
Next, as seen from the pore diameter of about 3 to 10 nm in Figure 8, the frequency distribution of the
pore size with the same substitution rate of BF - 1.7 and BF - 3.7 is almost the same. However, the
peak position is slightly on the smaller pore diameter side in BF-3.7. In other words, BF-3.7 has a
smaller proportion of pore diameter at the same age and same substitution rate than BF-1.7. In
addition, the rise of the pore diameter in Figure 8 also shifts to smaller diameter from BF-3.7 near 3.5
nm, BF-1.7 around 4 to 5 nm, and OPC around 5 nm with the drying time. It seems that mortar is
densified by hydration reaction, and BF-3.7 has smaller pore size than BF-1.7 even during the same
drying time. In other words, BF - 3.7 has changed to a pore structure with larger capillary tension with
drying time than BF - 1.7. Here, according to a previous study, it is reported that evaporation of
moisture in pores of 10 nm or less largely affects drying shrinkage, and capillary tension becomes
larger as the pore diameter is smaller.
The pore size distribution of mortar using BF-1.7 compared to BF-3.7 has more number of pores larger
than 50 nm and less pores smaller than 10 nm. The reason for this is probably that the BF-1.7 blast
furnace slag has a smaller BET specific surface area than BF 3.7. The relationship between dry
shrinkage and mass loss of BF - 1.7 and BF - 3.7 is smaller in BF - 1.7 than in BF - 3.7, at the same
mass loss. That is, with BF - 1.7 the evaporation of moisture is from the pore diameters which does
not contribute to shrinkage. Therefore, on the other hand BF - 3.7 was thought to evaporate moisture
from the pore diameters which contribute more to shrinkage.
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Figure 6. Relationship between Cumulative pore volume and pore diameter
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Figure 8. Relationship between pore volume and pore diameter
3.

CONCLUSION

In this study, the compressive strength characteristics of blast furnace slag in the single micron range
were experimented. Followed by the shrinkage characteristics from the pore structure of the particles
of the blast furnace slag and the pore structure of the mortar. As a result, the following knowledge was
obtained.






4.

Using BF - 1.7 rather than BF - 3.7 tends to reduce the superplasticizer addition rate to
obtain the same mortar flow value.
Replacing BF-1.7 at a ratio of 30% shows almost the same compressive strength at 1days
as OPC. By using BF - 1.7, compressive strength at 3 and 7 days can be greatly improved
compared to OPC.
Dry shrinkage can be improved regardless of the blast furnace slag substitution rate
compared with OPC by using BF - 1.7.
Autogenous shrinkage of the mortar replacing BF-1.7 at a ratio of 30% has almost the
same contraction characteristics as OPC.
The pore size distribution of mortar using BF-1.7 compared to BF-3.7 has many pores
larger than 50 nm and few pores smaller than 10 nm. The reason for this is probably that
the BF-1.7 blast furnace slag has a smaller BET specific surface area than BF 3.7.
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ABSTRACT
Application of supplementary cementitious materials (SCMs) as binary or ternary blended binders to
substitute Portland cement and eventually decrease the carbon dioxide foot print has been introduced
in cement industry through decades. However, the limitation of resources for slag and fly ash as the
major SCMs is expected in near future and this has attributed a lot of attention in recent years to
calcined clays which have not been used in their full potential as cement constituents due to limited
availability in some parts of the world. However, it is well known that these materials exhibit pozzolanic
properties. In temperatures of 500-800 °C, due to the possible formation of reactive amorphous
phases, clays get calcined or activated to act as a SCM in concrete. The energy consumption during
the production of calcined clays is lower than in cement production, which subsequently has the effect
of improving the LCA profile and the CO2 impact from concrete.
In this study the potentials of considering clay resources in Sweden as alternative SCMs is
investigated. The investigations include an inventory on possible clay resources in Sweden,
characterization of the potential clays in terms of mineralogical and chemical properties. Moreover,
effective activation temperature for different clay resources are considered.
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1.

INTRODUCTION

Cement is one of the mostly used and cheapest construction materials available. However, the
worldwide cement production causes approximately 8% of the total anthropogenic CO2 release
(Andrew, 2018). This is while approximately 50% of built structures around the world are made by
concrete. Limited availability of some construction materials like timber or the questionable durability
and costs attributed to steel has caused concrete to be the most demanded construction material around
the world. These facts have attributed a lot of attention to the sustainability issues of concrete industry
in order to reduce the high CO2 footprints assigned to this building material (650-900 Kg CO2). It is
known that 40% of the emissions are attributed to the production process, which led to considerable
efforts in recent decades to adjust the cement kilns or to find alternative fuels. However, the remaining
60% of the emissions are due to a chemical reaction that happens during cement production: the
calcination process. During calcination, limestone (CaCO3) decomposes to lime (CaO) and carbon
dioxide (CO2). To reduce this part of the emissions, the most viable solution has been to reduce the
amount of Portland cement in clinker, and thus the amount of limestone, and replace it with
supplementary cementitious materials (SCMs). SCMs are reactive industrial by-products such as fly ash
and blast furnace slag or, if available, natural reactive materials such as volcanic ash. This leads to
blended cements or blended binder systems with a lower CO2 footprint (Gartner, 2004).
Although this solution has helped the matter of sustainability and helped to reduce the amount of clinker
to an acceptable level, we are now facing another challenge: the shortage of the stock of SCMs. Most
of the well- known and commonly used SCMs like fly ash or slag is going to be rarely available in near
future. This is while the demand for construction is increasing. One of the recently introduced solutions
to this problem is to look for other possible alternatives of SCMs such as low grades calcined clays,
which are available naturally in many countries, e.g. Sweden. It is shown that clays that are calcined
between 500-800 °C can develop pozzolanic activity due to the formation of reactive amorphous phases
(He et al., 1995). It means that the needed temperatures for producing calcined clays is much lower
than that of cement production (1400 °C). As a consequence, less fuel sources are needed and no CO2
will be released, unlike in a traditional calcination process. The calcination of clays leads to a process
called de-hydroxylation, which may cause the formation of reactive amorphous phase (He et al., 1995).
As reported in the literature, during the hydration of blended binders, the activated calcined clays can
react with calcium hydroxide, producing C-(A-)S-H or CAH. Those hydrates are known to participate to
the strength and durability of the hydrated binder system (Fernandez et al., 2011; Sabir et al., 2001).
Considering all the benefits, clays have not been used in their full potential as cement constituents,
maybe due to limited availability in some parts of the world. However, considering the shortage of other
types of SCMs, it is essential to investigate further this SCM. This paper focuses on the clays that are
present all over Sweden.
2.

STATE OF THE ART

The use of calcined clays as supplementary cementitious materials in ancient structures like water tanks,
walls and bridges is widely reported in literature. It is noted that these constructions were built with
activated clays and limestone mortars (Mielenz, 1983). The use of lime mortars can even date back to
Romans who discovered that blending lime binders with SCMs like ash, diatomaceous earth or crushed
ceramics leads to an improvement of the hardened strength properties (Justnes & Østnor, 2015).
However, although calcined clays have been known to be abundant and spread around many corners
of the world, not so much research activity has been devoted to this topic until recent years, probably
due to complexity of clay mineralogy and chemistry. It can also be because not all clays are reactive in
combination with cement or that it is not long ago that the need for alternative types of SCMs has become
a common problem around the world. Nevertheless, in recent years many researchers have emphasized
on the importance of calcined clays when aiming for alternative SCMs. The magnitude of research in
different countries is largely dependent on the availability of clays in those areas, and as a results China,
India and many South American countries having vast amounts of available clays have already pilotscaled many related projects to further develop the topic (Karen Scrivener & Favier, 2015). This is while
many European countries have also already started to either support the research in those countries or
start looking in to the possibilities in Europe (Karen Scrivener & Favier, 2015).
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One of the leading European supporters of the research developments on the topic in developing
countries is Switzerland. In 2014, the Swiss Agency for Development and Cooperation allocated 4
million CHF as a funding for the research and development of LC3, a Limestone Calcined Clay Cement,
developed by the Ecole Polytechnique de Lausanne and partners in India and Cuba .
In Nordic countries, Norway has devoted resources into research on the topic. For example, SINTEF
has reported results within COIN - Concrete Innovation Centre program - on application of calcined
marls as an alternative SCM (Justnes & Østnor, 2015; Østnor & Justnes, 2014; Tone Østnor & Justnes,
2013). In Denmark, Alborg cement together with Aarhus university reported results on differences in
calcination processes for calcined clays (Rasmussen et al., 2015).
In this study, it is aimed to:



3.

produce an inventory of available calcined clays in Sweden,
characterize the clay sources in terms of types and chemical composition
and to investigate the activation and pozzolanic activity of these clays.

INVENTORY OF AVAILABLE CLAYS IN SWEDEN

There are two main categories of clays in Sweden: 1) Clays in sedimentary bedrocks and 2) Marine
deposited clays:
3.1

Clays in sedimentary bedrocks

Clays are present in a wide range of sedimentary
environments and display consequently a complex and
various compositions which reflect the physical and chemical
conditions during their formation. In addition, the clays have
commonly endured post depositional alteration. The clay
deposits in the sedimentary bedrock have, except for the
authigenic kaolin deposits in Skåne (South of Sweden), very
seldomly a mono-mineral composition and contain beside
clay minerals other accessory minerals such as quartz,
feldspar and carbonates as well as organic components. In
Sweden, sedimentary bedrocks are found (on land) in Skåne,
Västergötland, Östergötland, Närke, Siljan area in Dalarna, in
the Caledonides, and in the islands of Öland and Gotland (Fig
ure1). Outside Skåne, these strata include merely Lower
Palaeozoic rocks (Cambrian–Silurian), dominated by shale,
limestone and sandstone. Pure clay deposits are
subordinated in comparison, and they are often mixed with
other detrital components. The different types of clays found
in the Swedish sedimentary bedrocks are:
3.1.1

Ordovician and Silurian bentonites

Dominated by a mixed clay mineral association
(illite/smectite), illite, and some kaolinite as well. The mineral
composition reflects sub-depositional diagenetic alteration of
the original smectite dominated ash deposit. More detailed
description of the mineralogical composition is found in Snäll
(1977) and Brusewitz (1986).
3.1.2

Figure 1. Bedrock map showing
distribution of Phanerozoic
sedimentary rocks in Sweden

Silurian mixed clays (marls)

Those clays are variably mixed with carbonate and characterized as calcareous clay or marl. The clay
mineral content varies greatly but can locally exceed 70%. The clay mineralogy is dominated by illite
and chlorite. The Mulde Brick Clay has a thickness of ca 25 m and has been quarried for brick and
ceramic purposes at Mulde (Snäll, 1977).
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3.1.3

Mesozoic kaolinite deposits

Kaolinite is formed in nature by acid reactions in anaerobic medium. The genesis of the kaolinite group
of clay minerals is commonly related to intensively weathered soil profiles in subtropical and sub humid
climates. These conditions prevailed in Skåne during Jurassic and Cretaceous times and have resulted
in authigenic kaolinite deposits occurring beneath variably thick younger sedimentary deposits. One of
the most famous localities is the kaolin deposit at Ivö Klack and at Åsen in northeast Skåne (Figure 2).
3.1.4

Rhaetian and Jurassic clays

Shallow occurrences of mixed clay deposits of Late Triassic (Rhaetian) and Jurassic age are widely
distributed in northwest Skåne (Figure 2). These clays have previously been evaluated regarding their
suitability as buffer material in the Swedish Nuclear Waste Programme (Erlström & Pusch, 1987) Their
study was based on the following delimiting factors:




Bed thickness >1 m
Easy access, limited overburden in relation to clay thickness
Clay content >20% and at least 30% of the clay fraction being either smectite, illite or kaolinite

Out of their study there emerged four major clay deposits of interest, i.e. the Vallåkra, Höganäs,
Kågeröd, and Fyledalen-Vitabäck clays. An overview of the mineralogy in the Triassic and Jurassic clays
in Skåne is also presented in (Ahlberg et al., 2003).

Figure 2. Distribution of Mesozoic clays in Skåne of potential industrial interest.
3.2

Marine deposited clays

Fine-grained sediments (clay and silt) have different properties that are partly linked to their formation
environment and therefore it is convenient to divide them into glacial or post-glacial clay. The finegrained glacial sediments were deposited during ice melting and sometime later in an Arctic sea or a
cold inner sea. The postglacial clays are formed from re-shaped clay particles and organic matter in a
temperature equivalent to today or slightly warmer. The only certain method of categorizing the clays in
the west coast is through fossil findings, such as shell of mussels and foraminifers. Foraminifers are
single-cell organisms that live in the ocean and have a lime shell. Different species thrive in different
environments, which are controlled by, for example, Salinity and water depth.
The clay and silt in western Sweden has been deposited in three different deposition environments
(Stevens et al., 1991): proximal glaciomarin (glacial clay), distal glaciomarin (glacial clay) and shallow
marine (mainly postglacial clay). The sea has been mostly salty when clay particles settled to the bottom
throughout this period. The clays on the West Coast lack a clear multi-layering property. The layering is
caused by seasonal fluctuations of meltwater inflow to the sea. In winter, the flow is less important and
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clay particles settle. In summer, the flow is important and fine sand and silt layers can be formed. The
total spread of glacial and postglacial clay in Sweden is about 5% of the total area. The thickness of the
clay geological layer is usually less than 20 m on the east coast while on the west coast it can be around
100 m. The thickness of the postglacial clays in-land, which is in fact located on the multi-layered glacial
clay on the east coast, is 1-4 m. In Gothenburg area, the thickness of the postglacial clay can be about
10 m. The glacial clay on the west coast has no pronounced multi-layering property because the clay
particles were sedimented in a saltwater. The clay content of glacial clays usually varies between 20
and 70% and the color is gray-brown. A postglacial clay usually has a clay content between 30 and
60%. llite is the common secondary clay mineral in Western Swedish clays (Stevens & Bayard, 1994).
Mixture, vermiculite and kaolinite are also present. Illite is also the most common clay mineral in the
clays on the east coast followed by chlorite and kaolinite.
4.
4.1

MATERIALS AND METHODS
Sample uptake

According to all information reported in previous chapter, there are several possibilities for extraction of
clays. 12 different locations from the eastern side of Sweden, Sourcing glacial and post-glacial clays
were selected. Two different Sedimentary clays were also chosen and extracted. Figure 3 illustrates the
location of the sample uptake.

West Coast
Marine glacial and postglacial clays
Eastern central Sweden
Brackish marine glacial clays, freshwater
deposited clays occur
Littorina Sea
Brackish marine postglacial clays, including
sulfide clays

Areas below the highest shoreline, where
the salinity is expected to have been at its
lowest during clay deposition
Areas above the highest shoreline

Sandviken

Vittinge
Mariestad

Östhammar
Västervik

Uppsala
Örebro

Skara

Nyköping
Linköping

Lilla Edet
Laholm
Valåkra
Eriksdal

Figure 3. locations of sample uptake
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4.2

Characterization methods

Chemical composition of the clays was determined by X-Ray Fluorescence analysis (XRF). The
characterization of crystalline phases was performed by X-Ray Diffraction (XRD) measurements with a
Rigaku Miniflex 600 with a fast 1d solid-state detector. The scan was performed between 2 and 42° 2Ɵ
with an increment of 0.02 and a scanning speed of 1°/min Sample preparation prior to XRD was done
considering the following steps (Error! Reference source not found.). Step 1: Preparation of a
suspension of each clay and dispersion with ultrasound for approx. 30 s. Step 2: Calculation of the time
needed for a specific particle size (R = 1 µm here) to sediment down until the desired depth (here 3
mm), using Stokes low, see Eq. (1). This give us a waiting time of 30 min.
v = 2/9 ∙ ((ρp - ρf)/μ) ∙ g ∙ R2

(1)

Where v is the speed of the clay particles (m/s), ρp and ρf are the density of the clay and water (kg/m3),
µ the dynamic viscosity of water (Pa.s), g the gravitational acceleration (m/s 2) and R the radius of the
considered particle (m)..
Step 3: Pipetting 1 ml of the uppermost part of the suspension 30 min after preparing the suspension,
dropping it on a glass film, and leaving it to dry out. Step 4: Using the dried glass film for XRD.
An ethylene glycol treatment was performed in order to distinguish between clays containing smectite
or chlorite, which appear at the same diffraction angle. Smectites are expandable, and a peak shift will
appear after this treatment. Ethulene glycol will not affect chlorites. For this treatment, the dried glass
film prepared for XRD were placed in a desiccator above ethylene glycol, and a weak vacuum were
made in the desiccator. The samples stayed in the ethylene glycol atmosphere for several days.
4.3

Activation method

Glacial and post glacial Clays with highest clay content in 6 different location: Linköping 82% (clay
content), Lilla Edet 70%, Vittinge 73%, Mariestad 70%, Nyköping 74% and Sandviken 63%, as well as
2 sedimentary clays: Valåkra and Eriksal, were chosen to be activated. The activation was performed
in a furnace with a possibility of controlled temperature up to 1000 °C. 5 different temperatures were
used: 600, 650, 700, 750 and 800 °C. Prior calcination, the clays were sieved in order to only keep the
particle below 5 µm. In addition, ball milling was performed on a different set of samples to check the
potential influence of mechanical action. Mechanical grinding can induce changes in the material, e.g.
delamination, leading to a more disordered/amorphous structure and thus a lowering of the calcination
temperature needed for dehydroxylation (Wesley, 2014). Only the results concerning the clay from Lilla
Edet and Nyköping are presented here.

Sedimentation/Decantation
30 min

Sampling

Drying

XRD
Figure 4. XRD sample preparation
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5.

RESULTS AND DISSCUSSION

5.1

Compositions of clays

The chemical composition of the pure clay samples obtained from the locations illustrated in Error!
Reference source not found., are presented in Figure 5. The results indicate that general SiO2 content
of clays lies in the range between 55-70 wt% except for the clay sample taken in Östhammar which has
a lower silica content and a higher calcium content. The average aluminium content is around 16% by
mass and the amount of other alkalis is rather low (less than about 6%) in all the samples. Interestingly,
the chloride content is low, i.e. 0.01 wt%, in all the samples and even lower (close to 0 wt%) in the
sedimentary clays. This very low chloride content is in accordance with the standards for supplementary
cementitious materials (SS-EN_197-1_2011), the indicated upper limit for the chloride content being
0.1%.
The XRD results are presented in Figure 6-9. The glacial clays in Sweden are mainly a mixture of
smectite, illite and kaolinite, while sedimentary clays are mainly composed of kaolinite and illite. The
ethylene glycol treatment which was performed to distinguish between smectite and chlorite in the glacial
clays, indicated that all samples contain smectite except the clays from Östhammar, which contains
chlorite. The right-hand side of Figure 9 presents the smectite containing clays with a peak shift after
the treatment, and the left-hand side shows the clays from Östhammar, without peak shift, indicating the
presence of chlorite.
Glacial
70

Sedimentary

26

65

21

60

16

Al2O3

55

11

50
SiO2

45

1

40

0,025

0,02
0,015

0,01
0,005

CaO

6

Cl

0

16
14
12
10
8
6
4
2
0

Fe2O3
K2O

MgO
Na2O

Figure 5. chemical composition of clay samples
5.2

Effect of calcination and grinding

The effect of calcination with temperatures ranging from 600-800 °C on the phase composition (XRD
diffractograms ) of the clays from Lilla Edet and Nyköping is shown in Figure 10 and Figure 11. The
effect of ball milling prior to calcination is also visible in Figure 10. The calcination treatment has a similar
impact on the two clays presented here.
All the kaolinite peaks disappear after calcination, even at the lowest temperature tested. This indicate
that crystalline kaolinite is transformed to an amorphous product. This was expected since kaolinite is
known to be highly reactive after calcination. Smectite is also no detected after a calcination at 700°C
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Figure 6. XRD analysis results on glacial clays from east of Sweden
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Figure 7. XRD analysis results on clay samples from west of Sweden
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Figure 9. ethylene glycol treatment effect on XRD analysis. Left hand side figure is the chlorite
containing clay from Östhammar and the right-hand side clay is an example of smectite
containing clays.
and above. Illite, one of the typical phases of various clays, is always present after calcination, showing
a poor reaction of this phase to thermal treatment. This might be due to a too low calcination
temperature: Hollanders et al. (2016) showed that pure illite can be activated at 900 °C, but only a partial
and limited amorphization was observed.
The impact of the mechanical treatment is presented in Figure 10 (thin lines). When comparing the effect
of calcination with or without pre-grinding, we can see a difference only at a temperature of 800°C. In
this case, the diffractogram shows large “bumps” indicating that the sample is much more amorphous if
the sample is mechanically ground. Therefore, this sample should be more reactive if used in a binder.

Lilla Edet clay
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Figure 10. Impact of calcination (600, 650, 700, 750 and 800 °C) and grinding on the XRD
diffractogram for the clay coming from Lilla Edet. The black line is the reference sample (no
grinding or calcination), the colored thick lines represent the sample after sieving and
calcination, and the thin lines represent the samples after ball milling and calcination.
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Figure 11. Impact of calcination (600, 650, 700, 750 and 800 °C) on the XRD diffractogram for
the clay coming from Nyköping. The black line is the reference sample (no grinding or
calcination) and the coloured thick lines represent the sample after sieving and calcination.
6.

CONCLUSIONS

Because a shortage of commonly used SCMs is predicted in the near future, it is of great importance to
find other alternatives as soon as possible. Calcined clays are among the best sources of SCMs for the
future. To investigate this possibility, an inventory of the Swedish clay sources is presented here. The
clays are characterized in terms of chemical and mineralogical composition. The effect of the thermal
activation at various temperatures is also investigated. The main conclusions are:







7.

there is 2 main categories of clays in Sweden: glacial (east and west) and sedimentary
(south)
the chemical composition of clays is mainly composed of silica (55-70 wt%) and aluminium
(10-25 wt%)
the chloride content in all the investigated clay samples is lower than 0.01%.
the glacial clays are mainly a mixture of smectite, illite and kaolinite, while sedimentary clays
only contain kaolinite and illite.
calcination up to 800 °C is mainly effective on kaolinite, while effective calcination
temperature for illite should be investigated further.
a fine mechanical grinding prior to calcination at 800°C leads to a more amorphous material.
No impact of the grinding process has been observed for lower temperature of calcination.
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ABSTRACT
World-wide granulated blast furnace slag is used for cement and concrete production. About 280 Mio.
tons are produced yearly. So regarding availability and reactivity GBS is the most important SCM.
Many attempts exist to predict the latent hydraulic property of GBS, e.g. based on chemical
composition and glass content. However, a general method could not be found. The reason is that
beside chemistry and glass content additional factors influence the GBS reactivity, too. From
thermodynamic and kinetic points of view it is obvious that thermal history of the slag (blast furnace,
slag runner, cooling process) should have a significant influence on the glass structure. Thus, GBS
glasses of the same chemistry can have a different resistance against corrosion (= different reactivity).
The basic idea was to adopt characterisation methods being well-established e.g. for soda-lime
glasses for a wide range of GBS being produced in wet or dry processes and covering the whole
range of industrial GBS. The cementitious properties (strength, heat of hydration) varied enormously
while the physical properties (fineness, mixture etc.) were kept constant.
So far known for the first time methods like Differential Scanning Calorimetry and viscosity
measurement have been combined for GBS characterisation in order to measure e.g. the fictive
temperature (glass transition), to calculate retroactively cooling rates of liquid slags and to describe the
GBS glass structure.
The investigations are as well an important contribution to understand the different reactivity of GBS as
a basis for optimisation processes regarding the chemical composition and/or the cooling technology.
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1.

BACKGROUND

Granulated blast furnace slag (GBS) is the most important reactive secondary cementitious material
(SCM). For 2017 its worldwide production can be estimated to be around 280 Mio. tons. Since the
beginning of its use in the late 19th century the question came up how to judge its reactivity in a simple
way and how to predict the strength development of slag cements. But all prediction attempts considered
only a part of all relevant parameters, like e.g. chemical composition, glass content and physical
properties like fineness. However, also the thermal history of the slag as well in the blast furnace as
during the granulation process should have an significant influence on the glass properties and the glass
corrosion in alkaline solutions, too. But the thermal history is normally unknown and till now there was a
lack of parameters describing the relevant glass properties. Inevitable predictions might be sufficient for
a small excerpt of GBS (e.g. Pal et al. 2003), but not for all GBS in general (Hooton & Emery 1983).
Therefore already in 1980 on the 7th ICCC Smolczyk stated: "It cannot be expected that the resulting
strength development can be predeterminated by aid of a simple hydraulic factor" (Smolczyk 1980). A
deeper discussion of this general problem was given on the 14th ICCC (Ehrenberg 2015).
The basis of the current research activities regarding the impact of GBS glass structure on its reactivity
are the classical thermodynamic assumptions that
 GBS glass is latent hydraulic reactive due to its higher enthalpy compared to inert crystalline air
cooled blast furnace slag of the same chemical composition and that
 more rapid cooled GBS glasses might be more reactive compared to slower cooled GBS glasses of
the same glass content (Figure 1).

Figure 1. Schematic dependence of glass enthalpy on cooling and heating conditions
In contrast to easy-to-quantify parameters like chemical composition, glass content or fineness the
thermal history of GBS is unknown. The question to be answered is whether any correlation between
"energy content" and thermal history and technical properties - like heat of hydration or strength
development of slag cements - does exist. As known so far in literature there is no coherent description
of the responsibility of the GBS glass properties for their technical properties. Therefore it was obvious
to use analytical methods being established for e.g. soda-lime-silica or other glasses in order to quantify
the unknown thermal history of GBS, too.
2.
2.1

METHODS
Heat capacity and fictive temperature

The direct measurement of the cooling rate in industrial granulation facilities is impossible. However,
glassy material stores the information about prior cooling (so-called thermal history) in its structure and
a common way to define it is based on the fictive temperature (Tf) determination. Figure 1 shows that
on cooling of the glass GBS from the equilibrium liquid state, the ﬁctive temperature is equal to the
physical temperature (T f = T) and the system is in equilibrium. With decreasing temperature, however,
the molecular mobility decreases while the viscosity of the melt increases and at one point the time
required for structural rearrangement (relaxation) becomes longer than the time that the melt spends at

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
that exact temperature, the structure freezes in and the material deviates from the equilibrium and
begins to form a solid glass (Tf > T). The fictive temperature depends on the cooling rate that the melt
undergoes: a faster cooling leads to higher fictive temperature. Hence, the higher Tf, the stronger the
system has departed from equilibrium. The glass transition temperature T g, on the other hand, is a
particular case of the fictive temperature. It is determined for the defined thermal history at a cooling
rate of 10 K min-1 (Tg = Tf10 in Figure 1). Of course, Tg depends also strongly on the glass composition.
Relaxation of the solid GBS is a spontaneous process that occurs constantly in nature. However, at
room temperature relaxation takes billions of years so that annealing at temperatures Ta below the glass
transition temperature (Ta = 0.9 x Tg) is necessary to decrease T f towards its physical temperature in
reasonable time scales.
GBS with different fictive temperatures were investigated: the original quenched GBS that exhibit higher
Tf and annealed GBS with lowered Tf. To anneal GBS, it was kept at 0.9 x Tg for 24 h in air in order to
allow the relaxation of the glass and thus to eliminate the unknown thermal history derived from
quenching during granulation and to lower Tf.
GBS were sieved to a fraction of 355-500 µm to exclude the influence of grain size on fictive temperature
measurement. The sieved samples were then analyzed by the hyperquenched-annealing-calorimetry
(HAC) method and Tg and Tf were determined. The HAC method coupled with unified approach for the
determination of fictive temperature valid for both hyperquenched and annealed samples is described
in detail in (Guo et al. 2011). The calorimetric measurements were carried out in lidded PtRh-crucibles
in a nitrogen environment using DSC (404F3 Pegasus; Netzsch, Selb, Germany). The samples were
subjected to the sequence of heating to 771 °C for the GBS 13 or 794 °C for the GBS 14, with
subsequent cooling to 40 °C followed by reheating to 815 °C. The heating (qh1), cooling (qc1) and
reheating (qh2) were performed with 10 K min−1. The first upscan was carried out on the quenched
sample (unknown thermal history derived from the slag granulation), whereas the second upscan was
done on the sample which was relaxed and has a new thermal history of 10 K min-1 (standard cooling)
that was created at ambient pressure during the first up‐ and downscan. For the conversion of the DSC
signal to heat capacity values the baseline and sapphire standard were measured as well. To
compensate for possible inhomogeneities the samples were measured at least twice. Glass transition
temperature Tg was evaluated graphically by determining the crossover temperature of two tangents
aligned to the base and the decreasing flank of the endotherm of cp 2, respectively. The fictive
temperatures were determined with the unified approach of Guo (Guo et al. 2011).
2.2

Viscosity

Regarding liquid blast furnace slag it is important to stress that its dynamic viscosity is only a tenth part
of the viscosity of e.g. soda-lime-silica glasses. At 1500 °C the latter one have a viscosity of about 40
dPas (Scholze 1991) whereas the blast furnace slags have a viscosity of only 2-5 dPas. For the
calculation of the cooling rate it is necessary to know the viscosity of the slag at the fictive temperature
Tf. However, it is not possible to measure the viscosity around T f because of crystallization. Therefore
an appropriate interpolation model has to be used in combination with the measured viscosities around
the transformation temperature T g and above the melting temperature T m. It is possible to measure the
latter one with a rotating viscometer. In order to avoid the time consuming test procedure FEhS has
modified the Urbain model to be able to calculate the viscosity above Tm (Mudersbach et al. 1999).
Within the research program some calculations were verified by measuring the viscosity at the Technical
University of Freiberg (Germany). The tests were done with a Molybdenum crucible (inside 20 mm) and
stirrer (n = 30/min), starting at 1500 °C. 30 g slag were re-melted. The cooling rate was 10 K/min. Each
test was done threefold.  = 0.1 dPas is considered to be the error of measurement. The results show
a good correlation between calculation and test so far a temperature > Tm is observed only (Figure 2).
With decreasing temperatures < T m a very fast crystallisation occurs resulting in increasing differences
between measured and calculated values.
At temperatures close to glass transition temperature the viscosity determination relies commonly on
specimens of fixed geometry (e.g. beams, cylinders, etc.) which are not available in case of GBS. Since
viscosity becomes time-dependent at this temperature range, the time scales of structural relaxation
can be used for viscosity determination. In particular, viscosity  and cooling rate q are shifted by an
universal factor, i.e.:
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log (Tf) = K - log q

(1)

with K = 11.30–11.35. Using this approach, which is described in detail by Pronina et al. (Pronina et al.
2018), four viscosity-temperature data points were determined for each GBS from heating and cooling
the slag through the glass transition range with constant rates of 10, 15, 20 and 30 K min-1 (not shown)
using a TGA equipped with DSC sensor (TGA/DSC 3+, Mettler Toledo, Greifensee, Switzerland). Four
3-parameter equations were used to predict the viscosity at Tf of the as received GBS. These were the
Vogel-Fulcher-Tamman (VFT), the Avramov-Milchev (AM), the Adam-Gibbs (AG) and the Mauro-YueEllison-Gupta-Allan (MYEGA) equations which are described in detail elsewhere (Pronina et al. 2018).
Once (Tf) was determined, Equation (1) was rearranged to calculate the unknown cooling rate qcx of
the wet granulated GBS in the form:
log qcx = K - log (Tf)

(2)

Figure 2. Measured and calculated viscosity of liquid blast furnace slags
2.3

Physical and chemical properties

The GBS density was measured with a He pycnometer. The hardness of the slag grains was measured
by a Vickers micro hardness intention test using a load of 0.1 kg. The grindability was measured with a
Zeisel apparatus which simulates a closed ball mill (Ehrenberg 2005). The chemical composition of the
slags were analysed by XRF, infrared spectroscopy and classical wet chemistry. The glass content was
evaluated based on XRD and transition light microscopy (Drissen 1995).
2.4

Cementitious properties

To be able to evaluate the cementitious properties the GBS samples were ground in a 10 kg laboratory
ball mill. The specific surface was measured according to EN 196-8 (Blaine), the particle size distribution
(PSD) was measured by laser granulometry (Horiba LA-300, Kyoto, Japan). In order to stress the
influence of the GBS properties on the cementitious properties blast furnace cements with 75 wt.-%
ground GBS and 25 wt.-% clinker were tested according to the GBS data base of FEhS (Ehrenberg
2015). The total SO3 content of the cements was 4.5 wt.-% adjusted by adding anhydrite and gypsum.
The strength development has been investigated according to EN 196-1 (mortar prisms 40 x 40 x 160
mm, w/c = 0.50). Each average strength results from 6 individual values. The heat of hydration was
measured for 7 days (cement lime, w/c = 0.50) as a repeat determination using an isothermal calorimeter
(TAM Air 8 channel, TA Instruments, New Castle, USA).
3.
3.1

RESULTS
Cooling rate

Figure 3 (left) shows the heat capacity curves as a function of temperature obtained from DSC
measurements of two upscans. The first upscan (red line) reveals the broad exothermic effect that is
attributed to the release of the potential energy enclosed in the GBS during the wet granulation process.
The second upscan (black line) of the standard cooled GBS exhibits no exothermic effects (since cooling
rate equals the heating rate) and allows the fitting of the Maier-Kelley equation (Meier and Kelley 1932)
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to the heat capacity curve of the solid GBS, whereas the heat capacity of the liquid GBS is established
for the temperature where the two cp curves join (cp1 = cp2). In case of the annealed GBS 14 (Figure 3,
right) the first upscan and the second upscan matches in the sub-Tg range, but a larger overshoot at T
> Tg is evident, which indicates a somewhat lower T f than that of the standard cooling.

Figure 3. The heat capacity curves of GBS 14 after wet granulation (left) and after annealing at
0.9 x Tg for 24 h (right). The red curve represents the heat capacity of the first upscan (Cp1), while
the black line represents the heat capacity of the second upscan after standard cooling at 10 K
min-1
Table 1. Fictive temperatures and cooling rates of wet granulated GBS

GBS

Status

Sub-Tg heat
release
(J g-1)

Tf
(°C)

Tg
(°C)

13

original

37.1

827

721

13

annealed

0

702

721

14

original

51.6

848

734

14

annealed

0

698

734

log (Tf) of Eq. (1)
(Pa s)
min
max
min
max
min
max
min
max

5.47
6.41
13.57
14.63
5.35
6.20
15.55
18.61

qcx of Eq. (2)
(K s-1)
max
min
max
min
max
min
max
min

676083
87096
0.60
0.05
891250
141253
0.01
4.9 x 10-6

Figure 4. Temperature dependence of viscosity of GBS 14. Lines are best fit through the data
using four different viscosity models (VFTH, AG, MYEGA and AM). Insert shows details for the
viscosity at the fictive temperature (848 °C)
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The fictive temperature Tf of the wet granulated GBS 14 was 848°C, whereas Tg was 734°C. The Tf and
Tg of the wet granulated GBS 13 are lower and are equal to 827°C and 721°C, respectively (Table 1).
Using the four different temperature – viscosity models, the viscosity at the fictive temperature (Tf) was
determined (Figure 4). The insert of Figure 4 shows that VFTH resulted in the lowest and AM in the
highest viscosity. Finally, Equation 2 was utilized to approximate the unknown cooling rate qcx for the as
received and annealed GBS. The data are given in Table 1. The cooling rates of the original GBS are
very high. However, while in case of quenched samples the viscosities are obtained by interpolation
leading to more precise data, the viscosity values for annealed samples are extrapolated and because
of that are expected to have greater error! The cooling rates for the annealed samples are only
theoretical values. If a real blast furnace slag would be cooled down so slowly and if its glassy state
would be still guaranteed then it would have the same fictive temperature as the annealed GBS has.
4.
4.1

PROPERTIES OF ANNEALED GBS
Annealing procedure

Based on the results of the DSC analyses 2 industrial granulated blast furnace slags (GBS 13b and
GBS 14) have been annealed at 0.9 x T g in a muffle furnace. After 24 hours at 650°C (GBS 13b) and
666°C (GBS 14), respectively, the slags cooled down for about 48 hours. DSC analyses confirmed that
the thermal history of the annealed GBS was eliminated as it was intended. GBS 13b was just another
sub-sample being very similar to GBS 13.
4.2

Chemical and physical properties

In Table 2 the chemical composition of the original GBS is given. In Table 3 all data regarding different
chemical and physical properties of the original and annealed slags are summarised.
Table 2. Chemical composition of the original GBS
Parameter
SiO2
Al2O3
CaO
MgO
TiO2
Na2O equivalent
S2SO3
CO2
H2O
(CaO+MgO)/SiO2

GBS 13
39.2
11.2
33.9
10.4
0.57
1.44
0.66
0.11
0.07
0.09
1.13

GBS 13b
38.0
12.4
33.7
11.3
0.61
1.74
0.61
< 0.07
0.05
0.16
1.18

GBS 14
34.6
13.7
38.9
8.36
1.16
0.68
0.79
0.14
0.11
0.23
1.44

wt.-%

-

Table 3. Properties of annealed and original GBS
Parameter
SO3
CO2
H2O
Glass content
True density
Vickers hardness
Energy demand 2000 cm²/g
Energy demand 4000 cm²/g
Energy demand 6000 cm²/g

GBS 13b
original
annealed
< 0.07
0.08
0.05
0.09
0.16
0.18
99.3
95.0
2.895
2.943
606
648
35
36
76
73
168
147

GBS 14
original
annealed
0.14
0.09
0.11
0.12
0.23
0.22
98.2
98,8
2.910
2.958
599
633
31
33
72
72
166
154

wt.-%
vol.-%
g/cm³
HV0.1
kWh/t
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The data show that there is no change in chemical composition, neither in chemically bound CO2 and
H2O, as it is typical for GBS being stored for a longer time in humid atmosphere, nor in sulphate, as it
might occur if sulphide is transformed to sulphate. Also the glass content is nearly unchanged, if the
repeatability of the analytical method is considered. XRD tests confirm that the annealing procedure <
Tg did not create any crystallisation (Figure 5). That is an important topic because otherwise the
discussion of a possible change in cementitious properties due to the thermal treatment would be
superimposed by the influence of a lower glass content.
Impulse
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G:\Roentgen\XRD 2017\14105.xrdml

G:\Roentgen\XRD 2018\14813.xrdml

300
voestalpine Linz HO A 22.6.17

voestalpine Linz HO A 22.6.17 24h getempert bei 650°C

P2017-03977/00
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Figure 5. XRD of original (left) and annealed (right) GBS 13b
In Figure 6 some pictures made in transition light microscope illustrates the glassy appearance as well
of the original (left side) as of the annealed slags (right side). The sporadic coloured zones in some
grains indicate crystalline parts.

50 µm

Figure 6. Fraction 40-63 µm of crushed GBS 13b (above) and GBS 14 (below) before (left)
and after (right) annealing procedure (transition light microscope)
From the macroscopic point of view there is no change in the appearance of original (Figure 7, left) and
annealed samples (Figure 7, right). All samples show the typical glassy brightness. GBS 13b has
typically a more brown coloration due to the higher MnO content.
The grindability according to Zeisel has been unchanged (Table 3). It is still unclear which material
parameters beside glass content and grain porosity influence the grindability of GBS (Ehrenberg 2005).
Of high interest is that as well true density and Vickers hardness achieved higher values after the
annealing procedure. Both corresponds as well with the thermodynamic expectation (lower energy
content = lower volume = denser structure = higher density, see Figure 1) as with experiences for other
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glass systems (Scholze 1991). Regarding the Vickers hardness it is noticeable that the standard
deviation of the analyses for the annealed samples was much more higher compared to the analyses
for the original slags. It was 27 HV0.1 instead of 7 HV0.1 (GBS 13b) and 12 HV0.1 instead of 6 HV0.1 (GBS
14), respectively. Also the pictures of the polished surfaces indicate a change in the glass. Polished
GBS grain surfaces being not annealed look very homogeneously (Figure 8, left). However the annealed
GBS grain surfaces look inhomogeneously (Figure 8, right). The small white dots indicate very little
metallic droplets remaining from the blast furnace process.

Figure 7. GBS 13b (above) and GBS 14 (below) before (left) and after (right)
annealing procedure (reflected-light microscope)

17 µm

Figure 8. Polished GBS 13b (above) and GBS 14 (below) before (left) and after (right)
annealing procedure being used for Vickers hardness test
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SEM/EDX analyses were done in order to detect possible changes in the distribution of the chemical
composition due to e.g. separation effects. However, Figure 9 shows that no changes were detectable.
All elements are distributed homogeneously. Only Fe is concentrated in some small droplets being
already mentioned.

Figure 9. SEM/EDX analyses of the polished GBS 14 (left: original, right: annealed)
4.3

Cementitious properties

Figure 10 shows the PSDs of the ground GBS. All samples were ground to a comparable fineness, as
the RRSB parameters d' and n show. Thus it is secured that there is no overlapping influence on
reactivity due to different finenesses.

Figure 10. PSD of the ground GBS being used for heat of hydration and mortar strength tests
The compressive strengths of the mortars being produced with blast furnace cements incorporating 75
wt.-% original GBS or annealed GBS, respectively, are shown in Figure 11. The black lines indicate the
typical small standard deviation for each strength test. It is obvious that both cements with annealed
GBS result in a significant lower compressive strength at all hydration ages being tested. For GBS 13b
the effect after 2 days is very limited due to the general lower reactivity resulting from the much more
lower basicity (see Table 2). But for GBS 14 having as well a higher basicity as a higher Alumina content
also after 2 days the negative impact of the annealing procedure is considerably.
Also the measurements of heat of hydration (Figure 12) result in the conclusion that eliminating the
thermal history of the GBS by annealing result in a lower reactivity. The 2nd peak of the specific heat
flow being typical for the GBS reaction is significant lower for the cement with annealed GBS whereas
the 1st peak after about 12 hours resulting from the clinker reaction is unchanged. Moreover Figure 12
illustrates very well the difference in reactivity between GBS 13b and GBS 14. For GBS 13b the heat
flow level is generally lower and the 2nd peak arises at a later hydration time. It is a typical behaviour
for GBS with different reactivities resulting from different chemical compositions (Table 2).
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Additional tests with other annealing times (90 min and 96 h) and another GBS ((CaO+MgO)/SiO2 =
1.26) confirm the results being discussed above! The reactivity is higher (90 min) or lower (96 h),
respectively, compared to an annealing time of 24 h.

Figure 11. Mortar compressive strength acc. to EN 196-1 for original and annealed GBS

Figure 12. Heat of hydration for original and annealed GBS
5.

CONCLUSIONS AND OUTLOOK

For the first time it was possible to verify that the thermal history of a granulated blast furnace slag has
a significant impact on the technical properties of slag containing cements. As it can be expected from
basic thermodynamic consideration an annealed GBS with a lower enthalpy (= lower glass transition
temperature Tf on cooling during granulation) has a lower reactivity in the sense of heat of hydration or
strength development compared to an industrial GBS. This relationship is of high importance. On one
side it explains very well why all attempts to explain the latent hydraulic property of GBS and to predict
the strength development of slag cements only based on chemistry and glass content must fail. On the
other side it allows the conclusion that a higher cooling rate during the wet or dry granulation process or
a higher melting temperature of a liquid blast furnace slag should result in a higher GBS reactivity.
Current investigations aim to deduce as well the fictive temperatures as the cooling rates for a lot of
industrial GBS. The results have to be discussed e.g. with technicians being responsible for the
construction of slag granulation plants. In general the calculated cooling rates for industrial GBS are
very high (Table 1). However, due to some uncertainties regarding the viscosity calculations around T f
there is a wide spread of the individual results.
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In addition the findings are important also for the current scientific work on the possible use of other
slags, e.g. BOF or Electric Arc Furnace slags, as cementitious materials. In original state these slags
do not show a (latent) hydraulic behaviour. However, after a chemical and/or thermal treatment and a
fast cooling process also steel slags can be achieved as more or less glassy materials. Against the
background of the worldwide discussion on an intensified use of SCMs those modified steel slags might
be a contribution, too.
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ABSTRACT
The vigorous promotion of reusing and recycling in Taiwan has solved a number of problems
associated with the treatment of industrial wastes. Efforts have been made in recent years to convert
waste into resources in order to reduce the amount of space required for waste treatment, thereby
increasing the efficiency of resource consumption and aiding in the conservation of natural resources.
Under the premise of non-alkali activator in bonded materials, this study is aimed to evaluate the
feasibility of ground-granulated blast-furnace slag (S) and CFB co-fired fly ash (F) as non-cement
blended materials. It gives the suitable proportions of the non-cement bonded materials containing
fibers in order to improve the dimensional stability and mechanical properties. At the water/binder ratio
of 0.55, the mix proportion of S:F=4:6, 5:5, 6:4 was used as the 100% replacement of cement and
three polypropylene fiber (L/d=375) content of 0.1%, 0.2%, 0.5% by volume of bonded materials was
also used as construction materials. Compressive strength, tensile strength, absorption, shrinkage and
X-ray powder diffractogram as well as observations using a scanning electron microscope (SEM) are
then compared and contrasted. The results indicated that the non-cement bonded materials containing
40% co-fired fly ash and 60% slag enhanced higher compressive strength and reached approximately
30 MPa, which is the 80% of original cement-based materials (control specimens). Moreover, the
inclusion of 0.2% fiber in non-cement materials can be enhanced the strength to 35 MPa after 28 days
and performed better engineered properties.
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1.

INTRODUCTION

The vigorous promotion of reusing and recycling in Taiwan has solved a number of problems
associated with the treatment of industrial wastes. The burden on the environment has been
somewhat relieved by increased public awareness of environmental protection, the monitoring of
environmental protection groups, the establishment of government agencies, and the enactment of
relevant laws. Efforts have been made in recent years to convert waste into resources in order to
reduce the amount of space required for waste treatment, thereby increasing the efficiency of resource
consumption and aiding in the conservation of natural resources (Lu et al., 2017, Sapuay 2016).
To reduce the CO2 emissions produced by the manufacturing processes of cement and concrete, the
most direct approach is to reduce cement consumption or replace cement with pozzolanic materials or
industrial by-products that have the binding properties of cement (Wang et al., 2018, Koytsoumpa et
al., 2018). The production costs of concrete can be brought down, and the impact on the natural
environment can be reduced, thereby achieving energy conservation and carbon reduction and
maximizing the benefits of waste recycling. The greater the economic development the greater the
public construction, in which properly non-cement blended materials may be concluded as the major
contributor in green innovative materials for the combination of industrial wastes (Karim et al., 2017,
Hemalatha et al., 2018).
Previous studies concluded that the mechanical properties and durability of concrete can be improved
by the incorporation of pozzolans as a partial replacement of cement and the pozzolans used in
concrete can be reduce the CO2 emissions significantly (Divsholi et al., 2014, Yahaya et al., 2014).
Several studies used pozzolans (fly ash or slag) as full replacement of cement in ordinary concrete or
mortar to perform as the alkali-activated binder or geopolymer [Hardjito et al., 2004, Chi et al., 2013]. It
is performed better strength, mechanical properties and durability than original concrete or concrete
containing pozzolans. The key factor to enhance the fully hydrated reaction without cement was used
alkali activator or cured in higher temperature for alkali-activated binder or geopolymer. However, the
cementless production used alkali activator or cured in higher temperature performed higher economic.
For sustainability and economic, some by-products can be play the alkali activator due to its chemical
composition. This study is aimed to evaluate the feasibility of ground-granulated blast-furnace slag
and circulating fluidized bed combustion (CFBC) co-fired fly ash as non-cement blended materials
without alkali activator. Mechanical properties, permeability and microstructures were conducted and
compared with original Portland cement mortar.
For ease of use of this template it is recommended that the “Show/Hide” function be set on “Show” to
see all the formatting and styling especially the section breaks.
2.
2.1

EXPERIMENTS
Materials

In this study, it used Type I Portland cement with the specific gravity of 3.15 and the fineness of 3310
cm2/g. The fine aggregate was natural river sand with SSD specific gravity of 2.70, the absorption was
1.63% and the Fineness modulus was 2.33. The ground-granulated blast-furnace slag (S) and CFBC
co-fired fly ash (F) were used as constituents of non-cement binder. The CBFC fly ash with a black
powder was produced by the Yong Feng Yu Company. CBFC fly ash has the specific gravity of 2.73,
the slag has the specific gravity of 2.88 and the fineness of slag is 5860 cm2/g. SEM observations of
the CFBC fly ash revealed irregular polygonal particles similar to those of slag and rough surfaces, as
shown in Fig. 1. XRD pattern of several by-products and cement was summarized in Fig. 2. The
chemical composition included SiO2 + Al2O3 +Fe2O3 is higher than 50%, CaO is higher than 10% and
SO3 is higher 5%. Inclusion of polypropylene fibers in composites can enhance the tensile strength
and volume stability of non-cement blended materials. The length and aspect ratio of the fiber is
12mm and 375 (d=32m), respectively. The specific gravity, tensile strength and Young’s modulus of
fiber is 0.91, 250 N/mm2 and 3500 N/mm2, respectively.
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(a)

(b)

Figure 1. SEM photos of (a) CFBC fly ash and (b) slag
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Figure 2. XRD pattern of several by-products and cement
2.2

Mix design and test methods

The water/cementitious ratio (w/c) of the mortar specimens was maintained at a constant 0.55,
whereas the cementitious materials/fine aggregate mass ratio was 1:2.75 in accordance with the
ASTM C109 specification. Table 1 lists the mix design of mixtures for the non-cement blended
materials. The specimens were numbered using three letters and numbers to indicate the w/c,
pozzolanic material ratio (S:F) and dosage of the polypropylene fibers. P denotes ordinary Portland
mortar; C4 refers to specimens containing 40% slag; C5 refers to specimens containing 50% slag; C6
refers to specimens containing 60% slag; 55 denotes the w/c of 0.55; 1, 2 and 5 refers to specimens
containing 0.1%, 0.2% and 0.5% polypropylene fibers, respectively. Table 2 presents the tests
performed, the dimensions of the specimens and the standards used in this study.
Table 1. Mix design (kg/m3)
Mix no.

cement

slag

fly ash

55P

514

0

55C5
55C4

0

55C6

water

sp

0

282

0

257

257

274.6

7.4

308

206

276.8

5.2

206

308

267.2

14.8

55P1
55P2

sand

1412
514

0

0

55C5P2

0

0.88
282

0

55P5
55C5P1

fiber

1.76
4.41

0

257

257

274.6

7.4

0.88

274.6

7.4

1.76
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55C5P5

270.9

11.1

4.41

55C4P1

276.8

5.2

0.88

274.6

7.4

1.76

270.9

11.1

4.41

267.2

14.8

0.88

267.2

14.8

1.76

264.2

17.8

4.41

55C4P2
55C4P5
55C6P1

308

206

0

55C6P2

1412
206

308

55C6P5

Table 2. Test methods
Specimen
Dimensions (mm)

Referenced Standard

Flow test

-

ASTM C230

Compressive strength
test

50 × 50 × 50

ASTM C109

Tensile strength test

Briquet Specimens

ASTM C260
CRD-C 260-01

Drying shrinkage test

285 × 25 × 25

ASTM C596

Absorption test

50 × 50 × 50

ASTM C642

SEM observation

10 × 10 × 3

ASTM C1723

XRD analysis

powders

ASTM C1365

Test Target
Fresh properties

Mechanical properties

Durability
Micro-structure
observations

3.
3.1

RESULTS AND DISCUSSION
Flowability

The results of flow test for all mixes are presented in Figure 3. An increase in the CFBC fly ash of the
non-cement blended materials was shown to decrease flowability significantly; and the dosage of
superplasticizer had an increase trend with the increase in the replacement of CFBC fly ash. It was
due to the higher absorbent and the angular particles of the CFBC fly ash (as shown in Fig. 1), thus
leading to a decrease in the minimum water needed to initiate flow. For the cement-based composites,
the flowability also had a decrease trend with the increase in the inclusion of fibers. The internal
resistance and friction resulted from the interaction of polypropylene fibers were the reasons of the
decreased flowability in the specimens. However, the same trends in the non-cement blended
specimens even the dosage of superplasticizer was increased. The dosage of superplasticizer was
increased with the increase of the fibers and the effect of the internal resistance and friction between
fiber and non-cement blended mortar was significantly. It has been shown that the addition of fibres
decreases the workability of the non-cement blended materials which is consistent with the pervious
study of cementitious materials (Bui et al., 2003).
3.2

Compressive strength

Figure 4(a) presents the compressive strength of specimens made with non-cement blended materials
without alkali activator and the non-cement blended specimens were consist of different combination
between CFBC fly ash and slag. Accordingly, the compressive strengths of the non-cement blended
specimens increased with the increase of curing ages. The compressive strengths at the 56 days were
significantly raised than that at the 28 days. The increase of slag form 10 to 60% significantly increase
the compressive strength of the hardened non-cement blended specimens at all ages of curing.
Compared with the original Portland cement mortar, the strengths of the non-cement specimens can
reach 70% of that of original Portland cement mortar. This result indicated that CFBC fly ash and slag
blended mortars produced strength in general curing conditions. The non-cement blended specimens
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with 40% CFBC fly ash and 60% slag achieved the optimal performance in compressive strength. It
may be as mainly hydrated reaction that Ca(OH)2 reacted with SiO2 or Al2O3 to form C-S-H or C-A-S-H
colloids.
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Figure 3. Flow test results
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Figure 4. Compressive strength results
Figure 4(b) presents the compressive strength of cement mortar and non-cement blended specimens
with fibers and the result indicated that the compressive strength of all mixtures can reach to the target
strength of 21 MPa. It indicated that no significant increased trends in compressive strength of the
cement mortar containing fibers were observed. However, the non-cement blended materials
containing fibers demonstrated an increase in compressive strength; and the increase in strength was
increased as the fiber increased. This may be because polypropylene fibers reduce the formation and
development of cracks under axial loading. The presence of polypropylene fibers helped to strengthen
the bond between the fibers and non-cement blender, which is significant than that of the cement
mortar. It also indicated that the morphology of the fiber surface with the hydration reaction and it is
similar to the appearance of the pervious study (Han et al., 2012).
3.3

Tensile strength

Figure 5(a) illustrates the tensile strength of the non-cement blended specimens and cement mortar
specimens without fibers. It indicated that no significant increased trend in tensile strength was
observed. However, the tensile strength of the non-cement blended specimens increased with the
addition of polypropylene fibers as illustrated in Figure 5(b). The 55C5P2 and 55C6P2 specimens
exhibited an increase of 20% and 23% in tensile strength over the control specimens at 28 days,
respectively. This indicated that the fibers had an improvement in tensile strength of the non-cement
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blended materials and the fibers increase the ability of crack arresting greatly and delay in microcracks’
propagation to macroscopic level. Including 0.2% volume fraction of polypropylene fiber in non-cement
composites improved better tensile strength due to the better crack arresting ability.
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Figure 5. Tensile strength results
3.4

Drying shrinkage

Figure 6(a) presents the length change results of the non-cement blended specimens and cement
mortar, indicating that a higher CFBC fly ash content led to higher drying shrinkage. The values were
closer for the added amounts of 40% and 50% CFBC fly ash as the non-cement blended materials,
while the value went high for 60% adding amount and it was as4 times than the cement mortar. More
CFBC fly ash in specimens let more dosage of SO 3, whereas increasing rate became faster even
higher than the control specimen. It was also observed the quickly hydrated reaction and high levels of
volume expansion in 55C6 speicmens.
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Figure 6. Length change results
Figure 6(b) presents the length change results of the 55C6 specimens containing fibers. The results
demonstrated that the inclusion of fibers in 55C6 specimens had no significant effect on the shrinkage.
It indicated that the degree of shrinkage was largely independent of the dosage of CFBC fly ash. And
it revealed that the polypropylene fibers did not apply in the reduction of the drying shrinkage of the
55C6 non-cement blended materials. CFBC fly ash contains high free lime (f-CaO) and SO3 contents
which are benefical to the development of hydrated strength with slag as the non-cement blended
composites. The increase of compressive strength is due to the molar ratio of CaSO4 to C3A.
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3.5

Absorption

The results of the absorption for all mixtures are illustrated in Figure 7. Compared with the cement
mortar and non-cement blended specimens, the non-cement blended materials combined of 40%
CFBC fly ash and 60% slag reflected the lower absorption than that of the 55P, 55C5 and 55C6
specimens. The absorption decreased as the slag was added in the mix, which is due to the pore
structure modification. Finer slag powders mixed into the non-cement blended materials improved the
compactness through pozzolanic reactivity and pore filling effect. The absorption of non-cement
blended specimens decreased with the addition of fiber, as the fiber added to non-cement blended
materials blocked the connectivity of pores, making transmission paths increasingly complex and
slowing absorptivity.
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Figure 7. Absorption histograms for the age of 28 days
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Figure 8. XRD patterns at 28 days
3.6

XRD analysis

The XRD patterns of different CFBC fly ash-slag ratios on the chemical composition of non-cement
blended specimens at 28 days were illustrated in Figure 8. It shows that the hydration products of noncement blended specimens usually exist as phases such as Ca(OH) 2, CaSiO5, SiO2, CaAl2SiO6(OH)2,
CaFe2O5 and CaSO4-2H2O. The non-cement blended specimens display stronger SiO2, CaSO4 peaks
than the control groups. In addition, the specimens containing more slag and less CFBC fly ash
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reflected the weaker its CaO and SiO2 peaks. It indicated that mixing CFBC fly ash and slag together
to create non-cement blended materials can effectively stimulate the potential gel properties of the
slag and generate more calcium silicon oxides, which facilitate the development of C-S-H or C-A-S-H
gel, enhance compactness, and effectively increase the strength.
3.7

SEM observation

It took SEM images of the various specimens at 28 days at 10K magnification as illustrated in Figure
9. The results showed greater porosity in the non-cement blended specimens than in the cement
specimens. Despite this, many of the pores in the non-cement blended specimens were filled with
ettringite. C-S-H gel is the product of reactions between water and tricalcium silicate or dicalcium
silicate. In the cement gel, approximately over 50% was occupied by the C-S-H gel, which served as
the primary gel and source of strength in the cement slurry. Literature describes C-S-H gel as irregular
needle-like and spherical continuums. However, as its exterior possesses many fine capillary tube
spikes, so C-S-H gel is not a complete continuum but still has some pores. To enhance concrete
quality, finer materials are needed to fill in these pores. As shown in the figure, most of the pores have
been filled with ettringite, thereby presenting a denser appearance and reducing the chance of
infiltration by harmful substances.
Based on the SEM images, the reaction mechanisms in non-cement blended materials comprising a
mix of slag and CFBC fly ash can be divided into two phases. In the first phase, the CaO in the CFBC
fly ash violently reacts with water and produces Ca(OH)2. As the proportion of CFBC fly ash increases,
setting accelerates. In the event of an inadequate amount of CFBC fly ash, the hydration setting speed
will be reduced after the slag and CFBC fly ash mix. In the second phase, the Ca(OH)2 and SiO2 in the
CFBC fly ash and slag with react with Al2O3 and produce C-S-H and C-A-S-H gel.

(a) 55P specimen

(b) 55C4 specimen

(c) 55C5 specimen

(d) 55C6 specimen

Figure 9. SEM photos at 28 days
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4.

CONCLUSIONS

Replacing 100% cement with CFBC fly ash and slag as non-cement blended materials without alkali
activator can be practiced and hardened. In the various specimens, it replaced 40%, 50%, and 60% of
the weight of the cement with slag and the remaining 60%, 50%, and 40% with CFBC fly ash as the
alkaline activator to mix as non-cement blended materials. It can enhance better compressive strength
(only 70-80% of the cement mortar after 28 days of curing). Additionally, the test results showed that
the compressive strength of non-cement blended materials containing fibers after 7 days and 28 days
of curing can reach to the target strength of 21 MPa. The inclusion of polypropylene fibers in noncement blended materials enhances its compressive strength, tensile strength, absorption and it was
less influence on shrinkage. SEM showed that the compressive strength of the non-cement blended
specimens originated from the C-S-H and C-A-S-H gel produced by Ca(OH)2, SiO2, and Al2O3, the
hydrations made the structure denser and late strength significantly greater. Their presence was
obviously observed from XRD patterns. Moreover, the inclusion of 0.2% fiber in non-cement materials
can be enhanced the strength to 35 MPa after 28 days and performed better engineered properties.
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ABSTRACT
In recent years there has been widespread concern about the use of natural resources as well as the
waste generated by human. That is why inserting waste into the productive market is seen as an
alternative to ensure the sustainability of the environment. Among these wastes due to their chemical
and mineralogical composition, glasses (green, amber and transparent) from the urban solid waste
(USW) are of interest.
This works studied the possibility of using glasses as supplementary cementitious material in the
proportion in which they are found in the USW and compared it with the individual reactivity of each
one. The glasses have been characterized mineralogical by DRX and FTIR. The amorphous silica
solution and the alkali content of glasses have been quantified as a function of the hydration time in
order to identify the specific contribution of the addition. Reactivity of mixture cements have been
analyzed by the Frattini method and the monitoring of hydration have been carried out by calorimetric
conduction, DRX and FTIR. From the calorimetric curves, the rate of reaction and the total heat
released have been determined by numerical methods. On standardized mortars, fluidity, compressive
strength and chemically combined water have been determined at the age of 2, 7 and 28 days.
At the first ages a stimulation of the hydration is observed due to the smaller particle size of the
addition. At 28 days and due to the pozzolanic reaction, compressive strength of mortars was 25%
higher than the reference.
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1. Introduction
The problem of solid urban waste (SUW) management affects people’s life and becomes a problem not
only due to the low efficiency in its use but also by the inability to give an adequate final deposit [1].
Making good decisions about waste management is one of the most important contributions that
humanity can make to reduce the environmental impact of its activities. Some types of wastes can be
valuable to be incorporated in other processes and help minimising the energy demand and CO2
emission of the industrial activity. That is why the cement industry has begun to use different materials
from SUW. Waste glasses are a possible alternative for the Portland cement (CP) due to its high content
of amorphous silica, however, it has not been developed industrial experience in the use of this material.
According to a report published in 2015 by the United Nations Environment Program about 6% of solid
waste worldwide are composed by glass, which represents more of 40 million tons of glass per year. In
2005, approximately 12,8 million tons of glass were produced in the United States (Mirzahosseini et al.
2014). Also, in Hong Kong, only 8000 tons of the 64,000 tons of glass waste generated in 2001 were
recycled (Cheg et al. 2002). A study on the composition of SUW (UBA & CEAMSE 2011) for the
metropolitan area of Buenos Aires found that 3% corresponds to waste glass, where 51% is green glass
(G), 40% is transparent glass (T) and 9% is amber glass (A).
Previous studies (Chen 2002, Shao 2000, Federico 2009, Laveglia & Trezza 2017, Maraghechi 2014)
have demonstrated that the ground glass when is used as partial replacement in blending cements, acts
as an active addition. The amorphous silica from the glass, reacts with one of the products on the cement
hydration, the calcium hydroxide (CH) forming a hydrated calcium silicate (C-S-Hn) by pozzolanic
reaction.
𝐶3 𝑆/𝐶2 𝑆 + 𝑛𝐻2 𝑂 → 𝐶 − 𝑆 − 𝐻𝑛 + 2𝐶𝐻

(1)

𝐶𝐻 + 𝑝𝑜𝑧𝑧𝑜𝑙𝑎𝑛𝑎 → 𝐶 − 𝑆 − 𝐻𝑛 (2)
The present study aimed to evaluate the behaviour of a CP when is partially replaced (10, 20 and 30%)
by a mixture of ground waste glass in the proportion that they are found in the SUW. The CP with partial
replacement of ground glass can generate an ecoefficient product with acceptable mechanical
properties, allowing to give a definitive location to these municipal wastes and contributing to reduce the
impact environment that they generate.

2. Experimental work
2.1 Glass powder and blending cements
An ordinary portland cement (PC) provided by a local company was used (CEM I EN 197-1).
Ambar (A), green (G) and transparent (T) colours bottles glass were recollected from the solid urban
waste (SUW). All labels were removed, and the bottles were washed with detergent and distilled water.
They were then dried in a stove at 100 °C for 20 minutes. The samples were crushed, grinding them in
a ball-mill and sieving to obtain a size distribution (Mirzahosseini et al. 2014). Tri-ethylenediamine was
used as grinding aid (3 drops/2 Kg material). The pozzolanic activity is favored when the additions have
finer particles than those of the cement they replace (<45µm) (Torres-Carrasco 2015, Shao 2000,
Federico 2009). The granulometric curve and parameters (d90, d50 y d10) were determined every 30
minutes. The milling stopped when the glass d90 parameter was lower than the cement (Laveglia &
Trezza 2017). The mix glass (MG) was made by mixing each of the glass powders in the proportions in
which they are found in the SUW (41% white, 9% amber and 50% green).
The CP was partially replaced by the MG glass powder in proportion 10, 20 and 30% by weight by the
glass powder. The dry mixture was mixed until total homogenization. The samples were denominated
MG10, MG20 and MG30. In all cases, the results are compared to the reference without MG (CP).
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2.2 Methods
2.2.1 Characterization of the glass powder
The particle size distributions of the glasses were obtained using a Malvern Mastersizer 2000E laser
diffraction analyzer, with a Sirocco 2000M dry dispersion unit. The density (ρ) was determined using a
pycnometer. The micrographs were obtained using an Electronic Scanning Microscope (SEM) using a
Carl Zeiss EVO-Ma-10 device. The X-ray diffraction (XRD) analysis was perfomed using a Philips X'Pert
PW 3710 device, with copper anode and graphite monochromator operating at 40 kV and 20 mA. The
infrared spectrum (FTIR) was obtained using a Nicolet Magna 500 Fourier transform equipment and
dispersing the samples in KBr.
It is known that some potential pozzolans may contain soluble salts or alkalis in high concentrations
(Colangelo 2012). To study the behaviour of the ground glass in a strongly alkaline medium (hydration
process of the CP) a known mass of the samples was placed in a saturated solution of Ca(OH) 2 (1:100),
stirring for 3 hours. On the resulting solution, sodium and potassium ions were quantified by flame
photometry using a Zeltec IJ 290 device. Also, the amount of silica that can be dissolved was quantified
on the solution by a colorimetric technique using a UV-7804C device.
To quantify the mass of unreacted glass, pastes of calcium hydroxide (CH), glass powder and water
(W) with the accurate mass ratio 50:50:100 were prepared by hand mixing for 1 min. The pastes were
poured into plastic bags and stationed into a wet chamber. After 2, 7 and 28 days from mixing, paste
samples were ground using a laboratory mortar and dried at 40°C. Approximately 1 g of dry CH:GP
paste powder was dissolved in 1.0 M HCl for 20 minutes on a laboratory shaker. Next, the solution was
filtered, and the residue was weighed. By this method, all the Ca(OH) 2 and C-S-H are dissolved in the
acid and the remaining solid is the unreacted glass powder (Maraghechi et al. 2014).

2.2.2 Pastes
The evaluation of the pozzolanic activity of the ground glass powder was evaluated by the Frattini test
method at 2 and 7 days (EN 196-5).
The monitoring of early hydration (48 hours) was performed by isothermal conduction calorimetry on the
pastes (20 °C) with a water/cementitious material ratio (W/CM) of 0.5.
To study the progress of hydration, blended cement pastes were prepared using a (W/CM) of 0.5 and
cured in sealed plastic bags in water-bath at 20 ºC during 2, 7 and 28 days. At this time, fragments of
paste samples were ground and the hydration phases were identified using XRD and FTIR analyses.
Approximately 30-50 mg of dried and ground paste was placed in a laboratory melting pot and heated.
The mass lost between 400°C and 500°C is the result of the thermal decomposition of Ca(OH) 2:

(1)
The percentage of Ca(OH)2 was calculated by the equation (2) given by Mendoza & Tobón (2013)

(2)
The samples were placed in an oven at 150 ° C for two hours until constant weight (M S). They were
placed in a container with distilled water for 48 hours, removed and dried superficially (M SSS). The
porosity was calculated as follows:

(3)
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2.2.3 Mortars
To study the mechanical properties of the cement mix, mortars with cement, sand and water were made
in a ratio of 1:3:0.5.
Mortars were made with standard siliceous sand using a sand/cement ratio of 3 and a watercementitious material ratio (w/cm) of 0.50. It was mixed up using the standard procedure.
The evaluation of the fluidity of the mortars was carried out using the truncated cone method (ASTM C1437). Subsequently, prismatic specimens of 40x40x160 mm were molded (EN 196-1). They remained
in their molds in a humid chamber for 24 hours and were parked, wrapped in polyethylene at laboratory
temperature up to the test ages.
The compressive strength (CS) was measured using an Instron 33R4485 device. The results are the
average of 3 measurements at each age. The CS Index was calculated as the ratio between the
compressive strength of the glass blended cement and the strength of the CP at the same test age.

3. Results and discussion
3.1 Characterization of the raw materials
3.1.1 Chemical analysis and physical properties
Table 1 illustrates the chemical composition of the CP and the glasses and its physical properties. The
mineralogical composition of the cement was calculated with Bogue's formulas is 60% C3S, 16.4% C2S,
3.8% C3A and 11.5% C4AF.
Table 1. Chemical composition and physical properties of the raw materials
Chemical composition (%)

CP

A

G

T

MG

SiO2

21,5

70,3

71,35

70,91

71,08

Al2O3

3,8

0,95

1,48

1,55

1,46

CaO

64,3

11,5

10,95

10,75

10,92

Fe2O3

3,8

0,45

0,57

0,26

0,43

Na2O

0,1

15,01

13,16

10,0

12,03

K2O

1,1

0,45

0,74

0,89

0,78

SO3

2,6

0,04

0,03

0,21

0,10

MgO

0,8

0,56

0,48

0,10

0,33

PPC

2,1

0,46

0,34

0,29

0,33

Leached Na+, 72 h (mg/L)

-

44.3

73.4

48,9

58,20

Leached K+, 72 h (mg/L)

-

0.25

0.35

0,50

0,55

Soluble silica, 28 days (%)

-

-

-

-

45,7

Physical properties
Density (g/cm 3)
Size particle
distribution

3,15

2,49

2,61

2,51

2,54

d10

3,33

2,58

1,60

1,97

1,90

d50

20,38

9,87

8,18

8,20

8,11

d90

64,81

25,52

25,24

26,89

25,28
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The glasses have similar chemical compositions. in relation to the main components. The highest
sodium content is found in the A glass and it determines that the MG sample has an equivalent alkali
value 12.5% (Na2O + K2O). After leaching, G glass is the glass that releases more Na+ and the greater
contribution of K+ comes from the T glass. Regarding the particle size distribution of all glasses, d90
parameter is lower than the CP.

3.1.2 FTIR/XRD analysis and morphology of the glasses
Figs. 1 and 2 display the XRD patterns and FTIR spectra of the MG glass. There are no peaks that can
be attributed to crystalline phases. A broad band is observed between 15-35º 2θ, which indicates the
presence of amorphous phases of SiO2 and Al2O3 (Shi 2007, Soliman 2017, Federico 2009). The
position of the dome in 25 ° 2θ (Dvroak et al. 2015) is related to the high content of Na2O and CaO
(Table 1).

Figure 1. XRD pattern for the MG glass

Figure 2. FTIR spectra of the MG glass

The FTIR spectra of the MG glass showed the typical modes of vibration generated by SiO 4 groups.
The band at around 1035cm-1 and 771 cm-1 was due to the stretching vibration generated by Si-O bonds,
while the signal at around 463 cm-1 was attributed to O-Si-O bond vibration. Also, a band at around 3400
cm-1 was the result of the bending vibration generated by the OH groups in Metal-OH bonds (Maraghechi
et al. 2014).
Fig. 3 shows SEM micrography of the MG glass powder. The ground glass powder consists of elongated
particles and plates with sharp edges. This morphology can be explained considering the high fragility
and the amorphous structure of the glass (Dvroak et al. 2015).
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Figure 3. SEM micrography of the MG glass

3.2 Measurement of the pozzolanic activity
The consumption of GP as a function of time, measured using the acid dissolution method is reflected
in Fig. 4. Also, the results of the Frattini method for the MG blended cement at 2 and 7 days are shown
in Fig. 5.

Figure 4. Glass consumption

Figure 5. Frattini test

The nucleophilic attack of the OH- ions on the Si-O-Si bonds of GP, is faster at first ages, due to the
high pH of the pore solution. The rate of GP consumption decreases over time because the dissolution
of silica glass is significantly influenced by the concentration of the OH - ions in the solution. Also, the
diffusion through the reaction products on the surface of the glasses starts to slow down the further
dissolution (Maraghechi et al. 2014). Nevertheless, after 28 days about 80% of the GP has been
consumed showing their strong activity.
The Frattini method shows reactivity of the blended cement in the hydration environment. The [CaO] of
the MG10 sample at 2 days is higher than the CP, which shows initial stimulation of the hydration. At
the same age, the concentration of CaO in MG20 and MG30 is lower than CP and it can be attributed
to the dilution and/or consumption. At 7 days the [CaO] of all samples decreases significantly, below the
solubility curve, showing pozzolanic reaction. The high increase of the [OH-] with the age and the powder
glass percentage replacement is related to the alkali dissolution of the glasses as shown in Table 1
(Carsana 2012).
To quantity the mass of unreacted glass, calcium hydroxide (CH), glass powder and water (W) pastes
were prepared. Fig. 6 shows the quantity (mass fraction) of the CH at two hydration ages for each
percentage of replacement using the acid dissolution method.

Figure 6. Calcium hydroxide content
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For each sample the CH content decreases with the age, showing the pozzolanic activity of the glasses
(Quarcioni et al. 2015). The consumption of MG10 and MG20 between 7 and 28 days is similar.
Nevertheless, after 28 days, MG30 sample has the higher consumption of calcium hydroxide by the
pozzolanic reaction, which shows a stimulation of the hydration and their increased by the glass content
and the hydration age. This test reaffirms the pozzolanity activity of the studied glasses.

3.3 Early hydration monitoring
The rate of heat release and the total heat released for the MG20 sample and the CP is shown in
Fig. 7

Figure 7. Rate of heat release and total heat released for the MG20 sample and the reference
The calorimetric curve shows that the peak corresponding to the formation reaction of C-S-H decreases
its intensity and moves in time while increasing the replacement percentage. Also, the end of the setting
time is extended. This can be attributed to the dilution effect generated by the addition (Khmiri et al.
2012). The addition of glass powder doesn’t affect the curve of rate of heat release compared to the
reference. Nevertheless, the times of occurrence and the intensity of the first minimum and second
maximum of the curve are slightly retarded as shown in Table 2.
Table 2. Heat of hydration
1° minimum
Sample

2° maximum
QT (J/g)

Age
(minutes)

Intensity
(mW/g)

Age
(minutes)

Intensity
(mW/g)

CP

64

0,22

889

1,12

89,75

MG10

113

0,17

928

1,09

91,87

MG20

124

0,18

947

1,11

99,11

MG30

114

0,15

931

1,08

91,70

In general, all the samples show a high rate of heat release at the beginning (1° peak: wetting and
solvation) which was decreasing until the first minimum. The first minimum was reached at later ages
(113-124 min) in the samples replaced with GP than the reference. This behaviour can be due to the
lower content of cement. The second peak is related to the reaction of hydrated calcium silicate
formation. Its intensity is lower and moves to older ages while the percentage of GP replacement
increases (CP 889 min, blending cements 928-947 min), which produces a delay of the setting time.
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This can be attributed to the dilution effect of the addition. The total heat released (QT) at 48 hours of
hydration shows early stimulation by the addition of the glass powder, since QT in all the samples
exceeds the CP, despite of the dilution.

3.4 Analysis of the reaction products
3.4.1 FTIR/XRD analysis of the pastes
The FTIR spectra for the anhydrous CP and blending cement pastes at 2, 7 and 14 days are shown in
Fig. 8.

Figure8. FTIR for the anydrous CP and MG20 pastes at 2, 7 and 14 days
An analysis of this spectra shows that, for the MG20 sample (2 days) the relative intensity of the CH
peak (3645 cm-1) is higher than the CP. It shows a stimulation of the early hydration. At the age of 7
and 14 days, the intensity of the CH peak increases with the time for the reference and is higher than
the MG20 sample. This behaviour can be attributed to the consumption of the calcium hydroxide due to
the pozzolanic reaction (see Fig. 5).
That finding was confirmed by XRD (see Fig. 8) for the MG20 sample.

Figure 8. XDR patterns for the anhydrous paste
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The calcium hydroxide phase at 2ϴ = 18°, 34°, ettringite (Ca6Al2(SO4)3(OH)12·26H2O) phase at
2ϴ = 12° and non-hydrated calcium silicate (C3S, C2S) at 2ϴ = 28°, 32° were also identified on the XDR
patterns for all the pastes (Maraghechi 2014, Khmiri 2012).
The intensity of the CH peaks decreases with the age and at 14 days is lower than at 7 and 2 days,
showing the consumption of the calcium hydroxide. Both, FITR spectra and XRD patterns of the sample
at different days, shows the pozzolanic activity of the blending cements and corroborates the results of
the Frattini test.

3.5 Mechanical strength, flow and porosity
The mechanical performance of the studied mortars for each sample and the reference (2, 7 and 28
days) is reflected in Fig. 9 and 10.

Figure 9. Compressive strenght of the mortars

Figure 10. CS index of the mortars

At early age, the dilution effect increases with the percentage of replacement (Laveglia & Trezza 2017).
At 2 days, the dilution effect is slightly compensated for all the samples. A stimulation of the hydration
is shown after 7 days of age due to the pozzolanic activity (see Fig. 5). At 28 days of age, all the mortars
completely overcome the effect of dilution and the CS index values are up to 100%, which corroborates
the pozzolanic action of the glasses. The good behaviour of MG30, despite of the dilution, could be
attributed to the greater proportion of alkalis released by the glass (see Table 1 and Fig. 5) that
additionally stimulated the pozzolanic reaction. Regarding the effect of this alkalis in the alkali-silica
reaction (ASR) of concretes Jiang et. al (2018) reports that when the glass is finely ground it does not
contribute to the deleterious expansion by ASR. Nevertheless, ASR expansion caused by the released
alkalis must still be watched over to design a concrete with this blended cement that fulfils the
requirements of the normative.
Table 2 shows the results of the flow test of the mortars.
Table 2. Flow test of the mortars
CP

MG10

MG20

MG30

140%

137,5%

115%

110%

The fluidity of the mortars decreases while the replacement percentage increases. It is attributed to the
granulometry (see Table 1) and morphology of the glasses. The glass particles are larger and more
irregular than the particles of the cement they are replacing to (see Figure 1-b), so they require more
water to wet the surface. This effect is also influenced by the density of the glasses that are lower than
the reference (CP).
Table 3 shows the porosity (%) of each sample referred to the porosity of the CP, between 7 and 28
days.
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Table 3. Porosity (%) of the pastes
Age (days)

MG10

MG20

MG30

7

101,26

103,78

106,08

28

89,81

90,65

95,59

At 7 and 28 days of age, the porosity increases with the percentage of replacement. At 7 days the
porosity of each sample is higher than the reference. After 28 days of hydration, the porosity drops down
due to the formation of the reaction products that refill the pores of the structure. This effect is shown in
the compressive strength of the mortars (Fig. 10) where at this age, the dilution effect is completely
compensated (all samples) and the CS index is higher than the reference.

4. CONCLUSIONS
In this study, the behaviour of mixed cements with partial replacement of a mixture of glasses of three
colours (amber, green and transparent) from urban solid waste has been analysed.
The addition of glass powder doesn’t affect the curve of rate of heat release compared to the reference.
The times of apparition and the intensity of the first minimum and second maximum of the curve are
slightly retarded and the end of the setting time is extended. This can be attributed to the dilution effect
generated by the addition.
The puzolanicity of the addition was confirmed by the Frattini test, showing that the addition can be
considered active after 7 days. The peaks related to calcium hydroxide in both the FTIR and the XRD
decrease their intensity with the age, confirming the pozzolanic reaction, in coherence with the Frattini
test.
By replacing cement particles with glass ones (finer), less fluidity was obtained because of the greater
amount of water required to wet the surface. At the age of 2 days, for all cement mixes the dilution effect
in the mortars caused by the incorporation of glasses is slightly compensated. At 7 days of age the effect
of dilution is compensated to a greater extent by showing a stimulation of hydration that can be attributed
to the pozzolanic action of the additions. At 28 all the mortars, in the tested proportions, the effect of
dilution is totally compensated, reaffirming the pozzolanic action of the glasses. It stands out the
excellent behaviour of MG30, which exceeds the reference standard even despite the dilution. This is
could be attributed to a greater proportion of alkalis released by MG, which additionally stimulated the
pozzolanic reaction.
It is agreed that the responsible management of the waste generated is one of the most important
contributions that humanity can make to reduce the environmental impact of its activities. The use of the
MG glass mix has benefits from the industrial economic point of view since the replacement can be
generated without the classification and previous separation of these residues. Thus, the number of
stages and the investment necessary to start the process are reduced. On the other hand, the main
technological contribution of this work is to offer an alternative way to re-enter the waste glass in the
production system. In this way it contributes to give final deposit to this material without generating
environmental damages, producing a cementitious material with adequate mechanical properties.
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ABSTRACT
This study investigates the physical and chemical effects of dolomite microfiller in Portland blended
cements comparing to limestone filler. Dolomite (CaMg(CO3)2) is limited as filler due to the potential
dedolomitization in high alkaline environment of the paste. Natural Dolomite (D) and limestone (L)
were ground fine particles with median size of 10 m and included as partial replacement to ordinary
Portland cement (OPC) up to 30% by weight. The packing density and the water film thickness were
evaluated for both fillers with similar particle size distribution. For 10, 20 and 30% of replacements, the
effect of dolomite on water demand, the isothermal calorimetric, the setting time and the compressive
strength at 1, 2, 7, 28 and 90 days was determined. For C0, C20D and C20L, the hydration
compounds were determined by XRD at 2, 28 and 90 days and the CH content was determined TG
analysis at 28 days. Dolomite filler increases the packing density and the specific surface area,
reduced the initial mini-slump test and improve the mortar flow due to the complementary effect on the
WTF. Dolomite particles act as sites for nucleation and growth of cement hydration products
stimulating the early hydration of PC as shown the calorimetric curve and reducing the setting time.
Early compressive strength depends on stimulation and dilution effects of D. At later ages, the
formation of AFm phases (Hc and Mc) occurs without the formation of brucite indicating that dolomite
remains stable. D-PC performs comparably to L-PC without noticeable deleterious reactions.
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1.

INTRODUCTION

The reduction of Portland cement content in concrete is a global concern to contribute to industry
sustainability without affecting its performance (Schneider et al. 2011). Among the concrete
components, Portland cement has the largest carbon footprint due to its large greenhouse emissions
and high energy embodied (Bentz et al. 2017). During the last decades, the energy consumption by ton
of clinker has been optimized by improving its processes and incorporating alternative fuels. The use of
no-calcium cementitious materials is a promising idea for sustainable develop in the future (Gartner
2004). But, the increase of level of Supplementary Cementing Materials (SCM) into the cement and
concrete mixtures is the more reliable mitigation strategy for the cement-based materials (Scrivener
2014).
Currently, different SCMs are added to the cement during grinding, in dry mix or in concrete mix. SCM
can be classified as hydraulically active (natural or artificial pozzolans and slags) and hydraulically
inactive (fillers) (Rahhal et al. 2005). It is largely proved that the use of pozzolans and granulated blast
furnace slag improves concrete properties, reduces its production costs and is environmental friendly
(Menéndez et al. 2003; Shannon et al. 2017; Yılmaz and Olgun 2008). However, the global supply of
pozzolans from volcanic origin and the production of industrial by-products, such as granulated blast
furnace slag and fly ash, is scarce compared to the concrete demand and it is critical in developing
countries. Several studies (Buil et al. 1984; Michel and Anne-Marie 1984; Soroka and Setter 1977) have
determined that the incorporation of ultrafine particles (10 to 100 times smaller than the average size of
clinker particles) in cementitious materials fills and improves the particle packing in binary blended
cements. The addition of fillers to cement has several functions: complete the granulometric curve of
cement with fine deficiency, block capillary pores and interact in the hydration process. The filler effect
is mostly physical, since it acts as filler between the clinker grains accelerating the hydration of the C3S
and the aluminate phases. The benefice effect of filler depends on the percentage incorporated,
because as it increases, the importance of stimulation effect is reduced and the dilution effect can
adversely affect the strength (Bonavetti 1998).
Due to the high grindabillity, calcareous materials are used in the manufacture of Portland cements with
filler, but this material must comply with certain chemical requirements. For Argentinean (IRAM 1593:94)
and the European (EN 197:11) standard, the minimum CaO content expressed as CaCO 3 is 75%, and
it is 70% in the ASTM C150:12 standard. Limestone filler is widely used due to its natural availability, as
well as its technical and economic advantages (Moon et al. 2017). However, in some countries raw
material deposits do not meet with this quality requirement (Zajac et al. 2014) so other sources of
carbonate are at the focus of the investigation, and dolostone emerges as a promising alternative
(Machner et al. 2017).
The recent studies shown that compressive strength was similar for both mortars containing 23%
replacement by weight of cement by limy or dolomitic filler (Schöne et al. 2011). For low addition levels
(5 to 15%), the evolution of hydration heat does not significantly affected by dolomite filler and the setting
time of paste is not delayed in comparison with the control (Szybilski and Nocuń-Wczelik 2015). It was
also shown that the mineral dolomite is unstable in a highly alkaline environment producing the process
called dedolomitization (Garcı́a et al. 2003). However, it has been shown that in the presence of other
ions (Al, Si) the dolomite reaction produces products similar to those of the hydration of cement with
limestone filler (Zajac et al. 2014).
The objective of this work is to study the behaviour of cement pastes and mortars with the addition of
dolomite filler, not contemplated in the standards due to their mineralogical nature, and to determine to
what extent their physical-mechanical properties are modified instead of limestone filler.
2.

MATERIALS AND METHODS
2.1

Materials

An ordinary Portland cement (OPC) from Loma Negra CIASA (Olavarría), a dolostone from PolceCal
S.A (Sierras Bayas, Olavarría), and a limestone from Cementos Avellaneda S.A. (San Jacinto,
Olavarría) were used in this investigation.
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The dolostone and limestone were ground in a laboratory ball mill to obtain the dolomite filler (D) and
the limestone filler (L) with a similar particle size distribution. Size distribution (PSD) of OPC, D and L
was measured by laser diffraction particle size analyzer (Malvern Mastersizer 2000-E) with Sirocco
2000-M dry dispersion unit. The parameters d10, d50 and d90 were obtained, which correspond to the
particle size in microns below which 10, 50 and 90% of the volume of the sample remain, respectively
and the chemical compositions of materials were determined by XRF. The relative density was
measured according to ASTM C127 standard and the specific surface area was determined using the
Blaine test method (ASTM C204).
For mortar test, siliceous natural sand with standard gradation (EN 196) and tap water were used.
2.2

Blended cement and Methods

Blended cements were prepared replacing 0, 10, 20 and 30% of D or L filler by mass of OPC; and they
were named as C0, C10D, C20D, C30D, C10L, C20L and C30L respectively.
The packing density of blended cement were predicted by the Compressible Packing Model (CPM) (De
Larrard 2014) from the experimental packing density of raw materials (OPC, D and L) measuring by the
wet packing method (Marchetti et al. 2017; Wong and Kwan 2008) and the water film thickness (WFT)
of each blended cement paste was calculated at different w/cm (0.25 to 0.5 by weight).
The heat of hydration, flow spread, setting time and mineralogical composition of hydrated pastes were
measured on paste with a w/cm ratio of 0.40 by mass.
The flow of paste was measured up to 120 minutes every 30 minutes using the mini-slump cone
developed by Kantro (Kantro 1980). To carry out the mini slump test, the cone was placed at the centre
of steel plate, the cement paste was poured into the cone until it was full, the cone was gently lifted and
finally the flow spread was determined as the average of two orthogonal diameters of the cement paste
patty formed minus the bottom diameter of the cone. The procedure was performed twice time for each
paste and the average of measured diameters was reported.
The setting time was measured using the Vicat test, following the procedure indicated in the ASTM C191
standard.
The heat release rate of the blended cement pastes was determined using a conduction calorimeter
operating in isothermal condition at 20ºC. The records were completed during the first 48 hours of
hydration.
The mineralogical composition of the hydrated pastes was determined on C0, C20D and C20L at 2, 28
and 90 days by means of X-ray diffraction (XRD), operating at 40 kV and 20 mA. Thermo-Gravimetric
and Derivate Thermogravimetric Analysis (DTA-TG) were performed on these pastes at 28 days using
an inert nitrogen atmosphere.
For each blended cement, mortars with cement: sand ratio of 1:3 and w/cm ratio of 0.5 were elaborated
according the EN 196 procedure and they were called: M-C0, M-C10D, M-C20D, M-C30D, M-C10L, MC20L and M-C30L. After mixing, the mortar flow (ASTM C230) was determined and the 40x40x160
specimens were cast, compacted and cured 22 hours in the mold. After demolding, specimens were
curing in water at 20°C up to test age. Compressive strength was determined on four specimens at 1,
2, 7, 28 and 90 days.
3.

RESULTS AND DISCUSSION
3.1

Mineralogical composition and grinding

The elemental chemical composition of whole (dolo-lime) stone and the OPC are reported in Table 1.
According the XRD analysis, dolostone is constituted mainly by dolomite with a low percentage of calcite
and quartz; and limestone is constituted by calcite and quartz. The mineralogical composition of the
OPC is C3S: 60.0%; C2S: 13.3%; C3A: 3.3%; C4AF: 12.2%; gypsum 5.0% and 4.8% limestone as
minority components. A low proportion of calcite (< 5%) alters the distribution of lime, alumina and sulfate
and promotes the formation of monocarboluminates and increases the ettringite content (Matschei et al.
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2007). For dolostone, the CaO content is lower that the limit established by standard (54.6% CaCO 3) in
order to be used as filler in blended cement, while the CaO content of L exceeds the content established
by the standard (92.0% CaCO3). The physical properties of fillers and cement are also reported in Table
1.
During grinding, the energy consumption depends on the material properties and different empirical
methods are used to determine the energy consumption for size reduction. The Bond Work Index (BWI),
expressed in kWh by ton, characterizes the material aptitude to be reduce from the theoretical infinite
size to a powder with 80% particle size lesser than 100 μm. The BWI value is 13 kWh/t and 14 kWh/t
for dolo and limestone, respectively (Lowrison 1974).
Figure 1 shows the PSD curves for D and L fillers. For D-filler, the PSD curve is bimodal with a mode in
3 µm and the second one in 20 µm and the d10, d50 and d90 cumulative volume parameters were 0.52,
2.34 and 23.79 µm, respectively. For L-filler, the PSD curve is trimodal with modes in 3 µm, 40 µm and
200 µm and thed10, d50 and d90 were 0.62, 3.22 and 174.81 µm. For the fine fraction of granolumetric
curve (<100μm), both fillers have practically the same particle size distribution, with large volume of
coarse particles for the L-filler.
The PSD curve of OPC (Figure 1) presents a unique mode at 30 μm with d10 = 2.97 μm, d50 = 21.77
μm and d90 = 58.42 μm.
Table 1. Chemical composition and physical properties of OCP, D and L.
Sample

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

LOI

Total

OPC

20.21

3.81

4.01

60.30

0.53

3.08

1.06

0.05

2.50

95.55

D

3.59

0.63

0.82

30.60

19.40

0.02

0.21

0.06

44.78

100.11

L

8.06

0.98

0.68

51.52

0.32

0.04

0.12

0.04

37.80

3

99.54
2

Sample

Density [g/cm ]

Specific surface [m /kg]

OPC

3.13

336

D

2.86

614

L

2.76

713

Figure 1. PSD and accumulative volume curve of OPC, D and L.
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3.2 Packing density and water film thickness
Figure 2 shows the packing density (Φ) and minimum voids ratio (umin) of blended cements containing
replacement from 0 to 30% of D or L. It can be seen that the incorporation of both fillers (D and L)
increases the packing density of OPC (0.62), reaching to values of 0.788 and 0.778 for 30%replacement
of D and L, respectively. This improvement in packing density when fillers are blended with OPC is
attributable to the low size particles of D and L would fill the voids between the OPC particles.

Figure 2. Packing density and minimum voids ratio of blended cements.
The water film thickness (WFT) of the cement pastes are plotted against the w/cm ratio by mass in
Figure 3. Comparing the curve of reference cement paste (C0) with those with D it can be seen that
within the range of w/cm ratio between 0.2 and 0.47, the incorporation of D always increased the WFT.
Comparing the curve of C0 with those with L, it can also be seen that within the range of w/cm ratio
between 0.2 and 0.43, the addition of L increased the WFT but at a w/cm of 0.47, the addition of L
decreased the WFT. Hence, the incorporation of a SCM to fill in the voids between cement grains in
order to increase the packing density does not always increase the WFT. Whether the WFT would be
increased or decreased is dependent on the w/cm ratio. At low w/cm ratio, when the increase in the
amount of excess water is larger than the increase in the solid surface area, the WFT would be
increased. At high w/cm ratio, when the increase in the amount of excess water is smaller than the
increase in the solid surface area, the WFT would be decreased.
In general, the incorporation of D and L increases the WFT for w/cm ratio lower than 0.40 and the cement
pastes with D have values of WFT slightly larger than those with the incorporation of L.

Figure 3. Water film thickness of the cement pastes.
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3.3

Calorimetric test

Figures 4 and 5 show the calorimetric curves for cement pastes with D and L, respectively. The C0
calorimetric curve shows the first minutes with high heat release due to the initial hydrolysis of
compounds. After this stage, the first minimum corresponding to the dormant period occurs at ~170
minutes with low intensity (0.14 mW/g). Then, the precipitation of the C-S-H and CH start causing an
acceleration of exothermic reactions and the second maximum of the curve is recorded at 700 minutes
with an intensity of 1.08 mW/g. After this maximum, the third peak attributable to the renewed formation
of AFt phase can be observed at 940 minutes with similar intensity (1.06 mW/g) due to the low C3A
content. Finally, the reaction slow down and continues with a very low heat released rate until the test
end (48 hours).
For D-cement pastes (Figure 4), the first minimum occurs approximately at the same time that of C0 for
all pastes, with an intensity of 0.07, 0.14 and 0.19 mW/g for C10D, C20D and C30D respectively. The
intensity and occurrence time of the second peak were 1.14, 1.12 and 1.10 mW/g at 670, 640 and 660
minutes for cement pastes with 10, 20 and 30% of replacement, respectively. The third peak has higher
intensity as the D-replacement increases (1.15, 1.17 and 1.19 mW/g) over passing slightly the value of
second peak.
For L-cement pastes (Figure 5), the intensity of the first minimum is higher than that of C0 paste and
occurs at approximately the same time for all pastes (160 minutes). The second and the third peaks are
presented in advance (the curve move to left) with respect to the C0 curve. This acceleration rate is
higher as the L-replacement increases. The intensity of the second peak are 1.14, 1.25 and 1.02 mW/g
and that of third peak are 1.16, 1.35 and 1.18 mW/g for the C10L, C20L and C30L, respectively. It can
be seen that the maximum intensity is for the C20L paste. The high intensity of the second and third
peak of the pastes containing D and L is mainly attributed to the stimulation effect on Portland cement
hydration caused by the dispersion and the heterogeneous nucleation of very fine filler particles. At this
time, there is no evidence of a chemical reaction.
The total heat released at 48 hours (Qt) is similar for all cement pastes with D and slightly higher than
that of C0 paste. For the cement pastes with L, Qt is higher than that C0 paste for C10L and C20L while
for C30L is lower.

Figure 4. Heat release rate and cumulative heat
for D-filler pastes.
3.4

Figure 5. Heat release rate and cumulative heat
for L-filler pastes.

Flowspread

Figure 6 shows the flow spread of blended cement pastes against the time. It can be seen that the initial
spreaddiameter (0 minutes) of cement pastes with D and L is lower than that of C0 paste ad it decreases
when increase the filler content, whatever its mineralogy. The enhanced packing and the WFT improved
for w/cm of 0.40 caused by filler addition would reduce the water demand, but in this experience without
dispersant admixtures can be difficult to achieve. Difference could be attributed to the fact that the WFT
was measured in cement pastes with a high SP dose (1.5% by mass of cementitious materials) while
the flow was measured without the incorporation of SP.
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The spread diameter decreases up to 120 minutes for the Portland cement paste (C0) and the same
trend is shown for the cement pastes with both fillers. At 90minutes, the spread diameter of the C10D
and C20D pastes exceed the corresponding to the C0 paste and it remains higher until the end of the
test. The same behaviour was found for C10L paste after 60 minutes. Finally, at 120 minutes, the flow
loss of the cement pastes with L is greater than the flow loss of cement pastes with D for the same
percentage of replacement.

Figure 6. Curves diameter-time of the pastes.
3.5

Setting time

The setting times are reported in Table 2. The initial and final setting times are in advance in cement
pastes incorporating D with respect to that of C0 paste and the setting time occurs earlier as the
percentage of replacement increases. As observed in calorimetry test, the setting times of the cement
pastes with L decrease significantly as the replacement percentage increases with respect to the
reference cement paste. The final setting time of the C30D paste decreases ~80 minutes (12%) with
respect to the C0 paste, while it decreases ~260 minutes (39%) for the C30L paste.
Table 2. Setting time of pastes with w/cm = 0.40.

Samples

3.6

Setting time [minutes]
Initial

Final

C0

461

666

C10D

412

612

C20D

391

608

C30D

345

587

C10L

414

524

C20L

325

440

C30L

214

410

Mineralogical compositions of the hydrated pastes

To study the hydration products, the XRD patterns for the C0, C20D and C20L pastes at 2, 28 and 90
days are shown in Figures 7, 8 and 9, respectively.
There are not significant changes in the main hydration products (ettringite and calcium hydroxide) of
these samples. The difference is the presence of dolomite or calcite peaks in C20D and C20L pastes,
respectively, that remains up to 90 days. Regarding the alumina phases, the ettringite peak (9.08º 2θ)
remains with the progress of hydration up to 90 days in the all pastes. For cement pastes with D and L,
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an incipient peak at 2θ = 11.8º assigned to the monocarboaluminate (AFm phase) was detected and it
was well defined at 90 days.
The XRD patterns shown that, the C20D paste has a similar assembly of hydration phases that of C20L
paste and the main difference with the C0 is the clearly defined AFm phase.

Figure 7. XRD pattern of C0
paste.
3.7

Figure 8. XRD pattern of
C20D paste.

Figure 8. XRD pattern of
C20L paste.

Thermal analysis ATD-TG

Figures 10 and 11 show the thermal changes and the mass loss for C0, C20D and C20L pastes at 28
days, respectively. There are not significant differences between the DTA-TG curves for these samples.
For DTA curve, all the samples have an endothermic peak around 100ºC that corresponds to loss of
free water of C-S-H and some part of constitution water of ettringite. A shoulder at 140-160 ºC is due to
hydrate water loss of the AFm phases. The more acute peak between 400-500 ºC id due to the calcium
hydroxide decomposition and the last one correspond to the decomposition of carbonate phases
approximately at 800 ºC (Ye et al. 2007).
Comparing the mass loss curve (Figure 11), the main difference corresponds to the peak assigned to
decarbonation of C20D and C20L respect to C0, this is due to the carbonate content incorporated by
the fillers.

Figure 8. Differential thermo-gravimetric
analysis, DTA.

Figure 9. Thermal decomposition of hydrated
pastes by thermo-gravimetric analysis, TG.
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3.8

Mortar flow and compressive strength

The mortar flow was 124% for Portland cement. It increases for 10% replacement (127 and 135% for D
and L, respectively) indicating that fillers have no significant water demand. It is attributed to the increase
of the volume of paste in mortar when OPC is replaced by filler with lower density. For 20 and 30%
replacement of both fillers, the mortar flow (Table 3) was reduced due to influence of large specific
surface area.
Table 3. Flow of mortars.

Filler [%]

Flow [%]
D

0

L
124

10

127

135

20

122

120

30

117

111

Figure 10 shows the compressive strengths of all samples with the age. For all studied percentage of
replacement and ages, the strength of mortars containing filler was lower than the corresponding to
plain Portland cement mortar (M-C0).
At 1, 2 and 7 days, the compressive strengths of mortars containing D-filler was lower than those of
mortars containing the same percentage of L-filler and the difference increases with the percentages of
replacements. At 28 days, the compression strength depends only of the percentage of incorporated
filler, regardless of its mineralogical composition. At 90 days, the compressive strength is slightly higher
for mortar containing D-filler.

Figure 10 . Compressive strength of the mortars.
4.

CONCLUSIONS

From this experimental investigation about the performance of limestone and dolomite fillers having
comparable PSD curve with particles finer than the corresponding to the OPC, the following conclusions
can be draw:
The packing of blended cement increases when the dolostone or limestone fine filler is added to Portland
cements and the improvement occurs for all studied replacements (up to 30%). Since the specific
surface area of L is greater than that of D, the cement pastes with L increase the WFT up to w/cm ratio
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lower than those with D. This is because the WFT is highly dependent on the w/cm ratio and the specific
surface area of cementitious materials.
The addition of fine dolostone filler causes a similar heat released curve that of OPC instead the
reduction of cement in the pastes. The process is more significantly for limestone filler causing a
hydration process in advance.
For pastes without admixture (w/mc =0.40), the addition of filler reduces the initial flow spread and the
flow loss is similar up to 120 min. The setting times occur earlier for both fillers.
The hydration products of D-filler and L-filler at different ages are similar for both, and the main difference
is that both fillers stabilize the AFm phase as monocarboaluminate.
For all replacement levels and ages, the compressive strength was lower than the corresponding to
OPC mortar. The comparison between D-Filler and L-Filler show that compressive strength of D-filler is
lower at early ages, similar at 28 days and higher at 90 days.
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ABSTRACT
The illitic clays are included in the group of major constituents of the earth's crust. They can be
activated thermally at 950 °C having pozzolanic properties and contributing to the later strength of the
blended cements. On the other hand, the use of finely ground calcareous materials (limestone filler)
accelerates the initial hydration of Portland clinker phases causing an increase in strength at early
ages. Consequently, the synergistic effect caused by the incorporation of both additions to Portland
cement can provide blended cements with an acceptable development of strength and porosity.
This paper analyses the incorporation to Portland cement of calcareous material (up to 20%) and/or
illitic calcined clay (up to 35%) on the blended cement performance. To study the system, a Composite
Central Design was used to obtain the surface responses of the compressive strength; the volume of
permeable pores and the non-evaporable water content at 2, 7, 28 and 91 days.
Results indicate that at early ages there is a significant increase in hydration rate as the content of
calcareous material in ternary blended cements increases. At later ages, the highest strength was
obtained with high content of calcined illitic clay and a lower content of calcareous material. The nonevaporable water results indicated that CC acts mainly as diluent of cement at early age, while the LF
take this role at later ages.
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1.

INTRODUCTION

The demand for cementitious materials is growing in developing countries. To satisfy this requirement
with acceptable engineering properties, reducing the embodied energy and the environmental impact,
the clinker factor will be reduced with appropriate proportions of mineral additions.
For this propose, the types of mineral additions to be used are limited by their regional availability
(Gustavsson and Sathre, 2006). In the Province of Buenos Aires (Argentine), the fly ash and slag are
scared, but different types of clays are available in the Tandilia system (Zalba et al., 2016). Common
clays with different main minerals (illite, smectite, chlorite and kaolinite) depending on the location and
the depth of the deposit are found. Associated minerals are quartz, iron oxide, feldspars, carbonates
and anatase.
Common clays can be used as processed pozzolan after and adequate thermal activation (550 °C to
950 °C) at lower temperature than that of clinkerization (1450 °C). It implies a low energy consumption
and reduction in the of equivalent CO2-emission produced by the combustion (Sabir et al., 2001; Sidique
and Klaus, 2009). The calcination process causes the dehydroxylation of the clay mineral producing a
reactive meta-clay. The potentiality of calcined clays as pozzolans has been studied by several
researchers (Lemma et al., 2015 and 2018; Marchetti et al., 2018).
In this region, the limestone is available and it is commonly used as calcareous filler in portland limestone
filler cements (PLC). Previous investigations (Ramachandran and Zhang, 1986; Bonavetti et al., 1999)
have determined that limestone filler completes the particle size distribution curve, fills the inter-particle
spaces and, improves the packing density of the binary cementing materials. Also, the addition of
limestone filler increases the hydration rate of the portland cement, contributes to the formation of
hydrated calcium monocarboaluminate stabilising the ettringite and, increases the early strength of
mortars and concretes when the percentage is low (Gutteridge and Dalziel, 1990). At later ages, the
limestone filler does not contribute to the formation of cementing compounds and the dilution effect is
predominant (Sersale, 1992). Thereafter, the strength gain may be very low or null (Bonavetti et al,
2013). The proper combination calcined clay and limestone with different particle size distribution could
to increase the packing density, to reduce the water demand and to achieve adequate strength
properties.
This investigation analyses the combined incorporation into portland cement of calcareous material (up
to 20%) and/or calcined illitic clay (up to 35%) on the flowability, pozzolanic activity, non-evaporable
water content, compressive strength and the volume of permeable pores.
2.
2.1

MATERIALS AND METHODS
Materials

A normal Portland cement (PC - IRAM 50000 standard similar to CEM I in EN 197) with strength class
of 40 (compressive strength > 40 MPa at 28 days) was used. Its chemical composition is reported in
Table 1 and the mineralogical composition was 60% C 3S, 13% C2S, 3% C3A and 12% C4AF according
to the cement producer. The specific surface area Blaine was 336 m 2/kg and its particles size distribution
(PSD) obtained using laser granulometer (Malvern MasterSizer 2000) showed the d10, d50 and d90
parameters of 2.97, 21.77 and 58.42 μm, respectively.
The mineral additions used were limestone filler (LF) and calcined illitic clay (CC). LF was finely ground
up to Blaine fineness of 713 m2/kg improving the PC-packing. Table 1 reports the chemical composition
and It was constituted by 86% of CaCO3 in the form of calcite and its main impurity was quartz. Its PSD
showed a d10, d50 and d90 of 0.62, 3.22 and 174.21 μm, respectively.
The CC was obtained from raw lutite, calcined and ground. The mineralogical composition of the raw
clay, obtained by XRD, was: 75% of illite, 23% of quartz and 2% of hematite. Figure 1 shows the TGDTA curves (Fig. 1a) indicating the dehydroxylation between 400 and 800 °C and the XRD pattern (Fig.
1b) indicates that the complete collapse of the illite structure after the thermal treatment. The chemical
composition of calcined clays is also reported in Table 1.
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This material was crushed to a size smaller than 4.75 mm and calcined in an electric laboratory oven
until 950 ºC. Later, it was ground in a laboratory ball mill until obtaining a retained on 45 μm sieve less
than 12%. After homogenization of several milling batches, the PSD of CC is characterized by d10, d50
and d90 parameters of 1.62, 8.76 and 33.66 μm, respectively. The Blaine specific surface area was
552 m2/kg and the pozzolanic activity index (EN 450) at 28 and 90 days was 96 and 105%, respectively.

Figure 1: a) TG-DTA curve for the raw lutite, b) XRD pattern for calcined clay.

Table 1: Chemical composition of materials used.
Chemical composition, %
Silicon dioxide (SiO2)

LF

CC

20.1

7.6

66.3

Aluminum oxide (Al2O3)

4.2

1.1

16.3

Ferric oxide (Fe2O3)

4.4

0.6

9.2

Calcium oxide (CaO)

60.1

52.4

0.3

Magnesium oxide (MgO)

0.8

0.3

1.5

Potassium oxide (K2O)

1.0

0.1

5.6

Sodium oxide (Na2O)

0.2

0.03

0.08

2.54

38.8

0.40

Loss on ignition

2.2

PC

Blended cements

Blended cements were obtained by varying replacements of cement by CC and /or LF in the range of
0-35% and 0-20% w/w, respectively. For the evaluation of the properties studied, a composite central
design was adopted (Figure 2). The two experimental variables are the percentages of cement
replacement by CC (abscissa) and LF (ordinate).
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Figure 2. Studied domain in the CC-LF system.
2.3

Molding, curing and testing

Paste with water to cementitious material ratio (w/cm) of 0.50 and standard mortar (sand/ cementitious
material = 3; w/cm = 0.50) were elaborated to determine the properties of blended cements after sealed
curing.
After standard mortar mixing, the mortar flow was determined according to ASTM C 1437 (Table 2). The
mortar prismatic specimens (40×40×160 mm) were cast according IRAM 1622 standard (similar to EN196). After 24 hours in the moist cabinet, specimens were demoulded and carefully wrapped with a
plastic film and placed in a cabinet at 20 ± 1 ºC until the test age (2, 7, 28 and 90 days). The same curing
was carried out for the pastes.
The mini-slump test developed by Kantro (1980) was used to evaluate the flowability and flow-loss in
the paste. The results are the average of two orthogonal spread diameters measured at 5, 15, 30, 60,
120 and 180 minutes after end of mix.
The pozzolanic activity of the blended cements was checked by the Frattini tests at 2, 7, 28 and 90 days.
This test evaluates the consumption of calcium hydroxide (CH) released by Portland cement hydration
by comparing the amount of CH contained in the aqueous solution of each paste at 40 °C with the
solubility isotherm of CH in an alkaline solution.
The amount of non-evaporable water (Wn) was performed on pastes according to the procedure
proposed by Powers (1949) to estimate the progress of the hydration reaction. For its calculation, it is
supposed that all the PC cement and the CC can react to produce C-S-H and that the LF is hydraulically
inactive (Table 2).
Compressive strength and volume of permeable pores were determined according to IRAM 1622
(similar to EN 196-1) and ASTM C 642, respectively. Results reported in Table 2 correspond to the
average of six determinations by age.

3.
3.1

RESULTS AND DISCUSSION
Flowability

Figure 3 shows the flowability measured with the Kantro cone for binary and ternary blended cements.
The initial flow spread is largest for the PC cement (12.40 cm) and its value decreases as increasing
the addition content in the binary or ternary cements. For the largest replacement of addition used
(PC35CC20F), it was reduced up to 8.20 cm representing a 33 %.
Regarding the flowability loss, PC cement (Figure 3a) shows a loss curve with approximately constant
slope from 15 minutes to 180 minutes and the final spread diameter loss was 40%. The binary cements
with LF (PC20LF) has a similar fluidity loss to that PC cement. On the other hand, the slump-loss rate
of PC35CC is similar to that of PC cement displaced to small spread diameters. Ternary cements (Fig.
3b) show the same tendency as registered in binary cements with a small spread diameter when the
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CC replacement increases. Finally, the greatest loss of fluidity at 180 minutes was recorded by cement
PC17.5CC10F cement (48%).
In Table 2, the mortar flow is reported for blended cements. For this test, the binary or ternary cements
of LF with CC produce non-significant changes and all mortars have an equivalent value (133 ± 5%).

Figure 3. Spread diameter of minislump test vs time. a) Binary cements; b) Ternary cements.
Table 2: Results of tests.
Property
Mortar Flow, %
Non evaporable water,
g /100 g cement

Compressive strength,
MPa

Permeable pore volume,
%

3.2

2 days
7 days
28 days
90 days
2 days
7 days
28 days
90 days
2 days
7 days
28 days
90 days

PC
138
9.9
12.6
14.6
16.4
17.6
34.6
47.1
53.5
19.6
17.8
16.8
15.6

Cement
PC35CC PC20LF PC17.5CC10LF PC35CC20LF
130
133
128
128
8.5
11.4
9.7
8.7
10.8
14.6
12.8
10.8
13.2
16.0
14.1
12.8
14.6
17.3
16.8
14.2
14.2
20.7
17.2
10.3
28.7
34.9
32.1
20.0
43.5
42.1
42.4
31.6
53.2
46.3
51.1
39.9
20.9
18.1
19.8
21.3
18.9
17.2
18.1
19.0
17.8
16.9
17.2
18.5
15.0
16.3
15.6
17.2

Pozzolanic activity

Figure 4 shows the results of Frattini test. At 2 and 7 days, all the samples are above the saturation
curve indicating that they do not present pozzolanic activity. The [CaO] increases for the high levels of
replacement demonstrating the stimulation effect on the hydration of the PC cement that exerts the fine
particles of additions. After 28 days, blended cements with CC independent on the limestone filler
replacements show a reduction in the [CaO] indicating the pozzolanic activity. At 90 days, the [CaO] is
reduced in cements with CC, but it occurs with an increase in [OH-] when the content of CC increases.
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Figure 4. Pozzolanic activity of cement according to Frattini test.

3.3

Coefficients of surface iso-response curves

The results of compressive strength, permeable pore volume and Wn are also reported in Table 2. Their
analyses are presented using the response surface obtained using the Expert Desing® software. The
coefficients calculated from the least squares method for the non-evaporable water content, the
compressive strength and the volume of permeable pores are reported in Table 3.
Table 3: Calculated response surface coefficients.
Coefficients (codec factor)
2

3

4

(CC)

(LF)

(CC2)

-1.03

0.42

-0.075

(CC*F)
-0.32

-1.40

0.50

-0.60

-0.50

13.8

-1.15

0.25

0.35

-0.45

90 days

16.8

-1.13

0.05

-0.75

-0.25

2 days

17,2

-3,45

-0,20

-1,50

-1,75

7 days

32,1

-5,20

-2,10

-2,55

-2,25

28 days

42,4

-3,53

-4,23

-1,32

-1,72

90 days

51,1

-1,68

-5,13

-2,87

-1,52

2 days

19.8

1.12

-0.28

0.18

0.48

7 days

18.1

0.72

-0.13

0.12

0.18

28 days

17.2

0.65

0.20

0.30

0.15

90 days

15.6

0.075

0.72

0.43

0.38

Property

Non evaporable
water

Compressive
strength

Permeable pores
volume

3.4

0
(independent term)

2 days

9.7

7 days

12.8

28 days

1

Non-evaporable water

Figure 5 shows the iso-response curves obtained for the CC-LF system at different studied ages. At 2
and 7 days (Fig. 5a and b), binary cements with CC show an opposite behaviour to the other one with
LF. When CC replacement increases from 0 to 35% (in abscissa), the Wn decreases ~15%. On the
other hand, the increase of LF from 0 to 20% (in ordinate), Wn increases up to 16% showing that fine
particles of LF caused a greater stimulation effect than those of CC. In terms of coefficients (Table 3),
1 is negative and 2 is positive. For ternary cements with CC<17.5%, the Wn depends on both variables
(4 is significant). For a given CC replacement, Wn increases when LF increases. For high CC, the iso
response curves of Wn are parallel to the ordinate axis.
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Figure 5: Iso-response curves for non-evaporable water content in g /100 g of cement at:
a) 2 days, b) 7 days, c) 28 days and d) 90 days.
At 28 and 90 days (Fig. 5c and d), the binary cements with LF reach to a Wn-values up to 10 and 5%
higher than that registered by PC cement, respectively. For binary cements with CC, Wn is 10% lower.
At 90 days, the all domain between values of CC < 17.5% and LF < 20% reaches to the same Wn value
(16.9 ± 0.44 g/100 g of cement). For high content of CC, Wn is completely dependent on the CC content
and the iso-response curves are practically parallel to the ordinate axis (Fig. 5d).
3.5

Compressive strength

Figure 6 shows the iso-response curves for the compressive strength at 2, 7, 28 and 90 days. At 2 days
(Fig. 6a), the binary cements with CC < 23% have similar strength to that obtained for PC cement. For
higher CC replacements, the strength decreases considerably up to 42% for CC = 35 %.

Figure 6: Iso-response curves for of compressive strength in MPa at: a) 2 days, b) 7 days,
c) 28 days and d) 90 days.

For binary cements with LF, the compressive strength increases with the LF content, reaching to higher
(18%) compressive strength than the PC cement when LF = 20%. The profile of the iso-response curves
shows that compressive strength depends mainly on the CC-content in the ternary cement. The lowest
strength value occurs for the highest replacement levels: CC = 35% and LF = 20% (10.3 MPa).
At 7 days (Fig. 6b), the binary and ternary cements with CC have a similar pattern of iso-response curves
to those registered at 2 days. For binary cement with up 20% of LF, the compressive strength is similar
to that obtained by PC cement (34.6 MPa). Up to this age, the interaction between both additions is
incipient. Cements with CC= 18% and LF = 0% or cement with CC = 8% and LF = 20% reach to
equivalent compressive strength to that PC cement (see iso-line of 34.0 MPa). At 28 days (Fig. 6c), the
compressive strength of binary cements with CC is 45.3 ± 1.8 MPa, and it is 44.6 ± 2.5 MPa for binary
cements with LF. The iso-response curve turn showing that the compressive strength of ternary cements
is influenced by both additions. Compressive strength greater than 40 MPa can be reached for cement
containing of 10%CC+20%LF and 35%CC+6%LF. At 90 days (Fig. 6d), all binary cements with CC and
binary cements with LF<10% have a strength similar to or greater than that corresponding to PC cement
(53.5 MPa). The ternary cement with largest replacement (PC35CC20LF) reaches to 75% strength of
the PC cement.
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3.6

Permeable pores volume

Figure 7 shows the iso-response curves for the volume of permeable pores. At 2 days (Fig. 7a), this
property increases when increases the CC content in binary cements and the volume increases 7% for
the largest replacement (35%). On the other hand, the volume of permeable pores of binary cements
with LF is reduced 8% when LF is 20%. The profile of the iso-response curves has similar patterns to
those recorded for the compressive strength at the same age. At early ages (Fig. 7a and 7b), the volume
of permeable pores depends mainly on the CC content. At 28 days (Fig. 7c), the binary cements with
CC<20% and/or LF < 20% reach to pore volume of 17.3 ± 0.5% and the interaction between both
additions began to be evident. For CC > 17.5%, the pore volume increases slightly when LF increases.
At 90 days (Fig. 7d), all binary cements with CC and binary cements with LF < 5% have a pore volume
less than or equal to that obtained by PC cement. The maximum LF content to be incorporated in
ternary cements to reach an equivalent pore volume to PC cement is limited to 10% to content CC =
17.5%.

Figure 7: Iso-response curves for permeable pore volume in % at: a) 2 days, b) 7 days,
c) 28 days and d) 90 days.
3.7

Properties related to blended cement composition

At early ages, LF produces a greater stimulation effect on the Portland cement hydration than the that
produced by the CC (Fig. 4, 5a and 5b). When the replacement increases, the compressive strength
decreases and the volume of permeable pores increases for binary cements with CC and ternary
cement. It is attributed to dilution effect that cannot be compensated by the stimulation effect and the
contribution of pozzolanic activity of CC is null. At these ages, the CC acts mainly as a diluent in the
ternary cement. At later ages, the stimulation effect loss importance and the dilution effect must be
compensated by the reaction of CC. Thus, the pozzolanic reaction of CC begins to partially compensate
the dilution effect at 28 days and the compressive strength of cements in the studied domain is equal to
or greater than 40 MPa. At 90 days, the LF acts as a diluent in the ternary cement and this replacement
will be limited to obtain an equivalent volume of permeable pores.
4.

CONCLUSIONS

For the materials used in the study, the following conclusions can be drawn
The incorporation of LF produces a greater stimulation effect on the PC cement hydration than the CC
used as showed the Wn results. Then, the compressive strength decreases and volume of permeable
pores increases when the CC-content increases in the binary or ternary cements. Later, the progress of
pozzolanic reaction, as revels the Frattini test, allows to obtain similar properties to the PC for high CCcontent but limiting the LF content.
The effects between both additions are complementary and not synergistic. At first ages, the CC acts
mainly as diluent of cement, while the LF take this role at later ages.
5.
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ABSTRACT
Concrete specifications typically include maximum limits for chloride content to ensure that the passive
layer on embedded steel reinforcement is not destroyed. The effect of fly ash on the chloride threshold
for the initiation of corrosion of steel in concrete has not been firmly established and this raises
questions regarding appropriate chloride limits for reinforced concrete containing fly ash. It is generally
recognized that the partial replacement of Portland cement with fly ash increases the binding of both
chlorides and alkalis, but its impact on the chloride-to-hydroxyl ion ratio (Cl/OH) of the pore solution,
which influences the stability of the passive layer, is equivocal. This paper presents data from pore
solution extraction and analysis tests conducted on pastes samples and from corrosion studies
conducted on reinforced concrete samples; the pastes and concretes were produced with a range of
fly ash and chloride levels. The data indicate that the incorporation of fly ash does not significantly
alter Cl/OH and the amount of admixed chloride required to initiate corrosion of embedded steel is
similar for concrete with and without fly ash. This indicates that chloride limits established for Portland
cement concrete should be appropriate for concrete containing fly ash.
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1.

INTRODUCTION

Steel reinforcement embedded in concrete is generally in a passive condition due to the high pH of the
concrete pore solution which is generally in the range of 13.1 to 14.0 depending on the composition of
the cementitious binder system. The passive layer becomes unstable and loses its protective properties
if either the concrete carbonates, resulting in a reduced pH (~ 8), or if chlorides are present at sufficient
concentration at the surface of the steel. The precise concentration of chlorides required to depassivate
the steel and initiate corrosion, often referred to as the critical chloride content (Ccrit) or chloride
threshold, has been the subject of considerable research (Angst et al. 2009) since the importance of
chlorides in corrosion of reinforced concrete was first established about sixty years ago (Lewis &
Copenhagen 1959). It is now established that there is no single value for Ccrit as it is dependent on a
wide range of factors (including the method of measurement). The value of Ccrit is important for several
reasons including: (i) establishing chloride limits, Climit, for new reinforced concrete structures to minimize
the risk of corrosion of embedded steel during subsequent exposure and (ii) predicting the time-tocorrosion (or initiation period), tinit, for reinforced concrete structures exposed to chlorides. This paper is
concerned with chloride limits for new concrete and how they might be affected by the inclusion of
supplementary cementing materials (SCM), particularly fly ash (FA).
Hausmann (1967) demonstrated that for a given set of conditions, the risk of corrosion for steel in
oxygenated water was dependent on the ratio of the chloride to hydroxyl ion concentration in the
surrounding solution and that the threshold ratio for saturated solutions of calcium hydroxide (pH ~ 12.5)
was approximately [Cl-]/[OH-] = 0.6. A subsequent paper by Diamond (1986) concluded that the critical
ratio maybe lower, [Cl-]/[OH-] = 0.3, in solutions of higher pH that are typical of concrete. Given the
importance of this ratio it seems appropriate that many specifications or standards express chloride
limits based on the mass of cementitious binder in the system. For a given set of chloride content,
concrete materials and proportions, and exposure conditions, the ratio of the chloride to hydroxyl ion
concentration in the pore solution and, thus, the risk of corrosion of embedded steel, would be expected
to decrease as the binder content increases. This is because increasing the binder content will generally
(i) increase the amount of chlorides bound by the hydrates and, thus, decrease [Cl-] in the pore solution
and (ii) increase the amount of alkalis present and, therefore, increase the [OH-] in the pore solution. Of
course, [Cl-]/[OH-] will also depend on the chemical composition of the binder. If the binder is composed
of Portland cement (PC) only, [Cl-] will decrease with an increase in the C3A content of the cement and
[OH-] will increase with an increase in the equivalent alkali content, Na 2Oe, of the cement (Zibara 2001).
In the case of binder systems that contain Portland cement blended with one or more SCMs, the impact
of the SCM on [Cl-]/[OH-] will depend on the composition of the Portland cement and the amount and
composition of each SCM available. Generally, most SCMs decrease both [Cl-] and [OH-] making it
difficult to predict the impact on the ratio [Cl-]/[OH-]. SCM’s that contain significant levels of alumina
(Al2O3) such as fly ash, slag and, especially, metakaolin have been shown to generally increase the
binding of chlorides and, thus, reduce [Cl-] for a given level of chloride compared with a binder produced
with the same PC, whereas silica fume (with negligible Al2O3) decreases the chloride binding (Zibara
2001, Thomas et al. 2012) possibly leading to increases in [Cl-]. Thomas (2011) showed that the value
of [OH-] in hardened cement paste samples produced with 79 different binder systems correlated well
with the composition of the binder with [OH-] increasing linearly with the compositional parameter CaO
x Na2Oe/(SiO2)2. Thus, SCMs with high contents of SiO2 and low amounts of CaO and Na2Oe were the
most effective in reducing [OH-] compared with PC.
The ACI 318-14 Building Code bases the chloride limit for concrete on the mass of “cement” in the
concrete which quantity includes only the PC and not any SCM present. This can be a significant
disadvantage in concretes containing high levels of SCM. For example, in mixtures containing 50% fly
ash or slag, the allowable chloride content is effectively halved compared with concrete produced with
the same total cementitious material content but with 100% PC (no SCM). This approach contrasts with
Canadian (CSA A23.1-14) and European (EN 206) standards which base the chloride limit on the mass
of binder including both PC and SCM.
This paper
expressed
specimens
specimens
corrosion.

presents data exploring the impact of fly ash on both the [Cl -] and [OH-] of pore solutions
from paste samples produced at a range of chloride contents. Reinforced concrete
were produced with the same amounts of cementitious materials and chlorides and these
were placed outdoors (exposed to precipitation) for 10 years to determine the potential for
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2.

EXPERIMENTAL DETAILS

2.1

Materials

A single ordinary Portland cement (PC) and fly ash (FA) were used for this study; the FA was produced
at a plant burning bituminous coal. The composition of the cementitious materials is given in Table 1.
The coarse and fine aggregate used for the concrete mixtures were a natural siliceous river gravel and
sand. Reagent grade sodium chloride (NaCl) was used.
Table 1. Properties of cementitious materials
SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

SO3

LOI

C3A

<45

PC

20.6

5.1

3.1

64.5

1.5

0.7

0.2

2.5

1.6

9.0

-

FA

48.2

26.7

11.6

1.7

1.6

3.2

0.7

0.8

4.3

-

11.3

2.2

Pore Solution Tests

Paste samples were produced at a water-to-binder ratio of w/b = 0.50 and the binders comprised PC/FA
in the following ratios 100/0, 85/15, 70/30 and 50/50, and are labelled P0, P15, P30 and P50,
respectively. The water and binder were mixed together with NaCl in a high-speed mixer for 2 minutes,
poured into 50 x 100 mm plastic vials, sealed, and rotated end-over-end at 2 rpm for 24 hours. NaCl
was dosed to produce chloride contents of 0, 0.1, 0.2, 0.4, 0.7, and 1.0% by mass of binder (PC + FA).
At an age of 91 days pore solution was extracted at a pressure of approximately 450 MPa and the
solution was analyzed for Na+ and K+ by flame photometry and OH- and Cl- by titration. Only [Cl-] and
[OH-] concentrations are presented here. However, in all cases electroneutrality of the pore solution was
maintained in that the sum of the cations (Na+ + K+) was within 95 to 105% of the sum of the anions
(OH- + Cl-).
The evaporable water content of the pastes, we, was determined by drying at 105ºC and the free chloride
content of the paste, Cf, was determined as Cf = we·[Cl-]. The bound chloride, Cb, was then determined
by subtracting the free chloride from the total chloride, Ct, that was added during mixing: Cb = Ct – Cf.
Chloride-binding isotherms were plotted from these data.
2.3

Concrete Tests

Concrete mixtures were produced with a binder content of 300 kg/m 3, w/b = 0.50, and with 0%, 15%,
30% and 50% fly ash, and are labelled C0, C15, C30 and C50, respectively. NaCl was added during
mixing to yield chloride contents of 0, 0.4, 0.7 and 1.0% by mass of binder. Prisms (100 x 100 x 300
mm) were cast and each prism contained four pre-weighed, 10-mm diameter steel bars at 10 or 20 mm
nominal cover (two at each cover depth located at opposite corners). Fig. 1 shows details of the
reinforced concrete prisms. After 28 days moist curing in the laboratory the prisms were moved to an
outdoor unsheltered exposure site.

Figure 1. Details of reinforced-concrete prisms
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3.
3.1

RESULTS
Pore Solution Data

Figures 2 and 3 show the [Cl-] and [OH-] results plotted as a function of the chloride added to the mix for
the four different paste mixtures. The chloride concentration of the pore solution, [Cl-], increases with
amount of NaCl added during mixing as expected. At any given level of NaCl addition, [Cl-] decreases
as the level of fly ash increases and this is especially noticeable at the higher dosage levels of 0.7 and
1.0% Cl by mass of binder. The chloride concentration of the pore solution, [OH-], also decreases with
increasing fly ash content. The reduction in [OH-] is approximately proportional to the amount of PC
replaced by FA. For a given binder this is little consistence change in [OH-] with the level of NaCl added
except for the control paste without fly ash where [OH-] increased slightly as the chloride content
increases.

Figure 4 shows the change in the chloride-to-hydroxyl-ion ratio, [Cl-]/[OH-], for the four binders with
varying amounts of NaCl addition. As expected, [Cl-]/[OH-] increases as the level of chloride added to
the paste increases. Fly ash appears to have little consistent impact on this ratio for the materials used
in this study. The average values of [Cl-]/[OH-] for the 4 binders is approximately 0.3 and 0.6 with,
respectively, chloride additions of 0.7% and 1.0% by mass of binder.
Figure 5 shows the relationship between the calculated bound chloride content, Cb, and the free chloride
content, Cf, measured by extraction and analysis of the pore solution. Also shown in this figure are the
𝛽
Freundlich isotherms (𝐶𝑏 = 𝛼 ∙ 𝐶𝑓 ) that best fit the data using least-squares. The values of α and β are
given in Table 2. Previous research indicates that the Freundlich isotherm better represents binding in
cements pastes when compared with Langmuir or linear isotherms (Zibara 2001, Thomas et al. 2012).
These data indicate that chloride binding increases substantially with increases in fly ash content.
Table 2. “Best-fit” binding coefficients for Freundlich isotherms
P0

P15

P30

P50

α

7.02

10.3

12.0

14.9

β

0.46

0.54

0.49

0.49

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

3.2

Corrosion of Reinforced-Concrete Specimens

Table 3 summarizes the observations made at 10 years for the concrete prisms stored outdoors and
exposed periodically to precipitation. None of the specimens from mixes without added chloride or with
additions of 0.4 or 0.7% chloride by mass of binder showed any signs of corrosion after 10 years. All of
the specimens with 1% chloride by mass of binder showed some indication of corrosion after 10 years.
Visible damage was much more severe for the concrete without fly ash, C0, and included rust staining
and cracking over all rebars. Some crack widths were in excess of 1 mm for rebars with 10-mm cover
but were generally less than 1 mm for rebars with 20-mm cover. The concrete with 15% fly ash, C15,
exhibited significantly less damage. Some rust staining was found over all rebars, but cracking was
confined to the rebars with 10-mm cover although these were generally hairline cracks and were
significantly less than 1 mm in width. The concretes with 30% and 50% fly ash, C30 and C50, exhibited
no cracking but some minor rust staining was observed over the rebars with 10-mm cover.
Table 3. Condition of reinforced prisms after 10 years’ exposure outdoors
Concrete mixture

Chloride
(% binder)

C0

C15

C30

C50

0.0
0.4

No visible signs of corrosion on any specimens

0.7

1.0

4.

Rust staining over all rebars.
Cracks > 1mm over rebars
with 10-mm cover.
Cracks < 1mm over rebars
with 20-mm cover

Rust staining.
Hairline cracks (<
1mm) over rebars with
10-mm cover only.

Minor rust staining over
rebars with 10-mm cover
only.
No cracking.

DISCUSSION

The data presented here confirm that fly ash has a profound effect on the composition of the pore
solution of hardened cement pastes. There is a significant decrease in both [Cl-] and [OH-] concentration
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of the pore solution with the reductions increasing throughout the range of fly ash replacement levels
studied here (15 to 50%). In this study the presence of fly ash produced reductions of similar magnitude
for [Cl-] and [OH-]; consequently, there was little change in the [Cl-]/[OH-] ratio due to the incorporation
of fly ash.
The reduction in [Cl-] is attributed to the increased chloride-binding capacity in pastes containing fly ash
which results from an increase in the available alumina content in such binders and this facilitates the
formation of an increased amount of Friedel’s salt, C3A·CaCl2·10H2O (Thomas et al. 2012). An
inspection of the binding coefficients in Table 2 indicate that the fly ash used here was more efficient
with regards to binding chlorides than the fly ashes used by Thomas et al (2012). This probably results
from the fly ash used in this study having a higher available alumina content (26.7% Al2O3) compared
with the fly ashes used in the study by Thomas et al (2012) which were selected to represent the wide
range of fly ashes available in North America and ranged from 24.7% Al 2O3 for a low-calcium fly ash
(4.37% CaO) to 11.1% Al2O3 for a high-calcium fly ash (29.9% CaO). Thomas et al (2012) showed that
the chloride-binding capacity of binders containing SCMs other than fly ash (e.g. silica fume, metakaolin
and slag) was strongly correlated with the Al2O3 content of the binder. For binders containing fly ash,
the chloride-binding capacity was increased by the presence of the ash, but the extent of the increase
was less than that predicted based on the Al2O3 content of the fly ash. This was attributed to the fact
that a significant portion of the Al2O3 in fly ash is not available as it is present as crystalline phases such
as mullite (3Al2O3·2SiO2).
The reduction in [OH-] is attributed to the increased alkali-binding by the hydrates in systems containing
fly ash. The C-S-H that forms as a result of the hydration of binders than contain fly ash or other siliceous
pozzolans has a low calcium-to-silica ratio (Ca/Si) and is able to retain more alkali (Na+K) compared to
hydrates of higher Ca/Si (Bhatty & Greening 1978). Thomas (2011) presented pore solution data for 79
different binders composed of PC or PC with one or more SCM including silica fume, metakaolin, slag
and a wide range of fly ashes and demonstrated that the alkalinity of the pore solution as represented
by [OH-] is strongly dependent on the composition of the binder especially the SiO2, CaO and Na 2Oe
content as represented by the parameter CaO x Na2Oe/(SiO2)2. Figure 6 shows the data from Thomas
et al (2011) and includes the data for the four binders tested in this study; only the data for the pastes
without added NaCl are shown. The data from the current study fit well with the relationship established
previously.

Figure 6. Relationship between [OH-] and the chemical composition of the binder
The reduction in [OH-] and the concomitant reduction in the associated cations, [Na+] and [K+], is, of
course, extremely beneficial in terms of reducing the risk of alkali-silica reaction (ASR) in concrete.
Indeed, it is generally accepted that the reduced availability of alkali hydroxides in the pore solution is
the main mechanism for ASR prevention when SCMs, such as fly ash, are used (e.g. Thomas 2011).
The reduction in [OH-] is not in itself sufficient to pose a risk of corrosion to the embedded steel as the
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concentration in binders with typical levels SCM is still more than 0.1 M OH- (pH = 13) and, thus,
sufficient to maintain passivity of the steel. However, in the presence of chlorides a reduction in [OH -]
will increase [Cl-]/[OH-] resulting in an increased risk of corrosion.
For the materials investigated here the reduction in [OH -] that resulted from the use of fly ash was
accompanied by a similar reduction in [Cl-] which resulted in very little change in [Cl-]/[OH-] and thus the
risk of corrosion for a given chloride content in the concrete remains unchanged. This was confirmed by
the observations made for the reinforced concrete specimens. The fly ash did not result in an observable
increase in corrosion. None of the concrete specimens with 0.7% chloride by mass of binder exhibited
signs of corrosion after 10 years exposure. This may seem somewhat surprising given that this level of
chloride is significantly higher than the limit of 0.4% chloride by mass of binder which is a commonlyused threshold. However, the pore solution extracted from paste samples produced with the same
binders and 0.7% chloride by mass of binder showed [Cl-]/[OH-] values in the range of 0.27 to 0.37.
These values are in the range of the 0.3 threshold proposed by Diamond (1986) but well below the 0.6
threshold proposed by Hausmann (1967). At the higher level of chloride addition, 1% by mass of binder,
the [Cl-]/[OH-] values were in the range of 0.57 to 0.64. All the concrete specimens with this level of
chloride exhibited some evidence of corrosion regardless of the level of fly ash. The extent of corrosion
damage decreased with increasing fly ash content. However, this does not necessarily indicate a
reduced risk of corrosion or an increase critical chloride content in the fly ash content. It is expected that
the rate of corrosion would be significantly lower with increasing fly ash content owing to the refined
pore structure associated with the use of fly ash which leads to increased electrical resistivity and
decreased oxygen diffusion.
From the results of this study alone there appears to be little justification for expressing chloride limits
on the basis of the Portland cement component of the binder only. The reinforced-concrete specimens
on the exposure site will continue to be monitored.
It should be noted that impact of fly ash on the ratio [Cl-]/[OH-] observed in the current study may be
different for binders produced with Portland cements and fly ashes of different composition. Other
workers (Kawamura et al. 1988) have reported increases in [Cl-]/[OH-] due do the addition of 30% fly
ash the effects being particularly marked when the chloride dose was high (2% by mass of binder). In
this study, the fly ash did not produce a significant reduction in the chloride content but did reduce the
hydroxyl content of the pore solution. The chemical and mineralogical composition of the fly ash is likely
to have a very significant impact on both the [Cl-] and [OH-] of the pore solution. This has been
demonstrated in previous studies on chloride binding and pore solution alkalinity by the author (Thomas
et al. 2011; 2012). Although not included in this study, the composition of the Portland cement can also
have a very significant effect on the composition of the pore solution. Hussein et al (1995) conducted
pore solution tests on pastes produced with Portland cements with a range of C3A and Na2Oe levels,
and with varying NaCl additions. At a chloride content of 1.2% by mass of cement they found that [Cl]/[OH-] ranged from 0.40 to 2.09. A cement high in C3A and in Na2Oe can be expected to confer much
greater protection on the steel and tolerate a significantly higher chloride content. Using [Cl-]/[OH-] = 0.3
to represent the threshold Hussein et al (1995) estimated the critical chloride content could range from
0.35 to 1.0% by mass of binder for binders consisting of just Portland cement.
5.

CONCLUSIONS

The following conclusions are drawn from this study:
1. Fly ash is effective in reducing both the chloride concentration, [Cl-], and the hydroxyl
concentration, [OH-], of the pore solution of pastes produced with Portland cement of moderate
C3A (9%) and alkali (0.66% Na2Oe) content with varying amounts of NaCl addition.
2. The magnitude of the reduction in [Cl-] and [OH-] produced by the fly ash was similar and the
value of [Cl-]/[OH-] at a given level of chloride addition remained relatively unchanged by the
presence of the fly ash.
3. Reinforced concrete specimens produced with the same cementing materials and NaCl addition
rates showed no evidence of corrosion after 10 years when the chloride content was 0.7% by
mass of binder or below. All concrete specimens showed some degree of corrosion when the
chloride content was raised to 1.0% by mass of binder.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
4. The amount of corrosion of the concrete specimens produced with 1% chloride by mass of
binder decreased with increasing fly ash. This is likely due to a decreased rate of corrosion in
these specimens and not a decreased risk of corrosion.
5. The data from this study support the inclusion of the fly ash component of a binder system when
chloride limits for new construction are based on the mass of chloride expressed as a
percentage of the mass of binder.
The data presented here are for one specific Portland cement and fly ash and may not be applicable to
binders produced with cements and fly ashes with different chemical and mineral composition.
6.
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ABSTRACT
Hydration and pozzolanic activity of blast furnace slag (BFS), fly ash (FA), silica fume (SF),
steelmaking slag were compared with ordinary Portland cement (OPC). The structural differences of
silicates contained in various industrial materials and its reaction characteristics were compared by
use of trimethylsilyl derivatization method (TMS method).
As a result of the analysis by TMS method, the silicate structure of the BFS with latent hydraulic
properties has a short single chain silicate structure similar to OPC, and it becomes longer single chain
silicates along with the progress of hydration. On the other hand, the silicates in raw FA or SF as
pozzolanic materials have random long chains, and it was found that the silicate structure is quite
different even for the same amorphous material.
The random long silicates of pozzolanic materials ware partially cleaved by alkaline activator, and the
short chain silicate anions were eluted in the liquid phase. It was suggested that the dimer type silicate
was supplied predominantly as calcium silicate hydrates (C-S-H) formed from the silicate anions and
calcium ion.
On the case of steelmaking slag with the cooling (annealing) process, the silicates have various
behaviors. Some stable crystalline silicates did not show any hydration / pozzolanic activity. It was
confirmed that the silicate partially exhibits pozzolanic activity and weak hydraulic properties.
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1.

INTRODUCTION

Environmental demands on cement-related industries are becoming stricter every year.
The Sustainable Development Goals (SDGs) adopted at the UN Summit 2015 set forth 17 goals
aimed at enabling countries around the world to achieve sustainable development. Goal 12, which
calls for reduction and reuse of waste, is expected to contribute substantially in the area of
construction materials. To date, the cement industry has sought ways to reuse various by-products
effectively, but even greater pressure to proactively use by-products as valuable resources are
expected in the future.
Fly ash (a by-product of coal-fired power generation) and certain types of slag (produced during steel
manufacturing, are currently being used as admixtures in mixed cement. Research is being conducted
to find ways to utilize even greater amounts of these and other by-products.
However, adding large amounts of by-products to cement as admixture without careful consideration
may adversely affect cement setting and cause the early strength of the concrete to decrease.
Recent years have seen active research on geopolymers made from these by-products for the
construction of structures without using cement. For the use of geopolymers, it is necessary to
determine optimal material combinations in advance as the materials available for use become
increasingly complex.
The reason why there has not been a rush to use geopolymers is that the chemical reactivity of the
materials is not clearly understood. In other words, we do not know for sure whether a particular
material undergoes hydration, exhibits pozzolanic activity, or is completely chemically inert. In addition,
there are materials that are initially chemically inert but later, after some time, become chemical active
and expand. Such materials cannot be used as aggregates without careful consideration (Sutou
2018). Although there is no comprehensive method for handling cement materials containing various
by-products that have a range of different chemical characteristics, what all these materials have in
common is that the main components are silicates. Accordingly, if it were possible to fully understand
the hydration characteristics of silicate compounds, these by-products could be used more proactively.
That said, silicate compounds have a wide variety of structures. A lack of methods to easily and
precisely evaluate these structures is another reason why we do not fully understand the chemical
characteristics of by-products.
Therefore, we investigated the structure of silicates to better understand the hydration characteristics
of different cement materials. We used the trimethylsilylation (TMS) method to analyze and investigate
the chemical reactivity of the siloxane chains comprising each material (Tsuyuki, 1999)
2.
2.1

MATERIALS AND METHODS
Materials used

The materials investigated in this study were as follows. Commercially available ordinary Portland
cement (OPC), low-heat Portland cement (LHC), and high-early-strength Portland cement (HPC) were
used. We also compared several types of slag produced during steel manufacturing, including rapidly
cooled granulated blast furnace slag (BFS) and several types of slowly cooled slag. For fly ash (FA),
we used JIS CLASS II FA generated as a by-product of coal-fired power generation. Silica fume (SF)
generated during the manufacture of ferrosilicon was also used.
2.2

Experiment

2.2.1 Hydration activity
Samples (2.0 g) of each of the materials listed in section 2.1 were dispersed and stirred in 100 mL of
saturated calcium hydroxide (CH) solution and allowed to hydrate at room temperature. After
hydration, samples were immersed in methanol and acetone to stop further hydration, and the solid
phase was recovered by suction filtration.
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2.2.2 Pozzolanic activity
Distilled water was added to 1:1 mixture of CH and each of the materials listed in section 2.1 to
prepare 0.5:1 water-powder mixtures. These mixtures were then cured in sealed containers at 80°C.
Cured samples were pulverized, dried at 105°C, and then used for analysis.
2.2.3 Composition of reaction products
To evaluate the hydration properties of each material, in addition to quantification using X-ray powder
diffraction and thermogravimetric analysis, we measured insoluble residues. Hydrated samples (2 g)
were dissolved in 100 mL of 2 M HCl to measure the residual amounts of unreacted pozzolans.
2.2.4 Trimethylsilyl (TMS) derivatization mathod
The silicate anion structures (chain-length distribution of siloxane oligomer) which were included in
C-S-H gel were determined by use of TMS method. TMS derivatives were obtained according to the
method proposed by Suginohara and others (Okusu, 1981). Trimethylchrolosilane (TMCS) and
Hexamethyldisiloxane (HMDS) were mixed with a solvent methanol at a volumetric ratio of 1 : 3 : 2. 18
mL of the solution was added to 50 mg of the samples and stirred for 20 minutes at room temperature.
After the full reaction, 20 mL of water was added to the solution, which was then applied to a
separating funnel and shaken to complete the liquid-liquid extraction. Water soluble lower layer was
removed and the residual upper layer was further rinsed out for several times to remove water soluble
components from the upper organic solvent layer. 2 g of non-ionic ionexchange resin (AMBERLYST15, Rohm and Haas Company) was added to avoid isomerization and the solvent was kept for 12
hours. Then the solvent was thickened less than 1 milliliter under the nitrogen atmosphere and
subjected to gas chromatography (GLC) analysis. Identification of the GLC intensity peaks are
referred to the literature (Okusu, 1983) and the integrated peak areas drawn by the indicator (CR-6A,
Shimadzu Co.,Ltd.) were substituted for the relative composition of the components because the
reference material for the determination was not available. Only short-length chains (the size of
oligomer of siloxane chains which have 1 to 6 of Si atoms) can become the targeting object of the
analysis with TMS method.
3.
3.1

RESULTS AND DISCUSSION
Silicate structures of the various cementitious materials

Figure 1. GLC chromatogram of TMS derivatives (unhydrated cements)
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3.1.1 Cement
Figure 1. shows GLC chromatogram obtained from analysis of the different cement types using the
TMS method. Of the various compounds contained in these cements, the molar ratio of calcium to
silica (CaO/SiO2), derived from alite (C3S) and belite (-C2S), is 3 or 2; as there is an excess of
calcium, silicate monomers are predominant. The proportion of siloxane oligomers varies slightly
depending on the type of cement. Few long-chain silicates larger than dimers were detected in HPC,
while a larger proportion was detected in LHC.
After hydration, the proportion of monomers decreased, while the proportions of dimers and
pentamers increased. If the monomers and dimers derived from unreacted alite and belite that were
quantified by XRD are subtracted, it appears that the quantity of monomers generated by hydration
increases for a short time and then decreases and that monomers combine to form dimers (Figure 2).

Siloxane chain length distribution / %
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Figure 2. Siloxane chain length distributions of hyrated OPC, a) all silicates and b) excluding
unreacted C3S and C2S

3.1.2 Blast furnace slag
Most silicates contained in unreacted BFS powder were present as amorphous silicates. TMS analysis
revealed that, because the silicates contain large amounts of calcium, they are the size of simplechain oligomers but also comprise slightly longer-chain silicates than those in unhydrated cement
(Figure 3). Hydration proceeded due to alkali-activation in the same manner as with cement (Figure 4).
3.1.3 Fly ash and silica fume
FA and SF contain large amounts of silica. This silica exists as amorphous silica comprising extremely
long randomly networked chains. This structure is similar to that of glass and is not derivatized by the
TMS method, in contrast to cement or BFS (Figure 5). Although BFS and FA are often regarded as
cement admixtures, at least from the standpoint of the constituent silicate structure, they should be
thought of as materials that are completely different from cement in terms of their properties.
However, when heated over long periods of time together with CH, the pozzolanic reactions occur,
cleaving the ends of random-length silicate chains and causing the elution of silicic acid ions. Calcium
silicate hydrates (C-S-H) formed in this manner can be analyzed using the TMS method. Dimers were
found to be the predominant species formed (Figure 6), and crystalline silicates such as mullite and
quartz, which are found in small quantities in FA, were found to be resistant to alkali activation and not
subject to TMS derivatization.
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3.1.4 Annealed slags
When allowed to cool naturally, slowly cooled slag tends to crystallize through the cooling process; in
many cases, most of the constituent silicates form stable crystals such as quartz. These silicates do
not exhibit hydration activity or pozzolanic activity and are not subject to TMS derivatization. That said,
certain types of slow-cooling slag contain relatively small amounts of belite. Although hydration is
observed to occur, the proportion is low and the reaction rate is low.

Figure 3. Comparison of siloxane chain length distribution of unhydrated BFS and OPC
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Figure 4. Silicate chain length distributions of hyrated BFS activated by CH saturated solution
3.2

Behavior of silicate chains as affected by hydration activity/pozzolanic activity

From the above results, the behavior of silicate chains of silicate-containing construction materials can
be broadly divided into two types.
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The first is hydration activity as observed in OPC and BFS. In this case, short-chain silicates undergo
dehydration condensation and form longer chains as a result of alkali activation and calcium leaching.
In this case, the predominant species shifts from monomers to dimers and, further, to multimers
(generally polymers with 3n-1 monomers).
Meanwhile, silicic acid ions generated as a result of pozzolanic activity are eluted in aqueous solutions
as silicic acid monomers and, thereafter, reach equilibrium in the form of the more stable silicic acid
dimers under alkaline conditions.

Siloxane chain length distribution / %

Figure 5. GLC chromatogram of TMS derivatives (unreacted FA and SF)
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Figure 6. Behavior of siloxane chain length distributions on pozzolanic reaction of FA
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3.3

Chemical equilibria based on silicate chain length distribution

Figure 7 shows the silicate chain length distribution for SF pastes having different SF:CH ratios. SF
comprises small particles made of pure silica (amorphous silica having heterogeneous chain lengths)
and exhibits higher pozzolanic activity than FA, which is also a pozzolan. It is possible that almost all
of this silica was converted to silicic acid, which reacted with CH to form C-S-H.
If the only fate of these silicates is to form longer chains through dehydration condensation resulting
from alkali activation, then the silicate chain length distribution for any mixture should skew toward
pentamers and longer length oligomers.
However, what the silicate chain length distributions of SF pastes show is that the proportion of short
chain lengths increases with increasing CH content. This result indicates that a second equilibrium
exists for all silicate materials including cement (Figure 8).
In other words, if large amounts of Ca2+ are present in the reaction series, dehydration condensation
of silicate chains is inhibited, resulting in higher proportions of shorter chain silicate ions. On the other
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hand, if sufficient silicate ions are present in the reaction series but the amount of Ca2+ for forming CS-H is low, silicic ions may undergo dehydration condensation, resulting in the formation of longer
chains. Accordingly, in materials such as cement that contain excess Ca 2+, no matter how much
hydration occurs, the silicate chains that form will not be very long.
Conversely, if the amount of Ca2+ in the reaction series is decreased — for example, if almost all of the
Ca2+ is precipitated as calcium carbonate through carbonization reactions, there may be little Ca 2+
available to react with silicate anions; or if Ca2+ is continuously eluted as a result of water curing and
forms “denatured calcium leachate,” then the relative proportion (molar ratio) of silica increase and the
equilibrium will shift toward the formation of longer-chain silicates. It is believed that the amount of
Ca2+ in Roman concrete that is available to react with silica has declined over an extremely long
period of time and that the silicates in Roman concrete have formed relatively long chains, 2-D sheets,
or 3-D structures (in some cases, crystalline silicates) as a result of further condensation.
4.

CONCLUSIONS

In this study, we investigated the behavior of silicates generated by hydration and pozzolanic activity
in different types of cement materials using the TMS method. The main findings are as follows:
1) In materials that exhibit hydration activity (cement, BFS), as hydration progresses, silicates tend to
form chains as a result of the dehydration condensation of siloxane, but most silicates exist as
oligomers.
2) In materials that exhibit pozzolanic activity (FA, SF), as pozzolanic activity progresses, silicates
have a greater tendency to form dimers than in cement.
3) Nevertheless, these trends are dependent on the molar ratio of silica and calcium in the reaction
series that are available to react. Limited to the case of cement containing excess calcium, it is highly
likely that silicate chains will not elongate indefinitely and that the silicate will remain in the form of
relatively short-chained oligomers even if there is sufficient alkali activation.
5.

ACKNOWLEDGEMENTS

This work was partially supported by JSPS KAKENHI Grant Number JP 17K00628.
6.

REFERENCES

Sutou T., Yoshizawa C., Koizumi K., Watanabe T. (2018). Property of the concrete using non-aging
steelmaking slag. Proceedings of the Japan Concrete Institute, Volume 40, pp 1455-1460.
Tsuyuki N., Koizumi K. (1999). Granularity and Surface Structure of Ground Granulated Blast-Furnace
Slags. Journal of The American Ceramic Society, Volume 82, pp 2188-2192.
Okusu H, Masuda G, Wakita M., Suginohara Y. (1981). Fundamental studies on analysis of silicate
anions using the improved trimethylsilylation method. Journal of the Japan Institute of Metals, Volume
45, pp 915-922.
Okusu H, Takeshita H, Mizoguchi K., Suginohara Y. (1983). Studies on analysis of silicate anions in
lead silicate compounds using improved trimethylsilylation method. Journal of the Japan Institute of
Metals, Volume 47, pp 956-963.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Ternary binders with slag and metakaolin: revealing the
influence of metakaolin during hydration and pore structure
development
Monica Lundgren a, Arezou Babaahmadib, Urs Muellerc
RISE CBI Swedish Cement and Concrete Research Institute, Borås, Sweden
amonica.lundgren@ri.se
barezou.babaahmadi@ri.se
c urs.mueller@ri.se

ABSTRACT
Using a combination of two supplementary cementitious materials (SCM) with cement in ternary
blends is receiving increasing interest. Long-term surveys show that concrete with ternary binder
blends often perform better than concrete with only one SCM. For slag-containing ternary binders,
combinations with fly ash or silica fume have been studied for a long time, while combinations with
metakaolin are comparatively few, at the same time as the interest increases for using e.g. other
alternatives to silica fume as fast pozzolan, or using aluminium-rich SCM to achieve other
improvements in durability. The effect of adding SCM is complex, but many benefits relate to the
context of SCM refining the pore structure, changing the hydrate phase assemblage and increasing
the ion-binding capacity of the paste. Due to the synergies occurring with ternary blends, as one SCM
influences another many properties can be improved. But the interactions between the SCM will
depend on their relative amounts in the blend and the interactions change with time, as the hydration
proceeds. This study investigates ternary binders with slag and metakaolin, focusing on the influence
of the added metakaolin on hydration kinetics, changes in hydrate phase assemblage and pore
structure development. Slag-metakaolin blends are compared with binary blends with only slag, or with
similar ternary blends with slag but using silica fume instead of metakaolin. The SCM content is 30 to
40 %, where 5 % consist of metakaolin or silica fume in the ternary blends.
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1.

INTRODUCTION AND GOAL

The demand for concrete as construction material is steadily increasing and so does its carbon
footprint, requiring the cement and concrete industry to make more efforts towards finding ecofriendlier solutions. Concerning the binder, during the last decade research and development work has
increased in the fields of developing better alternatives to the Portland clinker and on investigating
more sustainable ways to use Portland clinker – how to use less clinker, or replace in higher amounts
with supplementary cementitious additions (SCM), finding new, more sustainable and more available
additions and combinations of additions (Gartner & Sui, 2018; Scrivener et al., 2018). This is reflected
also in one of the main trends seen in the research studies from the past years: a focus on the
investigations with combinations of two, even three, SCM and a significant reduction of the cement
clinker in the mix. A few examples, targeting at replacing about 50 % of the cement, are the studies by
Schöler et al. (2015) with slag-fly ash-limestone, by Adu-Amankwah et al. (2017) with slag-limestone,
by Antoni (2013) and Avet & Scrivener (2018) with metakaolin or calcined clays-limestone, or Krishnan
& Bishnoi (2018) and Machner et al. (2017) with dolomite-metakaolin.
The advantage of using SCM stretches beyond the reducing of the carbon footprint, the other main
role being to lead to significant improvements added to several concrete properties and increased
durability, although different SCM are better for some properties and environments than for others.
Therefore, a combination of two or more SCM can often be a more suitable alternative: the new
synergies in the blend when combining several SCM can lead to one of the SCM compensating for the
lack of functionality of the other. Long-term surveys by e.g. Hooton et al. (2013) and Hooton (2014)
including 20-year field evaluation, reported that concrete with ternary slag-silica fume binders
performed better in several environments than concrete with binary slag-binder. Zibara et al. (2008),
Thomas et al. (2012) and Chappex & Scrivener (2012) investigating metakaolin (MK) compared to
silica fume (SF) suggested that the use of aluminium-rich metakaolin can lead to higher resistance to
chlorides and to mitigation of alkali-silica reactions, due to observed higher chloride binding capacity of
the cement paste and by impeding the dissolution of the amorphous silica phases on the surface of
the aggregates, respectively.
These results motivated the start of the present study on ternary slag-metakaolin binders –
combinations by far less studied at the time compared to slag combinations with silica fume, fly ash or
limestone. The aim was to investigate the effect metakaolin in blends with slag-MK proportions like the
slag-SF proportions in the binders from the durability surveys. The amount of metakaolin was 5 %, in
combination with 25 or 35 % slag (granulated blast furnace slag, GBS). An alternative with silica fume
was included as well in order to better reveal the effect of the aluminium-rich metakaolin.
The synergies occurring when using several SCM are likely to have different effect at different stages
of hydration, depending on the chemistry, mineralogy, particle morphology or other particle properties.
Metakaolin and silica fume are fast-reacting pozzolans, both are expected to compensate for the
slower early-age strength development of the slag, but not necessarily to the same extent. Due to their
different chemistry, the additions will have different effect on the hydrates formed. The use of a
combination of several analytical methods can tell when the formations and the transformations occur.
The pozzolans are likely to compete with the slag during the hydration process and phases and
kinetics of reaction can in turn affect the evolution and character of the pore structure. The core of the
project was therefore to approach the ternary binders with a study on hydration, microchemistry and
microstructure, to make a first assessment of the cementitious systems developing with the ternary
slag-containing blends. The goal was to reveal the effect of metakaolin at 5 % content in ternary slagmetakaolin blends, from the early reactions and early hydrates to the phase assemblage and
microstructure developed at different hydration stages.
2.

EXPERIMENTS

The experiments were carried out with laboratory-mixed binders, using a plain portland CEM I as
reference and one or two additions (SCM) to obtain binary or ternary blends. The additions substituted
parts of the cement 1:1 by mass, cement and additions being considered equally as part of the binder.
All experiments were carried out on mixtures with water-to-binder ratio (w/b) of 0.45 with hydration at
20 °C. The evolution of hydrates and pore structure was investigated on cement pastes hydrating
under sealed conditions. For strength development tests were carried out on water-cured mortars
prisms. The cement pastes for the hydration study were cast into 250 ml polyethylene (PE) bottles
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where the pastes were compacted carefully to eliminate air bubbles. The bottles were tightly closed
with screw caps and additionally sealed with parafilm to ensure that no moisture exchanges occurred
with the environment during the storage period. During the first 24 hours after casting, the bottles were
rotated at 2 rpm to avoid bleeding and segregation of the solid particles. For subsequent storage the
bottles were kept in climate chamber at constant temperature until the date of sample preparation for
analysis (see section 2.2). Each bottle was marked with casting date and time to keep track of the
exact hydration age of each paste specimen, especially important for pastes to be analysed at early
ages. Paste specimens for several hydration ages were produced from the same paste batch, to
minimize production-related property scatter. The investigation stretched over two projects, where
analyses were performed at different ages, from 4 hours to 1 or 2 years. This paper presents the
results up to 91 days.
2.1

Materials and mixes

All materials used were commercial products, available on the Swedish market. The reference cement
was a Norwegian CEM I 42.5 RR. The materials and mixes discussed in this paper are presented in
Table 1 and Table 2. The chemical composition of the cement, slag (GBS) and metakaolin was
determined by wavelength dispersive X-ray fluorescence. The silica fume used was a commercial
uncondensed 940U-type powder with a content of at least 94 % SiO2. Concerning the mineralogy of
the additions, they all consisted of mainly amorphous glassy phases, with some crystalline identified
by X-ray diffraction analysis phases: spinel in the slag and quartz, anatase and muscovite in the
metakaolin. Cement and slag had similar particle sizes, slag being only slightly coarser, while
metakaolin and silica fume were significantly finer. The median diameters of the studied powders
were: 9 µm (GBS), 7.3 µm (cement), 4.3 µm (MK) and 0.2 µm (SF).
Mixes S1, S1a-M and S1-M, with 30 or 40% cement replacement, were chosen for revealing the
microchemical and microstructural differences stemming from the presence of 5 % metakaolin in slagcontaining binders. Mixes S1-M and S1-D aimed to revealing the differences stemming from using
metakaolin instead of silica fume.
Table 1. The chemical composition of the materials, in mass-%. LOI: loss of ignition
SiO2

CaO

Al2O3

Fe2O3

MgO

Na2O

K2O

MnO

SO3

TiO2

P2O5

LOI

Cement

19.72

60.6

4.85

3.46

2.42

0.5

1.14

0.05

3.56

0.3

0.14

3.16

Slag

34.46

29.9

12.84

0.32

15.85

0.5

0.66

0.64

2.62

2.87

0.01

-

Metakaolin

52.67

0.07

42.6

1.31

0.15

0.09

0.59

<0.01

0.02

1.63

0.09

0.83

Table 2. The binder systems. Composition shown in % by mass

2.2

Binder code/ mix code

Cement

Slag

Metakaolin

C

100

S1-M

60

35

5

S1-D

60

35

S1a-M

70

25

S1

70

30

Silica fume

5
5

Investigations and analytical methods

Early reaction kinetics was investigated by isothermal calorimetry. The heat evolution was monitored
in an 8-channel TAMAir isothermal microcalorimeter on cement paste samples (6-8 g) taken from
externally-mixed 50 g paste batches, charged into the calorimeter within 4-5 minutes after the water
addition. The rate of heat evolution, the thermal power, was logged for 7 days at 20 s intervals.
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Compressive strength was determined on mortar prisms according to EN 196-1, except for a small
modification regarding the amount of paste in the batch (water, cement, addition). Because of using
mixtures with lower w/b, 0.45 instead of standard 0.5, but still one whole bag of CEN-standard sand,
the volume of paste per mortar batch had to be increased to maintain the same paste-to-sand volume
ratio as in the standard procedure. Strength was determined at 1, 2, 7, 28 and 91 days.
To investigate the formation of the hydrate phases and the evolution of the microstructure analyses
were performed at several fixed ages after stopping the hydration in the pastes by alcohol exchanges.
At each age of interest, PE-bottles were picked up from the climate chamber, had the bottom and top
cut off and the bottle walls removed, then the cylindrical paste specimens were cut into 3 mm thin
slices without using water. The slices were further broken into smaller pieces and were immediately
submerged in isopropanol for 7 days, with two exchanges during the first day and once daily
thereafter. After that, the alcohol was poured off and the paste pieces were placed in vacuum cabinet
for 24 h to let the remainder of the alcohol to evaporate. From there on the pastes were kept tightly
sealed in double zip-lock bags, in desiccators containing also CO2-absorbent. Samples of finelyground powder or cut granules were prepared close to the date of analysis, taking measures to store
even the samples well-sealed prior to analysis, to prevent contact with atmospheric moisture and CO2.
Three different methods were used to investigate the phase assemblage. Qualitative X-ray diffraction
analysis (XRD) was carried out on paste powders using a Rigaku Miniflex600 with a 1d solid-state
detector. Thermogravimetric analysis (TGA) was performed with a Mettler-Toledo TGA-DSC3+
instrument. Samples of about 50 mg powder were heated from 20 to 1000 °C at a rate of 10 °C per
minute; the oven atmosphere was flushed with N2 to avoid carbonation during the measurement. XRD
and TG analyses were carried out for hydration ages 1, 2, 7, 28 and 91 days. The microchemistry of
the 91-day pastes was further investigated by X-ray fluorescence analysis performed in an SEM-EDS
instrument from FEI inspect equipped with energy dispersive detector. The EDS analysis was carried
out on polished carbon-coated epoxy-resin impregnated cross-sections of cement paste, pointing on
the outer cement silicate hydrate (C-S-H) areas.
The pore structure was investigated by mercury intrusion porosimetry (MIP). The method is debated
from time to time, if it overestimates somewhat the larger pores, intruded and analysed first, or since it
analyses pore entry sizes rather than actual pore sizes if it overestimates the smallest bottle-neck
pores instead. Overall MIP is considered though as a practical, useful method, especially in
comparative studies, to obtain information on the influence of other parameters on the porosity, e.g.
binder type or hydration age. The mercury contact angle used in the Washburn equation has also
been discussed lately, concerning the value yielding a more correct pore size distribution; several
authors suggest a value lower than 140°, but not the same value (Ma, 2014; Zeng et al., 2012; Muller
& Scrivener, 2017). The measurements in this study have been carried out using a maximum intrusion
pressure of 200 MPa and the mercury contact angle of 140°. The samples consisted of 3-5 mm-sized
cut granules of cement paste. Measurements were conducted on pastes of ages 7, 28 and 91 days.
3.
3.1

RESULTS AND DISCUSSION
Heat development

Calorimetrical results, shown in Figure 1, are evaluated after normalization by the total amount of
binder, not just cement. The reason is that all additions had started to react during this period; see
further in section 3.3.
The thermal power curve shows that all blended binders led to a slightly delayed start of the main
peak of hydration, to a lower slope on the acceleration path and to a lower peak maximum. However,
the time of start of the main peak, as well as the early slope on the accelerating branch, were the
same with all blended binders regardless the cement substitution level. With S1-M and S1-D a slight
slowdown occurred, though, during the later acceleration period (the upper part of the acceleration
branch). The comparison between S1a-M and S1 (with 30 % cement replacement) shows that both
followed the same acceleration path but the presence of metakaolin led to a higher and wider main
peak. This led eventually to higher cumulative heat developed with binder S1a-M, the heat curve
showing the same 7-day heat being achieved with S1a-M as with plain cement.
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Figure 1. Heat development by isothermal calorimetry: thermal power and cumulative heat
Ternary blends S1-M and S1-D followed each other closely concerning the thermal power during the
first two days, but during the following days it kept being somewhat higher in the sample with
metakaolin than with silica fume. The effect is observed on the cumulative heat curve, with a clear
cross-over occurring at 48-50 hours, S1-M surpassing S1-D. At 7 days the heat measured in S1-M
was not only higher than in S1-D, it was also the same as in the sample with plain cement, C.
The cumulative heat curves for S1 and S1a-M show that the heat for S1a-M was higher from the first
day, from 10-12 h and on, while S1 remained lower and continued almost parallel to S1a-M over the 7day measurement. The comparison shows partly the effect of having less slag in S1a-M than S1 (25
vs. 30 %) but also, partly, the influence of the 5 % metakaolin leading to eventually same 7-day heat in
S1a-M as in the sample with plain cement. A comparison between the heat curves S1a-M and S1-M
(25 vs. 35 % slag) shows even better the role of 5 % metakaolin, leading to additional reactions and
higher heat of hydration: at 7 days the heat in both samples was the same, both equalling the heat
reached with plain cement but at slower pace with more slag.
3.2

Compressive strength

Figure 2 shows the relative strength of the blends as percent of the strength of reference C. Parts of
the calorimetrical observations are reflected in the evolution of the early-age strength, in the sense
that the ternary slag-metakaolin binders led to the fastest strength gain to 7 days. Binder S1a-M
equalled the strength of cement at 7 days, against approximately 21 days needed for binary binder S1.
Binder S1-M and even S1-D both reached the compressive strength of plain cement earlier than
binary binder S1 although having a higher cement substitution level, showing the benefit of a
combination with 5 % of a fast-reacting component like metakaolin or silica fume. At 28 days or later,
all blended binders had equal or higher compressive strength than plain cement.

Relative compres. strength (% of C)

120
100
80

C
S1-D
S1-M
S1a-M
S1 (30% GBS)

60
40
20
0
0

28

56

84

Time (h)

Figure 2. Compressive strength: evolution for blended binders relative to plain cement
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While metakaolin showed to be more efficient for increasing the earl-age strength of ternary binders
with slag, silica fume was more efficient in leading to higher late-age strength, at least with the slag
quality used in this study.
3.3

Phase assemblage by XRD, TGA and SEM-EDS

Figure 3 presents a zoom on the X-ray diffractograms between 8 and 16° (2-theta) where the AFt
(ettringite, E) and AFm phases can be identified, as well as the hydrotalcite formed in the presence of
slag. Figure 4 zooms in on the main portlandite peak in the three ternary-binder pastes. Figure 5
shows the 1st derivative of the TGA signal (DTG). More details on S1 can be found in Mueller et al.
(2015).
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Figure 3. Phase development by XRD. S1 is revised, for comparison, from the part of the study
on binary blends presented in (Mueller et al., 2015)

0.00

0.00

-0.02

-0.02

-0.02

HT

-0.04
MS

-0.06

HC + MC
C-S-H + E

-0.08

C-7d
S1a-M-7d
S1-7d

-0.10
0

-0.04

CH

-0.06
-0.08

S1-M-7d
S1-D-7d

-0.10
100 200 300 400 500 600 0

Temperature (°C)

MS

HT

HC + MC

DTG (wt.%/°C)

0.00

DTG (wt.%/°C)

DTG (wt.%/°C)

Figure 4. Evolution of the main portlandite (CH) peak by XRD

C-S-H + E
C-28d
S1a-M-28d
S1-28d

-0.04

CH

CH

HT

-0.06

MS

-0.08

HC + MC
C-S-H + E

S1M-28d
S1-D-28d

-0.10
100 200 300 400 500 600 0

Temperature (°C)

C-91d
S1a-M-91d
S1-91d

S1M-91d
S1-D-91d

100 200 300 400 500 600

Temperature (°C)

Figure 5. Evolution of the cement hydrates by DTG. Short name of the phases as in Figure 3-4
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A main feature noted in the XRD patterns is that hydrotalcite was present already at 1 day in all the
slag-containing pastes, meaning that slag cannot be considered as just an inert filler at this early age.
Another observation is that, while ettringite was formed in the reference paste C rather early and a
smaller amount was still present at 91 days, with 30 % slag (paste S1) the ettringite formed within few
hours of hydration disappeared after 1-2 days and monosulfate developed with time instead. With the
ternary binder S1a-M, having 5 % of the slag substituted by metakaolin a significant monosulfate peak
was observed already at 1 day. By 91 days however, metakaolin has promoted more the formation of
ettringite over monosulfate. As for the hemicarbonate observed in S1 from 1 day then decreasing with
time to none detected by XRD at 91 days, due to the presence of metakaolin in S1a-M the
hemicarbonate formed later and a significant peak was observed at 91 days. This increase in the
amount of hemicarbonate in S1a-M can be clearly seen in the DTG graphs as well (Figure 5).
With higher cement substitution by more slag in paste S1-M compared to S1a-M (35 vs 25 % slag) an
increase of the monosulfate peak was observed in S1-M, already at 1 day. The monosulfate peak in
S1-M remained dominant over time, with just a minor presence of ettringite noted at 91 days. At this
age, the XRD graph for S1-M displayed a higher peak for monosulfate compared to hydrotalcite, while
S1a-M displayed prominent peaks of hemicarbonate, ettringite, and hydrotalcite.
A comparison of the peak intensity for hydrotalcite present in the different pastes is not easily done
from the XRD graphs. The DTG graphs, however, indicate that the amount of hydrotalcite was
apparently highest in S1, at least from 28 days on.
With silica fume in S1-D monosulfate was also clearly seen already from 1 day. But compared to
metakaolin in S1-M, silica fume led to a more noticeable decrease of the monosulfate peak with time,
to 91 days, and to the stabilisation of slightly more ettringite on the expense of monosulfate. This can
be observed also in the DTG curve for S1-D at 91 days, having a more prominent dip in the ettringite
zone of the C-S-H + E decomposition peak. With silica fume there was also a higher portlandite
consumption by 91 days (Figure 4), which could have played a role in the higher strength gained by
S1-D at 91 days.
In Figure 5, looking at the peak area in the mass loss region of the C-S-H, ettringite and different AFm
phases, we can see that for S1a-M this area increased more between 28 and 91 days, while for S1-D
between 7 and 28 days. Higher area indicates the presence of a higher amount of these hydrates in
the paste, an observation supporting the observed evolution in the pore structure (section 3.4).
Figure 6 presents the phase assemblage of the pastes at 91 days as analysed by SEM-EDS.
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Each dot in the EDS dot-plots represents the chemical response from one analysis point on the
surface of the cement paste sample. In reality the probed “points” by EDS are more “microvolumes” or
“interaction volumes” close to the analysed surface and the chemical response is acquired from a
mixture of hydrates rather than one single hydrate, discussed also in e.g. Scrivener (2004), Chen et al.
(2010) and Rossen & Scrivener (2017). The graphs show, for guidance, some of the common cement
hydrates present in the samples; they have a well-defined chemical composition and their position is
therefore fixed. Dots aligning along a tie line connecting two hydrates show that the microchemistry
corresponds to a mixture of the two hydrates.
The composition of the C-S-H is variable, extending over range of Si/Ca and Al/Ca in one and same
paste. The location of the cloud of dots corresponding to the C-S-H, which is an approximate
estimation, varies to a certain degree for any binder with age, from a very early to a late hydration
stage. But at the same age it varies clearly between different types of binders, revealing the effect of
the addition of more alumina-rich or a more silica-rich addition.
The approximate region of the C-S-H in the investigated pastes at this age is indicated in the Al/Ca vs
Si/Ca plots in Figure 6. As we can see, the presence of slag shifted the composition of the C-S-H
towards higher Si/Ca compared to paste C, slightly also towards higher Al/Ca. With additional
metakaolin in ternary blends the composition of the C-S-H shifted slightly to higher Al/Ca ratio, while
the addition of silica fume shows an increase of the Si/Ca ratio. The S/Ca vs Al/Ca plots indicate a
predominance of different AFm phases at this age in all the blended binders. The presence of more
monosulfate can be noted for pastes S1-M and S1, as seen also by XRD, while in S1a-M more dots
gather closer to the hemicarbonate region, also noted by XRD or TGA/DTG. However, a more
significant presence of ettringite in S1a-M at this age, seen by XRD, is not obvious in the EDS plots.
Rather, the comparison between S1-M and S1-D show that in the latter, more dots gather above the
monosulfate-portlandite tie line, towards the ettringite-monosulfate field, while in S1-M the dots gather
more in along or below the monosulfate-portlandite tie line.
3.4

Porosity by MIP

The pore size distributions in Figure 7 show that total pore volumes generally decreased with
increasing hydration time. However, only in paste S1 the total pore volume was lower at all ages when
compared to plain cement paste, which was not quite expected with the addition of slag and the actual
cement substitution levels. Concerning the pore sizes, while a general shift of the distribution curve
towards smaller pore radii could be observed, in the pastes with ternary binder also a higher share of
coarser pores appeared. In paste S1-D, this coarse-pores share seen already at 7 days was not
complemented by any pore refinement compared to reference paste C. These observations are better
seen in Figure 8 where the total pore volumes are distributed over different pore radius ranges.
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Figure 7. Pore size distribution
Figure 8 shows that up to 91 days, among all the blended-binder pastes studied, the decrease in total
pore volume with time turned out to be smallest in paste S1-M. As for the two other pastes with ternary
binders, a more notable drop in pore volume could be seen at different hydration stages – at an earlier
stage in paste S1-D and later in paste S1a-M.
In paste S1-D (35-5 % slag-silica fume) the pore volume decreased significantly between 7 and 28
days, in paste S1a-M (25-5 % slag-metakaolin) between 28 and 91 days. These ages correlate well to
the age intervals where the amount of hydrates C-S-H, AFt and AFm phases increased in the two
pastes, as revealed by the TG analysis.
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As for paste S1-D, the portlandite consumption noted between 28 and 91 days by XRD (Figure 4)
could have had a minor influence on the total pore volume reduction too, perhaps also on the slightly
higher percentage of finer pores (radii < 10 nm) observed at 91 compared to 28 days; its influence is
more likely to be on the increased compressive strength between 28 and 91 days.
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157
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0

200
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100

S1-M
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0
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100

S1-D
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200

Relative pore volumes (% of total) - by radius ranges
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91d

91d

91d

28d

28d
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28d

7d
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7d
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0

50

C

100

0

50

S1

100

0

50

S1a-M

100

0

50

S1-M

100

0

50

S1-D

100

Figure 8. Pore volumes. Bars with total volume segmented into volumes per radius ranges,
from finest pores shown in light blue to coarsest pores shown in dark red
From Figure 8 we could conclude that ternary slag-metakaolin binders, except for S1a-M at 91 days,
have led in general to a pore refinement – seen as a higher percentage of fine-pore volumes (radii <10
nm) – but not to lower total pore volumes. For the ternary slag-silica fume binder a significant total
pore volume reduction after 7 days was noted instead, but with less impact on the volume share of
smallest pores.
The other observation is the development of a higher share of coarse-pore volumes in the ternarybinder pastes. While this development was complemented by an increased share of the finest pores
as well in slag-metakaolin pastes, compared to reference C, this was not the case in the slag-silica
fume paste. The coarse porosity share was higher in S1-D than in S1-M, in absolute value as well as
relative percentage. The higher share of coarse pores seen at 7 days in paste S1a-M and S1-D
appeared later in paste S1-M.
When correlating porosity at 7 days to gained strength (Figure 2), while all ternary-binder pastes had
higher total pore volume than binary-binder paste S1, the compressive strength with metakaolin
binders was higher while S1-D only equalled S1. This is partly due to the higher pore refinement
obtained with the slag-metakaolin binders but not observed with S1-D. At this age S1a-M equalled
reference C in strength despite the binder having 30 % less cement; both pastes had the same
porosity but with a refined pore structure in S1a-M.
At 28 days metakaolin binders S1-M and S1a-M led to similar or higher strength than S1 despite
having led to higher pore volumes in the pastes. Again, this correlates well with the higher pore
refinement noted in the metakaolin pastes. At this age all blended binders have even led to higher
strength than reference C, which is especially interesting when looking at the pore volumes in the
pastes with ternary metakaolin binders – they were the same as in paste C but with a higher share of
fine pores. At this age S1-D led to the lowest total pore volume, but despite a markedly lower pore
volume compared to S1-M there was only a minor difference in gained strength.
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At 91 days S1-M was the blended binder alternative leading to the highest pore volume. Yet the
binder, despite 40 % cement substitution, still matched the compressive strength of plain cement. At
this age binary binder S1 also just about equalled the strength of C despite having a lower cement
substitution level than S1-M and despite having yielded a considerably lower paste porosity. S1 and
S1a-M led to the same pore volumes, but S1a-M led to higher strength.
4.

CONCLUSIONS

Overall, the presence of 5 % metakaolin as third component in blends with slag could be clearly seen,
from accelerating strength gain or even increasing late-age strength, to changing the phase
assemblage in the cementitious system, as e.g. promoting ettringite where ettringite was not expected
to form with only slag and cement, or further to considerably refining the pore structure. Some of the
conclusions of this study are summarized below.










5.

5 % metakaolin in a ternary blend with slag can allow for higher cement substitution without
strength loss, compared to the case of cement substitution by only slag.
The studied binder combinations show that for reaching higher strength at early ages, 14
days or earlier, a ternary slag-MK binder can be more efficient than a similar slag-SF
binder. In fact, all the ternary binders tested were faster in gaining the same strength as
with plain cement than the binary binder with only slag did. On the other hand, for the lateage compressive strength and with the slag quality used in this investigation, silica fume
was more efficient than metakaolin.
With the cement used in this study, an addition of slag promoted formation of monosulfate.
A 5 % substitution of the slag by metakaolin led to more monosulfate formed at younger
ages, but at 91 days more ettringite was stabilized instead on behalf of monosulfate. An
important hemicarbonate formation was also observed.
In equivalent ternary blends with 35 % slag, more monosulfate formed with 5 % metakaolin
than with 5 % silica fume at all ages, more ettringite being stabilized with silica fume
though from 28 days and on.
Compared to plain cement or a binary blend with slag, ternary slag-metakaolin binders
have led in general to a significant pore refinement – seen as a higher percentage of finepore volumes with radii <10 nm – but not to lower total pore volumes. An exception to this
was ternary blend S1a-M at 91 days. For the slag-silica fume binder, a significant total pore
volume reduction after 7 days could be noted instead, but with less impact on the
percentage of smallest pores.
A somewhat unexpected observation about the pore structure was that both metakaolin
and silica fume led to the development of a higher share of coarser pores, slightly higher
with silica fume, but only with metakaolin this development was complemented by an
increased share of smallest pores.
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ABSTRACT
The manufacture of cements bearing a high percentage of active additions is a trend that has been
spurred by the benefits accruing from the reduction of clinker content. The availability of traditional
natural pozzolans is ebbing, however, due to a decline in quarrying intensity aimed at minimising the
impact on the landscape. At the same time, environmental policies seek to reduce or eliminate spoil
heaps by valorising industrial waste and by-products as raw materials, in keeping with circular
economy principles. For those reasons, the pursuit of alternative pozzolans constitutes a priority line of
research. In earlier studies, the authors found that fired clay-based construction and demolition waste
(C&DW) exhibited good pozzolanicity, despite its fairly low early age activity. The present study
discusses the substantial improvements in pozzolanic performance when C&DW was combined with
10 % silica fume.
Originality
Fired clay-based waste, whether factory rejects or C&DW constituents, is a proven pozzolan. In the
search for a low clinker content cement, a number of pozzolanic materials are mixed to capitalise on
the properties of each addition used and thereby improve mortar and concrete performance. This study
determined that the best physical-mechanical results were delivered by the most cost-effective option,
a mix containing 95 % C&DW + 5 % SF. C-S-H gel, to which cement owes it strength and durability,
was likewise observed to form.
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1.

INTRODUCTION

Massive amounts of construction and demolition waste (CDW) are generated the world over and
although most of that waste is compositionally inert, it requires vast expanses of land for stockpiling or
recycling in management plants. The European Union alone produces 820 million tonnes/year on
average (Gálvez-Martos et al., 2018).
Recent years have seen a rise in the number of studies seeking applications for this type of waste,
particularly in the context of the active pursuit of a circular economy. Most of that research focuses on
reuse in the construction industry, primarily as recycled aggregate (RILEM, 1994, Akhtar & Sarmah,
2018). Spain’s structural concrete code, EHE-08 (Comisión Permanente del Hormigón, 2008), limits the
use of recycled concrete aggregate in structural concrete to 20 % of the coarse fraction. CDW may carry
other types of materials (asphalt, clay materials, floating particles and fines), however, and a number of
studies has shown the importance of its proper management to ensure quality (Medina C et al., 2015).
As masonry waste accounts for up to 54 % of CDW (Gálvez-Martos et al., 2018), it is routinely present
in management plants. The present authors have studied the pozzolanicity of CDW bearing different
percentages of masonry waste (Asensio et al., 2016) and have been awarded a patent (ES20133415,
2014) for its application in the manufacture of eco-efficient cements.
Clay-based and initially inert, masonry materials are known to be pozzolanic when sintered at controlled
temperatures (Johansson & Andresen, 1990, Sánchez de Rojas et al. 2014). Metakaolin is a sintered
clay classified as a natural fired-clay pozzolan in European standard EN 197-1 on the composition and
specifications of ordinary cements manufactured in the European Union. Although metakaolin exhibits
pozzolanicity similar to silica fume, it is seldom used due to the difficulties inherent in mining and
sintering kaolinite. Generally speaking, then, silica fume (SF) is the most pozzolanic supplementary
cementitious material (SCM), especially at early ages (Sánchez de Rojas & Frías, 1996), used in high
performance concrete (Wille et al., 2011, Wang et al., 2012).
In addition to their technological enhancement of cement properties, SCMs play an important role in
reducing environmental impact, for their use entails an abatement of the CO2 emissions attributable to
construction material manufacture (Yang et al., 2015). According to some estimates (Benhelal et al.,
2013), worldwide OPC production accounts for 7 % of total CO2 emissions.
This study explored the effect of adding 5 % and 20 % silica fume to masonry CDW on the pozzolanicity
of the waste and the respective blended cement.
2.
2.1

EXPERIMENTAL PROCEDURE
Materials

- The construction and demolition waste used in this study consisted primarily in masonry CDW supplied
by a recycle plant located in the Spanish province of León.
- The EN 197-1-compliant commercial silica fume (SF) used, Elkem microwhiteR, contained over 90 %
SiO2 and had a loss on ignition of under 3.0 % and a specific surface of over 15 m2/g.
-The reference ordinary portland cement (OPC) was an EN 197-1, CEM I/42.5 N cement (i.e., with
clinker content greater than or equal to 95 % and up to 5 % of additional components).
-The standard EN 196-1-compliant sand used had a silica content of over 98 % and a particle size of
under 2 mm.
- Three blends were prepared with the CDW and SF: With 100 % CDW, 80 % CDW and 20 % SF
(80CDW+20SF) and with 95 % CDW and 5 % SF (95CDW+5SF).
- The cements were batched as listed in Table 1.
- Mortars were prepared with the cements and batched as per European standard EN 196-1, with a
cement/aggregate ratio of 1/3 and a water/cement ratio of 0.5. No admixtures were used in the tests
conducted on the cements listed in Table 1.
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Table 1. Cement blend batching
Dose
Label

2.2

OPC (%)

CDW +SF (%)
CDW (%)

SF (%)

OPC

100

0

0

75PC+25CDW

75

25

0

75PC+25(95CDW +5SF)

75

75PC+25(80CDW +20SF)

75

25
95

5
25

80

20

Techniques and methods

-Fineness was determined on an IBERTEST (Madrid, Spain) automatic Blaine air-permeability
apparatus.
-Samples were chemically characterised on an S8 Tiger Bruker (Karlsruhe, Germany) X-ray
fluorescence (XRF) spectrometer fitted with a 4-kW rhodium anticathode tube. Chloride and SO3 content
as well as loss on ignition (LoI) were determined to European standard EN 196-2 on chemical analysis
of cement. The reactive silica content was found as specified in European standard EN 197-1
-Their mineralogical composition was determined on a Bruker AXS D8 GmbH (Karlsruhe, Germany) Xray powder diffractor fitted with a 3-kW (Cu Kα1.2) copper anode and wolfram cathode X-ray generator.
Scans were taken between 2Ѳ angles of 5 to 60 at a rate of 2/minute. The standard operating
conditions for the voltage generator tube were 40 kV and 30 mA.
-Sample morphology was studied on a Hitachi S4800 (Tokyo, Japan) scanning electron microscope
(SEM) fitted with a Bruker (Berlin, Germany) energy dispersive X-ray (EDX) analyser.
-The porosity tests were conducted on a Micromeritics (Norcross, GA, United States) 9500 mercury pore
sizer.
-Mechanical strength was found on an Ibertest Autotest (Madrid, Spain) 200/10-SW test frame.
-Cement water demand, setting times and soundness were determined as prescribed in European
standard EN 196-3.
-An accelerated chemical method based on the EN 196-5 pozzolanicity test was applied to study the
pozzolanic behaviour of the blends, placing the samples in a saturated lime solution at 40 °C and
quantifying the calcium ion concentration at the pre-set times. The amount of lime fixed by the samples
was found as the difference between the initial (17.68 mmol/l) and end Ca 2+ concentration (Sánchez de
Rojas & Frías, 1996) to compare the activity of the materials studied and assess their reaction kinetics.
3.

RESULTS AND DISCUSSION

3.1

Sample characterisation

The OPC had a specific surface of 3560 cm2/g and the CDW was ground to a specific surface of 5700 cm2/g,
whereas the manufacturer-specified value for the SF was a much larger 15 m2/g.
The results of the chemical analyses conducted on the samples are listed in Table 2. In the CDW, SiO2 +
Al2O3 + Fe2O3 summed 82.91 % of the samples, with a reactive silica content of 35.10 %. Those three
compounds came to 97.94 % in the silica fume, with silica accounting for 97.84%, whilst the reactive
silica content was 93.65 % Sulfate content expressed as SO3 was 3.03 % in OPC and much lower in
CDW and SF. None of the samples had over 0.10 % chlorides.
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The XRD study showed that the CDW comprised primarily quartz (COD1011097), illite (COD9009665),
orthoclase (COD9000162), hematite (COD9014880), calcite (COD1010928) and feldspar
(COD9000425). The XRD pattern for the silica fume revealed its low crystallinity, with scantly significant
reflections generated by silicon carbide (COD1010995).
Table 2. Chemical composition (%wt) of the samples
Composition

OPC

CDW

SF

SiO2

20.52

59.89

97.84

Al2O3

4.54

17.47

-

Fe2O3

2.51

5.55

0.097

MnO

0.060

0.076

0.011

MgO

2.35

3.92

0.300

CaO

62.58

3.37

0.230

Na2O

0.19

1.36

0.210

SO3

3.03

1.16

-

K2O

0.91

4.74

0.497

TiO2

0.22

0.649

-

P2O5

0.23

0.182

-

Cl-

0.036

0.020

0.039

LoI*

2.79

1.48

0.67

Total

99.97

99.87

99.89

* LoI: loss on ignition

3.2

Pozzolanic activity in the material/Ca(OH)2 system

The fluctuation in pozzolanicity over time observed with the accelerated chemical method described in
the methodology (Sánchez de Rojas MI & Frías M 1996) is discussed below.
The lime fixation values for the materials and blends studied at 2 d, 7 d, 28 d, 90 d, 180 d and 360 d
plotted in Figure 1 showed that silica fume was highly pozzolanic from the earliest ages, with a 2 d lime
fixation value of 13.21 mmol/L. In contrast, the CDW fixed only 3.5 mmol/L at that age. Over time,
however, the gap narrowed, with the two materials fixing practically the same amount of lime at 360 d.
When silica fume was added to the CDW, early age lime fixation rose to 7.15 mmol/L in blend
80CDW+20SF and to 7.51 mmol/L in blend 95CDW+5SF. That trend was observed at all ages, with the
highest lime fixation value in the blend containing 5 % silica fume.
3.3

Tests on the cements designed

3.3.1.

Physical-mechanical performance

Setting time, determined as per standard EN 196-3, was found for the cements prepared with the
amount of water required for a normal consistency, i.e., the amount needed for the Vicat needle to
penetrate 34±2 mm into the paste. The bended cements with 25 % CDW (75PC+25CDW) called for
1.34 % more mixing water than the reference OPC. Water demand relative to OPC also rose slightly in
the cements bearing silica fume, by 2.01 % in the 75PC+25CDW(95CDW+5SF) blend and by 2.68 % in
the 75PC+25(80CDW +20SF) binder (Table 3).
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Figure 1. Lime fixation vs time
Initial setting time was slightly earlier in 75PC+25CDW than in OPC and shortened further when silica
fume was added to the blend.
Adding silica fume accelerated hydration due to the greater fineness of the addition and especially to
the high heat of hydration in the blended cement (Lapeyre & Kumar, 2018), attendant upon shorter
initial, final and overall setting times (Sounthararajan et al., 2013). Nonetheless, all the samples were
EN 197-1-compliant (setting time ≥60 min).

Table 3. Water demand, setting times and soundness

Cement

Water
demand
(g)

Initial
setting
time
(minutes)

Final
setting
time
(minutes)

Overall
setting
time
(minutes)

Soundness
(mm)

OPC

149

147

245

95

1

75PC+25CDW

151

146

249

103

1

75PC+25(95CDW +5SF)

152

140

220

80

1

75PC+25(80CDW +20SF)

153

138

207

69

1

Soundness tests were conducted to determine volume expansion in the normal consistency cement
pastes. With Le Chatelier needle-measured expansion of under 10 mm, the blended cements met
standard 197-1 soundness requirements.
The mechanical strength values plotted in Figure 2 show that flexural strength was lowest in the mortars
prepared with the cement bearing the highest silica fume content (75PC+25(80CDW+20SF)). The
inclusion of silica fume in cements 75PC+25(80CDW+20SF) and 75PC+25(94CDW+5SF) raised
compressive strength (Figure 3) to values very similar to those for OPC and higher than for
75PC+25CDW. Compressive strength was practically the same in the mortars bearing 5 % and 20 %
SF. The flexural/compressive strength ratio (Figure 4) was highest in the mortars prepared with
75PC+25CDW and lowest in the OPC and the materials bearing cement with the highest silica fume
content (75PC+25(80CDW+20SF)). The explanation was that as a rule pozzolanic materials raise
flexural more rapidly than compressive strength (Soria, 1983, Sánchez de Rojas et al., 2018), yielding
more flexible and elastic materials than pure portland cement. Silica fume, however, generates less
porous and hence less flexible materials (Poon et al., 2006, Güneyisi et al., 2012).
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Figure 2. Flexural strength

Figure 3. Compressive strength

Figure 4. Flexural strength/compressive strength ratio vs time
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Figure 5. Activity index vs time

The activity index plotted in Figure 5, found as specified in standard EN 450-1 on fly ash, is defined as
the ratio (in percent) between the compressive strength of standard mortar prismatic specimens
prepared with 75 % of the cement studied plus 25 % fly ash, and the compressive strength of standard
mortar prismatic specimens prepared with 100 % of the cement tested, at the same curing times.
According to the standard, the 28 d activity index should not be under 75 % and the 90 d value should
not be lower than 85 %. The figure shows that the highest indices were found for cement
75PC+25(80CDW+20SF), with 89 % at 28 d and 96 % at 90 d, although the other blends would also be
fly ash standard-compliant. For cement 75PC+25CDW the 28 d index was 88.28 % and at 90 d 89.29 %,
whilst for 75PC+25(95CDW+5SF) the 28 d value was 85.17 % and the 90 d index 92.38 %. Although
the standard on the use of silica fume in concrete (EN 13263-1) provides that mortar containing 90 %
cement and 10 % silica fume must have a 100 % activity index relative to the reference, that requirement
would not be applicable to the cements designed here, which contained just 75 % cement.
3.3.2. SEM studies
The 90 d SEM findings revealed C-S-H gel formation (Figure 6). According to the EDX analyses,
performed at 10 points, the C/S ratios in the gels varied with mortar composition.
The mean Ca/Si ratio was 2.40 in the OPC mortar, which had an insignificant aluminium content (1.35
%). In mortar 75C+25CDW the aluminium content was 4.30 %, which other authors interpreted as an
indication that aluminium was taken up into the C-S-H gel structure where it replaced Si (Richardson &
Groves, 1983), resulting lower Ca/Si ratios (1.59), were also addressed by Lea (1998) and Taylor
(1997). The present findings were consistent with earlier results for other pozzolanic materials (Sánchez
de Rojas et al., 2018, Medina et al., 2017). The mean Ca/Si ratio in mortar 75PC+25(80CDW+20SF)
was 2.22, whilst at 2.08 %, the presence of aluminium in the respective C-S-H gel was lower than in
75PC+25CDW. More aluminium (2.62 %) was found in the mortar with the lower silica fume content,
75PC+25(95CDW+5SF), where the Ca/Si ratio was 2.34.
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(a)

(b)

(c)

(d)

Figure 6. C-S-H gel formation in 90 days mortars (SEM micrographs): (a) OPC; (b)
75PC+25CDW; (c) 75PC+25(80CDW+20SF); (d) 75PC+25(95CDW+5SF)
3.3.3.

Porosity

Porosity is studied for its close correlation to mechanical strength and durability. The total porosity and
mean pore size for the cements analysed are given in Table 4. With the inclusion of CDW porosity
(32.2 %) rose but mean pore size declined, from 0.087 µm to 0.075 µm. When silica fume was added
total porosity in the blend dropped to values comparable to those of the OPC, while mean pore size was
smaller than in both the OPC and cement 75PC+25CDW. The samples bearing 5 % (75PC+25(95CDW
+5SF)) and 20 % (75PC+25(80CDW +20SF)) silica fume exhibited practically identical total porosity and
mean pore size values.
Table 4. Mercury intrusion porosimetry values
Cement

OPC

75PC
+25CDW

75PC+25(95CDW
+5SF)

75PC+25(80CDW
+20SF)

Mean pore size
(μm)

0.087

0.075

0.065

0.064

Total porosity (%)

12.06

15.94

12.64

12.53

The 90 d differential pore size distribution curves (Figure 7) were very similar for all the mortars studied,
with maximum pore sizes on the order of 0.1 µm, although pore size tended to be smaller in the blended
cement than in the OPC mortars. That reduction was the result of the pozzolanic reaction between
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CDW/SF and the portlandite resulting from cement hydration. The extra reaction product formed filled
the pores, reducing their size and raising mechanical strength (Kuzielová et al,. 2017, Lima el al., 2018).

Figure 7. Differential pore size distribution curves for 90 days mortars
4.

CONCLUSIONS

The conclusions to be drawn from the present study are listed below.
-

-

-

-

Although the test showed higher early age pozzolanicity in SF than in CD, over time the values
converged. Adding SF to CDW raised early age lime fixation, with the best results observed for
95CDW+5SF.
The inclusion of SF in the blends raised water demand slightly and shortened the initial and final
setting times, more in cement 75PC+25(80CDW+20SF) than in 75PC+25(95CDW+5SF).
Flexural strength was lowest in the mortars prepared with the cement bearing the highest silica
fume content (75PC+25(80CDW+20SF)). The addition of silica fume yielded compressive
strength similar to the OPC and higher than the 75PC+25CDW values, although no difference
was observed between adding 5 % or 20 % SF.
The flexural/compressive strength ratio was highest in the mortars prepared with 75PC+25CDW
and lowest in the OPC materials and those bearing cement with the highest silica fume content
(75PC+25(80CDW+20SF)). The presence of SF rendered the materials less elastic.
All the CDW- and SF-bearing mortars were activity index-compliant.
The C/S ratios in the C-S-H gels varied depending on the percentage of CDW and SF.
Aluminium uptake in the gel was greater in the mortar prepared with cement 75PC+25CDW.
No significant differences were observed in total porosity or mean pore size between the
samples containing 5 % (75PC+25(95CDW +5SF)) and 20 % (75PC+25(80CDW +20SF)) silica
fume, both of which exhibited total porosities similar to OPC and lower than 75PC+25CDW , as
well as lower mean pore sizes than both.

In conclusion, the addition of 5 % SF to the blend containing 25 % CDW (i.e., just 1.25 % of the total
cement) sufficed to improve blended cement properties.
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ABSTRACT
Protection against acids, chloride and carbonation is a major concern of concrete protection as it can
lead to steel bar corrosion which inflicts non-recoverable damage to structures. Recently, the use of
Nano-Silica (NS) in mix design was recognized to be an effective way to improve concrete durability.
Indeed, nano silica is a source of pozzolan that affects cement hydration and modifies microstructure.
However, the protection of existing structure remains a challenge. Post-treatment with NS in the form
of a colloidal suspension could be a possible solution. In this study, we use colloidal NS as an
impregnation agent on hardened cementitious materials. We show that NS has the ability to decrease
water imbibition inside cement paste when used as post-treatment on the matrix. In addition,
microstructural investigations shows that NS is able to penetrate inside the capillary pore space of the
cement paste, thus explaining the decrease of the water transport rate inside the cement paste. This
aspect could be relevant for concrete protection against aggressive agents and could increase service
life of existing structures.
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1.

INTRODUCTION

Durability of cementitious materials is mainly influenced by their transport properties (Kropp and Hilsdorf,
1995). These properties vary with internal and external factors. For example, carbonation, or sulfate and
alkalis ingress (Verbeck, 1958)(Brown, 1981)(Jawed and Skalny, 1978) due to water exposition over
long periods can accelerate deterioration of concrete. Most existing and accepted techniques to modify
transport properties operate at the level of mix design. They imply, for instance, reducing the water to
binder ratio (Schönlin and Hilsdorf, 1989) or optimizing concrete component size distribution as a way
to minimize the pore size (Garboczi, 1990). Tests involving water are traditionally used to evaluate the
durability of cementitious materials as water is known to be a prime vector in transport of aggressive
agents.
The concern of improving the durability of existing structure has led science and technology to develop
and investigate many solutions that could be both practical and effective. The EN 1504-02 (UNI EN
1504-part 2. Products and systems for protecting and repairing concrete structures.) classifies and gives
practical guidelines to increase durability of concrete structure. However, new products designed for
protection aren’t always classified in the EN 1504.
Advances in colloidal science (Verwey, 1958)(Bergna and Roberts, 2003) and in the processing of nano
particles (Brinker and Scherer, 1990) could lead colloidal nano silica (NS) to be a possible EN 1504
solution. This would require manufacturing a stable colloidal silica system containing homogeneous or
heterogeneous particle size distribution and understanding the behaviour – transport and reactivity - of
the silica nano particles in the matrix.
Silica fume is currently used in the mix design (V.M.Malhotra, 1989) of high-performance concrete, the
durability of which is generally better than standard concrete. This is attributed to the (sub)micrometric
size, high specific surface and pozzolanic reactivity of silica fume. NS particles in the mix design were
shown to lead to strength and durability improvement of concrete (Kontoleontos et al., 2012)(Nazari and
Riahi, 2011). Yet, there are only few studies (Hou et al., 2015)(Rollins, Owino and Fomunung, 2016) on
the effect of NS on concrete properties and durability when used as a surface treatment, even though
several Colloidal-Nano-Silica (CNS) products are already commercially available.
There are several properties classification for surface treatment – durability of treated substrate,
durability of surface treatment, engineering and economic requirements - (Basheer et al., 1997). Among
those properties, the assessment of water transport in a treated substrate gives an idea about the
efficiency of a surface treatment. To assess these surface treatments, concrete samples are generally
used. These samples are often further divided into smaller samples, which results in heterogeneity in
results. Moreover, the use of destructive tests could hamper the use of durability tests on the same
sample. In this work, we show the effect on water transport of cementitious materials post-treated with
Colloidal Nano silica (CNS). To overcome heterogeneity and destructibility we choose to work on small
samples of cement paste and to measure transport properties by following the water imbibition kinetics.
2.
2.1

MATERIALS AND TESTING PROCEDURES
Raw materials

Portland cement (CEM I 52.5 N according to EN 197-1) was used in this work. The density of the cement
is 3.14 g/cm3 with a Blaine surface of (4330 ± 100) cm²/g.
The chemical composition is given in Table 1:
Table 1 : Physiochemical properties of cement
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Cl

20.21%

3.48%

4.27%

59.72%

1.31%

2.41%

0.04%
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Colloidal-Nano-Silica (CNS) is a stable suspension of solid silica particles with nanometric size in a
liquid(Bergna and Roberts, 2003) In our study the suspending liquid is water. Two types of ColloidalNano-Silica (CNS) from different suppliers were used. Type 1 CNS was provided by Spray-lock
Concrete protection and Type 2 is Ludox HS-40 commercially purchased from Sigma-Aldrich.
The mean particle size measured by using a Zetasizer nano S of Malvern Instrument and water as
solvent are 30 nm and 10 nm for type 1 CNS and Type 2 CNS, respectively. The solid content of type 1
CNS (respectively type 2) is 12% (17%) by mass with a density of 1.1 for both types, as measured with
a pycnometer.
2.2

Sample preparation

The purpose of the study is to identify the effect of colloidal nano silica on the transport properties of
hydrated cement paste. Two different cement pastes with w/c ratio of 0.5 and 0.6, respectively, are
prepared by mixing water and cement for 2 minutes using a Turbo Test Rayneri mixer at a speed of 840
rpm. The pastes were cast in ϕ (diameter)=7cm x h (height)=14 cm plastic molds for 1 day before
unmolding and curing for at least 2 months in water at 20 °C. Small 1 (± 0.1) x 1 (±0.1) x 1 (±0.1) cm3
cubic samples were cut in these master samples, with a dry mass of approximately 2 g.
The cubes of hardened cement paste were then fully immersed in Colloidal-Nano-Silica (CNS) for 2
days. The implementation method by soaking is significantly different from the on-site spraying method
used by CNS suppliers. We focus on the effect of CNS on cement paste rather than the application
process
Before each contact with water, the samples were dried in an oven for 2 days at (80 ± 5) °C. The drying
occurs before each hydrostatic weighing run, before CNS treatment and right after CNS treatment. The
purpose of the drying is to have the same initial conditions for the imbibition experiments and to
maximize the absorption of CNS.
2.3

Description of testing methods

2.3.1 Hydrostatic weighing
Water imbibition is measured by monitoring the mass gain using hydrostatic weighing until complete
saturation of the sample. For each series of w/c ratio, a reference sample (without treatment with CNS)
is compared to the same sample after treatment.

Figure 1. Scheme of the hydrostatic weighing device for water imbibition measurement
To start hydrostatic weighing (Djerbi, 2012), first we measure the dry mass Md of the sample, then we
put it in a small holey container that is already hooked to the balance and immersed in water like in
Figure 1. The balance accuracy is 0.01g. The acquisition of M(t) starts immediately after immersion with
a measuring interval of 5 seconds. When M(t) is constant for 20 minutes, we consider that the measured
mass is Mhyd (M(∞)=Mhyd) and that the hydrostatic weighing is finished. The sample is then removed
from the container and wiped with a tissue until its surface looks dry. We then measure its saturated
mass Ms.
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The invaded porosity can be measured by hydrostatic weighing with the following relation:
P (%) =

𝑀𝑠 − 𝑀𝑑 − (𝑀ℎ𝑦𝑑 − 𝑀(𝑡))
𝑀𝑠 −𝑀ℎ𝑦𝑑

∗ 100

(1)

Where P is the invaded porosity.
𝑀𝑠 the saturated mass of the sample (g).
𝑀𝑑 the dry mass of sample (g).
𝑀ℎ𝑦𝑑 the hydrostatic mass at sample saturation (g).
𝑀(𝑡) the hydrostatic mass of sample at time t (g).
The water imbibition curve was measured on three samples and the curve shown in Figure 3 is the
mean curve of the invaded porosity values. The measurements are conducted on the same sample
before and after treatment. We define the characteristic time at which the invaded porosity of the sample
reach 50% of the final invaded porosity. We compute a mean value and a standard deviation for both
w/c=0.5 and w/c=0.6 before and after treatment by the two different types of CNS in Figure 4.
2.3.2 Study of the microstructure of cement paste
The technique chosen to study the microstructure of the cement paste was micro-intrusion-porosimetry
(MIP). Prior to MIP measurements, the sample were dehydrated by freeze-drying with the freeze-dryer
apparatus “Alpha I-4 LD plus” from Christ Martin: The protocol used consists in first putting the samples
in liquid nitrogen for at least 5min while keeping a constant agitation. The samples are then introduced
in the freeze-drier at -55°C and a pressure of 0,07mBar for 3 days.
The MIP apparatus used was the “Autopore IV” from Micrometrics, the maximum pressure reached was
413MPa.
3.
3.1

RESULTS AND DISCUSSION
Evolution of transport properties by hydrostatic weighing imbibition

The excellent reproducibility of the hydrostatic weighing method to follow water imbibition is illustrated
in Figure 2. The standard deviation for T50 is around 15% as shown in Figure 4. The imbibition mean
curve of cement paste before treatment in Figure 2 shows that water is penetrating inside the sample
until reaching a constant invaded porosity. As the curves are reproducible, it is possible to compute a
mean curve that can be used for comparison. We observe that the measured invaded porosity is less
than that measured by NF P18-459. This may be related to the lower drying temperature in our case.
Water imbibition kinetics was used to reflect the effect of CNS treatment on the transport properties of
cement paste. The mean curves of water imbibition before and after treatment by CNS are reported in
Figure 3. They show that for both 0.5 & 0.6 w/c ratio, the time needed to achieve complete saturation is
extended after treatment. This demonstrates that NS is capable of slowing down the water imbibition.
The curves also show that a delay in the imbibition kinetics starts from the very beginning of the
measurements, which could possibly means that the transport properties in the cement paste are
modified. The samples are dried right after treatment to reduce as much as possible aqueous reactions
that can happen after CNS is absorbed. Therefore we suggest that NS could have the ability to decrease
the transport properties of a cement paste by their pore filing ability.
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Figure 2. Water imbibition as a function of time on three cement paste samples for w/c = 0.5
(left) and w/c = 0.6 (right)

Figure 3. Water imbibition curve before and after treatment on cement paste with two types of
Colloidal-Nano-Silica (CNS) for w/c = 0.5 (left) and w/c = 0.6 (right)

Figure 4. Characteristic time to reach 50% of the total invaded porosity (T50) before and after
treatment on cement paste with Colloidal-Nano-Silica (CNS) for w/c = 0.5 (left) and w/c = 0.6 (right)
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We define T50 which is the characteristic time to reach 50% of the final invaded porosity. A mean value
and a standard deviation are computed from the T50 on the water imbibition curve before and after
treatment. Figure 3 shows that for w/c=0.5 T50 goes from 0.7 minute for the reference sample to 2.1
minutes for samples treated with CNS type 1 and to 1.5 minute for samples treated with CNS type 2.
After treatment the characteristic time is multiplied by approximately three for T50. CNS type 1 is clearly
more effective than CNS type 2 in reducing the transport properties. Considering that the two CNS have
different sizes, it is possible that the size of the NS particles could be one of the factors that explain this
difference in efficiency.
3.2

Study of the microstructure by mercury intrusion porosimetry

The pore size distribution (PSD) is the primary property to consider when assessing the ability of colloidal
particles to invade a porous medium. Other factor like the void space tortuosity and the particle/pore
wall interactions come after. Quite obviously, the pore size has to be larger than the particle size in order
to avoid clogging, but this is not a sufficient condition. Clogging studies performed with sieves have
shown that clogging happens as soon as the pore size is less than 2 to 3 times the particle diameter,
depending on the volume fraction of particles in the suspending fluid (Roussel, Nguyen and Coussot,
2007).
The PSD of the neat (before CNS treatment) cement pastes prepared at w/c = 0.5 and 0.6 are shown
in Figure 5, together with the double values of the average particle size for type 1 and type 2 CNS
(2x30=60 nm and 2x10=20 nm, respectively). Both PSD curves are bimodal, with a main peak at ~110
or ~140 nm and a broader secondary peak at ~30 or ~25 nm, for w/c = 0.5 and 0.6, respectively. The
main peaks are typical of capillary porosity (Ye, 2005)(Muller et al., 2015). They are relatively narrow,
with their upper foot around ~200 and ~300 nm for w/c = 0.5 and 0.6, respectively Thus, both types of
NS particles should be able to readily penetrate in the capillary pore space of both cement pastes without
clogging, provided no particle aggregation or adsorption on the pore walls takes place. Conversely,
neither type 1 nor type 2 CNS should be able to penetrate the smaller void populations.

Figure 5. MIP results of pore size distribution curves of cement paste for w/c = 0.5 (left) and w/c
= 0.6 (right) and twice the size of the used Colloidal-Nano-Silica
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4.

CONCLUSIONS

It has been shown that, when used as a post treatment agent on hardened ordinary Portland cement
pastes prepared at w/c=0.5 or w/c=0.6, nano-silica has the ability to decrease the water imbibition rate
inside the cement paste. As water is known to be the prime vector for harmful agents which decrease
the durability of concrete. Before that, in-site investigation of concrete post-treated by NS is necessary.
This would open new ways for the use of nano silica suspensions as promising post-treatment solutions
to extend the service life of existing concrete structures.
As far as the mechanism of NS action is concerned, our microstructural data together with recent
theoretical work on the clogging of sieves show that, in the absence of a possible suspension
destabilization in the pore space and/or particle-wall attractive interactions, the NS particles should be
able to penetrate the accessible capillary void space of the cement pastes without clogging. The
quantitative relationship between the amount of nanoparticles in the capillary pore space and the
decrease of the water imbibition rate has still to be established.
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ABSTRACT
In this study, the applicability of modified Chappelle’s test to measure the reactivity of mineral additives
other than calcined clay was investigated. For this task, one type of calcined clay, fly ash, slag, quartz
and limestone were selected. The standard modified Chapelle’s test was performed at 90 °C as well
as 100 °C. Also, the samples were tested for various durations of 16, 24 and 32 hours. This step was
performed to reach the full reactivity potential of slow reactive pozzolan such as siliceous fly ash. The
filtrate from all the test samples were analysed for change in the original phase composition with the
help of X-ray diffraction and thermogravimetric analysis. Quartz showed significant consumption of
calcium in both the temperature regimes. Consumption of calcium was also observed in limestone, this
was due to the presence of approximately 10% quartz in limestone that reacts at high temperature in
alkaline conditions. However, due to its crystalline nature, quartz does not support any pozzolanic
reaction in actual cement systems. Consumption of calcium by quartz makes this method unsuitable to
study the reactivity of SCMs that contain quartz as one of the minerals in it such as fly ash, low-grade
kaolinitic clay etc. as it will over predict the reactivity of SCM. It was also seen that the hydration
products formed in this test were different than what is generally observed in the blended cement at
room temperature.
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1.

INTRODUCTION

The utilisation of supplementary cementitious materials (SCMs) in cement is always a topic of interest
for cement producers and its consumers. One of the primary reasons for giving much attention to
SCMs is to reduce the CO2 emissions happens due to clinker production (Aubert et al. 2012, Cordeiro
et al. 2008 , 2012, Donatello et al. 2010, Embong et al. 2016, Fitos et al. 2015, Hollanders et al. 2016,
Rodier et al. 2017). Addition to that, utilisation of such by-products also helps in waste consumption
(Cordeiro et al. 2009, Embong et al. 2016). That is why, some recent research focused on the
utilisation of sugarcane bagasse ash, bamboo ash, etc. (Embong et al. 2016, Rodier et al. 2017). But,
before using an SCM for clinker replacement, it is necessary to test its reactivity precisely. It is
generally stated that the reactive silica and alumina from the SCMs reacts with calcium hydroxide (CH)
to produce calcium silicate hydrate (CSH) as main hydration product (Adamiec et al. 2008). Based on
that statement, the rate of CH consumption by an SCM in the presence of cement/CaO/CH and water
is generally studied as reactivity indicator. And that is why; the basic principle behind most of the
reactivity testing methods is to find the potential of an SCM to react with calcium (Aubert et al. 2012).
But most of the reactivity methods have their limitation. For example, some of the reactivity testing
methods are only applicable to a specific category of SCM. Due to their limitaton; there is always a
need for a rapid process to access the reactivity of different category of SCMs (Avet et al. 2016, Li et
al. 2018, Snellings & Scrivener 2016). One such rapid method is Chapelle’s test and is well known for
its short testing duration. This method is standardised in different countries for testing the reactivity of
metakaolin (MK) (Cordeiro et al. 2008, NF P18-513 2012). It is also to be noted that this method is
also criticised for its accelerated testing conditions (Antiohos et al. 2007, Aubert et al. 2012, McCarter
& Tran 1996).
Chapelle test and its modification are already used in many research studies to check the reactivity of
SCMs other than metakaolin. In the Chapelle test, 1 g of SCM with 1g of CH mixed in 200 ml of water
is boiled for 16 hours. A modification of this method which is standardised in French standard NF P
18-513 (NF P18-513 2012) recommends 2 g of CaO and 1 g of SCM in 250 ml of water which is then
heated at 90° C for 16 hours. The excess amount of water and the accelerated temperature are used
to accelerate the dissolution of SCM in the calcium solution. In the modified Chapelle's test, a higher
amount of calcium allows full reactivity of high purity SCMs because 1 g of calcium (as per old
Chapelle test) might not be sufficient for the complete reactivity. But still, the hydration of an SCM at
90° C may not be same as that in case of cement system hydrated in field conditions and found
imperfect because the reactivity is measured in the ideal system (Taylor-Lange et al. 2012).
Moreover, this test gives no information about the rate of reaction and determines only the final
consumption of calcium (McCarter & Tran 1996). But, sometimes the consumption of calcium by 1 g of
SCM is used as a scale for the reactivity (Cordeiro et al. 2008). This method is already tried for wide
varieties of SCMs. But one of the critical findings from the literature study was varying testing condition
and mix proportions in the testing procedure. The literature in tabular form differentiating the SCMs
tested, and their testing conditions are provided in Table 1. In the literature study, modified Chapelle’s
test perfromed as per French standard was found to be well suitable for kaolinitic calcined clays even
when the kaolinite content varies from 95 % to 17 % (Avet et al. 2016). But in some of the studies, the
well crystalline quartz found to be somewhat reactive when tested at such high temperature (Avet et
al. 2016, Benezet & Benhassaine 1999, Li et al. 2018). Also, Chapelle and modified Chapelle’s test
was found to be unsuitable for SCMs such as slag and class C fly ash (Antiohos et al. 2007, Li et al.
2018, McCarter & Tran 1996). The reason for such behaviour is not very clear, which could be either
due to their calcium source or the accelerated testing condition. And that is why, before testing any
SCM under such accelerated conditions, the suitability of the method to the SCM needs to be checked
carefully.
Only a few studies were found in the literature which considered checking the hydration products
when SCMs hydrate in such accelerated condition of Chapelle’s test. In one of the study (Fitos et al.
2015) on thermal and mechanically treated kaolinitic clays, the resulting hydration products were CSH,
CASH and C3AH6 observed from X-ray diffraction (XRD), thermogravimetric analysis (TGA) and
Fourier-transform infrared spectroscopy. In the mechanically activated clay samples, XRD data
revealed that the crystalline quartz peaks were missing. The consumption of quartz in mechanically
activated kaolinite clays was either due to high temperature of the reactivity testing procedure or
change in the crystalline phase of quartz during the grinding process. Similar to this behaviour,
another study checked silicious FA hydration at 100° C in Chapelle’s test (Adamiec et al. 2008). In that
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study, different fractions of FA based on fineness and density were tested. The hydration products
analysed using XRD were found to be different based on the fineness of FA. The coarse fraction of FA
only produced C-S-H whereas, in the case of finer fractions, Katoite and C-S-H are reported. They
concluded that the lime consumption could not be directly used, as the measure of reactivity and
particle size is critical to be analysed.
Table 1. List of research work for different SCMs tested and their testing parameters
Author’s

SCMs tested

Test
reported

Testing
temperature

Mix proportions

(Li et al. 2018)

Calcined kaolinitic clays,
class F & class C fly ash,
slags, natural pozzolan,
quartz

Chapelle

100° C for 16
hours

1 g of SCM + 1 g of
CH + 200 ml water

Modified
Chapelle’s

90° C for 16
hours

1 g of SCM + 2 g of
CH + 200 ml water

(Rodier et al.
2017)

Bamboo stem ash, sugar
cane bagasse ash &
natural pozzolan

Chapelle

90° C for 16
hours

1 g of SCM + 1 g of
CaO + 200 ml water

(Hollanders et
al. 2016)

Kaolinitic, smectitic & illitic
calcined clays

Modified
Chapelle’s

85° C for 16
hours

1 g of SCM + 2 g of
CaO + 250 ml water
(as per NF P 18- 513)

(Embong et al.
2016)

Sugar cane bagasse ash

Modified
Chapelle’s

85° ± 5° C for
16 hours

1 g of SCM + 2 g of
CaO + 250 ml water

(Avet et al.
2016)

Calcined clays

Modified
Chapelle’s

90° C for 16
hours

1 g of SCM + 2 g of
CaO + 250 ml water

(Snellings and
Scrivener 2016)

Metakaolin, FA, natural
pozzolan, slag & quartz

Chapelle

100° C for 16
hours

1 g of SCM + 1 g of
CH + 200 ml water

(Fitos et al.
2015)

Mechanically & thermally
treated kaolinitic clay

Chapelle

100° C for 16
hours

1 g of SCM + 1 g of
CH + 100 ml water

(Nežerka et al.
2014)

Crushed brick dust &
metakaolin

Modified
Chapelle’s

90° C for 16
hours

1 g of SCM + 1 g of
CaO + 250 ml water

(Cordeiro et al.
2012)

Sugar cane bagasse ash
& rice husk ash

Modified
Chapelle’s

90° C for 16
hours

1 g of SCM + 1 g of
CaO + 250 ml water

(Taylor-Lange et
al. 2012)

Metakaolin containing
zinc oxide

Modified
Chapelle’s

80° C for 16
hours

1 g of SCM + 2 g of
CaO + 250 ml water

(Cordeiro et al.
2009)

Rice husk ash containing
un burnt carbon

Chapelle

90° C for 16
hours

1 g of SCM + 1 g of
CaO + 250 ml water

(Adamiec et al.
2008)

Silico-aluminous fly ash

Chapelle

100° C for 24
hours

1 g of SCM + 1 g CH
+ 200 ml water

(Cordeiro et al.
2008)

Sugar cane bagasse ash

Modified
Chapelle’s

90° C for 16
hours

1 g of SCM + 1 g of
CaO + 250 ml water
(as per NBR 12653)

(Antiohos et al.
2007)

Class C and class F Fly
ash

Chapelle

100° C for 18
hours

1 g of SCM + diluted
slurry of CH

(Benezet &
Benhassaine
1999)

Quartz ground to different
fineness levels

Chapelle

100° C for 24
hours

1 g of SCM + 1 g of
CaO + 200 ml water

(McCarter &
Tran 1996)

Pulverized fuel ash,
metakaolin, micro silica,
calcined shale, slag

Chapelle
test

Not reported

Not reported
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(Salvador 1995)

Kaolinitic clay calcined
under different conditions

Chapelle

100° C for 24
hours

1 g of SCM + 2 g of
CH (water not given)

In another study (Snellings & Scrivener 2016) on MK, FA, natural pozzolan, slag and quartz was
tested using Chapelle test at 100° C. The XRD data showed that the hydration products in all the
SCMs were CSH and hydrogarnet/katoite. Only in the case of slag, silica-rich hydrogarnet was found.
Quartz consumed approximately 10% of portlandite, but in the XRD data, no CSH phase was
detected.
Overall, limited information on the hydration products formed under such testing conditions is
available, and the testing protocols of Chapelle/modified Chapelle’s test were found to be varying in
different studies. So it was decided to check the modified Chapelle’s test in detail for its applicability on
different SCMs. The parameters, which can affect the results, such as testing temperature and
duration, are also considered in the study. To get the detail of hydration products, X-ray diffraction
(XRD) and thermal gravimetric analysis - differential thermal gravimetric (TGA-DTG) was used.
2.

MATERIALS AND METHODS

Applicability of Modified Chapelle’s test method on different types of SCMs was tested. One
metakaolin (MK), one siliceous fly ash (FA), one slag (S) and one limestone (LS) was selected for the
study. One quartz (Q) was used as the reference material. The oxides composition of those SCMs is
reported in Table 2. Modified Chapelle’s test as per NF P18-513 (NF P18-513 2012) was followed. As
per the procedure, 1 g of SCM with 2 g of CaO in the presence of 250 ml of deionised water was
heated at 90° C for 16 hours. After that, the solution was cooled down to room temperature, and
another solution of 250 ml of water having 60 g of sucrose was added. Finally, after the filtration using
a Büchner funnel under vacuum condition, the filtered solution was titrated with 0.1 M HCL using
phenolphthalein as an indicator.
As one of the objectives, the effect of temperature at 90° C and 100° C on CaO consumption was
checked. Additionally, the impact of testing duration was checked for 16, 24 and 32 hours at 90° C. To
characterise the hydration products, the residue collected over Büchner funnel was treated using ion
exchange method for removing free water. Further, the dried powder (after removing iso-propanol
used for ion exchange) was used for the XRD and TGA-DTG analysis.
Table 2. Oxides composition of SCMs
Constituent %

MK

FA

S

LS

Q

Loss on ignition LOI

3.03

1.74

0.1

36.96

1.08

Silica SiO2

53.53

67.66

32.26

11.02

93.30

Iron Fe2O3

2.03

5.32

1.93

1.55

0.63

Aluminium Al2O3

40.03

22.18

23.16

2.53

1.83

Calcium CaO

0.08

0.32

33.88

44.24

0.56

Magnesium MgO

0.02

0.18

7.01

1.96

0.80

Sulphate SO3

0.12

0.02

Traces

---

Traces

Sodium Na2O

0.24

0.43

0.34

0.50

0.93

Potassium K2O

0.07

1.60

0.65

0.28

0.37

Titanium TiO2

0.38

0.12

---

---

---

Manganese Mn2O3

---

0.05

0.30

---

---

Phosphate P2O5

---

0.07

---

---

---
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The raw materials were characterised using XRD. The amount of different crystalline phases were
obtained using Rietveld analysis and phase compositions are reported in Table 3. The results showed
that in the case of MK, some un-calcined kaolinite was found indicating incomplete calcination of the
clay. In the case of slag, only a small quantity of quartz and gehlenite (C 2AS) was observed. Fly ash
was containing mainly mullite and quartz. The LS sample was containing some impurity of quartz in it,
and the rest was only calcium carbonate. Quartz sample was crystalline without any impurity. The MK,
FA and slag samples had an amorphous phase. Some quantity of amorphous phase was also
observed in LS and Q sample. But the quantities can be considered within the error range of the
analysis.
Table 3. Phase compositions calculated from XRD

3.
3.1

Phase

MK

FA

S

LS

Q

Kaolinite

18.9

---

---

---

---

Quartz

3

21.9

0.9

7.4

97.9

Mulite

---

23.5

---

---

---

Calcium carbonate

---

----

---

90.2

---

C2AS

---

---

3.3

---

---

Amorphous

77.5

54.6

95.8

2.4

2.1

Hematite

0.6

---

---

---

---

RESULTS
Effect of temperature

The results for samples tested as per standard procedure (i.e. at 90° C) and at 100° C temperature
are compared first and are plotted in Figure 1. The samples tested at 100° C indicated a high amount
of CaO consumption for MK, FA, Q and LS. But a slight decrease in the CaO consumption was
observed in the slag sample. This behaviour was not clear and need further investigation. The FA, Q
and LS sample consumed a significantly high quantity of CaO when tested at 100° C. In case of FA,
the consumption increased by approximately 197 % concerning 90° C results. Whereas in the case of
Q and LS, it dramatically increases by 392 % and 544 %.

Figure 1. Cao consumption by SCMs at 90° and 100° C
3.2

Effect of testing duration

When the SCMs were allowed to react for an extended period of time, the CaO consumption
increases for FA, Q and LS. But in the case of MK and slag, a very nominal change was observed. It
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can be seen in Figure 2 that MK hardly consumed additional CaO after 16 hours. But other SCMs
continuously consumed CaO with time. Once again, the consumption significantly increases in the
case of FA, LS and Q with time. The increase in CaO consumption for FA from 16 hours to 32 hours
was 145 %. Similarly, the consumption increased by 224 % and 194 % respectively for Q and LS.

Figure 2. Cao consumption by SCMs in 16, 24 and 32 hours at 90° C
3.3

Hydration products characterisation

The hydration products studied using XRD are first discussed and are presented in Figure 3. In the
case of MK, the major hydration products were hydrogarnet (C3AH6), CSH (or CASH) and a very small
quantity of hydrotalcite. The quartz in MK sample was challenging to find out and was assumed to be
reacted with CaO. The slag sample showed different behaviour than MK. The intense peak of
hydrotalcite and multiple peaks of hydrogarnet and Si-containing hydrogarnet (Ca3.Al2.Si3-xO124x(OH)4x) phase was observed (Jappy & Glasser 1991). To differentiate the peaks of hydrogarnet
formed in MK and S sample, results are also plotted in Figure 4. The reason for such behaviour is not
clear at the stage and requires a more detailed experimental work plan. But in the case of FA sample,
no hydrogarnet like phase was observed. Only a small quantity of hydrotalcite and CSH can be clearly
seen in the XRD data. The formation of hydrotalcite was not very clear in the XRD data. But its
formation in case of MK and FA sample could be possible if small impurity of MgO is present in CaO
used.

Figure 3. Hydration products formed during the test perfroemd at 90° C for 16 hours (* =
Hydrogarnet, # = Si- hydrogarnet, Kalo = Kaolinite, H-tel = Hydrotalcite, Mu = Mulite, CSH=
Calcium silicate hydrate)
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Figure 4. Plot for different hydrogarnets formed in case of slag and MK
In the case of LS and Q, none of the samples showed any crystalline hydration product. But the
amorphous-like hump was observed in both the samples plotted in Figure 5. This hump could be due
to the formation of CSH due to the reaction of Si from quartz with CaO.

Figure 5. XRD plot for hydration products in LS and Q sample (Q = Quartz, Cc= Calcium
carbonate)
The TGA-DTG data also confirms the findings of XRD and is presented in Figure 6. All the samples
showed a strong endothermic peak around 230° C to 240° C was expected to be of CSH. In case of
cement blends, decomposition of hydration products is generally observed in the range of 100° C to
400° C with an endothermic peak at around 130° C. The reason of the shift of intense peak in this
study could be due to the formation of CSH having different composition than that formed usually at
room temperature. Second peak of hydrogarnet around 310° C to 320° C was observed. The
hydrotalcite decomposition in slag sample was around 410° C to 420° C . A slight amount of carbonate
decomposing in between 600° C to 800° C was found in all the samples. This could be due to the
carbonation during the sample analysis or as the impurity present in the CaO used for the study.
Finally, the decomposition of hydration products in case of LS and Q sample confirmed the reactivity
of SiO2 under such accelerated conditions.
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Figure 6. Hydration products decomposition of SCMs using TGA-DTG
4.

SUMMARY

This study focuses mainly on the hydration behaviour of different SCMs when tested for their reactivity
using modified Chapelle’s test. In addition to that, the effect of testing temperature and testing duration
in the CaO consumption was checked on all SCMs. This effort was made to verify the suitability of this
method for SCMs other than MK.
The study revealed that the consumption of CaO significantly increases for FA, Q and LS when tested
at 100° C.
The effect of testing duration on MK indicated that the standardised Modified Chapelle’s test is well
suitable for calcined kaolinitic clays because only a slight change in CaO consumption was obtained
even when the sample was allowed to react for 32 hours. But the standardised method may not be
able to predict the full reactivity of other SCMs because continuous consumption of CaO with time was
observed.
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The hydration products characterisation by XRD and TGA-DTG revealed that the hydration products in
case of calcined clay were mainly CSH, hydrogarnet and some quantity of hydrotalcite. Whereas in
the case of the slag sample, the Si incorporating hydrogarnet was also observed.
Fly ash sample showed CSH as major hydration product. In LS and Q sample, only amorphous hump
corresponding to CSH was observed. All the hydration products observed in XRD were confirmed in
DTG analysis.
This study revealed that the hydration products formed under such accelerated conditions are not
similar to what we generally observed in the cement paste hydrated in lab conditions. The reactivity of
crystalline quartz was also observed. That is why this method needs to be used carefully for those
SCMs which contains quartz. Even in the case of impure kaolinitic clays having quartz in it, this
method may overestimate the reacivity.
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ABSTRACT
In the scope of the international and interdisciplinary project “ASSpC – Advanced and Sustainable
Sprayed Concrete”, we aim at developing new, durable and sustainable shotcrete and at elucidating
the interdependence between composition and durability of shotcrete. The outlined contribution
focuses on the stepwise mix-design of (i) new binders combining Ordinary Portland cement (OPC) with
different types of additions, (ii) accelerated mortars and (iii) shotcrete mixes tested in real-scale
experiments.
By optimizing packing density, minimizing water demand and finding an optimum combination of OPC
with inert fillers as well as hydraulically active supplementary cementitious materials (SCM), novel
binders were developed that have a high durability potential. The paper highlights the early strength
gain by the use of very fine limestone powders. Moreover it is shown how additions as silica fume,
metakaolin and ground granulated blast furnace slag can be combined with OPC effectively to improve
flowability and early-age strength of shotcrete.
It was proved in reals scale tests that OPC-reduced mixes with dense packing and high content of
combined SCMs can be pumped, sprayed and effectively accelerated. These mixes showed moderate
rebound and equivalent strength, modulus of elasticity and water penetration depth compared to
standard shotcrete mixes. Simultaneously the eco-efficiency and durability potential of shotcrete could
be improved that way.
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1.

INTRODUCTION

One of the aims of the international and interdisciplinary project “ASSpC – Advanced and Sustainable
Sprayed Concrete” is a process-friendly advanced and durable shotcrete with low environmental
impact. This new type of shotcrete should allow durable tunnel linings with reduced sintering potential
to minimize costs and effort for maintenance of underground structures. Furthermore, future shotcrete
should also be suitable for rehabilitation of damaged structures (e.g. after thaumasite damage).
High early strength is usually achieved in (wet-mix) shotcrete by means of cement-rich binders in
combination with accelerating admixtures. The high content of Ordinary Portland cement (OPC) in
these mixes is responsible for (i) the formation of significant amounts of portlandite (Ca(OH)2) in
hardened concrete and (ii) the high global warming potential (GWP) and total primary energy demand
(PEt) of shotcrete (Saade et al. 2018, 2019). High portlandite contents increase the leaching and
consequent sintering potential of the shotcrete (Galan et al. 2019). This latter is especially relevant in
tunnel structures, where massive precipitates of calcium carbonate may cause blockages in the
drainage system leading to malfunctioning risks, repairs and subsequent economic losses. Latenthydraulically active and pozzolanic SCMs (supplementary cementitious materials) such as ground
granulated blast-furnace slag (GGBFS), fly ash (FA), (micro)silica fume (MS) and metakaolin (MET)
can help increasing the resistance of the shotcrete mixes against chemical attacks, reducing the
sintering potential and improving durability. Concrete/shotcrete mixes containing these SCMs form
less portlandite and they produce denser microstructures. However, substituting OPC by these SCMs
normally leads to a significant decrease in the early strength, as compared to pure OPC mixes. The
use of C3A-free cement (CEM SR0) is commonly agreed to provide chemical resistance to the
concrete, especially against sulfate attack. This type of cement also gives relatively low early strength.
To link workability, early strength and durability, this paper presents a method for developing new
binders combining OPC, selected SCMs, and inert fillers in an optimized way. The aim is to ensure
that the mixes are workable – especially pumpable and sprayable – and that they can be accelerated
despite the low OPC and high SCM content. The key to success is to optimize the mix of the binder
powders in terms of packing density and water demand to achieve a target flowability. Additionally, the
durability and environmental impact of the shotcrete mixes (binder, aggregates and admixtures) are
taken into account. In an optimized binder, OPC is partly substituted by properly selected very fine
micro-fillers (MIF) and coarser meso-fillers (MEF) that have low water demand and lower
environmental impact than OPC (Figure 1). Both MIF and MEF can be inert fillers or hydraulically
active additions. To reach a void-filling effect, the size ratio of smaller particles to larger particles
should be dMIF/d(MEF,OPC) ≤ 0.33 with an optimum reached at a ratio ⋍ 0.1 (Fennis 2010).

standard
water-binder mix
OPC

optimized water-binder
mix of OPC+additions
microfiller

Mikro-Füller

interstitial
water

mesofiller

hydraulically
active
additions

+ Fließmittel (PCE)
Wasserfilmdicke

water layer

inert
additions

Figure 1. Idealized scheme for the optimization of packing density and binder composition
In optimized packing density mixes, water is no longer needed for void-filling and it is available for
wetting the particles, thus improving the flowability of the mix. This means that keeping the flowability
constant, the water/binder-ratio (w/b) of the mix can be reduced if the packing density is properly
optimized. In addition, if OPC is partially replaced by microfine MIF, proper consistency can be
ensured despite the higher specific surface area (SSA). Besides, an optimized mix-ratio of OPC (or
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clinker) to SCMs is crucial to ensure early strength development and durability properties. A ratio of
OPC:GGBFS of ~1:0.3 and OPC to MS or MET of 1:~0.1 was initially assumed to be proved within the
outlined design procedure. With optimized binders, accelerated mixes of mortars were developed in
the lab and finally validated in real-scale tests on shotcrete.
2.
2.1

METHODS
Particle size distribution and specific surface area measurements

Particle size distribution (PSD) of fine powders were measured in the range of 0.45 µm to 875 µm (3
repetitions) with a laser diffraction particle size analyzer (Sympathec HELOS) outfitted with a H2395
sensor. To provide similar measurement conditions for all powders, 10 ml of dried powders were
dispersed at a pressure of 2.5 bar. For the conversion of the diffraction spectra into a volume-based
particle size distribution (of idealized homogeneous spheres) the “Mie-theory” (1908) was applied. For
the silica fume, MIF-MS-Q1, manufacturer data were used which assumes well dispersed, nonagglomerated particles. The results are presented in Table 1. PSD of aggregates was determined by
sieve analysis according to EN 933-1:2012. The fineness of the powders and the SSA was determined
by BET-measurements (ISO 9277, device used: Micromeritics Flowsorb II 2300). Results are given in
Table 1.
2.2

Determination of packing density and optimization of the binder

2.2.1 Experimental determination of packing density
The packing density of a powder, Φ, is the solid content or volume of the powder Vp in the total volume
Vtot. It can be determined (i) on dry materials, by measuring bulk density, and void content under
certain compaction conditions, and (ii) with wet packing methods. In this study Φ of fine powders was
measured by a rheological-type wet method, according to Marquardt, described in detail in Hunger &
Brouwers (2009). This method allows for the measurement of the minimum void content of a powder in
a mixing process in which water is continuously added to the initially dry powder. The maximum shear
resistance of the mix marks the transition from an undersaturated water-powder-mix to a powdersuspension. At the transition point, the achievable maximum packing density Φexp, under the defined
grade of high compaction in the mix, can be derived from the volume of water Vws filling the
intergranular voids (Juhart et al. 2015). The method can be applied on single materials or on powder
mixes. Optimized mixes of fine powders (OPC, MEF, MIF) can be obtained by means of series of
measurements of powder mixes where the mix ratios are systematically varied. Note that such
optimized mixes need less water as compared to standard mixes with the target consistency.
2.2.2 Calculation of packing density by CIPM
In order to assess a very large number of mix-variations, packing densities ΦCIPM can be computed
with the help of the so-called compaction interaction packing model (CIPM, Fennis 2010). The
presented powder combinations were computed with Matlab R2013a, based on CIPM, using
experimentally determined packing densities Φexp, of source materials as explained above. Moreover,
their grain size distribution and the so-called compaction index K were input parameters for CIPM
calculation. The index depends on the applied mixing and compacting process and was set to 12.2,
which is in accordance with Fennis-Huijben (2010) for intensive mixing. Model parameters for CIPM
computation which describe the geometrical particle-interaction in granular mixes (wa and wb values),
and parameters describing the influence of interparticle forces ( Ca and Cb) were set as follows: wa = 1.2;
wb = 1.0; Ca = 0.8; and Cb = 1.5. That way optimized mix-ratios of source materials with high packing
densities were obtained and further investigated.
2.3

Determination of flowability and strength development of accelerated mortars

Tests on mortars are a practical way to determine the effects of SCMs and fillers in combination with
several admixtures (superplasticizer (SP), setting accelerator (SA), etc.) on the consistency and
strength-development of shotcrete mixes. In the outlined study fresh mortar was produced and tested
by the following procedure. (i) Mixing water with SP, binder and sand (fraction 0/4 mm) in a 5l Hobart
mixer for 90 seconds at about 150 rpm, with intermediate bowl scraping. (ii) Testing the spread flow (f)
with a Hägermann cone on a dry glass plate according to EN 1015-3 but without shocks (taking the
mean of two measured spread flow diameters). (iii) Returning the material into the mixing vessel,
where it is left to rest for 10 minutes. (iv) Adding SA to the mix by means of a syringe, while mixing for
15 seconds at about 300 rpm. (v) Pouring the mortar rapidly into prism moulds (40x40x160 mm³),
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while vibrating them. The excess material is removed and the surface flattened with a steel ruler. It is
important to note that the time elapsed from accelerator addition until the prisms were finished does
not exceed 60 seconds. The prisms are covered by a glass plate and stored at ≈100% RH and 20°C
for 6h (wet storage). (vi) Testing compressive strength (CS), according to EN 196.-1:2016 at different
ages, starting at 6h after demoulding. Further prisms are kept under wet storage for another 18 hours
and tested at 24 h. Furthermore, prisms are moved to under water storage at 20°C and tested after 28
days. CS is determined with an electronically controlled testing machine, on at least 4 prism halves
each test time. For the early strength tests (within 24 hours) a constant very slow testing speed (e.g.
1mm/min) is needed to get accurate results.
2.4

Real-scale testing and concrete performance

2.4.1 Fresh concrete tests
For real-scale tests, concrete was mixed at the plant near a test tunnel using a double-shaft mixer
(BHS, 4.5 m³ maximum mixing volume, 3 m³ mixtures each). In preliminary tests, the water content
and SP dosage to reach a target flow-table spread for pumpable concrete of 60 ± 5 cm had already
been specified for each planned mix. A concrete sample was taken directly from a truck mixer,
charged at the mixing plant, to measure flow-table spread 10 minutes after the addition of water (acc.
to EN 12350-5:2017) and air content (EN 12350-7:2017). Additionally, the water content was
determined by microwave drying (ONR 23303:2007) of this so-called “base mix” (mix before
accelerator addition and transport to the site). After a short transport to the place of the spraying tests,
the flow-table spread was checked again, 30 to 45 min after water addition. If necessary, a small
amount of water was added to meet the target flow-table spread.
2.4.2 Spraying
For the real scale spraying process a Hittmayr equipment was used, which had both the pump (CIFA
Magnum MK24) and the manipulator mounted on a truck-mixer (Figure 2). The accelerator was added
by means of a peristaltic pump and the spraying output was set at 20 m3/h. The nozzle had a onesided feed of the accelerator suspension. Initially planned as 7% of binder mass, the actual
accelerator dosage was then determined by weighting the accelerator tank with a hanging scale. A 17
m3 compressor was used for the addition of the compressed air at the nozzle; the actual amount was
measured with an air flow meter. For each composition 3 m 3 of fresh concrete were sprayed: firstly,
several panels (about 150x350x400 mm³ each, see Figure 2 left) were filled and then the rest was
shot in the test tunnel (Figure 2 right). The distance from the nozzle to the tunnel wall was 1.5 to 2
meters. The pumpability of the different mixes was assessed by reading the necessary pump pressure

Figure 2. Real scale shotcreting: (left) spraying panels, (right) spraying tunnel
for target pump output (20 m3/h) and by visually observing the concrete from the nozzle to the
receiving substrate. The sprayability was assessed by the operator and involved experts with respect
to homogeneous application. Additionally, the rebound of the defined area in the test tunnel was
weighed. Subsequently, the rebound was expressed as wt.% of the amount of concrete sprayed in
that area.
2.4.3 Early strength tests
The on-site early strength of the shotcrete panels was measured according ASCT (2009) from 0 to 1
MPa with a penetration needle (whereby the penetration resistance is converted to compressive
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strength), and from 2 to 16 MPa by means of a powder-activated Hilti setting device, with which a bolt
is driven into the young concrete and then pulled out again. The ratio of pull-out force to penetration
depth is then converted in to compressive strength by means of calibration curves. The ambient
temperature during the real scale tests varied between 15 and 35 °C, although these temperature
variations were much smaller while the concrete was fresh.
2.4.4 Strength and modulus of elasticity of hardened concrete
Several specimens were drilled from the panels after 24 to 48 h and then stored in water. They were
transported in that way to the lab for further tests (storage under water, 20°C). The 28 days strength of
drilled cores (ø100 mm, h = 100 mm, n = 3) from the spraying panels was measured according to EN
12390-3 (2017) in a force-controlled testing machine with a maximum load of 3 kN. Additionally
compressive strength tests on 150 mm cubes (n = 3) of not accelerated base mix (“zero concrete”)
were carried out (storage conditions: 7 d under water, up to 28 d in the laboratory at 20 ° C, 65% RH).
The modulus of elasticity was determined in accordance with the guideline for sprayed concrete of
ASCT (2009) for 3 cores each (with the exception of mix REF-CEM-SR0: n = 2) with a diameter of
103 mm and a height of 250 mm.
2.4.5 Water-penetration under pressure and durability indicators
As an indicator for water-tightness and durability, the depth of water-penetration under pressure was
tested acc. to EN 12390-8 (2009) on water cured concrete prisms (200*200*120 mm, n = 3) starting at
the age of 28 d. Pressurized water was applied to one surface in 2 steps: (i) 1.75 bars up to 3 d and
(ii) 7.0 bars up to 14 d, acc. to ASCT (2009). Afterwards each specimen was split and the penetration
depth was measured. Further durability related tests, such as sintering potential, resistance to frost,
sulfate attack, carbonation and chloride ingress, also carried out within the framework of the outlined
project ASSpC, are not reported here as they are out of the scope of the present work. For more
information on shotcrete durability see further papers presented at ICCC (Sakoparnig et al., Steindl et
al. and Baldermann et al)
Table 1. Materials
ID

Description

Density

d50

BET

Φexp

[g/cm3]

[µm]

[m²/g]

[-]

CEM-I (OPC)

CEM I 52.5 R

3.16

7.1

1.32

0.50

CEM-SR0

CEM I 52.5 N C3A-free

3.26

8.0

0.96

0.56

MEF-PHA-CO

combination product

2.81

14.9

1.29

0.62

MEF-GGBFS-4500

processed GGBFS

2.91

8.6

0.91

0.54

MEF-CAL-100

limestone powder

2.76

5.0

1.68

0.64

MIF-CAL-EGU

limestone powder

2.72

1.1

5.65

0.57

MIF-MS-Q1

microsilica fume

2.20

0.2

~18

0.57

MIF-MET-SF

metakaolin

2.47

2.1

8.59

0.32

sand 0/4 (mortar)

quartz

2.72

~1500

sand 0/4 (concrete)

carbonatic

2.84

~1500

-

-

gravel 4/8

carbonatic

2.84

~5600

-

-

SP-9

SP (PCE)

1.06

long-time consistency keeping

SA A-2

setting acc.

1.47

SA C-2

setting acc.

1.44

alkali-free, aluminium sulphate based
suspensions
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3.
3.1

MATERIAL SELECTION AND MIX-DESIGN
Source materials

An overview of the powders used for the binders and their main characteristics can be found in Table
1. Two types of Portland cements were used for the mixes: CEM I 52.5 R (from now on ‘CEM I’) and
CEM I 52.5 N SR0 (from now on ‘CEM SR0’). Sulfate-resistant CEM SR0 has a significantly lower
tricalcium aluminate content (C3A below 3 wt.%), but higher ferrite content (C4AF about 12 wt.%) than
CEM I (C3A higher than 12 wt.%, C4AF below 8 wt.%). Various MEF and MIF used are also shown in
Table 1. MEF-PHA-CO is a commercially available combination product (i.e. so-called “processed
hydraulic addition” in accordance with Austrian standard ÖNORM B 3309 (2010)), with about 65 wt.%
GGBFS, 15 wt.% FA and 20 wt.% limestone powder. MEF-GGBFS-4500 is finely ground, pure
GGBFS. The two used limestone powders (>95% calcite) MEF-CAL-100 and MIF-CAL-EGU,
significantly differ in their fineness (5.0 and 1.1 µm d50, respectively). Pure silica fume MIF-MS-Q1 (≥
97 wt.% SiO2) and very fine metakaolin-powder from a flash calcination (MIF-MET-SF) were also
used. Different aggregates were used for mortar and concrete tests: (i) quartz aggregates with a grain
fraction of 0-4 mm for mortar tests and (ii) dolomitic aggregates in two fractions 0-4 and 4-8 mm, which
were mixed in a ratio of 75:25 with a grading curve in the favourable range according to ASCT (2009).
As setting accelerators two common alkali-free products based on Al2(SO4)3 were used for the
experiments (SA A-2, SA C-2). Furthermore, a PCE based SP (SP-9) were chosen to produce mixes
with sufficient workability and consistency keeping.
3.2

Mix design

Mixes were designed in 3 steps, (i) calculating binders (mixes of OPC/MEF/MIF) with optimized
packing densities, (ii) testing selected binders plus sand plus admixtures as accelerated mortars to
determine their flowability and strength development and (iii) up-scaling the best performing mixes to
shotcrete.
4.
4.1

RESULTS AND DISCUSSION
Packing density optimization of combined OPC and additions

By CIPM calculations, optimum mix-ratios of new binders were looked for aiming at a maximum of
packing density. Theoretically, the software tool can be used to calculate reams of mix-ratios of
volumetric fractions of OPC/MEF/MIF. In order to obtain meaningful results, however, certain
(minimum) quantity specifications must be made for the individual constituents. Therefore, boundary
conditions such as those of an OPC portion greater than 50% and a mixing ratio of OPC/GGBFS/MIFMET or MIF-MS of about 1/0.3/0.1 were selected, which seems reasonable in view of increased
durability.
Calculated packing densities ΦCIPM of selected mixes are compared to experimentally determined
values Φexp in Figure 3. Calculated and experimentally determined packing densities agree very well.
In the case of the illustrated CEM-I and CEM-SR0, the experimental value is identical to the calculated
one, which is clear since Φexp of each individual material is used as input value in the calculation.
For an exemplary mix of five constituents (“theoretical DP” in Figure 3), the calculation without any
boundary condition gives a theoretically maximum possible packing density of 0.70. Compared to the
reference binders REF-CEM-I and REF-CEM-I-PHA-CO, this means an enormous increase in the
packing density due to the additive combination. However, the theoretical mixture would contain a
completely unrealistically low portion of cement and chemically-physically senseless portions of
additives. After a few iterations, mixing ratios result in a "dense packing with optimal additive fractions"
in variants CEM-I-MS-DP 1, CEM-I-MS-DP 2, CEM-I-MET-DP and CEM-SR0-MS-DP, as shown in
Figure 3.
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Φexp und ΦCIPM
0.70
0.56
0.50

0.62
0.58 0.59
0.53 0.52 0.56
0.53

fcm [MPa]

0.6

30
20

198

17.6

141

152

4.6

4.8

13.8

15
5

0.0

250

250

25

2.2

3.2

0

CEM-I

CEM-SR0

MEF-PHA-CO

MEF-GBFS-4500

MEF-CAL-100

MIF-CAL-EGU

MIF-MS-Q1

MIF-MET-SF

200
150
100

10

φCIPM

φCIPM

φCIPM

φCIPM

φexp.
φCIPM

0.2

φCIPM

0.4

300

30.5

28.4

50

spread flow f [mm]

35
0.8

φexp.
φCIPM

Packing Density Φ [-]

1.0

0

Rc,6h [MPa]

Rc,24h [MPa]

flow table spread [mm]

Figure 3 Comparison of packing densities (in Figure 4 Comparison of spread-flow f and early
the columns parts by mass are shown)
strength fcm,6h of mortar mixes
4.2

Flowability and strength development of accelerated mortars

With optimized blended binders, test series of accelerated mortars were carried out. Mixes were made
with a constant content of sand 0-4 (i.e. 66.7 wt.% of solid), constant water/binder ratio of w/b = 0.5,
1 wt.% SP-9 and 6 wt.% accelerator SA A-2 (both referred to binder content). In Table 2 such a testseries is presented for binders with CEM I. Reference mix REF-CEM-I comprises of 100% OPC CEM I
while REF-CEM-I-PHA-CO consists of a combination of 67 wt.% CEM I and 33 wt.% of the
combination product MEF-PHA-CO as typically used in new applications of shotcrete with reduced
sintering in Austria. CEM-I-CAL-5 with 5 M% MIF-CAL-EGU was tested to find out the effect of
microfine limestone powder only and CEM-I-MS-DP 1 represents a packing density optimized mix.
Table 2. Mortar composition (wt.%) and SSA
ID

CEM-I
(OPC)

MEFPHA-CO

MEFGGBFS4500

REF-CEM-I

100

-

REF-CEM-IPHA-CO

67

CEM-I-CAL-5
CEM-I-MS-DP 1

MEFCAL-100

MIF-CALEGU

MIFMS-Q1

SSA
(cm²/g)

-

-

-

1.32

33

-

-

-

95

-

-

-

5

-

1.54

54

-

16

10

13

7

3.02

1.31

As shown in Figure 4 mix REF-CEM-I (100% CEM-I) has the lowest spread f, which means the
highest water demand. All mixes with additions have better flowability at the constant w/b and constant
SP-dosage. Mixes with microfine additions were able to achieve a relatively high spread flow despite
their high SSA (Table 2), which highlights the beneficial effect of packing optimization. REF-CEM-IPHA-CO achieves high spread flow f, but has low early strength after 6 h (only 2.2 MPa). The
comparison of REF-CEM-I and CEM-I-CAL-5 with 5 M% MIF-CAL-EGU shows an enormous effect of
early strength acceleration by microfine calcite. An extensive test program to study this effect was
elaborated and published elsewhere (Briendl et al. 2019). Subsequently, the dense packing mix CEMI-MS-DP 1 (corresponding to binder composition CEM-I-MS-DP 1 of Figure 3) achieves sufficient flow
and a high 6 h early strength of 3.2 MPa.
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4.3

Real scale tests

Regarding real-scale shotcrete experiments, mixes according to Table 3 were selected from binder
optimization and mortar tests. Note that the binder volume (i.e. binder volume plus volume of water
and SP) was kept approximately constant (336 l/m3±4%) to ensure comparability.

Table 3. Real-scale mixes: mix composition and performance test results
REF-CEM- REF-CEM- SR0-CALSR0
I-PHA-CO
10

CEM-ICAL-5

CEM-I-MS- CEM-SR0- CEM-IDP 1
MS-DP
MET-DP

CEM-I

-

276

-

391

224

-

217

CEM-SR0

406

-

362

-

-

242

-

MEF-PHA-CO

-

135

-

-

-

-

-

MEF-GGBFS-4500

-

-

-

-

64

73

63

MEF-CAL-100

-

-

-

-

40

-

40

-

-

40

20

52

60

51

-

-

-

-

28

28

-

MIF-MET-SF

-

-

-

-

-

-

28

sand 0/4

1419

1397

1429

1393

1392

1425

1369

gravel 4/8

470

460

472

459

455

469

442

SP-9

4.1

4.1

4.2

4.1

4.2

4.1

4.1

w/b (final mix at site)

0.48

0.45

0.46

0.47

0.46

0.45

0.51

SA C-2

8.0

7.9

7.3

8.2

6.9

10.6

8.1

MIF-CAL-EGU
MIF-MS-Q1

kg/m³
[-]

flow-table-sp. at plant

cm

72

64

65

54

53.5

48.5

40

flow-table-sp. at site

cm

(95)x

67

63

50*

53.5

49.5**

53***

air content

%

1.0

1.7

1.5

1.9

3.0

2.5

2.3

moderate

well

bad

well

moderate

bad

moderate

sprayability
rebound

%

12.3

13.8

11.3

11.7

9.9

16.3

11.0

fcm,28d base mix

MPa

61.4

67.3

71.8

67.4

75.1

95.6

69.9

fcm,6h shotcrete

MPa

7.2

5.9

15.9

14.4

4.7

7.4

6.3

fcm,28d shotcrete

MPa

72.5

67.2

78.7

59.7

73

74.5

74.5

fcm,90d shotcrete

MPa

67.5

58.2

70.2

59

58.5

60.5

53.1

density, base mix

kg/dm³

2.474

2.462

2.493

2.468

2.445

2.468

2.411

density, shotcrete

kg/dm³

2.415

2.424

2.424

2.421

2.417

2.400

2.399

E-modulus

GPa

43.0

43.4

42.9

40.1

45.0

41.8

41.8

water penetration

mm

8.0

5.0

12.5

27.5

6.7

5.7

15.5

x

segregation occurred
* water had to be added at site in the following amounts: * +5l/m³, **+7l/m³, ***+20l/m 3
4.3.1 Fresh concrete properties and spraying
Regarding fresh concrete properties, the mixes showed significant differences according to Table 3
despite similar w/b-ratios and nearly constant SP-dosage. REF-CEM-SR0 with flow-table spread of
72 cm clearly exceeded the intended spread (60±5 cm) and increasingly liquefied over time leading to
segregation and slight bleeding. Nevertheless, pumping to the spray nozzle and spraying process was
possible. The operator and experts classified the sprayability and spray-pattern as "moderate". The
second reference REF-CEM-I-PHA-CO reached the target flow-table spread of 64 cm and was well
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pumpable and sprayable. The spreads of mix SR0-CAL-10 (63 cm) and CEM-I-CAL-5 (50 cm), were
lower as those of the corresponding references. Mixture SR0-CAL-10 was nevertheless well suitable
for pumping, but after accelerator addition, it was poorly sprayable. There were pushers and the
nozzles cross-section blocked up over time. Therefore, we conclude that the specific combination of
CEM SR0 and 10% microfine limestone CAL-EGU shows poor workability. In contrast, CEM I
combined with 5% CAL-EGU (CEM-I-CAL-5) was well pumpable and sprayable. The new mixes with
dense packing initially had flow-table spreads below the target value, so that some water was added
to mix CEM-SR0-MS-DP at the spraying site and even more to CEM-I-MET-DP. The latter mixes only
differed in the choice of the pozzolanic MIF, silicafume vs. metakaolin. Whereas CEM-I-MS-DP 1
reached a spread of 53.5 cm (nearly the target), CEM-I-MET-DP had to be replenished significantly
with water at the place of spraying to reach 53.0 cm. CEM-I-MS-DP 1 was good sprayable, CEM-IMET-DP moderate. CEM-SR0-MS-DP achieved the lowest slump (49.5 cm) despite water addition at
the spraying site and was hardly sprayable. The measured amount of rebound was approx. 10% to
16% according to Table 3.
The results show that spread alone is not a sufficient test, neither to characterize a mix in respect to its
pumpability nor to its sprayability. Further parameters regarding the viscosity of the mix in the pumping
tube and the stability or segregation tendency must be considered as pointed out in detail in Thumann
& Kusterle (2018). For all mixes containing CEM SR0 there were some difficulties in workability
(segregation tendency, pumpability, sprayability). The consistency loss over time was more
pronounced for mixes with dense packing and water had to be added. Mix CEM-SR0-MS-DP with
metakaolin showed the highest water demand and consistency loss before adding water at the site.
The very high content of MIF in those mixes lead to a high specific surface area SSA. Such a high
SSA caused a high water content to lubricate the particles and make them flowable. The increasing
water demand by increasing SSA was compensated only to a limited extent by packing optimization.
To improve workability in future development a lower MIF-content has to be chosen of such packing
optimized mixes. Additionally the SP dosage could be increased slightly.

50
20
10
5

REF-CEM-SR0
REF-PHA-CO
SR0-CAL-10
CEM-I-CAL-5

fcm,(6-24h) [MPa]

fcm,(6-24h) [MPa]

4.3.2 Early age strength
Figure 5 shows the early strength within the first 24 h. The reference start with very low strength in the
first minutes and reaches the targeted area of strength class J2 according to the Guideline of ASCT
(2009) not before 3 to 4 hours. In contrast, 5 to 10% of MIF-CAL-EGU increases early strength of
OPC-mixes from the beginning and proves the accelerating effect of microfine limestone powders.
This is due to the high SSA of MIF combined with an accelerated CSH growth or “nucleation effect",
see also Briendl et al. (2019). The early strength of mixes with dense packing is from the beginning on
significantly higher than that of the references and additionally shows an evenly, constant slope. The
accelerator dosages related to the clinker content of mixes with a large portion of additives are
significantly higher than that of mixes with mainly OPC in the binder. It amounts to approx. 12% based
on OPC in REF-CEM-I-PHA-CO, approx. 13% in CEM-I-MS-DP 1 and 15% in CEM-I-MET-DP. With
CEM-SR0-MS-DP, it even is approx. 18%.
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Figure 5. Early strength development of the mixes plotted together with the early strength
classes J1, J2 and J3 established by the Guideline of ASCT (2009)
4.3.3 Compressive strength and E-modulus
In Table 3 the sprayed mixes all show a more than sufficient strength for the required shotcrete
strength class SpC 25/30 according to ASCT (2009) and EN 14487-1 (2006). However, the high drop
in strength from the base mix cube to the drilled shotcrete cores (at 28 d) is striking. The decline in
strength of casted concrete to sprayed concrete apparently correlates with the SA content in relation
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to the OPC content (or clinker content). For REF-CEM-SR0 with SA-content of 8%/OPC, a decrease in
strength of 9% was found. In the case of mixtures with high additive contents (REF-CEM-I-PHA-CO,
CEM-I-MS-DP 1, CEM-SR0-MS-DP, CEM-I-MET-DP), an increasing drop can be observed. For CEMSR0-MS-DP with SA/OPC = 18%, the decrease in strength was even 40%. It must be clarified in
further investigations if this is problematic regarding durability. The blends with optimized additive
combinations CEM-I-MS-DP 1, CEM-SR0-MS-DP and CEM-I-MET-DP show, like the references, a
moderate post-hardening and very similar moduli of elasticity despite the high proportion of pozzolanic
and latent hydraulic additives. For tunnels, therefore, no brittle material behaviour (due to excessive
moduli of elasticity) has to be expected.
4.3.4 Water-penetration under pressure
As an indicator for water-tightness and durability, the depth of water-penetration under pressure is
shown in Table 3. All values except for mix CEM-SR0-CAL-10 show very high water tightness and low
porosity of the shotcretes. All values lie beyond the limits of ASCT (2009) of 35 mm. In addition to
increased durability, diminished environmental impacts such as CO 2 emissions and primary energy
demand are to be expected for the mixtures with dense packing compared to the references, see
Saade et al. (2019).
5.

CONCLUSIONS AND OUTLOOK

The present paper shows a stepwise mix design of advanced, sustainable wet shotcrete with reduced
sintering and increased durability potential. Firstly, optimized binder mixes for wet shotcrete were
developed by means of packing density optimization. Combinations of OPC with suitable additives
with various fineness (MIF and MEF), including inert fillers (limestone powders), pozzolanic and latent
hydraulic materials (GGBFS, FA, MS and MET), were chosen. The latter are beneficial regarding
durability but they show moderate or slow early strength development.
Secondly, mortar mixes with high flowability at low water demand and proper early strength
development were produced with the use of suitable admixtures (SP, SA). In the final step, selected
binders were tested in real-scale spraying tests. The process-ability of the mixes, early strength
development and other performance-related properties were assessed. It was found that the early
strength of the accelerated mortars and the shotcrete mixes could be significantly increased by MIF, in
particular microfine limestone powder. The packing density optimization of the binder, obtained
through a combination of OPC/MEF/MIF, led to a low water demand for the desired flowability despite
the relatively high SSA.
The increase of early strength by microfine limestone powder allowed to partly substitute OPC (CEM I
as well as CEM SR0) by additives such as GGBFS - which is favourable regarding durability - or
coarser inert mineral fillers which are more eco-efficient than OPC. Additionally, microfine and reactive
additions like silica fume MS and metakaolin MET enhanced early strength to some extent. They are
known to be extremely beneficial to reduce sintering potential and improve the durability. It was proved
in reals scale shotcrete tests that OPC-reduced mixes with dense packing and high content of SCMs
can be pumped, sprayed and effectively accelerated. They showed moderate rebound and equivalent
strength, modulus of elasticity and water penetration depth, compared to standard shotcrete mixes.
However, 50 wt.% substitution of OPC in shotcrete mixes was found to be the upper limit, in terms of
proper sprayability and early strength development.
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ABSTRACT
According to cement standard EN 197-1 dolomite containing carbonate rocks can be used as cement
main constituent if the dolomite content is not higher than 54% by mass. Otherwise the criteria of at
least 75% CaCO3 will be missed. In a research project we investigated if dolomite-rich carbonate
rocks, with dolomite contents above 60% by mass, are also suitable as cement main constituents to
enable cement manufactures to use such carbonate rock sources. In previous studies, the frost
resistance of concretes made from dolomitic cements have been considered inadequately. Five
different dolomite-rich carbonate rocks with a dolomite content of between 67 and 98% by mass, as
well as a purely calcitic reference limestone, were used in combination with four different Portland
cements to produce CEM II/A and CEM II/B cements, with carbonate rock contents of 20 and 30% by
mass.
The investigations of the cement properties on mortar test specimens showed consistently good results
for all dolomitic samples. The results obtained from the durability tests were also consistently positive.
The scaling in the freeze-thaw and freeze-thaw with deicing salt tests were below the acceptance
criteria, indicating a high freeze thaw resistance. Even the requirement for the remaining dynamic
elastic modulus was achieved for nearly all tested samples. The carbonation depth was tested on
concretes according to the relevant approval principles. All test results were clearly below the limit
values. In addition, the dolomite-rich carbonates did not affect the chloride resistance in comparison to
common calcitic limestones.
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1.

INTRODUCTION

In accordance with the European standard EN 197-1, limestone for use as main cement constituent
must have a calcium carbonate content of at least 75 mass %, calculated from the CaO content. This
requirement is also satisfied by dolomitic carbonate rocks with a dolomite content of up to 54 mass %.
Carbonate rocks with higher dolomite content therefore cannot be used as a main cement constituent.
Due to the normatively limited MgO content in clinker by ≤ 5 mass %, these dolomite-rich carbonate
rocks can only be used to a limited extent as a raw material for clinker production. Cement
manufacturers who have such dolomite deposits in their quarry cannot fully exploit them. In some
cases, the deposits of dolomite rich carbonate rocks are in the same size as the limestone deposits.
From an ecological and economic point of view it is important to enable the use of locally occurring
dolomite rich carbonates as main constituent in the production of Portland limestone cement.
An important reason why dolomitic carbonate rocks were not considered so far as cement constituent,
are certainly concerns regarding deleterious dedolomitisation. Combined with alkali-carbonatereaction of dolomitic aggregates in concretes, expansion and a reduced concrete durability can be the
result (Milanesi et al. 1996; Katayama 1992). However, during the last years research results
predominantly showed that dolomite is suitable for the use as cement main constituent, comparable to
limestone, and also dedolomitisation is not a problem (e.g. Boos 2009; Schöne et al. 2011; Whitehead
& Schöne 2013; Zajac et al. 2015; Zhang et al. 2015, Dietrich et al. 2017; Machner et al. 2018).
The issue of concrete durability, especially with regard to frost and freeze-thaw resistance, has hardly
been investigated so far for concretes based on dolomite-rich cements. For this reason, a research
project was carried out on a broad base of dolomite carbonate rocks with focus on freeze-thaw
resistance of concrete as well as regarding effects of dedolomitisation.
2.
2.1

EXPERIMENTAL
Constituent Materials

2.1.1 Dolomite-rich carbonates
A reference limestone and five dolomitic carbonate rocks with dolomite contents between 67 and
98 mass % had been selected for the research project. The mineralogical composition according to
quantitative X-ray diffractometry / Rietveld analysis as well as the total organic carbon (TOC) content
and the methylene blue value are given in Table 1.
Table 1 Mineralogical composition, TOC and methylene blue values of the dolomite-rich
carbonates (D1 – D5) and the reference limestone (K) in mass %
Phase

D1

D2

D3

D4

D5

K

Dolomite

98

91

67

83

75

1

Calcite

-

-

32

16

25

97

Magnesite

-

-

traces

traces

traces

-

Quartz

-

4

1

traces

traces

-

Feldspar / Silicate

2

2

traces

0.5

traces

1

Muscovite / Illite

-

3

0.5

traces

-

Kaolinite

-

-

-

-

-

1

Magnesite

-

-

traces

traces

-

-

TOC

0.027

0.031

0.060

0.072

0.083

0.032

Methylene Blue

0.07

0.03

0.13

0.10

0.10

0.03

“-“ not detectable
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Apart from dolomite, calcite was most abundant in the carbonate rocks. Quartz was relevant only in
one sample (D2). Clay minerals such as mica (muscovite), feldspars (albite / anorthite) and kaolinite
were also present only in small quantities. Swellable montmorillonite was not detected in any sample.
Therefore the samples showed a maximum value of 0.13 mass % for the methylene blue adsorption,
which is well below the limit of max. 1.2 mass %. The same was found for the TOC values. With a
maximum of approx. 0.08 mass % they were clearly below the limit of 0.2 mass %. The rocks therefore
all met the criteria for the limestone type LL. The reference limestone K was almost pure calcite with
97 mass % calcite, and 1 mass % dolomite, feldspar and kaolinite, and of course, in accordance with
the European cement standard.

2.1.2 Portland cements
For a systematic investigation of the suitability of the dolomitic carbonate rocks as a cement
constituent, it was necessary to combine and test them with different clinkers. In order to simplify the
production of the dolomite-containing cements, the carbonates have been combined with commercial
Portland cements instead of clinkers. Four CEM I cements (Z1 – Z4) were to be used, which differ
essentially in their clinker mineralogy (different C3S and C3A contents) and in their fineness (strength
class 42,5 and 52,5). The mineralogical compositions are shown in Table 2.
Table 2 Mineralogical composition of the Portland cements (Z1 – Z4) in mass %
Phase

Z1
CEM I 52,5 R

Z2
CEM I-SR 42,5 N

Z3
CEM I 42,5 N

Z4
CEM I 52,5 R

C3S

65.8

61.1

57.1

63.1

C2S

15.3

10

19.6

15

C4AF

3.1

20.3

7.5

8

C3A cub

6.9

0.9

4.1

4

C3A orth

1.8

0.2

1.4

1.9

Free lime

<0.5

-

0.7

0.9

Periclase

<0.5

1.0

< 0.5

< 0.5

Quartz

<0.5

-

-

-

Arcanite

0.7

1.1

< 0.5

< 0.5

Aphthitalite

<0.5

< 0.5

< 0.5

0.8

Gypsum

-

0.7

< 0.5

-

Hemihydrate

2.9

-

2.0

0.3

Anhydrite

2.3

3.1

3.1

4

Calcite

-

0.7

3.1

< 0.5

“-“ not detectable
2.1.3 Cements with dolomite-rich carbonates
The cements with dolomite-rich carbonates were prepared in laboratory-scale by blending the Portland
cements with the carbonates. The cements contained either 30 mass % (CEM II/B) or 20 mass %
(CEM II/A). Table 3 gives an overview on the composition of the cements following CEM II.
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Table 3 Matrix of dolomite containing cements (CEM II)

9000

5000

9000

5000

9000

K
5000

x

x

x

x

Z2

x

x

x

Z3

x

x

x

Z4

x

x

x

CEM II/A

2.2

D5

x

x

x

30 mass % carbonate in cement

Z1

Z1

D4

9000

CEM II/B

5000

D3
9000

5000

D2
9000

fineness in
cm²/g, Blaine

5000

D1

x

x

x

x

x

x
x

x

x

x
x

20 mass % carbonate in cement
x

x

x

x

x

x

Experimental Process

2.2.1 Cement and mortar tests
The performance of the dolomite-containing CEM II cements was determined using standard cement
and mortar tests: standard consistency, setting times and soundness (EN 196-3) as well as 2, 7, 28
and 90 days compressive strength (EN 196-1).
With regard to a possible chemical interaction between the dolomitic fraction and hydroxides to brucite
(dedolomitization), phase-analytical investigations by means of X-ray diffraction, infrared spectroscopy
and scanning electron microscopy (SEM) / energy-dispersive microanalysis (EDX) were carried out on
selected hydrated cement samples.
2.2.2 Concrete tests
For the concrete investigations, three dolomite-containing carbonate rocks (D1, D3, D5, fineness 5000
cm²/g) and the reference limestone K were combined with the cements Z1, Z2 and Z3. The concrete
compositions were based on the approval procedure of the German Institute of Technology (DIBt).
Rhenish sand and gravel with a grading curve A/B 16 was used as concrete aggregates. The concrete
recipes are shown in Table 4. For all concretes the fresh concrete properties (temperature, density,
consistency, air content) were determined according to EN 12350-5,6,7 and the compressive and
flexural strength at the age of 28 days according to EN 12390-3. The development of the strength up
to the age of 90 days was determined according to EN 196-1 on concrete prisms (FB, aggregates
≤ 8 mm), used for the testing of carbonation resistance.
Table 4 Concrete testing plan
Concrete test

1)

Cement
content
in kg/m³

w/c
ratio

Air pores

Number of
concretes

in vol. %

Freeze-thaw resistance (cube test),
compressive and flexural strength
(EN 12390-3)

B1

300

0.6

-

20

Freeze-thaw (CF/CIF test) and chloride
penetration resistance test

B2

320

0.5

-

15

Freeze-thaw and de-icing (CDF test)

B3

320

0.5

4.5 1)

10

Carbonation resistance, compressive and
flexural strength (EN 196-1)

FB

260

0.65

-

18

with air entraining agent AEA
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Freeze-thaw tests with and without de-icing salt were investigated using the cube test, the CF/CIF test
and the CDF test, latter on air entrained concrete. Thus, both external and internal damage forms
could be gathered according to CEN/TS 12390-9 and CEN/TR 15177. The depth of carbonation
experiments were carried out on concrete prisms 40 x 40 x 160 mm³ with aggregates of the grading
curve A/B 8 according to DIN 1045-2. The chloride penetration resistance was determined according
to a rapid chloride migration test (BAW 2012).
2.3

Cement properties

The use of the different dolomitic carbonate rocks resulted only in slight differences of little
significance, both among the different dolomitic-rich carbonates and in comparison with the reference
limestone. By contrast, the different Portland cements had a far greater influence on the cement
properties.
Figure 1 shows the water demand of the CEM II cements. The values were in the usual range and
reflected predominantly the strength class of the Portland cements used (Z1 - Z4). The water demand
of strength class 52,5 cements was about 5 % higher than those for strength class 42,5. The variety
due to the different carbonates did not exceed about 1 %. Comparable results were obtained for the
setting time.

Figure 1 Water demand of the dolomite (D1 –
D5) containing cements and reference cement
(yellow)

Figure 2 Compressive strength of the dolomite
D1 – D5) containing cements and reference
cement (yellow)

The compressive strengths results are given in Figure 2. For the CEM II/B cements (30 % D) the
strength values were between 28 and 45 MPa at 7 days of hydration and between 36 and 53 MPa at
28 days of hydration. As expected, the large bandwidths are the results of the different strength
classes of the Portland cements used. The differences due to the different dolomitic carbonates were
not higher than 3 MPa. In comparison to the use of the reference limestone all strengths were in the
same range, with the exception of the 90 day-strengths. Here, the values of the dolomite-containing
cements tend to be higher (Figure 2). Comparable results were also obtained for the flexural
strengths.
2.4

Dedolomitisation

The compressive strength values, which were determined up to the age of 90 days, gave no indication
for a deleterious dedolomitisation reaction. The X-ray diffractometric (XRD) and infrared spectroscopic
(FT-IR) analyses showed also no reaction products generated by a dedolomitisation reaction, in
particular brucite (magnesium hydroxide). The examination of samples in the hydration age of 365
days is still pending.
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However, for some cements it was observed in the infrared studies that the dolomite band at about
728 cm-1 became weaker between 7 days and 90 days of hydration (Figure 3). Since the calcite band
at about 712 cm-1 remained unchanged, it indicates that a part of the dolomite must have reacted. Xray diffractometry provides an explanation. A small amount of hydrotalcite as a layered double
hydroxide of general formula Mg6Al2CO3(OH)16·4(H2O) was detected in 90 days hydrated samples,
from the reaction of dolomite with aluminate. In contrast, the formation of hydrotalcite could not be
observed by scanning electron microscopy (Figure 4). Neither did the peripheral areas of the dolomite
particles show any obvious change, nor did the surrounding microstructure show increased levels of
magnesium and aluminium. At the same time small amounts of hydrocarboaluminates due to the
reaction of calcite were detected by X-ray diffractometry.

Figure 3 FT-IR spectra between 700 and 760 cm-1 of cements after 7 d and 90 d of hydration,
covering a calcite and a dolomite absorption band

50 µm

Si

Ca

Fe

Mg

Al
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Figure 4 Scanning electron micrograph and elemental mappings of Z3D3_30 (5000 cm²/g) after
90 days of hydration

2.5

Fresh concrete properties and compressive strength

For the fresh concretes B1 the slump was 360 to 420 mm, for the fresh concretes B2 it was 350 to 415
mm and for the concretes B3 it was 340 to 370 mm. According to DIN 1045-2, these concretes were
therefore in a consistency range from plastic to soft or from stiff to soft. In only a few cases the slump
could not be determined. Alternatively, the degree of compaction was measured. Values of 1.3 and
1.4 indicated a stiff consistency of these fresh concretes.
For the fresh concretes the air content by volume was between 0.9 and 2.1 % (B1), between 1.2 and
2.1 % (B2) and between 4.5 and 5.7 % (B3). The latter were mixed with air entrainers and should have
an air entrainment content of 5 % by volume.
Figure 5 shows the concrete compressive strengths values at the test age of 28 days. As it was the
case with standard mortar compressive strengths, there was no differentiation obvious between the
various dolomite-rich carbonate rocks and the reference limestone. However, a significant
dependence on the Portland cements used and the amount of carbonate rock was evident. The
cements with only 20 mass % of carbonate rock activated about 10 % higher strength than the
cements with 30 mass % of carbonate rock, as expected. The higher fineness of the carbonate rocks
(9000 instead of 5000 cm²/g) had no noticeable influence on the strength.

Figure 5 Compressive strength of concretes at 28 days of hydration

2.6

Carbonation

The carbonation behaviour was tested on fine concrete prisms (40 mm x 40 mm x 160 mm) with a
maximum aggregate size of 8 mm, as described in CEN/TR 16563. The prisms were demoulded after
24 h and stored in water for 6 d, then afterwards in a climate chamber at (20 ± 2) °C, (65 ± 3) %
relative humidity and natural air carbon dioxide concentration. The development of the carbonation
depth over a period of 140 days is given in Figure 6.
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The carbonation depths after 140 d storage were also plotted against the compressive strength at the
age of 7 d as well as 28 d and assessed according to CEN/TR 16563. All samples fulfilled the
requirements, defined by the DIBt (Figure 7).

Figure 6 Carbonation depth, test acc. to CEN/TR 16563, Annex B (August 2013) and EAD 15001-000301, samples with 28 d pre-storage

28 d pre-storage

7 d pre-storage

Figure 7 Carbonation depth in relation to compressive strength after 140 d, 7 d (left) and 28 d (right)
pre-storage, Carbonation test acc. to CEN/TR 16563, Annex B (August 2013) and EAD 15001-000301, No 15, Method 1, own results are marked as red dots

2.7

Chloride migration

The accelerated chloride migration test was performed in accordance with the Germany Federal
Institute for Hydraulic Engineering (BAW) on concretes with w/c =0.50. Measurements were
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conducted at the ages of 36 d and 98 d. Disc specimens of 100 mm x 50 mm were prepared; 0.2 N
potassium hydroxide (KOH) and 0.2 N potassium hydroxide plus 10% sodium chloride (0.2 N
KOH+10% NaCl) solution were used as anolyte and catholyte solutions, respectively.
Figure 8 illustrates the observed values between 20 and 25 x 10-12 m²/s of the chloride migration
coefficients of the concrete samples. The results are also typical for common Portland limestone
cements. Thus, the dolomite-rich carbonates did not affect the chloride resistance in comparison to
common calcitic limestones.

Figure 8 Chloride penetration resistance of concrete B2

2.8

Freeze-thaw resistance

In the cube test concretes were treated over 100 freeze-thaw cycles with two cycles per day. This
corresponded to the standards previously applied for the approval of cements by the German Institute
for Building Technology (DIBt). According to CEN/TS 12390-9 and CEN/TR 15177 both, external and
internal resistance were tested. The scaling as well as the relative dynamic modulus of elasticity of all
concretes were below the acceptance criteria for frost resistance as defined by the DIBt (Figure 9).
acceptance criterion

acceptenance criterion
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Figure 9 Scaling (left) and rel. dynamic modulus of elasticity (right) of the concretes (B1) in the cube
test method as a function of the number of freeze-thaw cycles
Beside the cube test, the capillary suction, internal damage and freeze–thaw (CIF) test according to
CEN/TR 15177 and CEN/TS 12390-9 (CF for external damage) was also conducted to examine the
freeze–thaw resistance without deicing salt. Specimens with the dimensions 150 mm x 110 mm x 70
mm were treated. The mass of scaling and reduction in the relative dynamic modulus of elasticity up to
56 freeze–thaw cycles were monitored to evaluate the freeze–thaw resistance of concretes. The
results of the scaling and the relative dynamic modulus of elasticity of concretes are plotted in
Figure 10. Figure 10 (left) shows that all concrete samples had scaling values clearly below the
acceptance criterion of 1 kg/m2 according to exposure class XF3.
Only in one case the relative dynamic modulus of elasticity was below 75 % after 28 freeze–thaw
cycles Figure 10 (right).

acceptance criterion

acceptance criterion

Figure 10 Scaling (left) and rel. dynamic modulus of elasticity (right) of the concretes (B2) in the CF /
CIF test method as a function of the number of freeze-thaw cycles

acceptance criterion

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Figure 11 Scaling of the concretes (B3) in the CDF test method as a function of the number of freezethaw cycles
All concretes passed the CDF test acc. to CEN/TS 12390-9. The scaling was below the acceptance
criterion of 1.5 kg/m² after 28 freeze-thaw cycles (Figure 11).
3.

CONCLUSIONS

All five tested dolomite-rich carbonate rocks were not conform with the European cement standard.
But with all of them it was possible to produce CEM II/A and CEM II/B cements, which performed on a
par with the reference cements using a standard calcite-rich limestone. Carbonate rocks with dolomite
contents between 67 and 98 mass percent were investigated. There were no relevant differences due
to the different dolomite contents. As expected, the use of the different Portland cements had shown a
higher impact on the performance than the different carbonates. Here, the cement fineness and thus
the strength class dominated the cement properties. This also applies in particular to the examined
concrete durability properties, such as chloride penetration, carbonation and freeze-thaw resistance.
Between concretes made with dolomite-rich and calcite-rich cements the differences were very small
and not crucial.
Negative impact on strength performance and durability properties, due to dedolomitisation, was not
detected during the observation period. However, there was evidence that dolomite was partly
converted to hydrotalcite. This additional phase formation could be an explanation that at higher
hydration times, eg. 90 days or longer, dolomite-containing cements formed slightly higher strengths
than corresponding calcite-containing reference cements.
The results provide good reasons for modifying the standard requirement for limestone as main
cement constituent in such a way that also dolomitic carbonate rocks should be considered. For
example, the requirement for a minimum content of CaCO 3 could be reduced from 75% to 55% if a
minimum content of 75 % based on CaCO3 plus MgCO3 (dolomite) would be required. The results of
the investigations should help to discuss and pursue the considerations mentioned here in the cement
standardisation process.
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ABSTRACT
The influence of curing temperature on low clinker cements was studied. Cement Blends were
prepared by replacing 50% of clinker with one or more supplementary cementitious materials such as
fly ash, slag, calcined clay and limestone. Specimens were cast and cured under isothermal conditions
at various realistic temperatures. Kinetics of clinker hydration were understood by obtaining heat of
hydration against curing temperature using isothermal calorimetry. Degree of hydration of clinker as
well as phase assemblage were assessed from XRD-Rietveld analysis. Mortar compressive strength
was obtained at various ages. Results were then compared to that of OPC. It shows that high
temperature curing significantly affects rate of hydration and final degree of hydration of clinker. The
phase assemblage also changes with temperature. The ultimate degree of hydration both alite and
belite appears to be independent of temperature for OPC. For the tested blends, the belite hydration
almost stops at high temperature at early ages itself. Hydration of alite also appears to be low. The
observations from calorimetry support these findings. It is understood that curing of low clinker
cements at higher temperature can limit the efficiency of available clinker and the performance of the
blends
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1.

INTRODUCTION

Cement production is responsible for nearly 5-8% of man-made CO2 emissions annually. Approximately
40% of the CO2 emissions is contributed by fuel and electricity used for cement production with the
remaining 60% emissions coming from the de-carbonation process of limestone. Keeping sustainability
of raw materials and reduction of CO2 emission in mind, the industry is keen to develop various
technologies that can improve energy efficiency, or use alternative raw materials that can partially
replace clinker. These materials, often known as supplementary cementitious material (SCM) are
usually rich in alumina and silica. SCMs react with calcium hydroxide (CH), a product of hydration of
silicate phases in clinker, produces low-density hydration products such as calcium silicate hydrate (CS-H). Most common SCMs are fly ash, a by-product from coal-based thermal power plants; and slag, a
by-product from the steel industry. Although slag can replace up to 90% of clinker in OPC, its worldwide
production is just 5% to that of clinker. The replacement level of clinker using fly ash is limited to 30%
globally, mainly due to quality related concerns (K. L. Scrivener 2014). While the industry has gained
much progress in improving production and process related efficiency, the use of SCMs is yet to reach
its maximum potential. This is due to various factors such as low reactivity of SCM, its availability,
variation in chemical composition etc. Curing at higher temperatures helps in improving the early age
strength of blended cement whereas modern process control measurements have resulted in the
reduction of variations in the composition of SCMs. In addition to this, development of ternary blended
cement (which uses more than one SCM) such as composite cement and limestone calcined clay
cement (LC3) has helped the industry to reduce the clinker factor up to 50%. Recent studies show that
the development of LC3, which can consume low-grade kaolinite clay and low-grade limestone, promises
calcined clay as potential future SCM (K. Scrivener et al. 2018, Krishnan and Bishnoi 2018).
Despite various studies on the effect of temperature in OPC and binary blends, the study on ternary
blends with low clinker content is not found. This paper investigates the influence of curing temperature
on low clinker cement.
2.
2.1

MATERIALS AND METHODS
Materials

Clinker, fly ash, slag, gypsum and clay were used for the preparation of ternary cement blends.
Calcination of raw clay was carried out in a rotary kiln. More information regarding the calcination
process used is available in the literature (Emmanuel et al. 2016). The Indian standard sand (IS: 650
1991) was procured from Tamil Nadu for preparation of mortar specimen. Distilled water was used for
the preparation of paste and mortar. OPC was prepared by grinding clinker with gypsum in a laboratory
ball mill. All other raw materials were ground separately. The blends were prepared by interblending
OPC and other ground raw materials in a three dimensional powder mixing machine. The particle size
distribution of the raw materials are shown in Figure 1. Gypsum correction was done to maintain the
absolute gypsum content as 5%. The final composition of blends which were investigated in this paper
is shown in Table 1. The chemical composition of the raw materials was estimated using X-Ray
fluorescence analysis. The results are shown in Table 2. The phase composition of raw materials was
found by X-Ray diffraction and Rietveld analysis, and is shown in Table 3.
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Figure 1. Particle size distribution of raw materials

Table 1. Composition of blends
Blend
notation

Raw material (by weight %)
Clinker

Slag

Fly ash

Cal. clay

Limestone

Gypsum

OPC

50

-

-

-

-

5

FS

50

15

30

-

-

5

LC3

50

-

-

30

15

5

Table 2. The chemical composition of raw materials (% weight)
Constituent

Clinker

Slag

Fly
ash

Calcined
clay

Limestone

Gypsum

SiO2

21.07

32.26

67.66

62.16

11.02

2.77

Al2O3

4.65

23.16

22.18

31.48

1.55

0.62

Fe2O3

4.32

1.93

5.32

5.61

2.53

0.36

CaO

65.16

33.88

0.32

0.07

44.24

32.62

MgO

2.13

7.01

0.18

0.15

1.96

1.2

SO3

0.77

0

0.02

0.11

0

38.75

Na2O

0.38

0.01

0.43

0.14

0

0.06

K2O

0.2

0.37

1.6

0.28

0

0.037

LOI

0.96

1.08

1.74

0.00

36.96

23.02
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Table 3. The phase composition of raw materials from Rietveld analysis
Phase

3.

Clinker

Slag

Fly
ash

Calcined
clay

Limestone

Gypsum

C3S

48.3

-

-

-

-

-

C2S

31.3

-

-

-

-

-

C3A

4.5

-

-

-

-

-

C4AF

14.8

-

-

-

-

-

Calcite

-

-

-

-

85.1

-

Hematite

-

-

1.5

2.5

-

-

Kaolinite

-

-

-

4.2

-

-

Mullite

-

-

28.2

0.0

-

-

Quartz

-

0.7

15.9

17.6

7.3

-

Gypsum

-

-

-

-

-

86.0

Dolomite

-

-

-

-

-

14.0

METHODS

Three isothermal temperature regimes: 10°C, 27°C and 50°C were selected for the investigation.
Specimens were cast and cured separately in these conditions. Performance of the hydrated blend was
observed using mortar compressive strength, and the influence of temperature on phase assemblages
was found by X-ray diffraction and Rietveld analysis. The protocol used for conducting the experiments
is explained below.
3.1

Mortar compressive strength

Mortar cubes of 70.6 x 70.6 x 70.6 mm size were prepared for the compressive strength test. To reduce
the probable inaccuracy due to the variations of the starting temperature, the prepared blends, standard
sand and distilled water were preconditioned for 24 hours in an environmental control chamber set at
the required temperature (10°C/27°C/50°C). The casting was carried out in a pan mixer. The sand to
cement ratio was kept at 1:3 by weight. The water to binder ratio (w/b ratio) was maintained at 0.45 by
weight. Immediately after casting, fresh mortar specimens including the moulds were placed in a
temperature controlled curing chamber for 24 hrs. After one day, demoulding was carried out, and the
specimens were cured under lime saturated potable water in temperature controlled water baths.
Compressive strength test was conducted as per IS4031-Part: 6 (1988).
3.2

XRD scanning and Rietveld analysis

To understand the influence of temperature on the phase assemblage, XRD was carried out on hydrated
cement specimen using Bruker D8 Advance Eco at 40mV and 25mA with Cu target (Kα = 1.54 Ao),
using a fixed divergence slit of 0.5°. X-ray diffraction was carried out in 2θ configuration, with Cu-Kα
source. Samples were scanned in rotating mode and the angles kept at 5 to 65°C. The rate of scanning
was 0.019°/0.3sec for the hydrated specimen. Paste specimens were prepared by mixing dry blend with
distilled water at a fixed w/b ratio of 0.45. The mix was homogenised using high-speed paste mixer for
3 minutes, then poured into plastic moulds which were cylindrical shape and having a 3cm diameter.
The moulds were then sealed, and placed in temperature controlled water baths. At the time of XRD
measurement, slices of 3mm thickness were cut using a slicing machine. The cut surface was polished
using silicon carbide paper. The polished slices were put for XRD scanning immediately, to avoid
carbonation reaction.
Quantitate analysis of phases (QXRD) was carried out using the software TOPAS v5 from Bruker using
Rutile having 97.5% crystallinity as the external standard. During refinement, scale factor and global
parameters were considered at the initial point of time, followed by lattice parameters and shape
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parameters. Preferred orientation correction was done at the end. Refinements were done until it
matches the tolerance level for peak intensity (≤300), Rwp (<10) and GoF (<2). The degree of hydration
(DoH) of clinker was calculated using the below method.
DoHclinker = Sum of DoH of clinker phases (C3S, C2S, C3A, C4AF)
=∑ (wi-wt)/ wi
Wi= weight fraction of the clinker phase in 100gm of the dry blend
Wt= weight fraction of un-hydrated clinker phase at the time‘t’, normalised to 100gm of anhydrous
at the time‘t=0’

4.
4.1

RESULTS
Mortar compressive strength

The compressive strength test of mortar cubes was carried out at 1, 3,7,28 and 90 days. The average
strength of 3 individual specimens was reported. To compare the influence of temperature on strength
at different ages, the measured strength results were normalised using 90 days compressive strength
at 27°C. This normalised compressive strength has been presented as ‘NCS ratio' and are shown from
Figure 2 to Figure 4.
NCS ratio = Compressive strength / Compressive strength at 90 days at 27°C

(2)
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Figure 2. Normalised compressive strength: OPC

Figure 3. Normalised compressive strength: FS

Figure 4. Normalised compressive strength: LC3
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The early age strength increases with curing temperature for all the blends. For OPC, the strength at
50°C showed slightly lower than that cured at 10 and 27°C at 90 days. The strength development of
ternary cements, both FS and LC3 has a strong dependency on temperature. For FS, though the
specimen at 50°C displayed a higher strength at one day, the rate of strength development significantly
slows down at later ages compared to specimens cured at 10°C and 27°C. At 90 days, the strength of
50°C cured samples was about 20% lower than that of 27°C. The rate of strength development
significantly slow at 10°C, and gained only 60% of the strength at 27°C by 90 days. In the case of LC3,
although a higher strength was observed at 1 day for 50°C samples, there is no significant improvement
in strength development is observed after that. At 90 days, the strength at 50°C showed a 20% lower
strength. Interestingly, about 40% improvement in strength was observed in specimens cured at 10°C
compared to 27°C at 90 days.
4.2

The degree of hydration of clinker phases

The degree of hydration of clinker was calculated for the blends at 1, 3, 7, 28 and 90 days and shown
in Figure 5.

Figure 5. DoH of clinker
In the case of OPC, although the rate of hydration influenced by curing temperature, the final DoH
appears to be independent of temperature within the tested temperature range and age. The DoH of
clinker in OPC reached about 80% by the end of 90 days irrespective of the temperature.
However, the DoH of both the ternary blends at 50°C didn’t show any improvement after one day and
attained a maximum value of 70% for FS and 60% for LC3. While further hydration of clinker may be
expected in lower temperatures (Escalante-Garcı́a and Sharp 1998), it can be negligible for 50°C. To
establish the influence of temperature on individual clinker phases, DoH of alite, belite and ferrite are
reported separately (Figure 6 to Figure 8) at 90 days.
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Figure 6. The degree of hydration of alite at 90 days

Figure 7. The degree of hydration of belite at 90 days

Figure 8. The degree of hydration of ferrite at 90 days
For OPC, the final DoH of alite is similar for all the temperatures and reached nearly 100%. The final
DoH of slow reacting phases: belite and ferrite phases was about 60±5%, and nearly independent of
temperature.
A similar trend was observed for FS. Unlike OPC, a small amount of un-hydrated alite was present at
90 days, and the final DoH of alite was 95% in all the temperatures. The belite hydration showed a
reduction in final DoH. While for 10°C and 27°C; it reached up to 50%, at 50°C it stops at 35%. No
substantial difference was found between OPC and FS for ferrite hydration.
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In the case of LC3, the degree of hydration of alite touched almost 100% by 90 days at lower
temperatures but a lower value was observed at 50°C. Regardless of temperature, hydration of belite is
significantly affected. At 10°C, it reached about 50% by 90 days but the belite DoH was approximately
35% for higher temperatures. The ferrite in LC3 also showed a lower final degree of hydration to that of
OPC and FS, with a value of 50±5%.
5.

DISCUSSION

The influence of curing temperature on low clinker ternary blended cement was investigated, and the
obtained results were compared to that of OPC. Three isothermal temperature regime: 10°C, 27°C,
50°C were selected as curing temperatures. Mortar compressive strength and XRD-Rietveld analysis
were used for this purpose. The discussions on major findings are explained below.

6.



Curing temperature influences the rate of strength development and the phase assemblages.
Generally, the increase in temperature accelerates the strength development at early ages and
decreases the final strength. The adverse impact of temperature is higher in low clinker blended
cement than OPC.



The final degree of hydration of clinker in OPC is nearly independent of temperature within the
tested temperature range. However, the strength at 50°C is 20% less than that at 27°C at 90
days. This could be due to phase transformation of ettringite - a low-density product to
monosulphate. A change in density of C-S-H, as well as the diverse dispersal of hydration
products, were also reported as causes for lower strength (Lothenbach et al. 2007)



The ternary blended cements investigated in this study revealed greater sensitivity to curing
temperature than OPC. While, the replacement of clinker with fly ash and slag significantly
reduces the rate of strength gain in FS at a lower temperature, a definite strength inversion
observed at 50°C before 28 days. In the case of LC3, while 50°C curing significantly influences
the final strength, substantial advancement in strength (about 40%) was observed for
specimens cured at 10°C.



A lower degree of clinker hydration (especially that of belite) was observed in low clinker
cements. This lower hydration of the silicate phase could lead to a reduction in CH precipitation
and subsequent decrease in pozzolanic reaction.



The enhanced performance of LC3 at 10°C could be related to the phase assemblages of other
hydration products (carboaluminate, stratlingite etc.) that can be formed when the system
comprised with sources of carbonates (limestone) and alumina (calcined clay) at a suitable
curing environment.
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ABSTRACT
The standard of composite cement recently approved by BIS as per IS 16415:2015 where only two
materials flyash and GGBS has been allowed to be used as industrial by-product. Not only do these
cements possess properties significantly different from the parent OPC, these also have
multifunctional properties required for high tech. applications. Use of fly ash and blast furnace slag,
two of the largest produced industrial biproducts / wastes in composite cements has found general
acceptance because a single product covers a broad spectrum of applications. These cements use
much less energy, reduce the greenhouse effect, remove millions of tons of polluting wastes from the
face of earth and conserve natural resources. Indian cement industries is most efficient in the world in
terms of both thermal and electrical energy.
Due to shortage of high grade limestone reserve and good quality of available coal hence to produce
the cement with low clinker contribution is best possible option for Indian scenario. In present
investigation Indian flyash & slag quality have been studied by XRD and microscopy for reactivity and
compatibility of clinker. In Ambuja cement, Bhatapara plant we have produced the composite cement
first time in India with the use of high alkaline clinker. Eastern zone market is dominated by PSC due
to its lighter color. However early strength is relatively much less due to higher clinker contribution in
PSC compared to PPC. Hence production of composite cement is true solution for better clinker
reactivity, high early strength and improved clinker factor.
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ABSTRACT
The standard of composite cement recently approved by Bureau of Indian Standard as per IS
16415:2015 where only two materials fly ash and slag have been allowed to be used as industrial
by-product. Not only do these cements possess properties significantly different from the parent
OPC, these also have multifunctional properties required for high tech. application. Use of fly ash
and blast furnace slag, two of the largest produced industrial byproducts / wastes in composite
cements has found general acceptance because a single product covers a broad spectrum of
applications. These cements use much less energy, reduce the greenhouse effect, remove millions
of tons of polluting wastes from the face of earth and conserve natural resources. Indian cement
industries is most efficient in the world in terms of both thermal and electrical energy.
Due to shortage of high grade limestone reserve and good quality of available coal, hence to
produce the cement with low clinker contribution is best possible option for Indian scenario. In
present investigation Indian fly ash & slag quality have been studied by XRD and microscopy for
reactivity and compatibility of clinker. In Ambuja Cements Ltd. under the banner of
LafargeHolcim, we have manufactured commercial grade production of composite cement with
low alkali clinker at Ambujanagar and high alkali clinker at Bhatapara unit. East zone market is
dominated by PSC due to its lighter color. However early strength is relatively much less due to
low clinker contribution in PSC compared to PPC. Hence production of composite cement is true
solution for better clinker reactivity, high early strength and improved clinker factor.
INTRODUCTION
Over a period of time binary blended composite cements are established basic materials which meet
most of the construction needs of the modern society. Binary blended composite cements possess
properties significantly different from the parent OPC, these also have multifunctional properties
required for high technical applications. The ternary blended composite cement have low heat of
hydration, lower water demand, high resistance to chemical attack by chloride and sulphate, high
alkali-aggregates reactivity, better volume stability, improved pore size distribution, lower
permeability and high durability. In India, mostly blended cements PPC & PSC has high market
share. The percentage addition of blended material (Fly Ash & Slag) used in manufacturing of PPC
& PPC are still lower than what is required to conserve the ecological balance, to reduce the
greenhouse effect, power consumption and as well as lower clinker factor to enhance mines life in
view of availability of cement grade lime stone. Thus there is need of increase percentage of such
blended materials in cement although we have regulatory constraints of fixed percentage of blended
materials.
Composite cements provide immense flexibility in designing blends of two pozzolanic materials
(Fly ash & Slag) which answer many of the requirements that the civil and structural engineers look
for in building safer, durable and cheaper structure. Hence, ternary blended cement provide greater
flexibility and better conformance to desired performance than binary composite cement to reduce
greenhouse gas emission with excellent long-term concrete durability characteristics and strength
which will certainly reduce the energy consumption and lessened pressure on natural resources
excavation.
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Thus the addition of both fly ash and slag in desired proportion in ternary blended cement impacts
the cement and concrete by providing better workability, desired setting time, better compressive
strength, progressive rate of development strength, lower drying shrinkage, better sulphate
resistance, corrosion prevention (reinforced steel), prevention of the alkali-aggregates reaction,
carbonation of concrete and in resistance to freezing and thawing.
PORTLAND CEMENT CLINKER:
Generally speaking any of the properly designed and balanced clinker is suitable for making
composite cements, but clinker with high C3S are being increasingly used. This gives an advantage
in terms of optimizing composite cements for performance at relatively lower costs. Chemical and
mineralogical compositions of a typical OPC considered appropriate for blended cements is given
in Table-1.
Table-1: Typical chemical and mineral composition of Indian Clinker
Element
% by Mass
Phase
% by mass
SiO2
20-25
C3S
48-55
Al2O3
4-6
C2S
18-25
Fe2O3
2-4
C3A
6-10.5
CaO
60-65
C4AF
7-12
MgO
1-5
Total alkalis as Na2O
0.5-1.5
SO3
0.8-2.2
The composition given above is generic but high C3S & high C3A clinkers are more suitable for
composite cements.
MINEROLOGY OF INDIAN CLINKERS BY OPTICAL MICROSCOPY:
A geological polarizing microscope with reflected light capability was used to assess the
structure and morphology of polished and etched samples of each of the clinker as shown in Fig-1.
Alite, Belite, Aluminate and ferrite are the major four compounds of normal Portland cement
clinker. Of which, Alite and Belite are formed essentially from solid state reaction whereas
aluminates and ferrites are crystallized from molten state on cooling. The percentage and
morphology of all the four phases varies in wide range. Beside these major phases, a normal clinker
contains so called minor phases like free lime, Periclase and alkali Sulphates. The percentage of all
major & minor phases can be detected by some or the other methods but the reason behind that can
only be drawn out by microscopy.
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Fig-1 Microscopic photographs of the clinker samples
BLAST FURNACE SLAG:
Granulated slag is used in manufacturing of Portland Slag Cement. Granulated slag is a byproduct
of steel plants generated during iron manufacturing process. Slag is a non-metallic product
consisting essentially of glass containing silicates and alumino-silicates of lime and other bases, as
in the case of blastfurnace slag, which is developed simultaneously with iron in blastfurnace.
Granulated slag is obtained by feeding high purity pig iron and coke along with high grade dolomite
lime stone in blastfurnace. Blastfurnace operates at very high temperature 1500-1600OC. The iron
ore reduced to iron and the remaining materials form slag, which is periodically taped off as molten
liquid and rapidly quenched in large amount of water. This quenching process optimizes the
cementitious properties of the slag and produces granules similar to coarse sand.
MINERALOGICAL PROPERTIES OF SLAG:
Mineralogical study of slag has been done by using XRD as shown in Fig-2.
Steel slag contains the following common mineral phases:
 Merwinite (3CaO.MgO.2SiO2)
 Olivine (2MgO.2FeO.SiO2)
 C2S (2CaO.SiO2)
 C4AF (4CaO.Al2O3.FeO3)
 C2F (2CaO.Fe2O3)
 CaO (free lime)
 MgO
 FeO
 C3S (3CaO.SiO2)

Fig-2 XRD of Slag glass and glass containing some crystalline material
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QUALITY AND QUALITY VARIATION IN SLAG:
Chemical composition of some Indian blast furnace slags from different steel plants are given in
Table-2.
Table-2: Chemical composition of Indian slags from different steel plants
Oxide (%)
Slag-1
Slag-2
Slag-3
Slag-4
Slag-5
Slag-6
Slag-7
LOI
-0.18
-0.04
0.11
0.15
-0.60
-0.11
1.86
SiO2
35.1
32.5
34.4
32.9
35.3
33.6
32.2
Al2O3
19.96
19.8
20.6
20.5
21.35
21.3
19.7
Fe2O3
0.80
0.90
0.9
0.9
0.75
0.9
2.6
CaO
35.1
37.2
34.7
35.9
36.8
35.3
34.3
MgO
8.1
8.50
8.2
8.3
5.56
7.9
8.2
K 2O
0.39
0.42
0.39
0.44
0.39
0.43
0.42
Na2O
0.07
0.06
0.04
0.06
0.04
0.05
0.06
S
0.34
0.36
0.29
0.36
0.25
0.36
0.33
MnO
0.21
0.25
0.26
0.27
0.20
0.25
0.25
IR
1.96
1.02
1.7
1.1
0.59
0.98
1.91
C/S
1.00
1.14
1.01
1.09
1.04
1.05
1.07
% Glass
97.0
97.0
92.0
93.0
96.0
91.0
93.0
contents
Slag-1: RSP Pit granulation, Slag-2: RSP Cast house, Slag-3: Bhusan (Meramundali), Slag4: Bhusan (Rengali), Slag-5: Jindal (Raigarh), Slag-6: Jindal (Anugul), Slag-7: RINL (Vizag),
Table-2 indicates that Indian slags are generally rich in CaO, SiO2 and Al2O3. For a wider range of
steel producing countries major components vary in the range CaO 34-37%, MgO 5-9%, Al2O3 19
-22% and SiO2 32 – 35%. Acid-base considerations have used to correlate chemical composition
with reactivity of the slags. Basic slags with higher hydraulic moduli are generally considered to
be more reactive. Basicity of slags is largely due to CaO and partly due to MgO. It has been reported
that MgO up to 11% contributes to basicity much like CaO. The basicity of slags vary from 1.0 –
1.14.
GRINDABILITY OF SLAGS:
Crystalline slags are dense and hard to crush and grind likely to produce more fines during grinding.
Granulated blast furnace slags are easier to grind compared to air cooled slags but generally harder
to grind compared with OPC clinker. Typical data on bond grindability index of a few slags are
given in Table-3.
Table-3: Bond’s grindability index of some Indian granulated blast furnace slags
Description
Bond Index kwh / st
Slag – 1
16.6
Slag – 2
15.4
Slag – 3
16.2
Slag – 4
14.1
Slag – 5
15.6
Range
14 – 17
Since slag is harder to grind than OPC clinker where the bond index varies from 14-17 it is likely
to get ground coarser in case of intergrinding of the components, which is likely to have a reduced
activity of slag. It is therefore advisable to grind slag separately when slag content is to be kept
more than 50% and composite cement also requires ground granulated blast furnace slag.
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POZZOLANA:
FLY ASH:
Fly ash – byproduct of the pulverised coal fired thermal power plants, is the most widely used
pozzolana. The chemical composition of fly ash depends upon the origin of the coal used. Whereas
anthracitic and bituminous coals have high silica and alumina, the sub-bituminous and lignite coals
are richer in lime in addition to the other two constituents. Typical chemical composition of the
low and high lime fly ash is given in Table-4.
Table-4: Chemical & physical analysis of fly ash of ACL plants
Parameters
BT
FK
SK
AM
MT
RB
DL
Blaine (m2/kg)
270
260
295
300
270
302
300
Residue +45
37.9
33.4
30.9
26.6
31.7
31.1
33.2
mic. (%)
LR (MPa)
5.3
6.2
5.3
6.0
5.5
5.2
5.1
SiO2+Al2O3+
91.85
86.21
86.7
88.1
89.08
89.7
89.24
Fe2O3 (%)
SiO2 (%)
64.15
57.52
52.95
58.72
61.67
62.5
59.94
CaO (%)
1.1
1.7
1.1
2.3
5.0
3.5
2.1
MgO (%)
0.70
0.85
1.81
0.72
0.54
1.42
0.93
SO3 (%)
0.32
0.25
0.08
0.12
0.46
0.68
0.12
Alkali's as
0.82
1.22
1.32
0.98
0.78
0.92
0.92
Na2O (%)
Cl (%)
0.015
Tr
Tr
0.007
Tr
0.01
0.006
LOI (%)
0.52
1.61
2.61
1.51
1.61
1.42
2.71
BT-Bhatapara, FK-Farakka,
Rabriyawas, DL-Darlaghat,

SK-Sankarail,

AM-Ambujanagar,

MT-Maratha,

RB-

A good quality fly ash has high percentage of spherical particles, largely glassy formed by rapid
cooling of liquid ash drop-lets formed at the burning temperature of coal. The spherical particles
contain small percentage of hollow spheres called the cenospheres which include smaller spheres
within, thus producing a high surface area. Fly ash also contains varying but significant amounts
of mulite and quartz, the former formed by high temperature reaction of SiO 2 and Al2O3 and the
marked by high content of quartz as the coal used has an average 40% ash and contains shale and
quartz as associated impurities. These fly ashes have therefore lower glass content compared to ash
from low ash coals.
REACTIVITY OF FLY ASH:
Reactivity of fly ash is largely determined by;
I.
II.
III.
IV.
V.

Specific surface area
Fraction passing 45 microns
Glass composition
Glass content
Stress in the glass due to microcrystalline material

Of these, the most important is the glass content as the reaction with lime is initiated by the glass
particles. This is aided by the fineness of the pozzolana as larger surface area permits absorption of
lime faster. There is ample evidence that specific surface area affects the short term reactivity of
the pozzolana. Long term reactivity is largely determined by the chemical composition and glass
content and its activity.
Reactivity of fly ash is also related to fraction passing 45 micron size. Uchikawa has reported that
small fly ash particles are rich in glass where as large particles contain for too much of crystalline
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material due to its slower cooling rate. Fly ash with more than 50% plus 45 micron fraction needs
to be ground to break the agglomerates and large cenosphere.

Fig-3 Unclassified Fly Ash

Fine Classified Fly Ash

Milled Unclassified Fly Ash

SEM photographes of three processed fly ashes
MINERALOGY OF FLY ASH:
Fly ash can be regarded for many purposes as containing three different types of constituents
crystalline minerals (Quartz, Mullite, Spinel etc.) and unburnt carbon particles and non-crystalline
alumino silicate glass. The glass content in Indian fly ash varies between 15 to 45%. Hence, this is
suggested that fly ash from each source needs to be evaluated in respect to mineralogy by XRD
including glass for its utilization in cement manufacture.
From many studies, it has been observed that fly ash samples having almost identical composition
may show a significant difference in their mineralogy. FA I and FA II collected for chemical
analysis and XRD examination from an integrated steel plant and thermal power plants
respectively. The test results for both fly ash chemical / physical analysis and mineralogy (glass
contents) are shown in Table-5 and Fig-4.
Table-5: Chemical analysis of FA I & FA II
Sample
LOI
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
K2O
FA I
0.2
62.2
27.1
7.3
1.2
0.2
0.5
ND
FA II
0.4
63.7
27.7
6.0
0.9
0.4
0.2
ND

Fig–4 XRD patterns (Cu-Ka) of FA I and FA II showing different phases like (Mullite),
Quartz (Q)
From the Table-5, both fly ash compositions are almost identical and as per Fig-4, glass content in
FA I is more than FA II. Thus it is found that glass content is less and crystalline minerals are more
in FA II than in FA I. This is also reflected in the cement properties, particularly in the strength
development of the cement mortar strength as shown in Table-6.
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Table-6: Physical properties of the control OPC and cement containing fly ash
Cement with FA I
Cement with FA II
OPC
Description
5%
10%
20%
5%
10%
20%
NC (%)
28.5
29.5
30.3
28.5
29.3
31.3
28.0
Setting time (min)
IST
335
330
385
310
320
345
225
FST
380
380
415
365
370
385
245
Compressive strength (1:3 mortar) MPa
3D
267
257
243
215
236
228
191
(96*)
(91*)
(80)
(88)
(85)
(71)
7D
308
323
313
303
313
301
279
(105)
(102)
(98)
(102)
(98)
(90)
28D
415
437
413
401
409
425
393
(105)
(99)
(97)
(98)
(102)
(95)
COMPOSITE CEMENT STANDARD SPECIFICATIONS (IS: 16415: 2015):
The Composite cement standard was adopted by the BIS after finalized by the cement and concrete
sectional committee in year 2015. Materials proportions, chemical and physical specified as per
standard are mentioned in Table-7, 8 & 9 respectively.
Table-7: Material to be used in composite cement and material proportions
Sr. no.
Material
Proportion by weight
1
Portland Cement Clinker/ OPC
35-65
2
Fly ash
15-35
3
Slag
20-50

Sr.
no.
1

2
3
4
5
6
7

Table-8: Chemical requirements of composite cement
Characteristics
Requirements
Insoluble residue, % by mass
a) Max
x + (4.0 (100-x) / 100
b) Min
0.6x
Where x = % of pozzolona in given composite cement
Magnesia, % by mass, Max
8.0
Total sulphur content calculated as sulphuric
3.5
anhydride (SO3) % by mass, Max
Sulphide sulphur (S) %, Max
0.75
Loss on ignition, % by mass, Max
5.0
Chloride content, % by mass, Max
0.1 (0.05 for prestressed structures)
Alkali Content
<0.6 (as Na2O+0.658 K2O)

Table-9: Physical requirements of composite cement
Characteristics
Requirements
Method of Test, (Ref)
Fineness, M2/kg, min
300
IS 4031 (Part 2)
Soundness:
IS 4031 (Part 3)
a) By Le-Chatelier method, mm, Max
10.0
b) by Autoclave test method, percent, Max
0.8
Setting time:
IS 4031 (Part 5)
a) Initial, minutes Min
30
b) Final, minutes, Max
600
Compressive Strength, MPa
IS 4031 (Part 6)
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a)72 +/- 1h, Min
b)168 +/- 2h, Min
c)672 +/- 4h, Min
Drying shrinkage, %, Max
Transverse Strength (Optional)

16
22
33
0.15
Optional

IS 4031 (Part 10)
IS 4031 (Part 8)

EXPERIMENTAL: LABORATORY TRIALS WITH AMBUJANAGAR LOW ALKALI
LABORATORY TRIAL WITH AMBUJANAGR CLINKER (LOW ALKALI)
After the release of the New standard for composite cement IS 16415 : 2015 by BIS, ACL, Ambuja
Nagar plant, Kodinar, Gujarat have conducted a series of Lab scale trials of composite cement with
variable quantity of fly ash and slag with low alkali content clinker within the permissible limit as
per the standard specification.
MATERIALS PROPERTIES
Laboratory trials with clinker, fly ash, slag (Jindal)
7 and gypsum were first selected. 200 Kg clinker
sample were collected, crushed and homogenous sample was prepared and the sample was analysed
by XRF and complete chemical analysis reported in Table-10.
Composite Fly ash collected form the various sources and Slag from Jindal Steel works were tested
their complete chemical analysis reported in Table-11 & 12 respectively.
Table-10: Chemical analysis of clinker
Compound (wt%)
Clinker (IS 16353 : 2015) Limits
Clinker
SiO2
21.76
Al2O3
5.38
Fe2O3
4.35
CaO
64.98
MgO (Max)
6.0
0.93
SO3 (Max)
2.7
1.34
Na2O
0.25
K2O
0.40
Chloride (Max)
0.1
0.008
LOI (Max)
1.5
0.36
F/CaO (Max)
3.0
1.68
LSF
0.66 - 1.02
92.69
S/M
2.24
A/M (Min)
0.66
1.24
C3S (Min)
35
49.88
C2S
24.78
C3S + C2S (Min)
70
74.66
C3A
3 - 12
6.91
C4AF
13.22
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Table-11: Chemical analysis of fly ash
Compound (wt%)
Fly ash (IS 3812 : 2013) Limits
SiO2 (Min)
35
Al2O3
Fe2O3
SiO2+Al2O3+Fe2O3 (Min)
70
CaO
MgO (Max)
5
SO3 (Max)
3
Na2O
0.50
K2O
Total alkalies As Na2O (Max)
1.5
Chloride (Max)
0.05
LOI (Max)
5.0
Table-12: Chemical analysis of JSW slag.
Parameters (wt %)
Requirement as per IS 12089-1987
Manganese Oxide (Max)
5.5
Magnesium Oxide (Max)
17.0
Sulphide sulphur (Max)
2.0
HM (C+M+A / S) (Min)
1.0
C/S
Insoluble Residue (Max)
5.00
Glass content (Min)
85
Physical Test
50mm Lumps (Max)
5.00

Fly ash (Dry)
62.22
22.23
6.51
90.96
2.19
2.76
0.14
0.38
1.22
0.51
0.01
1.45

JSW Slag
1.41
4.28
0.94
1.81
0.97
0.68
95
3.00

Laboratory Trial Set I:
Following sets are designed and trials were conducted.
SET 1: Intergrinding in Laboratory Ball Mill
SET 2: Intergrinding Vs Intermixing (Blending)
SET 1: Intergrinding in Laboratory Ball Mill
Four set of experiments with varying percentage of Fly ash and slag were inter ground with fixed
quantity of Clinker/OPC and Gypsum to the identical Blaine fineness and physical testing for NC,
Setting time and compressive strength for 1 day, 3 days, 7 days and 28days were conducted.
Table-13: Test results of Lab ground cement (Intergrinding)
Constituents
Proportion (%)
Set - 1
Set - 2
Set - 3
Set – 4
48.5
48.5
48.5
Cement clinker
48.5
30
25
20
Fly Ash %
15
20
25
30
Slag %
35
1.5
1.5
1.5
Gyp %
1.5
Chemical test
2.05
1.96
1.88
1.69
LOI %
26.27
22.87
19.21
15.57
IR %
2.31
2.31
2.32
2.37
MgO %
1.83
1.87
1.83
1.93
SO3 %
40.88
41.94
43.51
47.01
CaO %
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0.062
0.059
Physical test
413
414
416
Blaine (m2/kg)
31.0
26.0
26.0
NC %
105
115
130
IST (Minutes)
175
195
205
FST (Minutes)
Compressive Strength in MPa (1:3 Mortar cube)
17.9
18.5
19.6
1 Day
31.1
33.6
34.1
3 Days
42.8
46.5
47.7
7 Days
65
67.5
68.5
28 Days
Residue % +
4.7
7.5
7.5
45µ
0.6
0.8
0.9
90µ
Cl %

0.06

0.057
416
25.5
135
205
21.1
37.8
49.5
70.4
8.3
1.1

From the Table-13, it was observed that with 5% incremental dosage of slag replacing fly ash
a. Significant reduction of water demand
b. Increase in strength development by 15 to 20% at 1day, 3 days, 7days and 8 to 10% at
28days hydration.
SET 2: Intergrinding Vs Intermixing (Blending)
On the basis of earlier laboratory set trials, 15% FA and 35% Slag was considered to be optimum
mix within the permissible limit of composite cement standard (IS 16415 : 2015)
In order to see the difference between Intergrinding and Blending, one sets of experiments was
done for intergrinding of OPC clinker, FA, Slag and Gypsum to the Blaine fineness around 400
m2/kg. Similarly another set of experiment was done for Blending of pre-ground OPC, FA and slag
with Blaine fineness maintained around 300, 475, and 400 m2/kg respectively and additional
amount of ground gypsum was also added to maintain identical SO3 content in both the sets and
mixed in the blender for 15min. Both the set of mix compositions were tested for chemical and
physical analysis and are reported in Table-14.
Table-14: Test results of two sets Intergrinding and Blending
Constituents
Intergrinding
Intermixing / Blending
46.5
48.5
OPC Cement / Clinker %
15
15
Fly Ash %
35
35
Slag %
3.5
1.5
Gyp %
Chemical test
1.0
1.44
LOI %
13.78
13.74
IR %
0.17
0.19
Sulphide Sulpher
2.66
2.76
MgO %
2.29
2.30
SO3 %
46.26
45.69
CaO %
0.071
0.088
Cl %
Physical test
407
413
Blaine m2/kg
NC %
28.5
28.0
120
125
IST
180
195
FST
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1 Day
3 Days
7 Days
28 Days
45µ
90µ

Compressive Strength in MPa (1:3 Mortar Cube)
18.2
31.6
48.0
67.0
Residue % +
4.4
0.4

20.6
33.7
50.1
70.8
5.7
0.4

It was observed from Table-14 that Intermixing product shows lower water requirement than
intergrinding as well as better strength development in blending when compared to intergrinding
product.
PLANT SCALE TRIAL WITH AMBUJANAGAR CLINKER (LOW ALKALI)
After the successful laboratory trials, the following optimized mix proportion was fixed for
conducting plant scale trials at Ambuja Nagar plant in Cement Mill No.2 by the process of
intergrinding.
MIX PROPORTION FOR PLANT SCALE TRIAL:
Following percentage of materials used for intergrinding in Ambuja CM-2 for 10 hrs. are mentioned
in Table-15.
Proportion: Clinker: 45%, Slag: 35%, Fly ash: 15%, Gypsum: 5.0%,
Table-15: Plant scale test results
Constituents
IS 16415 : 2015
AmbujaNagar
OPC Cement / Clinker %
35-65
45
Fly Ash %
15-35
15
Slag %
20-50
35
Gyp %
5
Chemical test
LOI %
5.0 Max
1.93
IR %
9 - 18.4
15.66
MgO %
8.0% Max
2.76
SO3 %
3.5 Max
2.4
Sulphide Sulphur
0.75 Max
0.32
Cl %
0.1 Max
0.069
Physical test
Blaine m2/kg
300 Min
383
NC %
30.5
IST (Minutes)
30 Min
155
FST (Minutes)
600 Max
220
Compressive Strength in MPa (1:3 Mortar Cube)
1 Day
NS
17.6
3 Days
16 Min
29.2
7 Days
22 Min
42.9
28 Days
33 Min
63.3
LABORATORY TRIAL WITH BHATAPARA CLINKER (HIGH ALKALI)
ACL, Bhatapara have conducted trial for composite cement with high alkali content clinker, fly
ash, slag and gypsum in different proportions and have been studied in details in terms of both
mortar and concrete properties with respect to relevant Indian Standard specifications for
Composite Cement as shown in Table-16.
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MATERIAL CHARACTERISTICS: CLINKER
Table-16: Chemical analysis of clinker
Compound (wt%)
Clinker (IS 16353 : 2015) Limits
LOI (Max)
1.5
11
SiO2
Al2O3
Fe2O3
CaO
MgO (Max)
6.0
SO3 (Max)
2.7
Na2O
K2O
Chloride (Max)
0.1
F/CaO (Max)
3.0
Chemical Parameters
LSF
0.66 - 1.02
S/M
A/M (Min)
0.66
Bogue Potential Phase
C3S (Min)
35
C2S
C3S + C2S (Min)
70
C3A
3 - 12
C4AF
-

Clinker
0.40
20.71
5.38
3.39
64.24
2.23
1.16
0.27
1.48
0.01
1.60
96.56
2.36
1.59
56.62
16.68
73.30
8.51
10.32

MATERIAL CHARACTERISTICS: FLYASH
Chemical and physical characteristic of the fly ash used for manufacturing composite cement is
given in Table-17.
Table-17: Chemical and physical composition of fly ash
Sr.
IS 3812:2013
Results*
No Test
Requirement
Chemical parameters
1 SiO2+Al2O3 +Fe2O3 (%)
70 min
96.72
2 SiO2 (%)
35 min
64.12
3 AL2O3 (%)
NA
27.8
4 Fe2O3 (%)
NA
4.8
5 CaO (%)
NA
1.1
6 MgO (%)
5 max
0.53
7 Total Sulphur as SO3 (%)
3 max
0.08
8 Available Alkalis As Na2O (%)
1.50 max
0.03
9 Total Chlorides (%)
0.05 max
0.01
10 Loss of Ignition (%)
5 max
0.42
11 Reactive Silica (%)
20 min
31.50
12 Moisture Content (%)
2 max
0.10
Physical Parameters
Fineness (Specific Surface Area) M2/kg
320 min
401
2 Particle retained as 45microns sieve (%)
34 max
14.20
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3 Lime reactivity (Avg. Compressive Strength N/mm2)
(min)
4 Percentage of fly ash cube strength corresponding to plain
cement mortar cube strength Compressive Strength
28days, N/mm2
5 Soundness % (max)

4.5 min

6.1

80 min

85

0.8 max

0.03

MATERIAL CHARACTERISTICS: SLAG
Chemical and physical characteristic of the GGBS used for manufacturing composite cement is
given in Table-18.
Table-18: Chemical and physical composition of slag
Parameters (wt %)
Requirement as per IS 12089-1987
Bhilai Slag
Chemical test
Manganese Oxide (Max)
5.5
1.23
Magnesium Oxide (Max)
17.0
5.20
Sulphide sulphur (Max)
2.0
0.94
HM (C+M+A / S) (Min)
1.0
1.81
C/S
NS
1.2
Insoluble Residue (Max)
5.0
0.68
Glass content (Min)
85
95
Physical Test
50mm Lumps (Max)
5.0
3.0
LABORATORY TRIALS – INTERGRINDING
Laboratory scale trials were conducted at ACL, Bhatapara by intergrinding the clinker, fly ash, slag
and gypsum with variable quantity of fly ash and slag.
The laboratory trails were conducted with 20%, 25% & 30% fly ash and slag and vice-versa. The
same proportion was tried with two type of gypsum (Mineral – MG*, Phospho – PG*) and at
variable quantity and the results were reported in Table-19.
Table-19: Laboratory test results with variable percentage of fly ash and slag.
Set Clinker Slag F.Ash Gypsum SO3 Blaine IST FST 1D
3D
7D 28D
%
%
%
%
%
Trials with 100% Mineral gypsum
1A
47.5
20
30
2.5 (MG) 1.8
365
210 250 14.8 30.9 40.0 54.7
1B
47.5
25
25
2.5 (MG) 1.8
370
190 230 13.6 28.7 40.2 53.6
1C
47.5
30
20
2.5 (MG) 1.8
380
180 220 13.2 28.6 41.3 55.3
Trials with 100% Phospho gypsum
1A
48.0
20
30
2.0 (PG) 1.84
360
365 410 12.3 28.3 39.8 56.3
1B
48.0
25
25
2.0 (PG) 1.68
370
340 380 10.8 26.1 37.8 54.5
1C
48.0
30
20
2.0 (PG) 1.71
375
350 390 9.8 25.8 40.1 55.2
PLANT SCALE TRIAL- PORTLAND POZZOLANA CEMENT INTERGRINDING
Plant scale trial was undertaken in two chambers Close circuit (Polysius make) Ball Mill with
grinding capacity 110 ton / hr. and material discharge under gravity.
Clinker mix with gypsum & about 35% fly ash were taken to weigh feeder and inter-ground in
cement mill to Blaine fineness of 350-390 m2/kg and also with proper control of residue 45 microns
sieve to produce Portland Pozzolana Cement. The test results of PPC is shown in Table-20.
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Table-20: Daily Composite Portland Pozzolana Cement test results with 34.8% fly ash content
Setting Time Mortar Compressive Strength Slump Retention
Date
07-Jan-18
14-Jan-18
21-Jan-18
28-Jan-18
04-Feb-18
11-Feb-18
18-Feb-18
04-Mar-18
18-Mar-18
25-Mar-18
01-Apr-18
08-Apr-18
15-Apr-18
22-Apr-18
29-Apr-18
Avg.

% Fly
Ash
34.6
34.6
34.6
34.6
34.9
34.9
34.9
34.9
34.9
34.9
34.9
34.9
34.9
34.9
34.9

% Blaine IST FST
1D
3D
SO3 (m2/kg) (Min.) (Min.) (MPa) (MPa)
2.08 380
225
265 19.7 29.3
2.04 385
235
285 19.6 29.2
2.18 395
265
310 19.6 29.7
2.15 375
275
310 18.7 28.9
2.08 370
290
335 18.5 29.5
2.04 365
260
305 18.8 28.1
2.07 350
280
325 19.8 27.2
2.1
355
265
310 20.3 28.4
2.12 350
280
325 19.2 31.1
2.14 360
280
320 19.6 30.2
2.15 355
245
290 18.3 29.4
1.97 350
225
275 18.6 29.0
2.08 355
265
305 18.3 27.5
2.12 360
250
295 18.2 29.5
2.14 355
215
255 19.1 28.0

34.8 2.10

% Strength
Development

-

-

7D
(MPa)
32.8
35.8
39.7
35.1
33.9
33.4
35.5
35.1
39.1
37.2
35.7
35.4
34.3
36.5
35.8

28D
(MPa)
54.5
55.8
55.4
56.2
53.8
54.3
55.2
54.3
54.7
53.0
54.2
54.8
54.8
53.9
53.2

100
105
100
105
80
95
100
95
95
90
90
85
90
90
85

30
Min.
75
70
75
80
60
65
60
60
60
60
55
50
60
55
50

Initial

364

257

301

19.1

29.0

35.7

54.5

94

62

-

-

-

100

152

187

285

-

-

Concrete Compressive
Strength
1D
7D
28D
(MPa) (MPa) (MPa)
12.0
23.9
32.3
12.1
25.6
31.2
11.7
25.8
32.6
10.5
24.0
31.5
11.2
23.2
32.1
12.2
24.6
31.8
13.0
24.1
31.9
11.8
26.9
32.0
12.6
26.7
31.8
12.6
26.4
31.8
12.5
28.9
32.3
12.4
27.7
32.5
12.8
26.7
32.5
12.6
26.5
32.2
12.6
26.4
31.3
12.2
25.8
32.0
(64)
(72)
(59)
100

211

262

Figures in parentheses denote percentage strength development in concrete to that of
mortar strength
PLANT SCALE TRIAL– COMPOSITE CEMENT INTERGRINDING (Trial-1 with 23%
fly ash and 23% slag)
Plant scale trial with 23% slag and 23% fly ash with 50% clinker and 4% gypsum was interground
in two chambers Close circuit (Polysius make) Ball Mill. The test results for both mortar and
concrete shown in Table-21.
Table-21: Daily Composite Cement test results data with 23% fly ash and 23% slag contents
Setting Time Mortar Compressive Strength Slump Retention

Date
07-Jan-18
14-Jan-18
21-Jan-18
28-Jan-18
04-Feb-18
11-Feb-18
18-Feb-18
04-Mar-18
18-Mar-18
25-Mar-18
01-Apr-18
08-Apr-18
15-Apr-18
22-Apr-18
29-Apr-18

%
Fly
Ash
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

%
Slag
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

Avg.

23

23

2.19

375

195

240

13.3

% Strength
Development

-

-

-

-

-

-

100

% Blaine IST FST
1D
3D
SO3 (m2/kg) (Min.) (Min.) (MPa) (MPa)
2.24 380
215
280 12.9 26.4
2.09 390
190
225 13.8 23.5
2.01 385
195
235 13.0 23.1
2.25 390
180
225 12.5 22.4
2.26 370
175
220 11.8 19.4
2.25 385
200
240 13.2 22.8
2.16 370
190
235 12.9 20.1
2.26 360
170
215 12.4 22.5
2.17 365
200
245 12.7 26.3
2.18 360
180
215 13.6 26.1
2.17 375
215
270 13.3 26.1
2.15 370
190
230 14.5 24.0
2.29 365
190
230 15.3 23.9
2.13 370
240
290 14.2 26.3
2.19 370
220
260 14.0 26.9

7D
(MPa)
33.8
34.4
28.3
28.8
27.0
28.6
28.7
31.2
35.8
33.5
32.5
32.1
30.3
34.8
35.7

28D
(MPa)
48.8
49.4
48.2
44.7
42.5
45.9
43.2
45.0
47.0
45.2
49.2
46.4
46.1
46.7
46.5

95
95
105
100
95
105
95
100
95
95
85
90
100
90
90

30
Min.
70
75
85
80
65
80
65
65
60
65
60
55
60
60
55

24.0

31.7

46.3

96

67

180

238

348

-

-

Initial

Concrete Compressive
Strength
1D
7D
28D
(MPa) (MPa) (MPa)
12.1
25.0
30.3
12.7
24.0
32.1
11.3
24.0
30.3
10.9
25.9
33.5
12.7
23.1
29.6
11.2
24.4
31.2
12.4
25.8
31.0
11.3
27.3
31.0
11.9
25.4
30.3
11.5
24.9
30.8
11.6
25.2
30.7
11.6
25.4
30.0
9.5
24.5
28.8
11.2
24.7
29.2
10.7
23.8
29.2
11.5
24.9
30.5
(86)
(79)
(66)
100

217

265

Figures in parentheses denote percentage strength development in concrete to that of
mortar strength
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PLANT SCALE TRIAL– COMPOSITE CEMENT INTERGRINDING (Trial-2 with 23%
fly ash and 23% slag)
Plant scale trial with 20% slag and 30% fly ash with 46% clinker and 4% gypsum was interground
in two chambers Close circuit (Polysius make) Ball Mill. The test results for both mortar and
concrete shown in Table-22.
Table-22: Daily Composite Cement test results data with 30% fly ash and 20% slag contents
Setting Time Mortar Compressive Strength Slump Retention

Date
03-Jun-18
11-Jun-18
16-Jun-18
23-Jun-18
01-Jul-18
14-Jul-18
21-Jul-18
28-Jul-18
04-Aug-18
11-Aug-18

%
Fly
Ash
30
30
30
30
30
30
30
30
30
30

%
Slag
20
20
20
20
20
20
20
20
20
20

Avg.

30

20

2.07

360

235

275

13.3

% Strength
Development

-

-

-

-

-

-

100

% Blaine IST FST
1D
3D
SO3 (m2/kg) (Min.) (Min.) (MPa) (MPa)
2.03 350
260
300 13.6 28.3
2.02 365
235
280 13.6 29.9
1.96 370
230
265 14.4 27.8
2.05 390
215
255 14.9 26.4
2.03 375
265
305 13.5 26.5
2.16 350
240
290 12.2 26.9
2.39 345
220
260 12.8 24.9
2.12 350
235
275 13.3 25.3
1.98 355
225
270 12.5 24.1
1.98 350
210
245 12.1 24.7

7D
(MPa)
37.5
38.2
36.6
36.9
30.9
31.8
32.6
34.2
33.2
32.5

28D
(MPa)
47.8
47.5
46.8
46.4
46.4
46.2
44.8
46.1
46.2
46.0

100
95
95
95
100
90
90
95
105
95

30
Min.
65
50
60
65
65
50
50
57
60
65

26.5

34.4

46.4

96

59

199

259

349

-

-

Initial

Concrete Compressive
Strength
1D
7D
28D
(MPa) (MPa) (MPa)
10.3
23.9
27.9
10.1
23.6
30.8
10.4
24.1
31.2
10.9
25.0
30.8
10.5
23.4
30.6
11.4
25.6
30.4
11.9
24.6
30.6
11.9
24.8
32.2
11.4
24.7
32.8
11.3
24.9
31.4
11.0
24.4
30.9
(83)
(71)
(67)
100

222

281

Figures in parentheses denote percentage strength development in concrete to that of
mortar strength
RESULTS AND DISCUSSION:
1.

2.

3.

4.
5.

6.

7.

8.

Composite cement with the use of mineral admixture both fly ash and granulated slag
are complementary to each other. The intergrinding of laboratory composite cement
with the incremental use of slag in place of fly ash shows reduction in water demand.
This also increased in strength development by 15 to 20% at 1D, 3D and 7D hydration
and 8-10% at 28D hydration.
For manufacturing Composite cement, generally clinker of minimum C3S content of
50% and C3A content of 8% is required to absorb more quantity of blended materials
with higher strength development.
Generally clinker in eastern zone is having higher alkali content up to 1.4% K 2O and
0.3% Na2O, whereas in west & south zone is having higher alkali content up to 0.4%
K2O and 0.3% Na2O.
Hence the use of fly ash and slag with high alkali content clinker is preferential which
improves the latter strength due to alkali activation of both fly ash and slag.
Basicity modulus of slag and its chemical composition along with the glass content
and glass composition plays a crucial role in getting the properties of composite
cement.
Mineralogical composition of slag plays a very vital role besides the fineness, shape,
size and particle size distribution of slag along with the comminution of grinding in
various mill.
Similarly Fly ash reactivity also largely depends upon fineness both Blaine Specific
surface area, residue on 45 micron sieve, chemical and mineralogical parameters with
soluble silica, Glass content with glass composition. Besides spherical particle of the
glassy particles, fly ash is greatly affected by the lime assimilation in blended cement.
Composite cement provides the multiple benefits due to the use of both fly ash and
slag as the single product covers a broad spectrum of applications both for mortar and
concrete applications.
15

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
9.

10.
11.
12.

13.

14.
15.

16.
17.
18.
19.
20.

21.
22.

From the trials conducted at ACL, Bhatapara and Ambujanagar on the basis of
intergrinding, it is found that there are multiple options available to manufacture
composite cement by different combinations.
Concrete trials conducted with this cement at field shows the better performance in
terms of workability, slump retention and strength development.
The aesthetic look of composite cement is far better than PPC as PPC is darker and
PSC is whitish.
Rate of development of strength of mortar in PPC from 1D to 3D, 7D and 28D are 52,
87 and 185%, where as in composite cement rate of development of strength is 80, 138,
and 248% respectively. This significant difference in rate of development of strength
between PPC and composite cement clearly shows that the reactivity of both inter
grinding of slag, fly ash and clinker are relatively better than the fly ash and clinker
alone.
Similarly the concrete strength gain in PPC is about 65% to that of mortar strength,
where as in composite cement 1D compressive strength achieved about 85% to that of
mortar strength.
In composite cement 1D concrete strength achieved 86% to that of mortar cube
strength whereas for 7D it is 70 to 80% and for 28D it is around 65%.
Concrete mixes with composite cement offer better workability for richer mixes with
lower W/C ratio, whereas PPC offer better workability for lower cement content and
with relatively higher W/C.
The reason behind getting lower slump with composite cement is due to crystalline
slag particles and its effect of holding entrapped water in to green concrete matrix.
Composite cement needs lower chemical admixture dosage to give the same slump
whereas PPC needs more admixture dosage.
In eastern zone due to higher availability of slag, PSC is manufactured with 55 to 65%
slag and PPC with maximum 35% fly ash.
In composite cement, clinker contribution 46-50-%, slag is 20-23% and fly ash is 2330%.
Due to differential characteristics among PSC, PPC and composite cement,
manufacturing of highest proportion of composite cement in eastern zone with high
alkali clinker is true solution for better clinker reactivity, high early strength and
improved clinker factor.
The concrete behavior and strength development in composite cement is significantly
observed and relatively better than PPC & PSC.
Hence for making a very high quality optimized products with better performance and
durability aspects we have to continue with various options even with changing
qualities of clinker, fly ash, slag and gypsum sources and using different comminution
technology.
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ABSTRACT
This paper evaluates the performance and durability of slag-cement concretes produced with different
modified steel slags. Cements and concretes were characterized after addition of slags in Ordinary
Portland cement. Chemical analysis, mineralogical, hydration and physical-mechanical
characterization were shown in two papers published in the 14th International Congress on the
Chemistry of Cement (2015). The performance and durability of cements and concretes were analyzed
by several tests, including:
- Freshly Mixed Concrete Properties: Consistence (by Slump loss test), Setting time by Penetration
Resistance, and Volume of bleeding water;
- Hardened Concrete Properties: Compressive Strength, carbonation resistance, Water permeability
and absorption, Ultrasonic pulse velocity test, Rapid chloride permeability, Density, Absorption, Void
Index and SEM analysis
Results shows that performance and durability of concretes were satisfactory when compared with
normal slag Portland cement and indicate the application viability as supplementary cement material.
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1.

INTRODUCTION

Continuous growth of cement-based materials production, associate to crescent demand for more
sustainable and durable constructions, has been stimulating the development of novel supplementary
cementitious materials (SCM) (Scrivener et al 2015). Utilization of SCM decreases unitary CO 2
emission footprint of concrete due to reduced clinker content, and enables incorporation of byproducts from other industries. Thus, it contributes to cost reduction, prevents disposal of waste
materials to the environment and landfill, and promotes the use of recycled materials in place of
natural resources (Lothenbach, Scrivener and Hooton 2011; Meyer 2009). Blast-furnace slag (BFS), a
by-product from iron industry with latent hydraulic property, is one of the most common SCM and its
use is well accepted worldwide. It is estimated that approximately 32 million tons of crude iron has
been produced in Brazil for the last 10 years, but there is no expectation of growth. On the other hand,
the national construction industry has increased more than 5% per year. This scenario predicts a lack
of this well-established BFS for Brazilian cement market in a near future. In this context, steelmaking
slag, another by-product from siderurgical industry, has potential application as SCM and show itself
as an alternative to partially replace BFS in cement production (Chotoli et al., 2015ab).
However, cement hydration in presence of minerals additions, as steel slag, involves a great deal of
complexity due to incorporation of different components. They can be competitive within clinkergypsum-water system resulting in changes of cement phases dissolution rate, in ionic balance and
hence in evolution and precipitation of hydrated phases.
Shi (2004) summarized the common minerals presents in steel slag, such as olivine, merwinite, C 3S,
b-C2S, g-C2S, C4AF, C2F, RO phase (CaO–FeO–MnO–MgO solid solution), free CaO and free MgO. It
was related that, as BFS, ground steel slags also show much better cementitious property in the
presence of alkaline activators. Moreover, due to potentially high content of free CaO and MgO, some
other cementing materials witch can consume free CaO or MgO, such as blast furnace slag or fly ash,
should be used together with steel slag in order to eliminate the soundness problem.
For Wang et al. (2011), steel slag and cement affect each other’s hydration by changing the hydration
environment, although steel slag does not react with the hydration products of cement. Addition of
steel slag to the binder decreases early hydration rate of cement and thus promotes longer dormant
period, leading to longer setting time of cement-steel slag system.
According to Wang & Yan (2010), C3S and C2S are the main active components of steel slag.
However, a portion of those phases has a very low activity and remain undehydrated, or only has a
very weak reaction even after 90 days after mixing. Moreover, RO phase is almost inert even under
high temperature activation or with NaOH-activation.
A pyrometallurgical process has been investigated to promote modification on chemical composition of
molten steelmaking slags, in order to make them more appropriate for cement manufacturing (Chotoli
2006; Chotoli et al., 2011). Chemical and mineralogical composition of steelmaking slag (SS) and
chemically modified steelmaking slags have been recently evaluated, whose results showed the first
one was mostly crystalline, even under fast cooling. The main phases typically found in this type of
slag were: brownmillerite, larnite, RO phase and lime. Higher silica and alumina and lower iron oxides
in modified slags contributed to the glassy phase formation under fast cooling. Furthermore, the
amount of RO phase decreased as a consequence of iron oxides reduction as well as MgO
stabilization in calcium and magnesium silicates (merwinite, monticellite and åkermanite) (Ferreira
Neto et al., 2016).
Although there are some studies on their potential application as supplementary cementitious
materials (Chotoli et al., 2011; Ferreira Neto et al., 2016, Chotoli et al., 2015ab), the current
knowledge of the efficiency of chemically modified steelmaking slags in concrete is still unclear and
deficient. Therefore, this paper aims to evaluate the performance and durability of cements and
concretes with modified oxygen steelmaking slags (SS-M). Cement samples were characterized by
chemical and physical-mechanical analysis up to 360 days. Fresh and hardened concrete samples
were subjected to physical-mechanical and durability tests during the same period. All results were
compared to performance of a reference mixture with blast-furnace slag. This study is part of an IPT
project on SS-M by pyrometallurgical process, as described in Chotoli et al. (2015ab), whose main
purpose is to obtain modified steel slag with satisfactory cementitious performance.
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2.
2.1

EXPERIMENTAL STUDY
Materials and experimental process

Two references slags in natura were supplied by a steelmaking and iron company in Brazil: a
steelmaking slag (SS) and a blast furnace slag (BFS). Chemically modified steelmaking slags (SS-M)
have been prepared in pilot scale, where slags were produced in a metallurgical reactor (Patent
application BR 10 2014 023505-1, 2014) by adding modifiers agents into 300 kg of molten SS slag
and cooled by steel balls (SS-M6, SS-M7 and SS-M8). Preparation processes of slags samples have
been discussed in previous studies (Chotoli et al, 2015a; Chotoli et al, 2015b; Ferreira Neto, 2015;
Ferreira Neto, 2016). All slags were ground in ball mill to 0.075mm. BFS, SS and SS-M samples, as
well as, Ordinary Portland Cement (OPC) were used to produce Portland slag-cements (PSC, similar
to CEM III/A), in proportions shown in Table 1.
Table 1. Compositions of Portland slag-cements (%, by mass)
Slags
PSC-BFSin natura
PSC-SSin natura
PSC-SS-M6
PSC-SS-M7
PSC-SS-M8

OCP
50
50
50
50
50

BFSin natura
50
30
30
30
30

SSin natura
--20
-------

SS-M6
----20
-----

SS-M7
------20
---

SS-M8
--------20

Table 2 shows mix proportion of four concrete samples with different cement compositions (based on
Table 1). There was no gypsum adjustment and no admixture was applied in the mixes. In order to
optimize concrete production, specimens with steelmaking slag in natura were not considered in this
experimental part. Concrete mixes were demolded after 24h and stored in curing chamber (T = 23 ±
2ºC and RH = 95 ± 5%) during 28 days.
Table 2. Mix proportion of concrete (by mass)
Samples
CC-PSC-BFSin natura
CC-PSC-SS-M6
CC-PSC-SS-M7
CC-PSC-SS-M8
2.2

Cement
1
1
1
1

Sand
2.336
2.347
2.373
2.352

Gravel
3.384
3.384
3.384
3.384

Water
0.6
0.6
0.6
0.6

Characterization methods of cement

Chemical composition was obtained by X-Ray Fluorescence (XRF) using a Panalytical Minipal
Cement, and fused beads were produced in Claisse M4 fusion machine. This equipment was
calibrated using commercial standard materials (BS, BAS, CANMET, ECRM, IPT, NHKG, NIST,
SLOVAK and CECA). FeO was characterized by dichromate titrimetry (ASTM E 246-10) and metallic
iron according to Xu Z. et al. (2003). Iron trioxide was calculated by difference of total iron, iron oxide
and metallic iron. Free lime (CaOf) were analyzed by Brazilian Standard Methods whose procedures
are analogous to ASTM C 114/08
X-ray diffraction (XRD) was applied for mineralogical composition analysis. Powder samples were
manually pressed into a 27 mm diameter sample holder and performed in a Rigaku Windmax 1000 XRay powder Diffractometer, in a rotating sample stage, employing CuKα radiation, 40 kV, 20 mA, step
size of 0.02o 2θ, time per step of 2s, 1º divergence slit. The minerals identification and phases
quantification by Rietveld method was performed in X-Pert HighScore version 4.6a and based on
standard diffraction data provided by ICSD (Inorganic Crystal Structure Database) and/or COD
(Crystallography Open Database).
PSC reactivity was investigated by measuring the liberated heat during hydration for 72h. The
experiments were carried out using a Thermometric Tam Air isothermal calorimeter, at a measurement
temperature of 25°C. The cement paste with a 0.5 w/c ratio for each sample was mixed with a small
ladle for 3 minutes at 1000 rpm and 15 grams were weighted into a flask; the flask was capped and
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placed into the calorimeter. The initial heat peak was not recorded because the mixing was done
externally.
Tests of compressive strength and soundness (by Le Chatelier method) were carried out according to
Brazilian Standard NBR 11578 (analogous to European Standards EN 197-1, ISO EN 196-1 and ISO
EN 196-3). Autoclave expansion test was also performed according to ASTM C 151.
2.3

Testing methods of concrete

The effect of Portland slag-cements on concrete performance, in both fresh and hardened states,
were evaluated by methods and techniques listed in Table 3.
Table 3. Testing methods applied to PSC concrete samples
Concrete

Standard
NBR 10342/12
NBR NM 9/03
NBR 15558/08

Parameters evaluated
Slump loss
Setting times
Volume of bleeding water
Physical and mechanical properties
NBR 9778/05
Water absorption, voids index and density at 28 days
Compressive strength at 3, 7, 28, 63, 91, 120, 240 and
NBR 5739/07
360 days
NBR 8802/94
Ultrasonic wave transmission velocity at 28 days
Concrete performance in terms of durability
NBR 9779/13
Capillary water absorption at 28 days (72h immersion)
Resistance to carbonation (accelerated test) at 28 days
DIN EN 13295/04
during 56 days (1% CO2, RH = 60% and T = 23ºC)
ASTM C 1202/12
Chloride diffusivity at 28 days
Microstructure
Microstructural analysis Scanning Electron Microscopy (SEM)

Fresh
state

Hardened
state

3.

RESULTS AND DISCUSSION

3.1

Chemical and mineralogical composition of slags

Chemical and mineralogical compositions of slags samples are shown in Tables 4, 5 and 6. According
to chemical results (Table 4), the type of slag modification has a considerable impact on their chemical
composition, especially when contents of the main components of SS-M slags are compared to the
reference and original samples. For example, SS-M6 and SS-M8 had different Fe, Al and Si contents
in relation to SSin natura. However, those elements (excepting Fe) were in a similar concentration than in
the BFSin natura.
Table 4. Chemical compositions of Portland slag-cements (%, by mass)
Slags
BFSin
natura

SSin
natura

SSM6
SSM7
SSM8

Fe2O3

FeO

Feo

CaO

S

SiO2

Al2O3

MgO

TiO2

MnO

P2O5

CaOf

MgOf

0.25

---

---

41.1

1.6

32.9

11.2

7.1

0.8

0.7

<0.1

<0.1

---

11.3

19.4

0.4

37.7

0.1

10.3

2.6

9.4

0.5

4.1

1.2

5.7

<0.1

1.2

7.5

0.4

34.3

<0.1

30.7

11.7

9.1

0.3

3.7

1.0

0.2

<0.1

4.8

25.4

0.4

33.5

<0.1

18.9

2.4

9.9

0.2

4.2

1.3

0.2

<0.1

2.5

5.3

0.4

34.4

<0.1

32.1

11.2

10.6

0.3

3.9

0.9

0.2

0.2
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Table 5. Mineralogical compositions of slags in natura (%, by mass)
Slags
BFSin natura
SSin natura

C2S
--28.4

C4AF
--6.3

RO
--13.1

MnO.SiO2
--3.3

C2F
--30.1

CH
--3.5

CaO
--7.5

MgO
--6.9

Amorphous phase
> 99
0.8

C2S: belite, C4AF: brownmilerite; RO: RO phase; MnO.SiO2: Rankinite; C2F: srebrodolskite; CH= portlandite;
CaO: lime; MgO=periclase.

Table 6. Mineralogical compositions of modified steelmaking slags (%, by mass)
Slags
SS-M6
SS-M7
SS-M8

C2S
--55.1
1.4

C3 A
----0.5

RO
0.5
42.9
---

C3MS2
28.4
--27,2

CMS2
----2.2

C2MS2
12.9
---

AF
58.1
--68.4

C2S: belite, RO: RO phase; C4AF: brownmillerite; C3MS2: merwinite; CMS2: melilite; C2MS2: åkermanite; C2AS:
Gehlenite; CaO: lime; AF: amorphous phase.

The principal basicity index (CaO/SiO2) of steel slags is similar to that of crystalline fraction without RO
and AF phases (Table 7), despite variations of RO and AF contents in slags.
Table 7. Reactivity, basicity and mineral composition of slags (all phases and excluding RO
and AF phases), comparing parameters according to Tang (1973) apud Shi (2005)
Slags
BFSin natura
SSin natura
SS-M6
SS-M7
SS-M8

All phases
Basicity
Hydraulic
reactivity
CaO/SiO2
Low
1.3
High
3.8
Low
1.1
Medium
1.7
Low
1.1

Without RO and AF Phases
Basicity
Hydraulic
reactivity
CaO/SiO2
Low
1.5
High
3.2
Low
1.5
Low
1.2
Medium
1.7

Based on heat transferring model, Ferreira Neto et al. (2016) estimated cooling rates faster than
4°C/s, thus it would be possible to predict more than 95% of amorphous phase in BFS. Discrepancies
can be caused by differences among chemical compositions of slag samples, which can affect the
beginning of crystallization. It has been also mentioned that alumina contributes to the stabilization of
amorphous phase in slags (Mostafa et al., 2001).
The crystalline phases are typically found in steelmaking slags (Kashiwaya et al., 2007; Gan et al.,
2012; Mostafa et al., 2001): tricalcium aluminate, brownmillerite, larnite, RO phase (solid solution
among FeO, MnO, MgO and CaO) and lime. It was observed a higher content of amorphous phase in
modified slags SS-M6 (58.1%) and SS-M8 (68.4%) and tendency of amorphous phase stabilization
caused by a lower basicity of modified slag (Ryu et al., 2010), when compared to SSin natura.
Furthermore, it can be observed a significant reduction of RO phase, partially caused by iron oxides
reduction, due to the presence of modifying agents, and partially caused by transferring of MgO from
RO phase to merwinite. Besides the MgO stabilization as merwinite, it was noted elimination of free
lime from steelmaking slag. As shown in Tables 4 and 7, basicity and Fe2+ and Fe3+ contents in slags
SS-M6 and SS-M8 were incrementally reduced when compared to slag SS-M7. In addition, alumina
content increased to approximately 11%. This slags’ behavior was similar to that studied by Chotoli et
al (2015ab).
3.2

Physical and mechanical tests of PSC cements

Results of compressive strength and physical tests (Tables 8 and 9) showed that modified slags have
comparable performance to the reference samples, within the acceptable limits to produce Portland
slag-cements. Except for sample SS-M7 at 28 and 91 days, all results of compressive strength
attended the requirements for cements of Class 40 (NBR 11578).
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Table 8. Compressive strength test of cements
Slags
PSC-BFSin natura
PSC-SSin natura
PSC-SS-M6
PSC-SS-M7
PSC-SS-M8
NBR
Class
11578
40

3d
18,5
15,2
18,0
14,8
18,4

7d
30,1
25,9
27,9
23,7
27,5

Compressive strength (MPa)
28d
91d
120d
180d
47,0
52,4
57,4
61,0
43,1
50,9
52,9
55,7
39,5
50,1
53,8
58,3
37,4
45,4
46,9
49,9
44,7
50,3
55,6
61,0

≥12.0

≥23.0

≥40.0

≥48.0

---

240d
60,4
56,5
56,9
49,7
54,7

360d
61,2
58,2
58,6
51,0
57,9

---

---

---

Table 9. Physical tests of cements

Slags
PSC-BFSin natura
PSC-SSin natura
PSC-SS-M6
PSC-SS-M7
PSC-SS-M8
NBR 11578
ASTM C 151

Fineness,
75m

Specific
mass

Specific
area

Soundness
(mm)

(%)

(g/cm3)

(m2/kg)

cold

hot

(%)

0.4
0.7
1.5
1.6
1.6
≤8
---

3.02
3.13
3.06
3.16
3.08
-----

482
519
501
457
478
-----

0.0
0.0
0.5
0.0
0.0
≤5
---

0.0
0.0
0.5
0.0
0.0
≤5
---

0.03
0.25
0.03
0.04
0.03
--≤ 0.80

Autoclave
expansion

Setting time
Initial
(min)
190
110
70
60
50
≥60
---

Final
(min)
285
360
330
330
330
≤720
---

Stabilization of PSC-SS-M6, PSC-SS-M7 and PSC-SS-M8 was demonstrated by the soundness test
(ISO EN 196-3) which did not show any volume variation under cold or hot water. Furthermore, in the
autoclave test (ASTM C 151) the same mixtures had lower expansion than PSC-SSin natura, showing
the effectiveness of SS modifications to stabilize the slag grains and prevent any potential deleterious
expansion. Wang et al. (2011) noted that peaks of RO phases in binder pastes remained almost
unchanged for 360 days.
All PSC-SS-M samples had a delay in the final setting time compared to the reference BFS-cement.
This property can predict the hydration behavior of those cements. The rate of hydration heat and
cumulative heat of Portland slag-cement is shown in Figure 1. Samples with modified SS samples had
similar behavior than those of the reference BFS (the most similar one was SS-M7). SSin natura showed
a longer dormant period but equivalent deceleration rate than other samples. It indicates the
effectiveness of modification processes on the hydration performance of the steelmaking slags.
250

(a)

PSC-BSF (in natura)
PSC-SS (in natura)
PSC-SS-M6
PSC-SS-M7
PSC-SS-M8

3

Cumulative heat (J/g)

Rate of heat (W/kg)

4

2

1

0

(b)

200
150
PSC-BSF (in natura)
PSC-SS (in natura)
PSC-SS-M6
PSC-SS-M7
PSC-SS-M8

100
50
0

0

12

24

36
Time (h)

48

60

72

0

12

24

36
Time (h)

48

60

72

Fig 1. Hydration heat release rate (a) and cumulative heat (b) of cement pastes
Moreover, both BFS and SS-M samples showed low induction period, followed by increase during the
acceleration. This can be due to the increased availability of free CaO and MgO in some slags in order
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to form Ca(OH)2 and Mg(OH)2. Thus, the alkaline porous solution quickly provides initial heat which
promotes hydration of the remaining phases (Shi, 2004). For this reason, the heat developed by slag
with free MgO and CaO or even high RO phase should be critically analyzed due to the heat from
hydration oxides, and not from cementitious compounds hydration, as expected. In general, a
secondary shoulder was formed after the acceleration period, which describes a typical slag reaction
(due to its lower reactivity compared to clinker reaction). This double peak and dislocate was attributed
to SS-M slag used in substitution to BFS (Chotoli et al, 2015ab).
It was observed by the different SS modification procedures that cements made with slags cooled in
water tend to have higher heat accumulated in older groups than those cooled by ingots or even balls.
This is probably due to slower reactivity of the glass phase (amorphous phase) present in larger
amounts. Therefore, this phenomenon leads to reflect on the real necessity (or not) of slag being
rapidly cooled, because samples cooled in ingot mold or balls tended to produce more reactive slags,
which can be more interesting for cement industry.
3.3

About physical and mechanical tests of PSC concretes

Table 10 shows tests results of fresh state concretes.
Table 10. Test results of fresh state concrete

Initial slump (mm)
Time (min)
Time (hours)
Initial
Final

CC-PSCBFSin natura
90
150
2h30min
05h20
08h10

CC-PSCSS-M6
90
165
2h45min
05h28
08h35

CC-PSCSS-M7
80
60
1h00min
06h40
10h25

CC-PSCSS-M8
90
120
2h00min
06h00
10h04

-

92.7

125.3

230.0

118.4

Parameter
Slump loss
(final slump 30 mm)
Setting times
Volume of bleeding
water (cm3)

A marked atypical slump loss was noted for sample CC-PSC-SS-M7 during the first 30 minutes in
relation to the other samples. This indicates a faster water consumption of this concrete compared to
the other samples during the first minutes after mixing. In contrast, PSC-SS-M6 was the most stable
sample in keeping slump values with the passage of time. Brazilian standard NBR 7212 (ABNT, 2012)
specifies a time limit of 2h30min for a suitable application of a ready-mixed concrete. This time should
comprise transport of concrete by a truck mixer to construction site, as well as, unloading, placing,
compacting and finishing procedures. Although this parameter may vary according to its application,
the maintenance of consistency should be enough to finish all concrete operations in full.
Concretes with modified oxygen steelmaking slags showed delayed setting times compared to CCPSC-BFSin natura. This time was enough to the matrix reaches a penetration of 27.6 MPa specified by
NBR NM 9 (ABNT, 2002). Such behavior was similar to that observed for cement tests (Table 9).
Bleeding is defined as a phenomenon whose external manifestation is the appearance of water on
concrete surface after its placing and compacting processes but before it has set (when sedimentation
can no longer take place). Bleeding is a consequence of the inability of constituent materials to hold all
mixing water in a dispersed state while the relatively heavy solids settle (Mehta & Monteiro, 2005).
Samples with SS-M7 had a bleeding water volume much higher than the other mixtures. It seems that
crystalline modified slags (SS-M7) leads to concretes with greater bleeding than those produced with
amorphous modified slags (SS-M6 and SS-M8). This is aligned with the reactivity of these slags
analyzed by both compressive strength and heat of hydration tests. Thus, reactivity, fineness and type
of modified slags may have contributed to vary amount of bleeding water and time of bleeding for each
concrete. The excess of bleeding could be mitigated by adjustments in particle size distribution,
optimal content of gypsum or use of admixtures.
Table 11 shows average of results of physical tests in hardened state concrete at 28 days.
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Table 11. Results of physical tests of concrete at 28 days

CC-PSC-BFSin natura

4.7

10.7

2.28

2.39

2.55

Ultrasonic
wave
transmission
velocity
(m/s)
4693.4

CC-PSC-SS-M6

5.0

11.4

2.27

2.39

2.56

4638.7

CC-PSC-SS-M7

5.1

11.6

2.27

2.39

2.57

4657.4

CC-PSC-SS-M8

5.2

11.6

2.26

2.38

2.56

4586.7

Samples

Water
Dry mass
Void
absorption
density
index (%)
(%)
(kg/dm³)

Saturated
mass
density
(kg/dm³)

True
density
(kg/dm³)

Results of water absorption around 6.0% (by immersion) indicate an ordinary concrete in terms of
durability, according to limits suggested by Helene (1993). Nevile (2006) also defines this value as a
threshold for “good concrete”. Specimens with water absorption values varying between 2% and 5%
can be classified as high performance concrete (Kosmatka et al. 2002). Overall, the results varied
between 4.7 and 5.2% and, therefore, can be considered as ordinary in terms of durability. These
values do not show significant difference among the reference concrete and concretes with modified
slags.
Regarding voids index, concretes with values up to 10% are classified as durable materials, between
10% and 15% as normal material, and above 15%, deficient material (Helene, 1993). Another
classification suggests that concretes with voids index up to 6% are durable and resistant (Whiting &
Nagi, 1998). The results showed the studied samples can be considered as normal, since void index
values were around 10.7% and 11.6% regardless addition of modified slags.
Results of density varied from 2.26 kg/dm³ to 2.57 kg/dm³. This variation is within the range that
classifies concrete in a normal class, i.e., values between 2.00 kg/dm³ and 2.80 kg/dm³ according to
NBR 8953 (ABNT, 2015). Thus, there was no significant variation in density of concrete with and
without modified steelmaking slags.
Also, no remarkable difference among the reference sample and concretes with SS-M was noticed by
ultrasonic wave transmission tests at 28 days. This technique provides information on uniformity of the
studied samples, detecting potential voids in the mixture. Overall, all the analyzed samples had values
above 4500 m/s and, therefore, they can be categorized in a level of excellent quality concrete
(Figueiredo, 2005).
Figure 2 shows the averages of compressive strength test results of PSC concretes at different ages.

Compressive strength (MPa)

50
45
40

CC-PSC-BFSin natura
CC-PSC-SS-M6
CC-PSC-SS-M7

35

CC-PSC-SS-M8

30
25
20
15
10
5
0
3

7

28

63
91
Time (days)

120

240

Fig 2. Results of compressive strength of concrete

360
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Overall, all samples had a continuous upwards trend over the time, and no loss of compressive
strength was noticed up to 240 days, due to extended hydration reactions of BFS and SS-M slags.
SS-M7 addition led to the lowest values of compressive strength, most likely to its lower reactivity in
comparison with the other slags. In fact, SS-M7 had the highest RO phase, and no amorphous phase
was observed (Table 6). SS-M6 and SS-M8 concrete mixes had comparable performances to the
reference sample, although these samples had a slight decrease (less than 12%) in compressive
strength during the first month and at 360 days. This is related to increased total open porosity (void
index) measured at 28 days (Table 11), which can be result of a potential lower rate of SS-M hydration
in later ages compared to BFS’. Indeed, SS-M’s hydration halos widths were more tenuous than the
ones observed around BFS grains at 28 days (Figure 2). As previously discussed similar behavior of
loss, followed by regain of strength, was also observed in mechanical tests for cement samples at
advanced ages (Table 8). The methodology with cement specimens has lower number of variables
(more homogenous material) and, therefore, it is an important parameter to verify the systematic
behavior of cementitious materials with modified steelmaking slags.

BFS
SS-M7

SS-M6
BFS
BFS

(a) PSC-BFSin natura

SS-M8

(b) CC-PSC-SS-M6

(c) CC-PSC-SS-M7

(d) CC-PSC-SS-M8

Fig 3. The SEM micrographs of BFS and SS-Mn grains in concrete at 28 days. Arrows indicate
halos of hydration around slags grains.
Table 12 shows average results of some durability indicators tests, such as, carbonation depth,
chloride diffusivity (by passing electric charge) , and capillary water absorption.
Table 12. Results of selected durability indicators tests
Carbonation depth

(1)

Chloride
diffusivity,
in
Coulombs
(C)

Capillary
water
Max height of
absorption capillary rise
in 72h
(cm)
(g/cm²)

Samples

dci (1)
(mm)

dcf (2)
(mm)

Δdc
(mm)

PSC-BFSin natura

0.40

10.00

9.60

1129

0.67

5.78

CC-PSC-SS-M6

0.40

9.60

9.20

2108

0.58

4.17

CC-PSC-SS-M7

0.75

9.40

8.65

1789

0.63

4.59

CC-PSC-SS-M8
0.55
11.45
dci – initial reading of carbonation depth;

10.90

(2)

1471
0.64
dcf – final reading of carbonation depth

5.15

According to limits specified by ASTM C 1202:2012, concretes with modified slags showed low to
moderate chloride-ion penetrability. Moreover, results of carbonation depth were similar between all
samples studied, i.e., no significant difference was observed in specimens with and without SS-M.
However, all concretes with modified steelmaking slags showed lower capillary water absorption and,
consequently, lower capillary rise height compared to the reference sample with BFS. This shows an
opposite effect of that found in water absorption test (Table 11), where specimens with SS-M had
greater values than BFS samples. It indicates that, although modified slags may lead to greater open
porosities (and then affect mechanical properties), the connectivity and permeability between these
pores is reduced. Consequently, any potential percolation of aggressive agents into concrete can be
mitigated and a more durable material is obtained by addition of modified steelmaking slags.
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4.

CONCLUSIONS

Mg bearing RO phase in steel slag can be classified in different types of FeO-MgO-CaO-MnO and
variations, and also correlates with potential expansion phenomena. Samples of modified slags
analyzed are mostly crystalline, even under fast cooling. Higher silica and alumina and lower iron
oxides in modified slags contributed to glassy phase formation under this cooling conditon.
Furthermore, the amount of RO phase decreased as consequence of iron oxides reduction as well as
MgO stabilization in calcium and magnesium silicates (merwinite, monticellite and åkermanite).
Results of compressive strength, soundness and autoclave expansion of PSC contained modified
slags indicate their viability of application. The stabilization of modified slags can be demonstrated by
soundness test under cold and hot water, which does not show any expansion (or low expansion) by
tests carried out in autoclave.
Applicability of modified steelmaking slags (SS-M) was proved by physical-mechanical and durability
tests in concrete samples. Overall, all samples have comparable performance in relation to the
reference BFS concrete. A slight decrease in compressive strength (less than 12%) can be expected
in SS-M specimen due to increased total open porosity in advanced ages. However, SS-M concretes
have lower permeability than the reference sample, resulting in materials with lower susceptibility to
attack of deleterious substances.
Therefore, mineralogical modification in steelmaking slag is a potential tool to produce a type of
supplementary cementitious material to obtain durable concretes with requirements of long service
life, considering the relevance of use low environmental impact cement, produced with nonconventional raw materials.
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ABSTRACT
In this research, MSWI bottom ash (also called bottom ash), after mechanical treatment, was used as
supplementary cementitious material (SCM) in cement paste. The pastes made from coal fly ash
(FA)/Portland cement blends were prepared as the reference. The potential of replacing FA with MSWI
bottom was explored by comparing the compressive strength and leaching behaviour of MSWI bottom
ash blended cement with FA blended cement. The results show that mechanical treatments can
remove around 80 wt.% of the residual metallic Al in as-received MSWI bottom ash particles. The fine
MSWI bottom ash powder obtained after mechanical treatment has metallic Al content less than 0.2
wt.%, which dramatically reduced the risk of volume expansion. At the replacement level of 25%,
MSWI bottom ash blended Portland cement exhibits no volume expansion and has 28-day
compressive strength comparable to that of fly ash blended cement. The leaching of contaminants
from MSWI bottom ash blended cement are well below the official limit value specified in Dutch
legislation.
Keywords: MSWI bottom ash, fly ash, cement, mechanical treatment, metallic Al
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1.

INTRODUCTION

Incineration is regarded as one of the most efficient waste management practices to deal with the
increasing amount of municipal solid waste (MSW). Although incineration significantly decreases the
demand for landfill (Li et al. 2004, Sabbas et al. 2003), the ever-increasing generation rate of
municipal solid waste will inevitably intensify the pressure to landfill the incineration residue, especially
bottom ash, which accounts for 80-90% of the residue. Coal fly ash, together with blast furnace slag, is
the majority supplementary cementitious materials (SCMs) used worldwide, but the supply of fly ash
cannot meet the rising demand of cement (Juenger et al. 2015). It is worth noticing that MSWI bottom
ash and coarse fly ash share the feature of low pozzolanic activity at room temperature. The utilization
of MSWI bottom ash as SCM in blended cement shows greater potential since resultant cement
always exhibits satisfactory leaching (Chimenos et al. 1999, Lin et al. 2006) and appropriate
mechanical properties (Tang et al. 2016). Therefore, MSWI bottom ash blended cement can be a
promising replacement for fly ash blended cement. In this research, a series of mechanical treatments
are applied to improve the quality of bottom ash before its use as SCM. The feasibility of replacing fly
ash with upgraded bottom ash was explored from the perspective of mechanical properties and
leaching behavior.
2.

MATERIALS AND METHODOLOGY

MSWI bottom ash with the particle size of 4-11 mm was collected from a local waste-to-energy plant in
the Netherlands. The a series of mechanical treatments were performed to reduce MSWI bottom ash
into a fine powder. The MSWI bottom ash powder obtained are labeled “GBA”. By allowing GBA to
pass through the sieves of 250 µm and 63 µm successively, the high-metallic Al-containing fraction
was separated from GBA. In the end, the fraction below 63 µm, named 63BA, was used as the cement
substitute.
According to EN 196-1, the cement paste samples were prepared and cast in the mould with the
dimension of 20 mm × 20 mm × 20 mm. After casting, the cement paste specimens were firstly cured
at room temperature for 24 hours, then de-moulded and wet cured (room temperature, 95% RH) until
28 days. In the Netherlands, 25% fly ash is usually used to substitute Portland cement in CEM II/B-V.
Hence, the same replacement level was used to prepare blended cement in this research. Apart from
pure Portland cement (CEM I 52.5R) samples, GBA and FA blended cement were also prepared
separately as the reference groups to evaluate the effectiveness of the mechanical treatments and
study the feasibility of replacing fly ash with 63BA as SCMs in cement paste. Details of mix design are
listed in Table 1, where 25 wt.% Portland cement was replaced by GBA, 63BA and FA, respectively.
The water to solid ratio of all the paste was kept at 0.5.
Table 1. Mix design for blended cement paste

Sample names

Raw materials
CEM I 52.5R

CEM

100%

GBA-CEM

75%

63BA-CEM

75%

FA-CEM

75%

GBA

63BA

FA

25%

Water to solid ratio
(w/s)

0.5

25%
25%

Different characterization techniques were employed to identify the chemical and physical properties
of raw materials and cement samples. X-ray fluorescence (XRF) and X-ray diffraction (XRD) were
used to determine the chemical and mineralogical compositions, respectively. The metallic Al content
in the MSWI bottom ash was estimated by measuring the volume of hydrogen gas generated upon its
chemical reaction with NaOH solution. The particle size distribution of bottom ash was measured by
the laser diffraction method (Malvern Mastersizer). The leaching test of the powder raw material and
28-day monolithic cement samples were conducted by following the standard NEN 7349 at L/S =
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10L/kg. Unlike the powder raw materials, which were tested directly, the 28-day monolithic cement
was crushed to <4 mm before leaching test.
3.
3.1

RESULTS AND DISCUSSION
Metallic Al content

As illustrated in Table 2, the metallic Al content in GBA is around 0.64 wt.%, while only about 0.14
wt.% metallic Al was detected in 63BA. This 78 % reduction in metallic Al content between GBA and
63BA indicates that the mechanical treatments employed in this research are highly effective. After
sieving and separation, GBA can be divided into two fractions, according to the mineral contents. The
fraction above 250 µm is enriched with plate-shaped metals (as shown in Fig.1(a)), and is named
“metal fraction”. Instead of 100%, the metal fraction only has around 21.33 wt.% metallic Al,
suggesting the existence of other metals. On the other hand, the fraction below 250 µm consisting of
fine powder is labeled “mineral fraction”. The metallic Al content is much lower in mineral fraction
relative to that in the metal fraction and can be further separated into “high-Al” fraction (63-250 µm)
and “low-Al” fraction (< 63 µm) (as shown in Fig.1(b)). The “high-Al” fraction has metallic Al content
nine times of that in “low-Al” fraction. Since the “low-Al” fraction (63BA) has the smallest amount of
metallic Al, it was used as an alternative to FA in blended cement paste.
Table 2. Average metallic Al content in GBA and the metal and mineral fraction of GBA
Materials

GBA

Metal fraction

Mineral fraction

Particle size

-

> 250 µm

63-250 µm

< 63 µm

Average metallic Al
content
(wt.%)

0.64 ± 0.01

21.33 ± 1.01

1.26 ± 0.04

0.14 ± 0.03

Figure 1. (a) Metal fraction (>250 µm) of GBA (b) Mineral fraction (<63 µm) of GBA
3.2

Particle size distribution

Figure 2. Particle size distribution of 63BA, FA, and CEM I 52.5R
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The particle size distributions of 63BA, fly ash and CEM I 52.5R are illustrated in Figure 2. It can be
seen that 63BA and CEM have almost the same particle size distribution, with d50 of 16.96 µm and
16.17 µm, respectively. Comparatively, FA has the larger particle size with d 50 of 44.21 µm.
3.3

Chemical composition

Table 3 shows the chemical compositions of the raw materials used in this study. It was found that
SiO2 is abundant in all of the raw materials. The bottom ash (both GBA and 63BA) has around 15%
less SiO2 than FA or CEM I 52.5R. In addition to SiO2, the second major constituents in bottom ash,
FA and CEM I 52.5R are Fe2O3, Al2O3 and CaO, respectively. GBA and 63BA have similar chemical
compositions, but the Al2O3 and Fe2O3 contents in 63BA are slightly lower than that in GBA, which can
be attributed to the removal of the metal fraction in the process of mechanical treatment. Comparing
63BA and FA, 63BA has Fe2O3 almost four times as much as that in FA, whereas the amount of Al2O3
in 63BA is much smaller than FA. GBA contains around 3.16 wt% unburned organics. It is worth
mentioning that the loss of ignition (LOI) was measured at 550 ˚C under a protective atmosphere of
argon to prevent the weight gained from the oxidation of ferrous iron during the ignition process.
Table 3. Chemical composition of GBA, 63BA, FA, and CEM I 52.5R
Elements
(wt.%)

GBA

63BA

FA

CEM I 52.5R

SiO2

39.71

40.72

56.67

52.65

CaO

11.79

11.28

4.46

15.50

Fe2O3

32.28

30.20

7.15

10.45

Al2O3

8.36

7.51

25.61

9.68

Na2O

1.67

3.43

0.35

2.57

K2O

0.53

0.53

1.47

0.78

MgO

0.83

1.88

0.37

2.62

ZnO

0.57

0.49

0.03

0.68

PbO

0.09

0.09

0.02

0.09

BaO

0.12

0.13

0.07

0.11

Cr2O3

0.13

0.15

0.02

0.09

Cl

0.24

0.24

0.02

0.07

SO3

0.66

0.63

0.75

0.83

Others

3.02

2.72

3.01

3.88

LOI550

3.16

*

*

*

*: not measured
3.4

Mineralogical composition

As illustrated in Figure 3, there are significant differences in the mineralogical compositions of bottom
ash and fly ash. GBA and 63BA have almost the same crystal structures, except for the peak at the
2Ɵ angle of 38.5˚, which was assigned to metallic Al. Compared with GBA, the reduction in metallic Al
content is responsible for the disappearance of this metallic Al peak in the spectrum of 63BA. The
bottom ash is highly crystalline, with quartz and magnetite being the main crystal phases along with
other phases such as akermanite, sodium aluminum silicate, wustite, and hedenbergite. The Fe
detected in XRF analysis, either in the form of ferrous or ferric iron, mainly present in magnetite and
wustite. It is worth noticing that the X-ray diffraction pattern of bottom ash also illustrates “hump”
feature. Albeit having low intensity, a broad hump centered at a 2Ɵ angle of 32.5 between 25 and 40˚
can be observed. The appearance of this hump is due to the presence of post-consumer glass in BA.
On the other hand, the broad amorphous hump centered at 2Ɵ of 27° can be easily recognized in the
spectrum of FA. Besides, FA also contains some crystal phases like quartz, mullite, and hematite.
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Figure 3. XRD pattern of FA, GBA and 63BA (Q: Quartz, Mu: Mullite, He: Hematite, M: Magnetite,
W: Wustite, Ak: Akermanite, S: Sodium Aluminum Silicate, H: Hedenbergite, C: Calcium
Aluminum Oxide, Al: metallic Al)
3.5

Compressive strength and volume expansion

It can be found in Table 4 that the cement paste made from 25% of 63BA substitution has larger
harmful effects on the 1-day strength than that of FA. However, the 7 and 28-day average
compressive strength of 63BA-CEM paste, which is about 38% lower than CEM paste, is almost as
high as that of FA-CEM paste. Reducing the residual metallic content from 0.65 wt.% in GBA to
0.14wt.% in 63BA almost doubled the 1, 7, and 28-day compressive strength due to the decrease
amount of hydrogen gas released, which in turn decrease the risks of forming expansion voids and
cracks. As illustrated in Figure 4, volume expansion, which was not observed in 63BA blended cement,
can be easily found in GBA blended cement, accompanied by the formation of voids and cracks.
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Table 4. Average 7- and 28-day compressive strength of cement and blended cement
Compressive strength (MPa)

CEM

GBA-CEM

63BA-CEM

FA-CEM

1-day

14.4 ± 1.1

3.9 ± 0.6

6.6 ± 0.7

8.7 ± 0.8

7-day

32.0 ± 1.1

8.3 ± 0.7

20.2 ± 1.1

19.6 ± 1.8

28-day

47.2 ± 1.7

11.8 ± 3.0

28.7 ± 4.0

31.6 ± 1.5

Figure 4. 28-day samples of (a) GBA-CEM (b) 63BA-CEM
3.6

Leaching behavior

The incorporation of bottom ash and fly ash in cement system is appropriate for the immobilization of
contaminants. For 63BA powder, the leaching of Sb, Cl, Mo, and SO4 exceeds, and the leaching of Cu
approaches the limit value. After blending with cement, the leaching of Sb, Mo decreased dramatically.
Regarding soluble salts, 84% of the total amount of Cl was immobilized in 63BA-CEM paste. Less
than 5% SO42- was detected in the leachate of 63BA-CEM paste. The SO42- can be consumed in the
formation of ettringite (Tang et al. 2016) or BaSO4 (Utton et al. 2011). In FA-CEM paste, a similar
phenomenon was observed, where Se and Mo were effectively immobilized, and the risk of Cl
leaching was eliminated. Moreover, it is worth mentioning that the 63BA-CEM paste has leaching of Cl
slightly higher than FA-CEM and CEM paste.
As illustrated in Table 5, the leaching of all the heavy metals (excluding Ba) and soluble salts from
63BA-CEM paste is well under the liming level. Comparatively, the leaching of FA-CEM and CEM
paste meets the Dutch legislation. In respect of raw materials, the BaO detected in 63BA and CEM I
52.5R is almost the same (as shown in Table 3), but the barium released from of 63BA (0.58 mg/kg) is
significantly lower than that from CEM I 52.5R (20 mg/kg). On the other hand, compared with 63BA,
less BaO was found in FA (0.07 wt.%), but more barium was detected in the leachate of FA. It is
possible that barium can leach out easily at higher pH since the eluate of 63BA is 9.6, much lower
than that of CEM I 52.5R and FA (between 12-13). Besides, as the SO42- released from 63BA is high
(4000 mg/kg), under this condition, Ba2+ can easily combine with SO42- to form insoluble barite, which
also contributes to the very few amount of Ba detected in the leachate of 63BA. There is a slight
increase in barium leaching from pure and blended cement paste, relative to unreacted raw materials.
This phenomenon is especially prominent for 63BA-CEM paste. The Ba2+, as suggested, can be
entrapped in cement hydrate phases (such as ettringite) by exchanging the Ca2+ (Glasser, 1993).
Unlike pure cement system, the amount of hydrate phases formed in 63BA-CEM and FA-CEM paste
are smaller, hence less Ba2+can be entrapped. Moreover, the eluate of pure and blended cement
paste has a pH of 12.8; under this condition, ettringite tends to dissolve (Keulen et al. 2016). Thus, the
Ba concentration in the leachate of 63BA-CEM paste is higher than that of CEM paste.
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Table 5. Soil Quality Decree (SQD) limits and leaching properties of 63BA powders and 28-day
cement and blended cement paste samples

Heavy metals
and salts

Reference
(Soil Quality
Decree, 2015)

63BA

FA

CEM I
52.5R

63BACEM

FA-CEM

CEM

mg/kg d.s

mg/kg
d.s

mg/kg
d.s

mg/kg
d.s

mg/kg
d.s

mg/kg
d.s

mg/kg
d.s

End of pH
after leaching
Sb

-

9.6

12.2

12.8

12.8

12.7

12.8

0.32

0.49

<0.039

<0.039

<0.039

<0.039

<0.039

As

0.9

<0.1

0.1

<0.1

<0.1

<0.1

<0.1

Ba

22

0.58

11

20

28

21

22

Cd

0.04

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

Cr

0.63

<0.1

1.5

2.3

<0.1

<0.1

<0.1

Co

0.54

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Cu

0.9

0.71

<0.1

0.14

0.14

0.26

0.14

Hg

0.02

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

Pb

2.3

<0.1

0.1

0.1

0.2

<0.1

<0.1

Mo

1

1.1

7.7

0.38

<0.1

<0.1

<0.1

Ni

0.44

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Se

0.15

<0.039

0.42

0.16

<0.039

<0.039

<0.039

Sn

0.4

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

V

1.8

<0.1

0.44

<0.1

<0.1

<0.1

<0.1

Zn

4.5

<0.2

<0.2

<0.2

<0.2

<0.2

<0.2

F

55

6.3

6.1

5.4

2.6

2.4

2.6

Br

20

2.4

<2

3.2

<2

<2

<2

Cl

616

820

<10

450

130

100

100

SO4

1730

4000

3400

470

<20

<20

<20

4.

CONCLUSION

Mechanical treatments reduce around 80 wt.% of metallic Al in GBA, but do little changes to its
chemical and mineralogical composition. The bottom ash below 63 µm (63BA), as separated from
GBA, has more Fe2O3 but less SiO2 and Al2O3 than FA. Different from highly amorphous FA, 63BA is
characterized by its crystal structure.
The 28-day compressive strength of cement paste blended with 25% 63BA (63BA-CEM) is 28.7MPa,
which is around 38% lower than that of pure cement sample but comparable to the cement paste
(CEM) blended with the same amount of FA (FA-CEM).
The leaching properties of the cement paste blended with 25% 63BA shows improved leaching
behavior, in comparison with 63BA powder. The leaching behavior of 63BA-CEM paste generally
complies with the requirement of SQD, implying that it is potential to use MSWI bottom ash as an
alternative to fly ash in cement system.
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ABSTRACT
It is well known in cement technology that the particle size distribution of cement particles significantly
influence the rheology of the suspension, the hydration kinetics and microstructure development.
Although much work has been done to develop protocols for the measurement of the particle size
distribution of mineral particles, the characterization of blended cement in which a certain amount of
the ground clinker is replaced by a supplementary cementitious material or a filler have received
limited attention.
In this paper, we present a method using laser diffractometry, which allows for the characterization of
the size distribution of blended cements. Our results show that the common method based on
averaging the refractive indices for the individual components according to their mass can significantly
distort experimental result. We propose a new method based on computing an average of the
diffracted intensities. We moreover develop a protocol for the separation of mineral particles according
to their densities. This protocol allows for distinguishing the relative size distribution and shape of
mineral particles in blended cement.
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1.

INTRODUCTION:

The measurement of the particle size distribution of cementitious powders provides a better
understanding of several physical phenomenon and allows for the control of their behavior at the fresh
and hardened state. Indeed, both rheological behavior [1] [2] [3] and mechanical strength [4] [5] depend
on the particle size of the suspension.
Several methods have been proposed in the literature to measure the size distribution of powders [6]
[7]. For cement powder, the most effective method nowadays remains the laser granulometer, which is
based on the principle of light diffraction. However, the choice of the optical indices of the materials to
be introduced into the laser granulometer machine is still being a hard task. Indeed, these parameters
strongly affect the results obtained and can mislead the analyses. De Leeuw et al (1987) observed large
variations in the scattered intensities of fine particles when the optical indices vary [8]. Moreover, when
the powder contains different mineral particles (i.e. cement, slag, fly ash, silica fume…) it becomes
harder to define representative optical indices. Measuring the PSD is no longer a simple application,
and tools and protocols must be improved to meet industrial needs.
In this paper, we present a method using laser diffractometry, which allows for the characterization of
the size distribution of blended cements. Our results show that the common method based on averaging
the optical indices for the individual components according to their volume proportions can significantly
distort experimental result. We propose a new method based on computing an average of the diffracted
intensities. By improving the accuracy of the PSD measurement, we also show that it becomes possible
to estimate the composition (i.e. volume fraction of the different components) of a blend.
2.
2.1

MATERIALS AND PROTOCOLS:
Powders:

The cement used is a Portland cement equivalent to ASTM Type I cement. Its maximum packing fraction
was estimated to be around 60% using the water demand method, its mean volume particle diameter
measured by laser diffraction scattering (MALVERN MASTERSIZER S) dispersed in isopropanol is 10
μm. The slag, Limestone and Quartz used have a maximum packing fraction of 53%, 66% and 50%
respectively using water demand method, and there mean volume particle are around 9 µm, 8 µm and
10,5 µm respectively.
2.2

Measurements procedures:

A quantity of powder is put in a solvent (Iso-propanol) and then dispersed by Ultrasonic for 15 min before
being measured to ensure the dispersion of particles. Depending on the specificities of the machine and
the studied powder characteristics, an obscuration value between 10 and 13 is chosen, in order to
guaranty a good sampling.
The optical parameters of the different powders used in this work are summarized in the table (1). They
were estimated by optimizing the fits in the granulometer, so that the difference between the computed
intensity using these parameters and the measured one can be as low as possible.
Table 1. Optical indices for Cement, Slag, Limestone and Quartz.
Material

Refractive index

Adsorption index

Cement

1,7

0,1

Slag

1,65

1

Limestone

1,65

0,01

Quartz

1,543

0,01
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2.3

Experimental approach:

As mentioned above, the measurement of the particle size distribution of blended cements remains very
complicated due to the lack of precision on the representative optical indices. Generally, it is computed
from the average of the optical indices of the different components of the blend. The purpose of this
paper is to show that this method does not provide the accuracy required for this type of measurement
we propose a new method. The proposed protocol is based on averaging the intensities of light diffracted
by the particles of the blended cement instead of averaging the refractive and adsorption indices.
We study different blended cements containing clinker and a slag or limestone or quartz at different
proportions. Measurement is started a first time by using Clinker optical indices and then by using the
optical indices of the second powder (i.e. slag, Limestone, Quartz). After that, a volume average is
established on the obtained distribution curves. The obtained results were compared to the correct
particle distribution of the blended cement and to the particle size distribution obtaining by following the
method of averaging the optical indicators. We recall that, the distribution considered correct in this case
is obtained by measuring the particle distributions of Clinker and the second powder each alone, then
calculating the grain size curves according to the proportions of the mixture.
3.

RESULTS:

3.1

Comparison of PSD measurement methods

The figure [1] shows the particle size distributions of a Clinker-Slag blend at different proportions
obtained by the three different methods. We note that curves obtained by averaging diffracted light
intensities are closer to the “real” PSD of the mixed powders, especially for small particles
(dV50<5µm).This size range is known to be the one which is the most affected by the optical indicators
choice.
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Figure 1. Obtained PSD of Clinker-Slag cement according to three different method and
different proportions of mixture.
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The figure [2] shows the variation ratios of d50 and d10 obtained by both methods with respect to the
real values, for powders of Clinker-Slag, Clinker-Limestone and Clinker-Quartz.
We note from our results that for the three powders mixed with Clinker, the proposed method allows
having ratios of d50 method/real d50 and d10 method/real d10 closer to one than the Averaging OI
method. Therefore, we conclude that the suggested method enables to enhance the precision of the
PSD measurement of blended cement.
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Figure 2. Variation ratios of d50 and d10 obtained by the two PSD measuring methods with
respect to the real values, for powders of Clinker-Slag, Clinker-Limestone and Clinker-Quartz.
3.2

Estimating blend composition

In practice, while studying blended powders, we do not always have the chance to know the proportions
of each of the powders in the mixture. By improving the accuracy of the PSD measurement, we show in
this paragraph that it becomes possible to determine the proportions of the mixture if the particle size
distributions of each of the two powders are known. The method consists of calculating the different
possible particle size distributions according to different proportions. Then the measurement of PSD of
the blended powder with the proposed method in this article should also be done. We choose as a
percentage value the one that allows having the closest d10 to the one obtained in case of measurement
of the blended powder. The following figure [3] represents the values of the percentages estimated by
this method compared to the actual percentages of the mixtures.
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Figure 3. Estimated mixture percentage for different types of blended cement
These results show that the proposed method really makes it possible to determine the blend
composition.
4.

CONCLUSION:

In this paper, we showed that the method of summing optical indices is not relevant and we proposed a
second method to reduce PSD measurement errors. The suggested method consists in averaging the
intensities diffracted by the blended cement using each time the optical indices of one of the two
materials. By improving the accuracy of the PSD measurement, we showed that it become possible to
estimate the composition (i.e. volume fraction of the different components) of a blend.
5.
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ABSTRACT
Clinker replacement with supplementary cementitious materials (SCMs) is one of the most successful
strategies to reduce the carbon footprint and the embodied energy of Portland cement. The lower
dissolution of SCMs and the resulting lower early mechanical strength of concrete can be increased by
the addition of accelerators, leading to high clinker substitutions. SCMs are commonly activated by the
addition of moderate concentrations of alkali solutions. Nevertheless, strong incompatibilities have
been proved between these activators and polycarboxylate ether (PCE) superplasticizers, which are
the most used dispersants in concrete with low water demand. This effect is a consequence of the
competitive adsorption of the anionic species onto the surface of clinker and SCMs particles. Marchon
et al. [1] partially solved this problem by developing a criterion that allows to select compatible PCEs in
systems containing NaOH solutions, based on their adsorption equilibrium constant.
In this work, a new blended cement composed by 50% of Portland cement and 50% of SCMs has
been investigated. The impact of the addition of activators, such as NaOH, Ca(NO3)2 and gypsum,
and a compatible PCE has been studied on the hydration kinetics, initial workability and its retention,
and mechanical strength on paste and concrete. The compatibility between these admixtures have
been proved and suitable concrete formulations have been developed for the Swiss mass market.
Results have been compared to a commercial binder.
[1] D. Marchon, U. Sulser, A. Eberhardt, R.J. Flatt, Molecular design of comb-shaped polycarboxylate
dispersants for environmentally friendly concrete, Soft Matter. 9 (2013) 10719-10728.
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1.

INTRODUCTION

Concrete is the most widely manufactured material in the world and accounts for half of the materials
annually produced. The production of its main binding component, namely cement, has a high
environmental impact, being responsible for the 5-8% of man-made CO2 emissions and 2-3% of the
total global energy consumption. Considering that the building demand is expected to increase in the
next future, it is essential to mitigate these emissions. For this purpose, many strategies have been
deeply investigated, such as the use of alternative fuels and raw materials, the improvement in the
energy efficiency during clinker production, the CO2 capture and storage, clinker replacement by
Supplementary Cementitious Materials (SCMs) and the development of alternative binders (Scrivener
at al. 2016, Flatt et al. 2012, Schneider et al. 2011, Juenger et al. 2011). Among the aforementioned
solutions, the use of locally available SCMs is the most effective approach, being favourable to the
industry and less cost-effective (Juenger & Siddique 2015). Nevertheless, the replacement level is
limited by the lower reactivity of SCMs, which results in lower early mechanical strength of concrete. A
broad research activity has been done on the activation of SCMs in blended cements. Specifically,
many chemicals have been assessed as efficient accelerators, such as soluble organic compounds
and inorganic salts (Aïtcin 2016, Marchon et al. 2013, Riding et al. 2010). Nevertheless, the
incorporation of common activators can strongly penalize the dispersing properties of polycarboxylate
ether (PCE) superplasticizers, which are the most used admixtures in concrete technology to reduce
the water demand while maintaining good workability. This is due to the process of competitive
adsorption, where the adsorption of the carboxylic groups of PCEs onto the clinker and SCMs
particles surface is significantly reduced due to the presence in solution of anionic species, such as
OH- and SO42- (Marchon et al. 2013, Yamada et al. 2001). This drawback has been partially solved by
Marchon et al. (2013) by developing a criterion that allows to select compatible PCEs with moderate
alkaline activation based on their adsorption equilibrium constant, calculated on the PCEs molecular
architecture. Moreover, the use of specific PCE molecular structures leads to the targeted fluidity but
also an expected retardation of cement hydration, one of the main side effect of this kind of admixtures
(Marchon et al. 2019). In this research, a new blended cement composed by 50% of Portland cement
and 50% of regionally available SCMs in Switzerland, such as burnt oil shale, limestone and fly ash,
has been studied. The compatibility between PCEs and common activators in such new blended
cement from paste to mortars has been already reported elsewhere (Boscaro et al. 2017) and the
main findings will be summarized later in the paper. In the following work, the effect of the
simultaneous addition of activators and a compatible PCE on the hydration kinetics, workability and
mechanical strength has been investigated from paste to concrete. Ultimately, the results have been
compared to a commercially used binder and suitable concrete formulations have been developed for
the Swiss mass market.
2.

EXPERIMENTAL PART

2.1

Materials

The quaternary blended cement (Mix-FA) under investigation was composed by 50% of a commercial
Portland cement CEM I 52.5R (according to the European standard EN 197-1:2000), 20% of burnt oil
shale (BOS), 20% of limestone (LS) and 10% of fly ash (FA). The chemical and mineralogical
compositions of the powders measured respectively by X-ray fluorescence and Rietveld analysis of
the X-ray diffraction patterns are shown in Table 1 and Table 2. A CEM II/A-LL 42.5N (FLUVIO 4), in
combination with Fluxolent, a concrete addition consisting of limestone, slag and burnt oil shale, was
used as commercial blended cement for comparison purpose. The binders were provided by
LafargeHolcim.
Table 1. Chemical composition (%w/w) of the powders of Mix-FA as well as Fluvio 4, as
determined by X-ray fluorescence
Oxides

CEM I 52.5R

LS

BOS

FA

Fluvio 4

Fluxolent

CaO

62.80

52.50

29.00

3.20

62.94

39.79

SiO2

20.20

1.12

32.40

51.30

16.89

28.82

Al2O3

4.70

0.58

8.60

24.10

3.96

8.58
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Fe2O3

3.10

0.44

7.80

14.70

2.48

2.40

MgO

2.10

0.30

1.70

1.90

1.92

4.63

P2O5

0.19

0.01

0.27

0.33

0.30

0.08

K2O

1.03

0.04

1.74

2.79

0.77

1.01

Na2O

0.22

0.01

0.26

0.97

0.25

0.27

Na2O-Equiv

0.90

0.04

1.40

2.81

0.75

0.94

SO3

3.50

0.01

9.80

0.30

2.90

3.31

Table 2. Mineralogical composition (%w/w) of the powders of Mix-FA as well as Fluvio 4, as
determined by Rietveld analysis of the XRD patterns
Phases

CEM I 52.5R

LS

BOS

FA

Fluvio 4

Fluxolent

Alite

67.6

-

-

-

57.2

-

Belite

6.4

-

-

-

8.4

-

Aluminate

4.6

-

-

-

4.6

-

Ferrite

8.7

-

-

-

7.3

-

Gypsum

4.6

-

-

-

3.7

-

Bassanite

-

-

-

-

-

-

Anhydrite

-

-

16.8

-

-

3.5

Quartz

-

-

13.7

10.6

0.2

4.0

Calcite

-

100

6.7

-

18.1

31.4

Hematite

-

-

4.7

2.4

-

0.4

Illite

-

-

3.1

-

-

0.4

Portlandite

-

-

5.1

-

0.3

3.4

Free lime

0.4

-

1.0

-

0.2

1.0

Mullite

-

-

-

16.2

-

-

Magnetite

-

-

-

1.5

-

-

Amorphous

7.7

-

48.9

69.2

-

55.9

The particle size distribution of the powders was measured in isopropanol with a Malvern MasterSizer
S diffractometer for CEM I 52.5 R, limestone, burnt oil shale and fly ash, and a CILAS 920 L for Fluvio
4 and Fluxolent (Table 3).
Table 3. Median diameter (d50) of the powders

d50 (m)

CEM I 52.5R

LS

BOS

FA

Fluvio 4

Fluxolent

11.70

7.40

6.06

14.40

14.50

11.80

Four non-commercial PCE superplasticizers were provided by Sika Technology AG (Zürich,
Switzerland). The corresponding molecular structures were selected according to the criterion
proposed by Marchon et al. (2013). PCE1, PCE2 and PCE4 are methacrylic-based superplasticizers,
while PCE3 is maleic-based. The structural parameters are listed in Table 4. PCE4 is characterized by
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a lower carboxylate to side-chain ratio (C/E) in comparison to PCE1, which would lead to slightly lower
initial fluidity and higher fluidity retention.
Table 4. Structural parameters of the polymers
Polymer

Carboxylate/Ether
(C/E)

Backbone
(g/mol)

Side chains
(g/mol)

P

N

n

K*A,1

PCE1

3.2

5250

1000

23

4.2

15

102

PCE2

6.3

5250

1000

23

7.3

8

533

PCE3

3.1

n.d.

1200

27

4.1

4

615

PCE4

2.6

5250

1000

23

3.6

17

67

Activators, such as NaOH (VWR), Na2SO4 (SigmaAldrich), Ca(NO3)2, added as Ca(NO3)24H2O
(SigmaAldrich), and gypsum (ground granulated FG200, Saint-Gobain Formula) were used. For
concrete, a solution of NaOH and one of Ca(NO 3)2, both with a concentration of 50%w/w, were
provided by Sika Technology AG (Zürich, Switzerland). The sand and the aggregates used for
concrete were provided by Transbeton GmbH (Bludenz, Austria). The air entraining (LPS A-94) and
the superplasticizer (ViscoCrete 5036T) for the commercial concrete were provided by Sika
Technology AG (Zürich, Switzerland).
2.2

Methods

2.2.1 Preparation of paste
Mix-FA was prepared with a constant water to binder ratio of 0.35. The liquid was mixed with 330 g of
binder at room temperature for 30 seconds at 200 rpm and for 4 minutes at 800 rpm with a blade
stirrer (Eurostar Power Control Visc, IKA). Ultrapure Millipore water with resistivity lower than 18 M
cm at 25 C (Milli - Q) was used. Dosages between 0 and 0.4% by weight of binder (bwb) of pure
PCE1, PCE2 and PCE3 were added to the liquid. Different amounts of PCE4, containing defoamer
and biocide, were incorporated in order to reach a target initial fluidity of 20 cm. All the activators were
always dissolved firstly in the water. Ca(NO 3)24H2O was added as the last admixture to the mixing
liquid. Spread flow diameter was measured on a glass plate after 10 and 60 minutes from the
beginning of the hydration. A cylinder of 99 cm 3 was used. Hydration kinetics were followed by
isothermal calorimetry at 23 C by a TAM Air isothermal calorimeter (TA instrument). The
determination of the cumulative heat release has been done after the first 30 minutes from the
beginning of the measurements (Wadsö et al. 2016). Yield stress has been calculated according to the
equation 1 (Zimmermann et al. 2009):
(1)

2.2.2 Preparation of concrete
Concrete for Mix-FA and Fluvio 4 were prepared with a constant water to binder ratio of 0.48. For MixFA, dosages of PCE4 between 0.25 and 0.55% bwb were incorporated to the mixing solution, in order
to obtain F59 or F66 consistency class according to OENORM B 4710-1:2018. The aggregates,
previously dried, and the binder were mixed for 1 minute at 60 rpm. After the addition of the liquid, the
concrete was mixed for 2 minutes at 60 rpm. A summary of compositions per m 3 are given in Table 5.
Table 5. Mix formulations per m3 used for concrete preparation
Component (kg/m3)

Fluvio 4

Mix-FA + 4% gypsum +
0.3% PCE4

Mix-FA + 1% NaOH + 1%
Ca(NO3)2 + 0.45% PCE4

Aggregates 0/4

886

886

886

Aggregates 4/8

342

342

342
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Aggregates 8/16

477

477

477

Binder

323

387

387

Fluxolent

80

-

-

Water

185

185

185

PCE4 (s.c. = 27.62%)

-

4.20

6.31

NaOH

-

-

7.74

Ca(NO3)2

-

-

7.74

Gypsum

-

15.48

-

ViscoCrete 5036T

2.75

-

-

LPS A-94

0.81

0.81

0.81

Spread flow table test was performed at 10, 60 and 90 minutes according to the standard DIN EN 12
350-5. Hydration kinetics were measured by an I-Cal 8000 HPC isothermal calorimetry (Calmetrix) at
23 C on mortars obtained from concrete sifted with 4 mm sieve. The compressive strength of cubic
mortar specimens (15 x 15 x 15 cm) were measured at 1 day after storage at 95% RH and 20 C. The
determination of the cumulative heat release has been done after the first 125 minutes from the
beginning of the measurements.
3.
3.1

RESULTS AND DISCUSSION
Summary of the previous work on the activation of Mix-FA

As reported by Boscaro et al. (2017), the rate of reaction of Mix-FA blended cement pastes is
accelerated by the addition of moderate concentration of NaOH, Na 2SO4 and gypsum solution, leading
to an increase of the slope of the acceleration period and to a shorter induction stage in comparison
with the system without activators (Figure 1). The cumulative heat release is higher at 24 h of
hydration for both alkali activated systems, while it is reduced when gypsum is incorporated (Figure 2).
However, after 48 h the rate of hydration of the paste containing NaOH is lower than the reference,
while after 50 h it is lower for all the activated systems.

Figure 1. Impact of the type of activator
on the heat flow of Mix-FA over time

Figure 2. Impact of the type of activator
on the cumulative heat of Mix-FA over
time

In addition, the yield stress at 10 min of pastes containing 0.4% of PCEs and activator is similar or
higher with respect to pastes contaning only 0.2% of PCE. This confirms the competitive adsorption
between the anionic species present in solutions (Figure 3). Specifically, in the alkali activated
systems, PCE3, a maleic-based PCE, leads to lower yield stress values. Similarly, the retardation of
the binder reaction is increased in presence of PCE3, as indicated by a lower cumulative heat release
at 24h of hydration with respect to the methacrylic-based PCEs under investigation, PCE1 and PCE2.
This ultimately indicates a balance between the adsorption of the polymer and the induced retardation.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Marchon et al. (2017) explained the origin of this effect in the inhibition of the C 3S dissolution induced
by the adsorbed PCE on reactive sites. Moreover, the highest delay of hydration due to an higher
adsorption of PCE3 onto the silicate surfaces might be due to the higher adsorption equilibrium
constant of such PCE (Marchon 2016). As reported by Palacios et al. (2017) for activated blended
cement containing 50% Portland cement and 50% SCMs (including burnt oil shale, limestone and
slag), the addition of Ca(NO3)2 enhances the fluidity of all the activated systems containing PCEs, by
increasing the dispersion of the superplasticizers due to an improved polymer adsorption. In gypsum
activated pastes, a similar behaviour is shown. Nevertheless, the delay of hydration of the binder is
slightly higher in presence of PCE2 and the reason is still unclear. Finally, an higher mechanical
strength of Mix-FA mortars activated with alkali and gypsum solutions is reported at 24h in comparison
to the non-activated system (Figure 4).

Figure 3. Impact of the chemical
admixtures on the heat released at 24
h and the yield stress at 10 min of MixFA pastes

3.2

Figure
4.
Relationship
between
compressive strength and cumulative
heat at 24 h of Mix-FA mortars

Impact of PCEs dosage on the hydration delay of Mix-FA

A first empirical investigation of the factors affecting the retardation induced by PCEs in terms of
number of charges added in the system has been done in the binder activated with 4% gypsum.
Figure 5 shows the delay of silicates peak with respect to the number of charges added in the system,
that corresponds to 0.2, 0.3, 0.4% bwb of PCEs. In pastes containing methacrylic-based PCEs (PCE1
and PCE2), the regression lines do not match the axis origin, suggesting that there is no retardation
up to a certain dosage of PCE. This ultimately indicates that the polymer is ineffective up to such
dosage. This concept was reported by Marchon et al. (2017). The authors showed that under a critical
concentration (c*) of PCEs, no retardation or very little occurs due to the adsorption of PCEs onto the
surfaces of ettringite. In the system under investigation, the maleic-based PCE3 behaves similarly.
However, when comparing it with PCE2, above a certain number of charges PCE3 delays the most.
Figure 6 schematically reports this concept, underlying that different dosages of PCEs, for instance
PCE1 and a PCE here defined as PCEx and behaving similarly to PCE2, change the slope and the
amount of ineffective charges that can be added to the cementitious system without having
retardation. This allows to optimize the combination of activators and PCE selected for a specific
binder. However, the ineffective charges and the retardation power can change depending not only on
the selected PCE, but also on the type of cement and the activators used.
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Figure 5. Impact of the number of
charges of three PCEs with two
different molecular structures on the
retardation of Mix-FA pastes activated
by 4% gypsum

3.3

Figure 6. Effect of the number of
charges of PCEs on the retardation of
Mix-FA pastes activated by 4% gypsum

Influence of chemical admixtures on the hydration kinetics and the rheology of Mix-FA
pastes

A target initial fluidity of about 20 cm is obtained by the addition of 0.25% bwb and 0.6% bwb of PCE4,
respectively in the paste containing gypsum and NaOH together with Ca(NO3)2 (Table 6). For both
systems, a high workability retention after 1 h from the beginning of the hydration is reached, being the
flow loss between 7 and 9%.
Table 6. Impact of different admixtures combination on the initial fluidity, fluidity retention, time
of appearance of the maximum silicate peak of heat flow and the heat release at 24 and 48 h of
Mix-FA pastes

not activated

4% gypsum

1% NaOH

4% gypsum +
0.25% PCE4

1% NaOH + 1%
Ca(NO3)2 + 0.6%
PCE4

Spread flow at
10 min (cm)

5.50

5.50

5.50

21.15

19.75

Flow loss at
60 min (%)

-

-

-

6.97

8.73

Maximum
peak of heat
flow (mW/g b)

2.52

2.58

2.93

2.20

2.19

Time of
appearance of
max. peak (h)

7.85

7.26

6.08

17.50

17.37

Heat release
at 24 h (J/g b)

137.55

134.92

153.08

99.74

117.12

Heat release
at 48 h (J/g b)

183.21

170.94

185.11

164.77

198.78

In Figure 7 the activation of the quaternary blended cement is proved. In particular, in presence of the
required dosage of PCE4 needed to reach the target fluidity, the maximum peak of heat release
occurs slightly before in the system activated with 1% NaOH, however being similar to the gypsum
activated paste. Furthermore, in comparison with the not activated blended cement, the cumulative
heat release at 24 h is higher when NaOH is added (Figure 8). On the contrary, the incorporation of
gypsum leads to a similar value than the reference paste. A similar behaviour is reported at 48 h from
the beginning of the hydration. However, after 74 h the cumulative heat release of both activated
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system is comparable, being 186.01 J/g binder and 190.01 J/g binder respectively in the gypsum and
NaOH accelerated system. However, a promising increase of the slope of the cumulative heat release
curve of the gypsum activated system containing PCE4 can be seen at 7 days, in comparison with the
corresponding blend containing NaOH and Ca(NO 3)2. This would ultimately suggests higher
compressive strength development of the blended cement with gypsum incorporated.

Figure 7. Impact of the activators and
PCE4 dosage, required to get a target
initial fluidity of 20 cm, on the heat
release of Mix-FA pastes

Figure 8. Impact of the activators and
PCE4 dosage, required to get a target
initial fluidity of 20 cm, on the
cumulative heat of Mix-FA pastes

In comparison with the maleic and methacrylic-based PCEs used by Boscaro et al. (2017) for the
same alkali activator and blend, an higher amount of PCE4 is needed in the current pastes under
investigation. This could be explained by the lower value of the adsorption equilibrium constant of this
polymer onto the clinker and SCMs particles surface, which would leads to an high sensitivity of PCE4
to the hydroxides and sulfates (Marchon et al. 2013). Moreover, the lower dosage of PCE4 needed to
reach the target fluidity in presence of gypsum could be explained by the lower solubility of gypsum
with respect to hydroxides, which would ultimately reduce the amount of SO 42- in solution and the
competitive adsorption.
3.4

Influence of chemical admixtures on the hydration kinetics, rheology and mechanical
strength of Mix-FA concrete in comparison with a commercial concrete

Both the alkali and the gypsum activated formulations were selected to scale up to concrete on the
laboratory scale. The dosage of PCE4 has been adjusted to match the fluidity of a target F59 concrete
according to OENORM B 4710-1:2018. However, an F66 has not been obtained without segregation
issues. Specifically, in presence of NaOH an Ca(NO 3)2, the amount of PCE4 has been decreased to
0.45% bwb, while in the gypsum activated concrete it has been slightly increased to 0.3% bwb.
Results of the spread flow table test, the hydration kinetics and the mechanical strength at 24 h are
reported in Table 7. The provided formulation of concrete containing Fluvio 4 as commercial cement
allows to obtain an F52 concrete characterized by a spread flow of 58.5 cm and 51.4 cm, respectively
at 10 and 90 minutes from the beginning of the hydration, meaning a flow loss of 12.2% at 90 minutes.
The fluidity retention at 90 minutes is lower in concrete activated with gypsum, being 14.5%.
Nevertheless, the value is similar to the one of the commercial binder and the fluidity at 90 minutes is
included in the range reported in the standard, being 56.0 cm.
Table 7. Impact of different admixtures combination on the initial fluidity, fluidity retention, time
of appearance of the maximum silicate peak of heat flow, heat release at 24 and 48 h and
compressive strength at 24 h of Mix-FA concrete and Fluvio 4 as commercial concrete
Fluvio 4

Mix-FA + 4% gypsum
+ 0.3% PCE4

Mix-FA + 1% NaOH + 1%
Ca(NO3)2 + 0.45% PCE4

Spread flow at 10 min
(cm)

58.5

65.5

62.8

Flow loss at 60 min (%)

6.0

9.9

0.4
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Flow loss at 90 min (%)

12.2

14.5

0.4

Maximum peak of heat
flow (mW/g b)

2.99

2.10

2.18

Time of appearance of
max. peak (h)

9.22

15.45

15.13

Heat release at 24 h
(J/g b)

165.96

100.76

122.08

Heat release at 48 h (J/
g b)

225.06

155.71

182.21

Compressive strength
at 24 h (MPa)

8.9  0.6

5.4  0.1

12.1  0.9

Figure 9 shows the curve of the heat release of Mix-FA formulations in comparison to Fluvio 4. In
particular, it can be seen that the rate of hydration of both alkali and gypsum activated concrete is
lower, being lowest for the second one. Similarly, the cumulative heat is reduced with respect to the
commercial concrete (Figure 10). Nevertheless, the slope of the curve of the gypsum activated
concrete suggests an higher cumulative heat after 120 h in comparison with the alkali mix, as similarly
shown in the corresponding pastes. This would suggest an higher mechanical strength after 120 h.
However, the highest compressive strength at 24 h is provided by the alkali activated mix.

Figure 9. Impact of the new ecoefficient concrete on the heat flow in
comparison
with
a
commercial
concrete

4.

Figure 10. Impact of the new ecoefficient concrete on the cumulative
heat in comparison with a commercial
concrete

CONCLUSIONS

In this research, new eco-efficient cement formulations have been studied from paste to concrete, with
the aim of reducing the environmental impact of concrete. Specifically, a new quaternary blended
cement, composed by 50% of Portland cement and 50% of SCMs, has been investigated. Results
show that the incorporation of NaOH and gypsum increases the reactivity of the binder. In addition, the
presence of an extra source of Ca2+, as Ca(NO3)2 or gypsum, increases the dispersive properties of
PCEs. Moreover, a balance between the induced retardation and the adsorption of the polymers onto
the cement and SCMs particles surface is found, being higher with the increase of the adsorption
equilibrium constant K*A,1. A first empirical investigation of the factors influencing the delay of cement
hydration induced by PCEs shows that the slope and the number of charges that can be added into a
Mix-FA paste activated with gypsum without having retardation depend on the different dosages of
PCEs, allowing an optimization of PCE and activator combination in a specific binder. Formulations for
two new environmentally friendly concrete for the Swiss mass market have been formulated, allowing
to maintain high initial fluidity and fluidity retention at 90 min and being comparable to a commercial
concrete. Moreover, the use of NaOH as activator leads to higher compressive strength of concrete at
24 h, in comparison to the gypsum activation. Nevertheless, the slope of the cumulative heat release
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of concrete activated by gypsum suggests an higher strength after 120 h of hydration. This concrete
investigation is the first step before a first field test on the construction site.
5.
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ABSTRACT
The potential for deleterious expansion in concrete incorporating post-consumed finely ground Glass
Powder (GP) and reactive aggregates is debated. On the one hand, the alkali content of GP is
significantly higher than that of conventional Supplementary Cementitious Materials (SCM), which
raises concerns about ASR. On the other hand, GP exhibits pozzolanic properties that could contribute
to mitigating ASR. However, knowledge on the factors promoting either reaction is somewhat limited.
In this study, the behaviour of GP (10, 20 or 30%) in combination with Silica Fume (SF) (5, 7.5 or
12.5%) and Metakaolin (MK) (5, 10 or 15%) is evaluated. Data collected included expansion of
concrete prisms incorporating a highly reactive aggregate (Spratt limestone) and pore solution
composition determined on paste specimens. Results suggest that increasing the FS/MK content
consistently decreases both expansion and alkalinity while increasing GP content often had impaired
effect on expansion and the composition of the pore solution. Also, results suggest that the NaOH
addition, as prescribed in many standards to asses expansion due to ASR, doesn’t always increase
the severity of the expansion in ternary mixture incorporating a high alkali SCM such as GP.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

In order to prevent the risk of deleterious expansion in concrete due to alkali-silica reaction (ASR) when
reactive aggregates are used, the prescriptive Standard Practice CSA 23.2-27A suggests limiting the
total concrete alkali content under certain “threshold” values, and/or to partially replace the cement by a
sufficient amount of “efficient” Supplementary Cementitious Materials (SCMs). Those two measures are
known to lower the alkalinity of the pore solution; indeed, the incorporation of several types of SCMs
into concrete was found to lower the pH of the pore solution by three possible means: 1) the dissolution
of the amorphous silica of the SCMs lowers the pH as suggested by Glasser and Kataoka (1981) who
established the solubility curves of various silica gel (Figure 1); 2) SCMs generally produce C-S-H of
lower C/S which have demonstrated their potential for uptaking more alkalis in their structure, as
demonstrated by the study carried out by Hong and Glasser (1999) on synthetic C-S-H immersed into
alkali hydroxide solutions, and 3) SCMs often produce C-A-S-H that tend to uptake alkali ions from the
pore solution even more efficiently than C-S-H as suggested by Hong and Glasser (2002) in their work
on synthetic C-A-S-H (Figure 2).

a)
Figure 1 : The final concentration of
dissolved silica against pH (Heavy line)
and the paths by which individual
solutions approach it (light lines)
(Glasser and Kataoka 1981)

b)

Figure 2. a) Comparison of alkali binding capacity
between C-S-H and C-A-S-H gels. Solid lines and
dashed lines indicate C-S-H and C-A-S-H gel,
respectively (Hong and Glasser 2002)

Although it is well recognized that most SCMs tend to produce C-A-S-H or C-S-H with low C/S, SCMs
do not have homogeneous effect in lowering the alkalinity of the pore solution of concrete and in reducing
the expansion of concrete prisms. For instance, in a few studies involving high alkali Fly Ashes (FA)
(8.45 to 10.45% of Na2Oeq for 15 to 50% cement replacement), the authors observed that although high
alkali FA generally lower the expansion of concrete prisms by approximately 5 to 75% compared to
control, their use is still not sufficient to meet the acceptance limit of 0.040% (Duchesne and Bérubé
1994, Shehata and Thomas 2000, Fournier et al. 2008), The alkali content of the pore solution of pastes
incorporating the above ashes was almost double that of control pastes made without FA (Duchesne
and Bérubé 1994, Shehata 2001).
Fournier et al. (2008) showed that combining 25% of an high-alkali FA (10.45% Na2Oeq) with 5% Silica
Fume (SF) reduces the expansion of concrete prisms incorporating the highly reactive Spratt limestone
by as much as 50% compared to the mix incorporating 25% of that FA only. Although, the ternary mixture
could not control the expansion to the acceptance level, it is interesting to notice that such SCMS
combinations might allow “synergy” that somewhat enhances the mitigation potential of high alkali FA.
Shehata (2001) also observed a similar synergy with SF and FA with Na2Oeq levels between 1.41% and
4.14%.
High alkali FA were mentioned above because, in term of their alkali content, they are the closest SCMs
to Glass Powder (GP). Indeed, although the composition might vary, post-consumer’s glass from
recycling facilities, is generally high in its alkali content (can reach above 13%) and SiO2 contents. The
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pozzolanic properties of finely ground GP are well recognized but the potential of GP in mitigating ASR
is somewhat limited similarly to that of some high alkali FA. Zidol (2009) and Lafrenière (2017) showed
that the use of 20 and 30% GP (about 13% Na2Oeq) as a replacement by mass of the high-alkali cement
reduces the expansion of concrete prisms below that of control mixtures without SCMs, however not
enough to meet the two-year 0.040% limit proposed in CSA Standard Practice 23.2-28A. More optimistic
results for the use of GP into concrete incorporating reactive aggregates (such as coarse glass) were
obtained in a ternary context by Afshinnia and Rangaraju (2015) who used ASTM-1567 to study the
expansion of mortar bar incorporating GP, FA, Metakaolin (MK) and Blast Furnace Slag (BFS). Although
this test method, involving the immersion of the mortar bars in a 1N NaOH solution, may not be
appropriate for testing high alkali SCMs such as GP, some interesting observations were proposed by
the authors. They showed that the expansion of mortar bars is above the 14-day 0.10% acceptance limit
when 10% to 30% GP is used in a binary context (which is in line with the data obtained by Lafrenière
(2017), but some ternary systems were efficient in reducing expansion below the above limit, e.g.
10%GP with 10% MK and 30% BFS, as well as 20% GP with 20% BFS. Other than that, literature is
somewhat limited in providing information on the synergy between GP and other SCMs, from the
expansion perspective, but also from a more fundamental or chemical point of view.
2.

SCOPE AND ONBJECTIVE

In this study, ternary mixtures incorporating high- and low-alkali Portland cements, from 10 to 30% GP
and from 5 to 15% of MK or SF were batched to manufacture paste samples, as well as concrete prisms
incorporating the Spratt reactive aggregate. The concrete specimens were stored at 38°C and 100%
RH and their length changes periodically monitored for up to 91 weeks (completed to date). The paste
samples were stored in closed containers at 38°C and their pore solution extracted under pressure and
analyzed by atomic absorption spectroscopy. The objective of this work is to evaluate to what extent the
composition of the pore solution can be put in relation to the expansive behaviour of concrete for a wide
variety of proportion of ternary mixtures incorporating GP and FS or MK.
3.
3.1

MATERIALS AND METHODS
Materials

The paste samples were made using GP from a recycling facility in the province of Quebec, Canada,
SF from a ferro-silicium plant in the same province, MK from Georgia (USA) and two type GU (General
Use) cements from Canadian plants. The chemical composition of the cementitious materials is
presented at Table 1. NaOH was used to “boost” the alkali content of the systems, cement, in order to
reach 1.08% or 1.25% of Na2Oeq, when required.
Table 1. Chemical composition of binders and fine aggregate

Oxide

SiO2

CaO Al2O3 Fe2O3 Na2O K2O Na2Oeq SO3 MgO TiO2 P2O5 MnO L.O.I

Cement
GP
SF

18.7 60.8 5.0
70.53 10.77 2.06
94.27 0.54 0.3

3.7 0.25 1.05 0.94 3.8 2.7
0.35 12.49 0.66 12.92 0.11 1.14 0.07 0.03 0.02
0.1 0.12 0.65 1.43 0.02 0.28 0.01 0.12 0.03

MK
Fine agg.

51.6 0.02 43.97 0.49
0.46 63.63 0.10 0.09

0.27 0.25
0.00 0.05

0.43
0.03

0
-

1.9
1.71
3.2

0.04 1.4 0.09 0.01 1.84
0.31 0.01 0.00
35.37

The concretes were made with the cementitious materials listed in Table 1. The fine aggregate is a
crushed high purity limestone (98% CaCO3) from Newfoundland (Canada), with a density of 2.7 and an
absorption value of 0.57%. The coarse aggregate is the reactive Spratt limestone from Canada; it shows
a density of 2.7 and an absorption value of 0.43%.
3.2

Mix design

As illustrated in Figure 3 for SF-bearing specimens, a Face Centred Central Composite Design (FCCD)
was used to select the concrete and paste mixtures for this study. The %GP and %SF axes represent
the % of cement replaced by those SCMs, while the % Na2Oeq axis is the alkali content of the cement
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1.25
1.08
10

15

20

25

30

7

10

)

6

9

(%

5

8

SF

0.94

Na2Oeq of cement (%)

used for the mixes (1.25% = 0.94% + NaOH). The MK-bearing mixtures follow the same design, but the
cement replacement levels are 5%, 10% and 15%.

GP (%)

Figure 3. Mixture design for concrete and pastes mixtures incorporating various contents of GP,
SF and cement of Na2Oeq contents of 0.94% in blue, 1.08% in black and 1.25% in red.
3.3

Methods

Concrete specimens were made with 420 kg /m3 of cementitious materials and a w/b of 0.42, in
accordance with CSA Standard Practice 23.2-28A. A constant amount of 1054 kg /m3 of coarse reactive
aggregate was adopted for all mixtures, instead of the recommended 60:40 ratio for respectively coarse
and fine aggregate. This approach was adopted because the volume occupied by 420 kg /m3 of binders
varies from one mixture to another and it was judged more appropriate to accommodate this variation
by the dosage of non-reactive fine aggregate only. In accordance with the approach used for selecting
mix designs for this study, test prisms of 100x100x300mm in size, instead of 75x75x300mm, were used
in order to minimize the detrimental effect of alkali leaching that could occur during the 2-year test period
(Lindgård et al. 2013). The prisms were measured “hot”, i.e. when still being at 38°C, again as a
precaution against further alkali leaching. The length change of the test prisms was monitored at regular
intervals up to 91 weeks (testing period completed at this time).
The paste mixtures were made with a w/b of 0.5. The procedure given in ASTM C 305-12 was slightly
modified in order to avoid agglomeration of the materials (especially MK). SF or MK were thus first mixed
with water at slow speed (140± 5 r/min) for 15 sec and then the GP added and mixed for 15 sec at slow
speed. The usual procedure was then followed: the cement is incorporated and 30 sec are left to allow
absorption of water; the paste is then mixed for 30 sec at slow speed, 15 sec are allowed to scrape
down the paste stuck on the side of the bowl, and the paste is finally mixed at medium speed (140 ± 5
r/min) for 60 sec. After batching, pastes were poured in cylindrical plastic containers, 30 mm by 55 mm
in size, and were gently agitated for the first 24h at 23 ± 2°C. The containers were then stored in a
sealed plastic bag at 38°C.
At 28 and 182 days, paste samples were removed from their sealed plastic containers and placed in an
extraction cell where the sample are pressed using a maximum pressure of 200 kN. The pore solution
thus extracted flows into a plastic tube connected to a syringe which is then sealed with wax paper after
extraction. The syringes are stored at 4°C until the solution is analyzed.
The pore solutions were acidified with 5%V/V nitric acid. [Na+] and [K+] were analyzed with a PerkinElmer
AAnalyst 100 atomic absorption spectrophotometer (AAS) at wavelengths of respectively 589 and 766.5
nm using an air-acetylene flame. Cesium chloride was added to the solutions to a concentration of 1.5
g/L in order to avoid ionization. In this study, the lowest variability between replicates was found when
1) no more than two dilutions were conducted; 2) the dilution factors were approximately 150 for the first
dilution; 3) the factor of the second dilution was approximately the same for all replicates; 4) the second
dilution targeted the centre of the calibration curve ± 25%; 5) the calibration standards were made in
large volume (1 L) from certified solution to ensure a maximal precision; 6) the calibration standards
were analyzed every two samples to confirm the accuracy of the calibration curve; and 7) the samples
were shook few seconds prior to analyse in order to avoid concertation gradients. The alkalinity of the
paste sample is estimated by electro neutrality using [OH-]≈[Na+]+[K+].
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4.

RESULTS

Figure 4 a) presents the average 91-week expansion of 4 concrete prisms incorporating various
amounts of SF, MK or GP batched with cements of different Na2Oeq contents. An interesting observation
is that all prisms incorporating 5%FS/MK (i.e. with 10 to 30% GP - i.e. filled or empty symbols) show
expansions above the 0.040% acceptance limit. Interestingly, at that percentage (5%) of FS/MK, the
expansion is generally decreased with 30% of GP compared to 10%, although they are still above the
0.040% limit. Increasing the SF content from 5% to 10% result in a 46% expansion reduction, on
average, while 30GP-10SF-1.25Alk is the only mixture with an expansion below the 0,040% limit.
Interestingly, for mixture incorporating 30%GP “boosted” mixtures (1.25% Na2Oeq) show expansion
lower than “unboosted” ones (0.94% Na2Oeq). That trend is actually the opposite for mixtures
incorporating 10% GP. The mixture incorporating 7.5%SF and 20% GP however show inconsistent
results regarding the impact of the NaOH on concrete prism expansion. It is interesting to note that the
expansion of concrete prisms incorporating 15% MK is ≤ 0.040%. Also, mixtures incorporating MK
appear to be only slightly sensitive to NaOH addition in order to increase Na2Oeq content of the concrete
mixture. Also, mixtures with 30%GP show expansions that are consistently below those of 10% GP
mixtures, despite the large amount of alkalis in the GP. Finally, for intermediate mixtures incorporating
20%GP and 10%MK, the impact of the Na2Oeq content of the cement on expansion is inconsistent as
for mixture incorporating SF.Figure 4 b) present the 26-week [OH-] of pastes samples corresponding to
the same concrete mixtures illustrated in Figure 4 a). The most obvious observation is that the alkalinity
of the pastes seems to follow a linear trend related to the SF/MK content in the paste. For SF-bearing
pastes, the alkalinity of paste containing 10%GP and 5%SF is greatly increased by the NaOH addition
(more than 200 mmol/L), while the alkalinity is not as much affected by NaOH addition for the mixture
incorporating 10%SF or 30% GP since the increase is ≈60mmol/L or less. Finally, cement pastes with
boosted alkalis consistently show increased [OH-] in the pore solution compared to unboosted
“companion” pastes. For MK-bearing pastes, small alkalinity increase, averaging ≈40 mmol/L is
associated to the NaOH addition to the reach 1.25%. For the mixture incorporating intermediate values
of MK and GP, the impact of NaOH addition is below 25mmol/L for all mixture. Observations on MKbearing pastes are coherent with the hypothesis that the alkalinity is somewhat linearly related to the
MK content in the paste.Lastly, the impact of GP content on the alkalinity is not obvious in SF-bearing
pastes nor in MK-bearing pastes. Increasing the GP content from 10 to 30% in the ternary pastes, does
not result in an increase in the [OH-] of the pore solution, despite the very high alkali content of the GP.

a)

b)

Figure 4. a)Average expansion at 91 weeks and Standard Deviation (SD) of 4 concrete prisms
and the 0.04% threshold in dashed line and b) [OH-] of paste samples made with cement of
different Na2Oeq content and incorporation various percentages of GP, FS/MK. SD of single
observations on paste samples is estimated by assuming a 2% and 4% Coefficient Of Variation
(COV) for SF and MK-bearing pastes respectively which is the average COV of randomly
performed extraction triplicates.
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Figure 5 presents the [Na+] and [K+] of the paste mixtures presented in Figure 4 b). For SF-bearing
pastes, it is interesting to note the decreasing range of [K +] associated to mixture with decreasing GP,
i.e. paste mixtures incorporating 10, 20 and 30% GP have [K+] averages of ≈180mmol/L, ≈140mmol/L
and ≈110mmol/L (or ranges of ≈220-150, ≈160-120 and ≈135-85), respectively. Concerning [Na+], an
increase in the “cement” Na2Oeq content from 0.94 to 1.25% is associated with increased [Na +] in the
pore solution averaging ≈70mmol/L for all 11 SF-bearing mixture and ≈ 40mmol/L when excluding the
“outlier” combination 10GP-5SF. However, the SF content has a somewhat stronger influence on the
[Na+] in the pore solution since the average [Na+] for pastes with 5%, 7.5% and 10% SF are respectively
≈371mmol/L, ≈300mmol/L and ≈ 200mmol/L.
For MK-bearing pastes, an increased [Na+] in the pore solution is strongly associated to decreased MK
contents in the paste, since the average [Na+] for 5%, 10% and 15% MK is respectively ≈420mmol/L,
270mmol/L and 190 mmol/L; on the other hand, increasing the “cement” alkali content from 0.94 and
1.25% results in an average increase [Na+] in the pore solution of ≈40mmol/L. When only 5%MK is used,
to increase the GP content from 10% to 30% strongly reduces [K+] and is worth mentioning that this
same observation does not stand when 15% MK is used.
It is interesting to note that an increase in the [K+] of the pore solution is observed when NaOH is added
in generally SF-bearing pastes while the opposite trend is observed for MK bearing pastes.

Figure 5. [Na+] and [K+] of paste samples made with cement of different Na2Oeq content and
incorporation various percentages of GP, FS/MK. SE of single observations on paste samples is
estimated by assuming a 3% and 5% Coefficient Of Variarion (COV) which is the average COV
for [Na+] and [K+] respectively on triplicates extractions.
5.

DISCUSSION

Data presented by Duchesne and Bérubé (1994) (Figure 6) and Shehata (2001) (Figure 7) have shown
that the alkalinity of the pore solution of (binary) pastes incorporating fly ash has largely stabilized within
a few months after batching. It is thus reasonable to believe that the composition of the pore solution of
paste specimens (w/b of 0.50) made as part of this study had largely stabilized after 26 weeks (at 38oC)
and could be reasonably put in relation with the longer-term expansion behaviour of concrete specimens
of similar composition. It is worth considering that the 26-week pore solution composition should be
considered as a “window of observation” in the evolution of the ionic concentrations in the ternary paste
systems, and also that the presence of a reactive aggregate in concrete reacts with the ionic species in
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the pore solution in order to produce the expansive gel, thus introducing a significant difference in
behaviour compared to the evolution of the pore solution composition in paste systems.

Figure 6. Alkalis in the pore solution of
pastes incorporating 20 and 40% of three
different Pulverised Fly Ashes (PFA) as a
function of time. (Na2Oeq of the cement, PFA
A, B and C are respectively 0.74%, 2.34%,
3.07% and 8.55%, (1% Na2Oeq = 0.32N
NaOH+KOH)) (Duchesne and Bérubé 1994)

Figure 7. Effect of 13% FA (FM =1.41%
Na2Oeq; OK1 = 1.65% Na2Oeq) on the pore
solution alkalinity of systems representing
pastes containing low (LA) and high-alkali
(HA) cement(LA=0.60% Na2Oeq and
HA=1.09% Na2Oeq (Shehata 2001)

Nonetheless, valuable information can be obtained from the analysis of the pore solution extracted from
paste specimens (data in Figure 8) when related more indirectly to the expansion. For instance, Figure
8 gives a plot of the expansion of the concrete prisms at 91weeks against a) [Na +], b) [K+] and c) [Na+]
+ [K+] of the pore solution of paste specimens also at 26 weeks. Data are given for the ternary systems
where the cement of 0.94% of Na2Oeq content was used without or with added NaOH to reach 1.08 or
1.25% Na2Oeq. Although the high sodic content of GP (above 13% Na2O), it is interesting to observe no
clear correlation between [Na+] of the pore solution and the GP content of the mixture. Which suggest
that either Na+ ions contained in the GP particle remain into the particle, either Na+ ions are released
and uptake in hydrates. In either of the two latter theories, Na + contained in GP are not available to
attack the reactive aggregates. Actually, the highest expansions are observed for mixtures incorporating
only 10%GP. Also no clear correlation was found between the [K +] and concrete prism expansion but,
as expected, lower [K+] were measured for pastes incorporating 20 and 30% GP which is interesting
since K2O content of GP is not negligible with a value of 0.66%. When summing the two cations, once
again, no clear correlation is found between the expansion and the alkalinity of the pore solution (when
assuming that [OH-]≈[Na+]+[K+]).

a)

b)

c)

Figure 8. [Na+] b) [K+] and c) [Na+] + [K+] of the pore solution of paste samples at 26 weeks.
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To better highlight the impact of GP, Table 2 allow to compare the results of mixtures with different GP
content but the same SF/MK-Alk content. It is interesting to point out that increasing the GP content
from 10% to 30% decreases the expansion by an average of 33%, although the [OH-] in the pore solution
of corresponding pastes is decreased by an average of only 3%, the [Na +] is increased by an average
of 17% and the [K+] is decreased by an average of 30%. It is interesting to note that, on average, the
reduction of expansion associated with increased GP content is more pronounced in mixtures
incorporating MK than SF. Actually, reductions in concrete prism expansion were observed in all ternary
mixtures combining GP and MK and all but one mixture combining GP with SF. It is worth mentioning
that many sets of concrete prisms manufactured in this study displayed low expansion values (e.g. <
0.06%) and that the variability of concrete prism expansion testing could in itself overcome the
differences observed between the averages of those small values. It is also worth noting that MK was
used in a range between 5% and 15% while the range for SF was between 5% and 10%. An interesting
observation concerning the pore solution is that, for FS/MK- Na2Oeq combination presented in Table 2,
the increase in GP content is most of the time associated to increases in [Na +] and decreases in [K+] of
the pore solution. Similar observations were reported regarding binary cementitious pastes incorporating
GP by Fily-Paré et al. (2017).
Table 2. Expansion of concrete specimens aged 91 weeks, [OH-], [Na+] and [K+] of paste samples
aged 26 weeks and the relative impact of increasing GP from 10% to 30%.

6.

CONCLUSION

Previous research has shown that higher concentrations of alkali species in the cement lead to higher
pH in the pore solution of pastes, mortars or concretes, which in turn leads to the attack of the reactive
siliceous phases in aggregates. On the other hand, the dissolution of silica is also a means to lower the
pH in the pore solution of cementitious systems, which is the mechanism by which many SCMs are
taught to prevent deleterious expansion due to ASR. Pozzolanic reactions lead to C-S-H of lower C/S
ratio, which is known to uptake a larger proportion of alkalis from the pore solution, thus contributing at
lowering the pH. Other researches also showed that greater uptake of alkalis by C-S-H and C-A-S-H
are related to the lower concentration of alkalis in the pore solution. Those last studies surely helped to
better understand how materials like SCMs help at mitigating ASR, but limited information exist
regarding the combined effects of high-alkali SCMs, specially in ternary systems, on the pore solution
chemistry and the expansion of test specimens incorporating reactive aggregates.
The result obtained in this study suggest that the composition of the pore solution alone is a somewhat
poor predicator of the expansion potential in ternary systems involving a high-alkali SCM such as glass
powder (combined with silica fume/metakaolin in this study) because, although highest expansion are
associated to highest [OH-] and vice versa, pore solution is not linearly related to expansion in such
ternary mixtures. For instance, higher percentages of cement replacement by GP lead to lower
expansion compared to specimens with lower GP content (not always controled below the generally
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accepted expansion limit of 0.040%), but its effect on the pore solution is not coherent with the latter.
Actually, the percentage of SF/MK used as cement replacement remains the most impactful means of
controlling expansion below the 0.040% limit since most mixtures incorporating 15%MK had acceptable
expansion levels at 91 weeks. Finally, the results suggest to rethink the common use of NaOH addition
in order to accelerate expansion as prescribed by CSA 23.2-28A testing standard since it might not act
as expected for most ternary mixtures incorporating GP. Indeed, the mixture in which NaOH was added
in order to reach 1.25% show expansion similar and sometimes lower than that of companion mixtures
without NaOH.
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ABSTRACT
Alkali–silica reaction is a deleterious reaction in concrete that leads to the formation of alkali-silica gel,
an expansive gel that forms around aggregates containing reactive silica which causes cracks to form
in concrete. In the past few decades, several researchers studied the mechanisms of alkali–silica
reaction in concrete and the amount of damage it could cause to the cementitious matrix. Current
research on alkali–silica reaction mitigation covers mainly the use of supplementary cementitious
materials and lithium compounds. However, with possible change in coal burning regulations and fly
ash shortages in some areas, it is imperative to investigate other approaches to mitigate alkali–silica
reaction that involve lower amounts of supplementary cementitious materials and other manufactured
products. Furthermore, current research has shown the potential enhancements to concrete
microstructure through the use of nano-silica that might play a role in mitigating alkali–silica reaction.
In the current study, the effect of using nano-silica in conjunction with supplementary cementitious
materials on the alkali–silica reaction will be investigated using the accelerated mortar bar test (ASTM
C1260 and C1567) to measure expansion, thermogravimetric analysis to determine the amount of
Calcium available for the reaction, and finally scanning electron microscopy will be used to verify the
findings of the methods described.
Preliminary results show that supplementary cementitious materials are more effective at mitigating
alkali–silica reaction when used in conjunction with nano-silica, but the use of nano-silica alone is not
effective at mitigating alkali–silica reaction.
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1.

INTRODUCTION

Alkali-Silica reaction is a reaction between alkaline solutions in concrete and amorphous silica. It is
linked to the formation of an expansive gel that expands into micro-cracks in the presence of moisture.
This expansion can cause cracks to form in concrete, and therefore a deterioration in concrete
properties and a reduction in durability. Because ASR damaged many structures, a significant
literature body exists that discusses its various aspects. Nevertheless, the topic is still an ongoing area
of research because of its enormous impact on infrastructure projects. When cement hydrates,
numerous reactions occur concurrently to form several hydration products like ettringite, aluminoferrite hydrates, and calcium hydroxide. Consequently, hydroxide ions are formed in order to maintain
equilibrium which increases the pH (Prezzi, Mônica; Monteiro, Paulo J. M.; Sposito, 1997). ASR
beings when the hydroxyl ions in the pore solution react with amorphous silica from reactive
aggregates. And the yield of the reaction is influenced by the structure of the amorphous silica as well
as by the alkalinity of the pore solution (Michael Thomas, 2011). The main source for the alkalinity in
concrete is Portland cement; its pore solution becomes highly alkaline just after 24h of hydration at
normal temperatures. The concentration of the hydroxyl ions depends on several factors including:
water to cement ratio, degree of hydration, and the alkali content of the cement used (M. D. A.
Thomas, 2007). Moreover, dissolvable calcium is an essential element for ASR to happen. In the
absence of calcium, silica remains in solution as long as the temperature and the pH remain constant
(Diamond, 1989). Dissolvable calcium is introduced in the form of calcium hydroxide Ca(OH)2, a
product of cement hydration.
In the literature, mitigating ASR using supplementary cementitious materials has been well established
(Skibsted, Jakobsen, & Hall, 1995; M. D. A. Thomas, 2007; Michael Thomas, 2011). The use of Class
F fly ash specifically has also been shown to successfully control ASR expansion as demonstrated by
field performance (M. D. A. Thomas, 1996a). However, new environmental regulations may limit the
availability of FA and its use as a SCM (Popp, 2003). SCMs reduce the concentration of alkalis in the
pore solution. Hence, they limit the availability of alkalis needed for ASR onset (M. D. A. Thomas,
1996b). The influence of silica fume (SF) on ASR was also studied in the literature, several studies
showed that SF reduced the ASR expansion by reducing the pore solution’s alkalinity (Aquino, Lange,
& Olek, 2001). In contrast, other studies concluded that possible agglomeration of poorly dispersed SF
can increase the ASR expansion and create more expansive gel (Pettersson, 1992). Consequently, it
is essential to investigate innovative ways of ASR mitigation, especially if they involve the use of
smaller cement replacement ratios.
Lately, the use of nanotechnology revealed promising results and has been rapidly expanding.
Experimental studies showed that using nano-silica (NS) promotes the pozzolanic reaction, increases
the degree of hydration, and also improves the mechanical properties of concrete and cementitious
mortars (Singh, Goel, Bhattacharyya, Sharma, & Mishra, 2015). However, very few studies
investigated the mechanisms by which NS influences ASR, especially when combined with
supplementary cementitious materials. This study aims to evaluate the combined effects of using NS
and Class F FA on mitigating ASR using the accelerated mortar bar test, TGA and SEM.
2.

EXPERIMENTAL PROGRAM

In order to investigate the influence of NS on ASR both alone and when combined with FA, an
experimental program was developed to study different replacement ratios. Four main groups were
investigated. Group 1 had samples containing 100% ordinary Portland cement (OPC), 2% NS and 4%
NS replacement. Group 2 had samples with 15% FA replacement, in addition to 2% and 4% NS
replacement. Group 3 had samples containing 25% FA replacement, in addition to 2%, and 4% NS
replacement. Finally, Group 4 had samples containing 35% FA replacement, in addition to 2%, and
4% NS replacement. Table 1 shows the tested groups and their composition. Groups 1,2 and 3 were
chosen for the AMBT test since 25% FA replacement is sufficient by itself in mitigating ASR.
Furthermore, Groups 1,3, and 4 were chosen for the stoichiometry of the pozzolanic reaction.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 1 Composition of mortar groups used

Group 4

Group 3

Group 2

Group1

Group

2.1

Mix

Cement

NS

FA

Control

100%

0%

0%

NS2

98%

2%

0%

NS4

96%

4%

0%

FA15

85%

0%

15%

FA15NS2

83%

2%

15%

FA15NS4

81%

4%

15%

FA25

75%

0%

25%

FA25NS2

73%

2%

25%

FA25NS4

71%

4%

25%

FA35

65%

0%

35%

FA35NS2

63%

2%

35%

FA35NS4

61%

4%

35%

Materials

The aggregates used showed a 0.12% expansion after a year under ASTM C1293 (2015) conditions
which puts them into the moderately active sand category. Type I ordinary Portland cement was used
in accordance with ASTM C150 (2018), and Class F fly ash in accordance with ASTM C618 (2018).
Ordinary Portland cement was used with the composition shown in Table 2. The colloidal nano-silica
used was dispersed in aqueous alkaline solution with 50% silica by weight. The nano-silica dispersion
was sodium stabilized and the particles have a negative surface charge. The NS average particle size
is 50 nm, and its properties are tabulated in Table 3.
Table 2 OPC Type I chemical composition
Chemical Composition
Item

Percentage

Limit according to ASTM C150

SiO2

19.17

Al2O3

4.56

6

Fe2O3

3.98

6

CaO

61.22

MgO

2.74

SO3

3.93

Equivalent Alkalies

0.88

LOI

2.55

3.5

Insoluble Residue

0.69

1.5

CO2

1.25

Limestone

3.59

6
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Table 3 Properties of NS used

2.2

Nano SiO2, wt (%)

50

pH

9

Viscosity, cP

15

Density, g/cm3

1.4

Na2O, wt (%)

0.4

Particle size

50 nm

Accelerated mortar bar test

The accelerated mortar bar test (AMBT) defined in ASTM C1567 (2011) is a common method used to
assess ASR expansion in cementitious mortars. It includes accelerating the conditions under which
ASR takes place by soaking the bars in a highly alkaline medium (1M NaOH) at a high temperature of
80°C. Four specimens were tested in each group, and the molds were prepared in following ASTM
C490 (2017). The expansion was then measured repeatedly over two weeks, and the difference
between the zero reading and that of the specimens were reported to the nearest 0.001%. Under
ASTM C1567 conditions, the ASR is controlled by the ion transport rate within the mortar bar and not
by the diluting effects of SCMs on the pH of the pore solution. Consequently, the results obtained from
this test could be considered severe where it identifies several aggregates as not-suitable for good
ASR performance while field tests could show that they might perform well. Therefore, the use of
ASTM C1567 is advised only as an acceptance criteria for aggregates and not as a rejection criteria
(M Thomas, Hooton, & Rogers, 1997). An detailed review on the use of the AMBT was done in
(Shafaatian, Akhavan, Maraghechi, & Rajabipour, 2013). In this study, this test will only be used as a
preliminary indication to expansion control which will then be supplemented by other testing
techniques, namely TGA and SEM in order to draw conclusions. For each mix, four prisms were
prepared and tested. The expansion of each bar was measured with a digital comparator at day 1, 5,
7, 10, 14 and 28.
2.3

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique often used to quantify the amount of Ca(OH)2 and
CaCO3 present in cementitious mixtures. The sample is ground to pass sieve #200, and the powder is
placed in the TGA chamber under an inert gas (N2) where it’s kept at 100°C until weight loss stops.
Then, the samples are gradually heated at 10°C /min and the mass loss is recorded. In this study,
cement paste with a w/c ratio of 0.45 was mixed and cast in closed plastic containers that were sealed
with a layer of parafilm to minimize carbonation. Paste was chosen over mortar for this study in an
attempt to limit impurities that are normally introduced by sand. The samples were kept at a room
temperature of ~24°C until the time of testing. Then, the samples were demolded, crushed using a
mortar and pestle to pass sieve #200, and then placed in the TGA machine. During the test,the first
derivative and the second derivative of the mass change were recorded with respect to temperature to
help identify the shifts within chemical phases. Subsequently, the mass loss that took place between
the peaks was used to quantify each particular phase.
2.4

Scanning electron microscopy

SEM is a common imaging technique used for studying the microstructure of cementitious materials
that has been extensively used in the past decades (Taylor 1986). In SEM, primary electrons hit the
sample, then reflected secondary electrons and x-rays are captured. The electron reflection is a
function of the atomic number of the material being studied. Samples with higher atomic density
appear brighter as compared to those with a lower atomic number.
In this study, solvent exchange was used to dry the samples prior to SEM testing. Isopropanol was
selected for arresting cement hydration, samples were placed in it for 14 days until the mass changed
seized. The isopropanol solution was replaced at day 1, 3, 5 and 7. This drying method was chosen
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because it is believed to be the most gentle to the microstructure of cementitious mixtures as
compared to other techniques (Zhang & Scherer, 2011). After that, the samples were placed in a
vacuum pump to remove the remainder of the solution. Subsequently, samples were kept in a
desiccator until the time of testing where they were impregnated with low viscosity epoxy, polished,
and carbon coated.
3.
3.1

RESULTS AND DISCUSSION
Accelerated mortar bar test

For the AMBT, the mortar bars’ expansion was monitored and recorded over 28 days. First, after
demolding, the bars were placed in a storage container filled with tap water which is sealed and put in
an oven at 80.0 ± 2.0°C. After 24h, the zero reading of each mortar bar was recorded within 15
seconds. After that, all specimens were placed in a 1N NaOH solution at 80.0 ± 2.0°C. Subsequently,
the rest of the measurements were taken in accordance with ASTM C1567. The average expansion
of the prisms was reported to the nearest 0.01%. The results were then compared to the limits set by
ASTM C1260 (2014) and by ASTM C1567(2011). The standards suggest that an expansion that does
not exceed 0.1% after 16 days (day 14 in NaOH solution inside the oven) indicate that the material
combination used is suitable for ASR, whereas expansion that exceed 0.2% indicate possible
deleterious reactions. Furthermore, expansions that are between 0.1% and 0.2% are considered
inconclusive and supplemental information is needed.
AMBT results are illustrated in Figure 1. The control specimen had an expansion of 0.35%. In Group
1, using a 2% NS replacement decreases the expansion by 10.7% at day 14, and by 5.7% at day 28.
Moreover, using 4% NS replacement decreases the expansion by 36.8% at day 14, and by 19.7% at
day 28. However, the total expansion at day 14 in Group 1 still exceed the 0.1% threshold for the
acceptance criteria. In Group 2, when 15% FA replacement is used, the expansion drops by 28.8% as
compared to the control specimen to reach 0.199% at day 14. This value exceeds the 0.1% limit set
by ASTM C1567 and is higher than the mix with 4% NS in Group1. Then, when compared to 15% FA
replacement, using a 2% NS replacement reduces the expansion by 23.8% at day 14, and by 19.4%
at day 28. And, when 4% NS is added, the expansion drops by 50.6% at day 14 to a value of 0.098%
which falls under the limit set by ASTM C1567, and by 43% at day 28. Finally, when 25% FA
replacement is introduced to the mixture, the expansion drops by 75 % as compared to the control
sample to reach a 0.07% expansion at day 14. Furthermore, in Group 3, when a 2% NS replacement
is used in the FA mix, the expansion is further reduced by 22% at day 14, and by 11.4% at day 28.
And, when 4% NS is added, the expansion is reduced by 43% at day 14, and by 28.5% at day 28 as
compared to FA25. Since using 25% FA was sufficient by itself to reduce expansion to below the
acceptable limits set by ASTM C1567, using 35% FA was unnecessary.
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Figure 1 Expansion of Group 1, Group 2, and Group 3 as measured according ASTM C1567.
The error bars represent the margin of error.
These results demonstrate that while mixtures with NS expand less than the control mix, NS by itself
may not be as efficient in mitigating ASR at small replacement ratios as measured by the AMBT.
However, adding 4% NS and 15% FA reduces the expansion of the bars to below 0.1%. This could
also be achieved by using a 25% FA replacement which reduces the expansion to the acceptable
limits. It is clear that adding NS to fly ash mixes considerably improves their performance in ASR
mitigation, especially at early days. This can be attributed to the accelerated pozzolanic reaction in the
presence of NS. Even at high temperature, the pozzolanic reaction cannot be fully developed at early
age. Accordingly, the reduction in expansion when FA is used may be mostly attributed to reducing
the alkalinity of the pore solution. The large surface area of the silica nano-particles creates additional
nucleation sites, thus accelerating the pozzolanic reaction (Björnström, Martinelli, Matic, Börjesson, &
Panas, 2004). This can also be due to the improvement of the microstructure of cementitious mixtures
in the presence of NS, and to the enhanced mechanical properties as indicated by previous studies.
Further testing is needed in order to evaluate their field performance.
3.2

Scanning electron microscopy

In this study, SEM was used to track the expansive ASR gel in selected mixtures. The aim of this test
was to qualitatively evaluate the ASR damage and compare the results with those of the AMBT. After
2 weeks of soaking in 1M NaOH at 80.0 ± 2.0°C, samples from the control, NS1 and NF1 prisms were
cut, dried, then polished and carbon coated. Figure 2 (a1) and (a2) of the control specimen shows sign
of ASR damage in the aggregate and cracks that propagate into the cementitious matrix. The ASR gel
can also be seen filling air voids and cracks. This result is compatible with previous research done on
ASR gel in samples exposed to ASTM C1567 conditions (Shafaatian et al., 2013). When NS and FA
are added, images show a reduction in aggregate degradation, and no obvious signs of ASR damage
are visible, which is supported by the AMBT results. The results are shown in Figure 2. This reduction
in ASR damage can be accredited to the decrease in OH ions’ concentration that is responsible for
degrading the aggregate. Small ratios of NS cannot significantly impact the pH of the pore solution;
however, they help produce more C-S-H. Accordingly, higher tensile strength is obtained which helps
against crack propagation.
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(a1)

(a2)

(b)
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(c)
Figure 2 SEM of the ASR gel in (a) the control mix, (b) the mix with 2% NS, and (c) the mix with
25% FA and 2% NS.
3.3

Scanning electron microscopy

Thermogravimetric analysis (TGA) was done to trace the pozzolanic reaction in the mixtures by
measuring the amount of calcium hydroxide with respect to time. The formation of secondary hydrates
by converting portlandite into C-S-H is thought to be one of the mechanism for limiting ASR. Ionization
of calcium hydroxide Ca(OH)2 keeps releasing OH ions even after an equilibrium concentration is
reached, it also helps maintain high alkalinity in the pore solution (Wang & Gillott, 1991).
Consequently, limiting the availability of calcium hydroxide is advantageous in controlling ASR. Also,
Ca(OH)2 is more soluble than C-S-H which can increase the permeability of concrete rendering it more
vulnerable to environmental factors (Mindess, 2003).
In order to quantify the amount of calcium hydroxide in the samples, the derivative of the TGA curve
was used to detect the temperature range that corresponds to the decomposition of CH. Once, the
phase range is established, the mass of CH can be measured. In this work, a modified interpretation
of the TGA curves was used as suggested by Taehwan Kim (Kim & Olek, 2012). The modified
approach utilizes the vertical distance between the inflection points of the TGA curve rather than the
plain vertical distance between the start and end points of the CH range. This method is thought to
minimize the error that is associated with the random selection of the CH range based on the
operator’s judgment. The TGA curve used for the control specimen at day 28 is shown in Figure 3
illustrates a typical curve obtained in this work.
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Figure 3 TGA curve of the control sample showing the CH range
Figure 4 illustrates the weight ratio of calcium hydroxide with respect to the sample weight. The graph
also shows that the CH weight is reduced by 17% at 2% NS replacement, and by 19% at 4% NS in
Group 1. In Group 3, adding 2% NS and 4% NS reduces the Ca(OH) 2 concentration by 22%, and by
33.6% respectively despite the dilution effect of FA. And finally in Group 4, adding 2% NS and 4% NS
reduces the Ca(OH)2 concentration by 19.5%, and by 31% respectively. This indicates an increase the
rate and the extent of the pozzolanic activity in the presence of NS. These findings support the results
obtained by the AMBT and the SEM images. This reduction can be attributed to the pozzolanic activity
that the nano-silica particles help accelerate.

Figure 4 the weight of Calcium Hydroxide with respect to sample weight as measured by TGA
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4.

CONCLUSIONS

This paper discusses the combined effect of using NS and Class F fly ash on ASR mitigation. The
results demonstrate that smaller FA replacement percentages can be used to mitigate ASR when NS
is introduced. The results also show NS, at small dosages, help convert calcium hydroxide into C-S-H
as shown by TGA. Furthermore, SEM images confirm that the mixtures containing both FA and NS
showed less signs of ASR damage. While NS by itself was not as efficient in limiting the prisms
expansions under ASTM C1567 conditions, FA mixes with small NS percentages show up to 50%
reduction in expansion at day 14. They also exhibit a reduction of up to 33.6% in the amount of CH as
compared to FA mixtures that had no NS. Consequently, it can be concluded that NS considerably
enhances the performance of FA in ASR mitigation, which could allow smaller replacement ratios to
be efficient.
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ABSTRACT
The search for a large-scale application to the red mud (RM) is being difficult due to the susceptibility
of alkali leaching and, many times, presence of heavy metals in the waste. So, a strategy used in this
work, trying to fix a part of this chemical species, was to use red mud as an activator of blast furnace
slag (BFS) and the product obtained used as a supplementary cementitious material. Different
proportions of RM and BFS were evaluated and after cure for 48 hours, the products were used as a
10% of substitution of Portland cement. The setting time of each composition was defined using Vicat
needle penetration. However, up to the time measured by the Vicat test no information about the
consistency or formation of microstructure was obtained. To this, the microstructural development and
consequent stiffening, was monitored using mixed oscillatory rheometry: time sweep test show the
changes in the kinetic of re-agglomeration, monitoring G’ over time, and using the strain sweep test,
the yield stress was quantified over time. After hardening, the alkalis leaching was evaluated using
atomic absorption. As a conclusion, it can be said that the association of RM-BFS products with
Portland cement do not affect the setting time and the gain on consistency over time and reduce the
alkalis leaching.
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1.

INTRODUCTION

The aluminum industry is responsible for the management of a massive volume of red mud (RM) on a
global scale: around 120 million tons of generation and 3 billons tons of inventory (Aluminium
International Institute, 2015), causing a huge environmental impact (Romano et al, 2013 and 2017;
Klauber et al, 2009).
So, there has been a tremendous amount of work done in recycling and reusing this kind of material,
but in spite of the development of some minor applications, the residue still has to be discarded in lakes
of mud: the current cost of disposal is estimated at $4-12/ton (Roth & Falter, 2017), which is rather low
and part of the difficulty in attaining a viable commercial solution for this waste generation challenge.
As a consequence, less than 4% of RM has been reused industrially. The strong alkaline nature of this
residue and its potential ability to leach soluble ions, are other drawbacks which need to be considered
for most valorization routes (Arnout et al, 2017).
The reuse of RM as partial substitute of cement in Portland blended cement, in mortar and concrete
formulations, has been studied and it was proved that it is technically feasible to replace up to 20% of
cement by this residue, resulting in porosity reduction, increase of compressive strength and decrease
in air permeability (Liberato et al, 2012; Romano et al, 2017). However, the lack of evidence concerning
the behavior of alkalis, (mainly sodium) from RM in the hardened state, did not allow the authors to
predict whether long term deterioration and leaching could happen or not.
One hypothesis evaluated in this work, trying to reduce the soluble sodium of red mud, is to combine
this residue with blast furnace slag, in order to promote the alkaline activation of slag (Romano et al,
2018).
Ben Haha et al. (2011) and Zivica (2007) evaluated the activation of blast furnace slag (BFS) using
different kinds of sodium compounds and showed that the kinetics of the hydration reaction and the
products formed depended on the type of alkalis and its proportion with the slag. However, although the
RM composition presents a considerable amount of soluble sodium and sufficient alkalinity to promote
the activation of the slag, a rather small number of works are found in the literature with this purpose.
The main goal of this work was to promote the alkaline activation of blast furnace slag using red mud
and using the products of this reaction in association with Portland cement (as a SCM – supplementary
cementitious material) to evaluate the impact on the chemical reaction, gain on consistency and in the
hardening process.
2.

MATERIALS

This work was carried out using red mud from an alumina and aluminium manufacturing plant in the
Brazilian northeast; ground blast furnace slag (BFS); and Portland cement classified as CPV in
accordance with the Brazilian standard NBR 16697 (2018). This cement is similar to the CEM I cement
defined in the European standard EN 197-1, which is also called OPC (ordinary Portland cement) in the
technical-scientific literature. It is important to point out that red mud was received containing 50%
humidity, dried at 105°C for 24 hours, ground in a knife mill and sieved through a 75-micron mesh
opening to be considered adequate for the application.
3.
3.1

METHODS
Raw materials characterizations

To define the physical characteristics, the particle size distribution was determined in a Sympatec, model
Helos KR, with range from 0,1 to 350 µm. The specific gravity was measured using gas He pycnometry,
Quantachrome MVP 5DC Multipycnometer. The specific surface area (SSA) was quantified according
the BET (Brunauer, Emmet and Teller) method using a Belsorp Max machine. Samples were pre-treated
at 60°C and 10-2 psi pressure for 24 h in a Belprep-vac II.
The chemical characteristics of powders were determined using X-ray fluorescence, in a PANalytical
spectrometer, Minipal Cement model. The thermal analysis was performed in a thermobalance Netzsch
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STA409EP. The mineralogical composition of each raw material was determined by X-ray diffraction
using a PANalytical Empyrean diffractometer (PIXcel3D detector).

Frequency (%)

Figure 1 shows the physical properties of red mud, blast furnace slag and Portland cement, while Table
1 illustrates the main chemical elements.
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Figure 1. Particle size distribution of raw materials, specific gravity and specific surface area.
The red mud presents a larger amount of finer particles than the cement or BFS, with more than 90% of
particles smaller than 11 micra, as a function of the procedure used for its preparation. The binder, in
turn, presents the mean diameter around 15 micra. Even though the specific gravity is very close in all
the raw materials, the surface area of the red mud is around 8 times greater than that of the binder and
17 times greater than that of the BFS. It was observed in other works (Fujii et al, 2015; Liberato et al,
2012; Romano et al, 2013 and 2016) that there was an increase in yield stress and apparent viscosity
as a function of the increase in the amount of the residue used as substituent of binders or blast furnace
slag. However, as this was not the focus of the work, the rheological changes were disregarded.
Table 1. Main chemical elements, in oxide content.
Oxides
CaO
SiO2
Al2O3
Fe2O3
Na2O
K2O
MgO
P2O5
SO3
Cl
TiO2
V2O5
ZrO2
BaO
Alkaline equivalent = %Na2O + 0.658%.K2O
Loss on ignition

Red mud
1.05
15.0
20.6
34.4
11.0
0.01
<0.01
0.05
0.22
0.13
4.64
0.16
0.40
<0.01
11.0
12.3

BFS
44.2
32.5
10.1
0.53
0.21
0.37
7.45
<0.01
2.41
<0.01
0.59
0.03
0.08
0.45
0.95

CPV
65.4
16.5
3.71
3.02
0.22
1.12
1.06
0.22
3.85
0.15
0.22
<0.01
0.01
<0.01
0.96
4.18

Red mud contains high amount of iron, aluminium and silicon oxides, and an alkaline equivalent of 11.0,
because it has a large amount of Na2O from the ore digestion with caustic soda. A higher loss on ignition
is also observed due to the presence of bound water. Sodalite, produced by the digestion of bauxite ore

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
with caustic soda and the rock accessory minerals, as hematite, quartz, goethite, calcite, anatase,
dicalcium silicate, a zeolitic phase of sodium aluminium silicate, and gibbsite, from incomplete digestion
of the ore, were detected by X-ray diffraction. No traces of heavy metals were detected in the residue
used in this work.
BFS presents Ca/Si ratio of 1.26, and as expected, X-ray diffraction showed large amounts of
amorphous phase and various minor crystalline phases as merwinite, melilite, calcite and gehlenite.
Calcium was observed as a main component, but also with large amounts of Si and Al. The thermal
decomposition shows decarbonation of calcite (peak at 643°C). From the results of differential scanning
calorimetry, it was possible to observe an exothermic peak due to the CO 2 dissociation from calcium
carbonate, an endothermic alteration at 769°C, due to the slag glass transition, and two exothermic
peaks (836°C and 940°C) indicating the slag crystallization.
Several moduli for suitable slags or characteristic values have been proposed to describe its reactivity,
as presented in Table 2, adapted from work of Winnefeld et al. (2015), as a function of Si, Al and Ca
content, and some network modifiers like Mg, Ti or P. Applying the formulas, the moduli for BFS used
in this work were obtained, showing good basicity and quality, suitable for alkali activation.
Table 2. Characteristic values describing reactivity of slags
Formula
BFS
k1 = Ca/Si
1.36
k2 = Al/Si
0.31
k3 = (Ca+Mg)/Si
1.59
k3’ = (Ca+Mg+xAl)/(Si+1-xAl)
1.51
k4 = (Ca+Mg)/(Si+Al)
1.21
k5 = (Ca+Mg+0.33Al)/(Si+0.66Al)
1.40
k6 = (Ca+Al-10)/(Si+10)
1.04
k7 = (Ca+Mg+Al)/Si
1.90
k8 = (CaxAl)/(Si+Al)²
0.25
Ca – CaO; Si – SiO2; Al – Al2O3; Mg - MgO

Comment about reactivity
Good basicity > 1; between 0.5 and 2.0, suitable for alkali activation
Modulus of activity, between 0.1 and 0.6 suitable for alkali activation
EN 197-1 (2000), require value higher than 1
Adapted from EN 197-1 (2000), for Winnefeld et al. (2015)
≥ 1 for good quality
≥ 1 for good quality
Extended basicity
< 1.5, poor quality; between 1.5 and 1.9, good and; > 1.9, very good
Index of reactivity, should be ≥ 0.18 for good quality

The Portland cement presents a high amount of Ca and Si, and lower amount of Al, illustrating the
predominance of silicate phases of clinker (alite and belite). The SO3 content indicates a high level of
calcium sulfate added as a setting regulator and the loss on ignition of 4.18% shows an adequate level
of volatile carbonate (this result was confirmed by thermal analysis). Around 0.7% of portlandite was
identified by TGA, showing that the binder has a small amount of hydrated compounds, but this does
not represent a problem in the use of this product in this work.
3.2

Mixing method

As the mixing process is an important step to evaluate correctly the changes in the chemical and physical
properties during the consolidation, all the tests were carried out after preparing the pastes using the
same mixing procedure. Thus, pastes were mixed using a high shear energy equipment (Makita). All
material was put into a beaker and following, the water was added, waiting 30 seconds for wetting. The
mixing was carried out using the minimum rotational speed (10000 rpm) for 1.5 minutes to homogenize
and disperse the suspension.
3.3

Preparation of cementitious compositions

All the Portland cement pastes were formulated replacing 10% of binder by the products obtained by
the alkaline activation of BFS with red mud. The mixing procedure was the same described in 3.2.
3.3.1 Chemical reaction
The heat released during the hydration of Portland cement was monitored using a TAMAir calorimeter
from TA Instruments, maintaining the temperature at 23°C. All the tests started 5 minutes after mixing
and the results presented indicate the first 24 hours of reaction.
3.3.2 Oscillatory rheometry
Tests were performed in a Haake rheometer, Mars 60, using a parallel plate geometry of 35 mm and a
gap of 1000 m. During the tests, to maintain the ambient humidity, a piece of wetted cotton was inserted
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around the geometry, without any contact with the sample, and a solvent trap was used. The gain on
consistency was monitored for 5 hours.
4.

RESULTS AND DISCUSSION

4.1

Alkaline activation of BFS with red mud

Table 3 illustrates the mass proportion of blast furnace slag and red mud used in each composition. All
the pastes were mixed keeping constant the water-to-solid ratio at 0.5 – in mass.
Table 3. Mass proportion of each raw material in the compositions
Sample
100RM
80RM-20BFS
60RM-40BFS
40RM-60BFS
100BFS

Red mud
100
80
60
40
-

BFS
20
40
60
100

After mixing, the paste was distributed in plastic cups for curing at 23°C and 50% relative humidity for
48 hours. After this time, the samples were ground in an agate mortar and pistil, and sieved through a
75-micron mesh opening. The passing material was collected at the bottom of the sieve and used in
association with Portland cement to evaluate the impact on the hardening stage. The physico-chemical
and mineralogical characteristics of these products were evaluated using the methods described in 3.1,
and the alkalis leaching were quantified by atomic absorption according to Brazilian standard NBR
13810 (1997).
Figure 2 shows the heat flow released during the alkaline activation of BFS using red mud and the impact
on the specific surface area (SSA). Monitoring the SSA can be an indication of the growth of the hydrated
products. However, the use of different ratios between RM and BFS resulted in changes in the expected
SSA (RMSSA = 10.6 m²/g and BFSSSA = 0.80 m²/g). So, the higher the difference between the estimated
value and measured SSA, the higher the changes in the microstructure in development.
Sample

60RM-40BFS
Wetting period

Heat flow (W/g)

40RM-60BFS

80RM-20BFS
100BFS
100RM

Dissolution / precipitation

0

6

12

18

Acceleration period

24

30

36

42

100RM
80RM-20BFS
60RM-40BFS
40RM-60BFS
100BFS
Sample
100RM
80RM-20BFS
60RM-40BFS
40RM-60BFS
100BFS

SSA estimated
(g/cm³)
10.6
8.64
6.68
4.72
0.80
SSA measured
(g/cm³)
10.4
18.8 (+10.16)
15.9 (+9.22)
13.3 (+8.58)
0.85 (0.05)

48

Time (hour)
Figure 2. Heat released during the alkaline activation of BFS using red mud and impact on the
specific surface area (SSA)

The heat referred to the compositions with pure BFS or RM (100BFS and 100RM, respectively) did not
change up to 48 hours of monitoring. In contact with water and at high pH, the dissolution rate of BFS is
increased resulting in stable hydrated products: the increase in pH, generally, increases the solubility of
the materials and the precipitation of the hydrated compounds is favored by the increase of the ionic
strength in the solution (Dron, 1982; Iller, 1979; John, 1995). So, the association of RM and BFS at
different proportions promoted distinct changes in the heat flow released.
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Although some hypotheses are proposed, the mechanism of attack of the slag is still not fully understood:
it can be said that it is dependent on both the precursor material and the kind of activator. It is a
mechanism composed of a series of dissolution/condensation reactions, which include breaking the
bonds of the reagents into small and stable structural units, interaction between the coagulation
structures, and production of structures of condensation (Jaarsveld, et al, 1998; Chao, 2010).
The main product of this alkaline activation is the C-S-H, but it can be observed also the presence of
aluminium and sodium into the layers of C-S-H-gel, result in CASH (calcium silicoaluminate) or NASH
(sodium silicoaluminate), both found in products obtained in this study (mainly in the composition 40RM60BFS).
Figure 3 shows the ions leached in the products with different ratios between RM and BFS. The graphs
illustrate the difference between the expected concentration (Cexpected) and the measured (Cmeasured), i.e.:
the compositions 100BFS and 100RM were evaluated and the results expected for the blends (80RM20BFS, 60RM-40BFS, 40RM-60BFS) were estimated from the weighted average for each composition.
Then, the quantification of the concentration of ions leached in each blend was performed, and the
results calculated by the Cexpected - Cmeasured difference, because with the different ratio between RM and
BFS, different amounts of the soluble ions are added in the compositions.
The red solid line illustrated as RMREF indicates the “boundary” concentration in which, above it there is
an indication of increased susceptibility to leaching of ions, and below it there is an indication that the
ions are being fixed to the microstructure formed based on BFS alkaline activation, reducing the potential
for leaching.

Concentration of ions leached
(mg/l)

50

R² = 1.00

R² = 0.98

0

RMREF
R² = 0.69

-50
-100

Aluminium
Potassium
Sodium
Calcium

-150
R² = 0.97

-200
40RM-60BFS

60RM-40BFS

40

50
60
70
Red mud content (%)

-250

30

80RM-20BFS

80

90

Figure 3. Concentration of ions leached as a function of the different proportions between
bauxite residue and slag, after 48 hours of reaction
In this manner, it is clear that the most impacting result was obtained in the Na + leached, in the
compositions with lower than 60% of red mud content, i.e. 60RM-40BFS and 40RM-60BFS, in which
the formation of NASH was intensified, reducing the amount of ions potentially leached (Romano et al,
2018).
There are no changes on the K+ quantified, and the leaching of calcium and aluminum were higher than
for the reference. With the increase in the pH, there is an increase in the solubility of Al3+, and a decrease
in the solubility of Ca2+, and the precipitation of the hydrated compounds is favored by the increase of
the ionic strength of the solution.
However, as the ions were extracted after only 48 hours of alkaline activation, there are still many free
Ca2+ and Al3+ ions in the suspension, that are being used to promote the formation of aluminates and
carbonates.
So, the strategy of promoting alkaline activation of BFS using RM can be an alternative to fix sodium in
the structure of hydrated compounds formed, reducing the possibility of leaching after association with
Portland cement as a supplementary cementitious material.
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4.1.1 Cement compositions evaluated
All compositions were formulated replacing 10% of Portland cement by the products obtained by the
interaction of RM and BFS in different proportions. Table 4 illustrates the mass proportion of the products
of alkaline activation and Portland cement in each composition. All the pastes were mixed keeping
constant the water-to-solid ratio at 0.5 – in mass.
Table 4. Mass proportion of component of pastes
Sample
CPV
CPV100RM
CPV80RM-20BFS
CPV60RM-40BFS
CPV40RM-60BFS
CPV100BFS

4.2

Product
0
10
10
10
10
10

Portland cement
100
90
90
90
90
90

Heat released during the first 24 hours of cement hydration

0.005

25

0.004

20

Cumulative Heat (J/g)

Heat flow (W/g)

Figure 4 presents the heat released during the chemical reaction of Portland cement blended with the
products of alkaline activation of BFS with RM. The left chart of the figure presents the results of heat
flow and the chart on the right presents the cumulative heat up to 5 hours, period of rheological
evaluations, whose results are presented later, will be discussed to explain the hardening process of
these compositions. The heat released during the wetting period was excluded from the evaluation of
cumulative heat because there is an initial inertia in the stabilization of the ampoule temperature due to
the methodology applied, causing some inaccuracy in the tests and doubtful results. In fact, no specific
tendency was observed in relation to the kind of product of alkaline activation used as a supplementary
cementitious material. The table presented in Figure 4 (below the charts), illustrates the setting time,
reaction rate and cumulative heat after 24 hours of hydration reaction of cement.

0.003
0.002
0.001

CPV
CPV 100RM
CPV 80RM-20BFS
CPV 60RM-40BFS
CPV 40RM-60BFS
CPV 100BFS
Setting Time

15
10
5

Period of rheological evaluations

0.000

0
0

2

4

6

8
10 12
Time (hour)

14

CPV
CPV 100RM
CPV 80RM-20BFS
CPV 60RM-40BFS
CPV 40RM-60BFS
CPV 100BFS

16

18

Setting time
(h:min)
4:00
3:45
3:45
3:45
3:45
4:00

0
Reaction rate
(W/g/h)
0.00236
0.00225
0.00223
0.00222
0.00221
0.00220

1

2
3
Time (hour)

4

5

Cumulative heat
24 h (J/g)
196.94
188.83
185.66
185.88
184.76
183.28

Figure 4. Heat released during the chemical reaction of Portland cement blended with the
products of alkaline activation of BFS and RM. Highlighted is the cumulative heat obtained in
the period of rheological evaluations (results presented later) excluding the wetting period.
The symbol (◊) represents the setting time obtained according to the ASTM C1679-13 – Standard
Practice for Measuring Hydration Kinetics of Hydraulic Cementitious Mixtures Using Isothermal
Calorimetry: the thermal indicators of setting time may be taken as the time to reach 50% of the average
maximum heat of the main hydration peaks (e.g. the main peak of heat flow after the finish of the
acceleration period).
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The cement hydration reaction is directly related to the Ca 2+ released and the presence of these
substituents with high amounts of aluminates. It changes the phase dissolution and the removal of part
of calcium from the solution makes all these systems increasingly complex (Romano et al, 2016).
Begarin et al. (2011), evaluating the impact of Al (0,1%) on the chemical reaction of pure C 3S, observed
a considerable delay in the induction period, but there is no consensus about the effect of this ion on the
kinetics of hydration. That concentration can affect the formation of hydrated products, also in
accordance with results presented by Quennoz & Scrivener (2013). There is a hypothesis that the Alion is incorporated into the C-S-H layer; another assumption is that the presence of Al-ions poisons the
C-S-H crystals in formation, etc. Nicoleau et al (2014), on the other hand, explained that the aluminate
ions cause a strong inhibition of the dissolution due to the precipitation of an aluminosilicate species at
the outermost surface of C3S. Despite that, these Si-O-Al bonds are preferentially formed in low alkaline
conditions; they are stabilized at higher pH by calcium ions in the coordination sphere of aluminium ion.
However, despite the products of alkaline activation of BFS with red mud with the presence of soluble
Al, these effects were not observed in the hydration reaction of this Portland cement, and the induction
period was not affected.
Scrivener et al (2015) argued that the widely held theory of the formation of a protective layer on the
surface of cement grains inhibiting further hydration was not in agreement with some experimental
evidence, and explained this period using a theory that they called the geochemical theory of dissolution.
The essential aspect of this theory is that the dissolution is rapid at high degrees of undersaturation, as
it is energetically favourable for etch pits to form. So, according to this theory, at a critical degree of
undersaturation, the rate of dissolution slows dramatically, as etch pits can no longer form, or do not
contribute as significantly, and dissolution is mainly restricted to step retreat – there is a smoothing of
the surface and the dissolution becomes slow, close to the condition of the dissolution equilibrium of the
C3S (Juilland et al. 2010).
The surface becomes hydrated even before addition of the mixing water, due to inevitable exposure of
the cement grains to humidity in the environment, changing the crystal structure, and this can explain
why the surface energies calculated from the geochemical theory are less than those estimated from
the anhydrous crystal structure. This altered layer remains throughout the hydration process, supporting
the idea that these hydrated monomers correspond to the surface hydration, and the primary mechanism
controlling the kinetics up to the end of the induction period is the undersaturation with respect to this
surface layer.
Finally, but even still without strong confirmation, as soon as the precipitation of C-S-H occurs, the
concentration of Ca2+ ion in solution increases at the end of the induction period, in parallel with the
dramatic drops in the concentration of silicate. Consequently, the rate of dissolution of C 3S becomes
very slow as the solution is supersaturated with respect to calcium hydroxide. So, as the amount of
product is small, it needs time to build up as growth sites on the surface. It was suggested, then, that
disorganized C-S-H starts to grow on the original grains and then needles start to grow out from these
regions at the end of the induction period, starting the acceleration period and accentuating the heat
released.
The nucleation of C-S-H is slower in presence of aluminates, because the product precipitated at the
beginning of hydration reaction, which contains Al-ions, does not act as nucleation seeds (Garrault et
al, 2011). In parallel, with the dissolution of alkaline sulfates from the clinker of cements, and calcium
sulfates (setting regulators), the Al-ions are quickly consumed by the ettringite (Aft) formation (a tricalcium aluminium sulfate hydrated, 3CaO.Al2O3.3CaSO4.32H2O) However, the changes in the reaction
rate were very subtle in this work. In fact, the use of the alkali activated BFS with RM as a supplementary
cementitious material added a high amount of soluble aluminium in the solution, but at the same time
the considerable raise in the specific surface area accentuated the pits of nucleation, reducing the impact
of Al-ions.
The rate determining mechanism in the acceleration period has long been attributed to the growth of CS-H and there is considerable evidence to support this hypothesis. According to the geochemical
dissolution theory, after the end of the induction period the system moves to a more dynamic equilibrium,
and as soon as ions are removed from the solution by the precipitation of hydrates, the local under-
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saturation with respect to C3S will go up, increasing the dissolution rate until the ions have been replaced
in solution.
It must be considered that comparing the results obtained with the products (BFS+RM) with the results
of BFS (which was not activated up to 48 hours of reaction), the gain on the reactivity is clear,
accentuating the reaction rate and the cumulative heat. So, it is important to state that even with the low
availability of slags worldwide, this strategy can also be used to reduce the impact by using this residue
in compositions with Portland cement. The association BFS-RM can also be considered for use in
compositions of zero-cement (Romano et al, 2018).
4.3

Gain on consistency (G’) over time

The velocity of transition from viscous fluid behavior to elastic solid was accompanied by the variation
of the elastic storage modulus (G') as a function of time. These values were obtained by the oscillatory
time sweep test, with constant frequency and strain, into the linear viscoelastic regime (Carbone et al,
2018) and the results are shown in Figure 5. The setting time determined by calorimetry is also
presented, represented by the symbol (◊).

Storage modulus - G' (x106Pa)

This time is defined as the elapsed time from the moment when the water is added to the cement to the
time at which the paste starts losing its plasticity, but as can be seen, the setting time of each
composition was obtained at a different microstructure consistency. So, it is fair to say that there is no
trend in function for the gain on consistency in each paste, because compositions with different products
as a supplementary cementitious material were evaluated.
30
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CPV100RM
CPV80RM-20BFS
CPV60RM-40BFS
CPV40RM-60BFS
CPV100BFS
Setting time

25
20
15
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Time (hour)
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5

Figure 5. Monitoring the gain on consistency over time from the evaluation of G’.
For all the pastes, the variation of the elastic storage modulus remained slow for at least until 1 hour of
monitoring. From this time, the evolution of the G' value began rising quickly, and more intensely in the
compositions blended with the product of alkaline activation using more than 60% of red mud, compared
with the reference paste. On the other hand, the compositions CPV40RM-60BFS and CPV100BFS presented
slow kinetics of agglomeration, i.e. slower gain on consistency.
These alterations in the viscoelastic behavior were irreversible due to the hydration reactions of the
cement presented previously. Thus, a combined analysis of the results is an alternative which better
represents the hardening process and is shown in Figure 6. This kind of discussion can be done
considering two ways of evaluation: i. to monitor the consistency of paste at a fixed intensity of chemical
reaction; or ii. to monitor the intensity of chemical reaction to obtain a similar consistency. The dashed
yellow lines illustrate both conditions.
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Figure 6. Combined evaluation of gain on consistency (G’) and chemical reaction to evaluate
the hardening.
First, the setting times of these compositions presented no correlation with the physicochemical
parameters, but this information is not a problem because there is not a consensus about this topic.
The fact is that for the same intensity of heat released, the higher the amount of RM used in the product
of alkaline activation of BFS, the higher the G’ value. Of course, this can be related, in part, to the
changes in the physical properties of these products, but there is also an effective contribution of
chemical changes in the characteristics of these products, altering the dissolution, precipitation, ionic
forces, van der Walls interactions, and others. So, the balance between the physical and chemical
contribution to the hardening process did not follow the same pattern.
Another important information is that the slow dissolution of slag resulted in slow rigidification,
converging with practical results, causing a delay in the microstructural development.
5.

CONCLUSIONS

In the compositions evaluated in this work it was clear that the best proportion of red mud (RM) and
(BFS) was between 40% and 60% of RM, and a reduction on the leaching of sodium ions after this
reaction was observed, as a main goal of this strategy.
The products obtained were used as a supplementary cementitious material replacing 10% of Portland
cement in the compositions and did not considerably affect the hydration reaction. However, changes in
the gain on consistency were observed. This illustrates that the chemical reaction is important, but was
not predominant to govern the hardening process of these compositions.
So, the use of red mud (RM) as an activator of blast furnace slag (BFS) is a strategy that must be
considered in the development of a large-scale application for the waste of the Bayer process.
Finally, although the Brazilian standard allows high levels of substitution of clinker by BFS (up to 70%),
the availability of BFS is low. Additionally, Portland cements with slag show a slow development of their
chemical reaction. On the other hand, the association of RM and BFS can be an alternative, that, besides
fixing the soluble ions from RM, results in a material with higher reactivity than pure BFS.
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ABSTRACT
The cement industry is an intensive consumer of raw materials and a major emitter of greenhouse
gases. As one of the main alternatives for reducing these impacts, clinker substitution by wastes from
other industries is being extensive considered. Recent studies have demonstrated that a couple
substitution of Portland cement up to 45% by a combination of limestone and calcined clay (with a
kaolinite content as low as 40%) has a similar performance to ordinary Portland cement. This study
aims to evaluate the feasibility of utilizing a south Brazilian clay-based waste (CBW) from coal mining
as a kaolinite source for the production of a ternary blend with Portland cement and limestone (LS).
The mineralogical composition of the waste is basically quartz, mica and kaolinite. Ternary cement
blends were prepared by replacing 45% of the ordinary Portland cement by a combination of thermally
activated CBW (ACBW) and LS, in a 2:1 ratio. The microstructural development was studied using Xray diffraction, thermogravimetric analysis and isothermal calorimetry. Compressive strength of
mortars was evaluated at 1, 7 and 28 days. Rheological behaviour was also investigated. Results have
demonstrated the aptitude of ACBW as a pozzolanic addition, since ternary blended cements with
ACBW had similar behavior than with calcined clay in terms of hydration products and kinetics of
hydration.
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1.

INTRODUCTION

Cement industry is currently subject to strict environmental monitoring due to the sector being
responsible for approximately 5% of the worldwide anthropogenic CO2 emissions1. The key challenge
facing the global construction materials industry is the need to find a sustainable alternative through
the implementation of new technologies, to obtain materials with less environmental impact and similar
properties than traditional materials. The global tendency is the reduction of clinker (which is the main
and expensive component of the Portland cement) content through the inclusion of industrial byproducts or wastes. However, there is a limited quantity of supplementary cementitious materials
(SCM) locally available to be used in cement production in most countries (Scrivener et al., 2017).
Availability is not an issue when it comes to limestone and clays though, since these materials are
widely present in nature, in quantities that overcome world’s cement production (Scrivener et al.,
2017). Recently, a new type of ternary blended-cement has been developed in Cuba, India and
Switzerland (Antoni et al., 2012). A couple substitution of Portland cement up to 45% by a combination
of grounded limestone and thermal treated kaolinitic-based clay with a kaolinite content as low as 40%
has demonstrated similar performance to an ordinary Portland cement (OPC). This cement (known as
limestone calcined clay cement or LC3) can be a successful alternative in decreasing the CO2
emissions for cement manufacturers, using highly available sources as raw materials.
Some recent studies published by Frías et al. (2012) and Vigil et al. (2014) have used coal mining
wastes as an alternative to the kaolinite extracted from natural quarries. These clay-based waste
(CBW) are produced in the processes of coal mining, sorting, and processing of solid wastes (Dong et
al, 2015). Generally, the waste accounts for 15% to 20% of the output of raw coal (Shuang-xi, 2009).
The common destination of this material is disposal in landfills, which makes them a large
environmental problem (Bian et al, 2010). These wastes are known for mostly consisting of kaolinite
and illite, and it may also contain other materials in less amounts such as quartz, ferrous minerals and
carbonic matter (García-Giménez et al, 2016).
Prior research conducted by Dornelles et al. (2018) and Oliveira et al. (In press) have investigated the
pozzolanic nature of a Brazilian clay-based waste (CBW), confirming that when submitted to a
properly thermal treatment it can be turned into an alternative source of metakaolinite. More research
is now necessary to understand the behavior of this waste as a cement compound and enable its use
on a large scale. Thus, this research aimed to investigate the couple addition of CBW alongside
limestone to produce LC3 cements, in an attempt to valorize this waste as an alternative source of
metakaolin and thus avoid the extraction of natural clay. Properties evaluated comprise formation and
kinetics of hydration products and compressive strength at 1, 7 and 28 days.
2.
2.1

MATERIALS AND METHODS
Materials

Clinker, limestone (LS) and gypsum were supplied from a Brazilian Cement Plant. The clay-based
waste (CBW) from the coal mining was collected at a landfill site. A natural kaolinitic clay (NCL) was
used for comparison. As estimated from thermogravimetric analysis, according to methodology
followed by Avet and Scrivener (2018), NCL contains 87.96% of kaolinite while CBW contains 46.75%.
Both materials were dried, sieved under 30 mesh, thermally activated at 60 min at 750 ºC in a
laboratory oven to produce ANCL (activated NCL) and ACBW (activated CBW) and then grounded
using a planetary ball mill for 10 min (ANCL) and 40 min (ACBW). Figure 1 shows the X-ray diffraction
for CBW and ACBW, where quartz, mica and kaolinite can be identified as the major components.
Commercial fine quartz was used as an inert filler to compose reference formulations. Details of the
chemical compositions obtained from X-ray fluorescence in a Bruker S8 TIGER are given in Table 1.
Table 2 presents the key parameters (D10, D50 and D90) of the particle size distributions measured by
dry state laser granulometry in a Malvern Mastersizer 3000 and specific surfaces measured in a
Micromeritics ASAP 2020.

1

http://www.wbcsdcement.org/index.php/key-issues/climate-protection
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Figure 1. Mineralogical composition by X-ray diffraction for the CMW and the ACBW
Table 1: Chemical composition (%) of the raw materials given by X-ray fluorescence
Oxides

Clinker

CBW

NCL

LS

Gypsum

SiO2

12.95

55.73

45.70

0.47

1.08

Al2O3

3.45

23.59

38.20

0.28

0.47

Fe2O3

4.88

4.14

0.65

0.13

0.27

CaO

70.97

1.09

0.31

55.83

36.01

MgO

1.79

0.24

-

-

0.21

SO3

1.90

0.59

-

0.06

40.92

Na2O

-

-

-

-

-

K2O

1.97

2.08

0.39

0.02

0.09

TiO2

-

1.13

0.13

-

-

LOI

1.70

11.39

14.62

42.92

20.86

Table 2: Results from BET and PSD measurements of the different cement components
Parameters

Clinker

ACBW

ANCL

Quartz

LS

Gypsum

D10 (µm)

1.93

1.08

1.50

1.41

1.61

1.23

D50 (µm)

11.30

5.35

6.34

5.74

7.14

7.64

D90 (µm)

41.10

33.30

22.07

13.32

20.40

48.63

BET (m²/g)

1.43

24.75

11.82

2.55

1.02

13.76

2.2

Methods

Ternary blend cements were produced by blending the separately ground materials in different
combinations as detailed in Table 3. The coupled substitutions were made at a total level of 45%, with
a fixed clinker percentage of 50% and gypsum as 5%. All replacements were made by mass. Weight
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ratio of metakaolinite sources and LS was kept as 2:1, as suggested by Antoni et al. (2012). The
coupled additions have been replaced by quartz to compose blend REF.
Table 3: Formulations (%) of the blends
Cement

Clinker

ACBW

ANCL

Quartz

LS

Gypsum

ACBW-LS

50

30

-

-

15

5

ANCL-LS

50

-

30

-

15

5

REF

50

-

-

45

-

5

Compressive strength was measured at 1, 7 and 28 days. The hydration of the blends was followed by
isothermal calorimetry in a TA instruments TAMair at 25 °C as cement pastes with a water-to-cement
ratio of 0.45. Microstructural development was followed by thermogravimetric analysis (TGA) and Xray diffraction (XRD) at 1, 7 and 28 days. Samples were prepared using about 10 mg of dry paste
pieces crushed in an agate mortar. A Shimadzu DTG-60H using a 10 ºC/min ramp from 35 ºC to 1000
ºC under a 50 ml/min flow of N2 was used for TGA. XRD measurements were carried out on with a
Bruker D8 ADVANCE diffractometer using CuKα source (λ = 1.54 Å). Samples were scanned on a
rotating stage between 5 and 70 [2θ] with a step size of 0.02º and time per step of 1s. No
superplasticiser was used in any paste or mortar. Mortars cylinders of 50 mm diameter and 100 mm
length with a water-to-cement ratio of 0.48 were made and cured according to NBR 7215 (Associação
Brasileira de Normas Técnicas, 1996). Rheological behaviour was assessed as described in NBR
16607 (Associação Brasileira de Normas Técnicas, 2017a) to determine setting time using a Vicat
apparatus, and NBR 16606 (Associação Brasileira de Normas Técnicas, 2017b) to determine the
water content at normal consistency.
3.
3.1

RESULTS AND DISCUSSION
Compressive strength

Compressive strength results from pastes REF, ACBW-LS and ANCL-LS at 1, 7 and 28 days are
shown in Figure 2 and relative compressive strengths compared to REF are given in Figure 3.

Figure 2. Compressive strength of pastes REF, ACBW-LS and ANCL-LS blends mortars at 1, 7
and 28 days
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Both ACBW-LS and ANCL-LS showed higher strength than REF at all ages, and major difference at
later ages can be expected due to prolonged pozzolanic reaction, as seen by Dhandapani et al.
(2018). ANCL-LS also had superior compressive strength than ACBW-LS at all ages as foreseen by
its superior kaolinite content. Scrivener et al. (2017) showed that the kaolinite content is the most
important factor driving the compressive strength of LC3 cements, as it ensures the reactivity of the
calcined clay, and other minor elements present in the calcined clay does not seen to directly impact
this property.

Figure 3. Compressive strength of pastes REF, ACBW-LS and ANCL-LS blends normalized to
the strength of REF mortars at 1, 7 and 28 days
3.2

Evolution of hydrated phases

3.2.1 XRD
The XRD pattern of pastes REF, ACBW-LS and ANCL-LS at 1, 7 and 28 days are presented in Figure
4. XRD data for REF mostly shows the formation of ettringite and portlandite (CH), while
carboaluminate phases – monocarboaluminate (Mc) and hemicarboaluminate (Hc) – can also be seen
in pastes ACBW-LS and ANCL-LS due to the presence of limestone and extra aluminate provided by
the metakaolin. Pastes ACBW-LS and ANCL-LS presented a very similar phase formation until the
age observed in this study. The presence of non-reactive quartz can be observed in paste ACBW-LS,
coming from the CBW. In both pastes ettringite has appeared since the 1st day in a slightly larger
amount than for paste REF and it apparently remained constant until 28 days. While CH consumption
can be noticed at 7 days for paste ANCL-LS, it only appears at 28 days for ACBW-LS. Hc appears at
7 days, differently from the observed for Antoni et al. (2012), which has seen these phases with 1 day.
Avet and Scrivener (2018) attribute that result to the gypsum optimization done by Antoni et al. (2012),
which hasn’t been done here, as the formation of carboaluminate hydrates only starts after sulphate
depletion. Both Mc and Hc are present in ACBW-LS and ANCL-LS pastes with 28 days. In general,
results agree with those found by Avet and Scrivener (2018), which have compared LC3 cements with
various kaolinite contents, when comparing clays with similar kaolinite content as the ones studied
here.
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Figure 4. XRD patterns for (a) REF, (b) ACBW-LS and (c) ANCL LS, at 1, 7 and 28 days.
Ettringite (Ettr.), monosulfoaluminate (Ms), hemicarboaluminate (Hc), monocarboaluminate
(Mc), portlandite (CH)
3.2.2 TGA analysis
Figure 5 shows the derivative thermogravimetry (DTG) of REF, ACBW-LS and ANCL-LS pastes with
1, 7 and 28 days. As for the XRD results it can be noticed that pastes ACBW-LS and ANCL-LS show
similar trends. The first peak at approximately 80 °C is attributed to C-S-H and AFt phases by PuertaFalla (2015). The second peak that appears at 7 days for blends ACBW-LS and ANCL-LS at the
temperature of 140 °C is assigned to carboaluminates by Antoni et al. (2012). It has slightly increased
from 7 to 28 days in both blends. The peak related to CH decomposition – at approximately 400 °C –
has increased over time for paste REF, as expected, whereas for the other pastes the CH
consumption over time due to the pozzolanic nature of the metakaolin was not observed until the age
observed in this study. Peaks above 600 °C, which are more accentuated for blends ACBW-LS and
ANCL-LS, can be mostly related to non-reacted calcite, according to Antoni et al. (2012).
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Figure 5. Derivative thermogravimetry (DTG) of (a) REF (b) ACBW-LS and (c) ANCL-LS pastes,
with 1, 7 and 28 days
3.3

Heat of hydration

Figure 6 shows the isothermal calorimetry results from pastes REF, ACBW-LS and ANCL-LS. Results
were normalized per gram of solid, but it can also be interpreted as per gram of clinker as the clinker
factor is the same for all blends. Once again, the results show a very similar behaviour from both
blends with calcined clays. The main peak kinetics is enhanced in relation to blend REF due to filler
effect. This explains why blend ACBW-LS had higher peak than blend ANCL-LS, as its superficial area
is the double (as seen in Table 2). This result can be extrapolated to predict a sooner initial setting
time for these blends than REF. Also, the aluminate peak occurs earlier and stronger in these blends,
indicating the pronounced consumption of sulphate to form ettringite and monosulfoaluminates, as
confirmed by XRD results with 1 day. Differently from the main peak, paste ANCL-LS had higher heat
development than ACBW-LS in this peak. These results are in agreement with the ones made by Avet
and Scrivener (2018). After the first 24 h, curves show an enhancement of ANCL-LS reactions, most
due to pozzolanic reactions.
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Figure 6. Isothermal calorimetry curves of pastes REF, ACBW-LS and ANCL-LS until 72 h (a)
Heat flow; (b) cumulative heat
3.4

Rheological behaviour

Results of initial and final setting time and water content at normal consistency are indicated in Table
4. As predicted from isothermal calorimetry results, blends ACBW-LS and ANCL-LS had lower initial
setting results than REF due to the high superficial area of the calcined clays. Blend ACBW -LS had
earlier final setting time than ANCL-LS. On the other hand, blend ACBW-LS was the cement that
needed less water to get a normal consistency, while blends ANCL-LS and REF had similar results.
These results are in disagreement with the ones seen by Frías et al (2012), which have seen the
water demand raise with the addition of activated coal wastes. This is a positive point for ACBW over
ANCL as water demand is usually related as a major problem of the calcined clays additions in fresh
concretes (Nehdi, 2014).
Table 4: Rheological properties
Cement

Initial setting
time (min)

Final setting
time (min)

Relative water
content (%)

ACBW-LS

155

220

30.8

ANCL-LS

165

270

33.8

REF

230

310

33.2
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4.

CONCLUSIONS

Results show great aptitude of the CBW studied here to replace natural clays as a pozzolanic
component in LC3 cements. Regarding mineralogical composition, CBW is mostly constituted by
quartz, mica and kaolinite. The thermal treatment of 750 °C for 1 h seems adequate to dehydroxilate
the kaolinite from the raw waste and turn it into a reactive pozzolan. Cements with ACBW behaved in
similar way than with natural calcined clay in terms of hydration products and kinetics of hydration.
Lower compressive strength was expected due to its minor kaolinite content, but still showing
satisfactory results comparing to a reference cement. Rheological results showed an advantage of
ACBW-LS over ANCL-LS as concerned to the water demand. Economically and environmentally
speaking CBW is preferable to natural clays once a new destination is given to a waste material and
natural quarries are spared from extraction. However, environmental assessments, durability and
mechanical tests are expected to be further realized in order to confirm these results.
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ABSTRACT
In this paper, the feasibility of using biomass fly ash as a supplementary cementitious material is
investigated. Conventional coal fly ash and biomass fly ash from combustion of 100% wood pellets
were collected from power plant (Belgium). The physicochemical properties of fly ashes were
characterized by different techniques such as laser diffraction spectroscopy, XRF and XRD. The
biomass fly ash was irregular in shape compared with the conventional coal fly ash. Mortars with
different percentages of replacement (0%, 10%, 20%, 30% and 50%) of cement by biomass fly ash
and coal fly ash were manufactured, and then the fresh properties and mechanical properties were
studied. The results showed that the slump value of mortar with biomass fly ash decreased as the
substitution increased. The mechanical strength of mortar with 10% of biomass fly ash was slightly
lower than the reference mortar, however, when 20% biomass fly ash was added, the compressive
strength was around 77% of the reference mortar. The mechanical properties of mortars with coal fly
ash were always higher than that of mortars with equivalent biomass fly ash, which was due to the
presence of higher amorphous content in coal fly ash. The studied biomass fly ash did not meet the
standard EN 450-1 requirements for reuse as mineral admixtures. It is possible to reuse biomass fly
ash in cement-based materials. The limit of biomass fly ash replacement in cement can be set at 20%
to ensure the quality of the sustainable mortars based on biomass fly ash.
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1.

INTRODUCTION

The combustion of biomass or co-combustion of biomass with coal can reduce coal consumption and
minimize the global CO2 emissions. Biomass accounts for more than 4% of the total energy
consumption in the European Union and it will increase in the future. However, the storage of biomass
fly ash occupies land area and increases the risk of contamination of groundwater. Concrete is the
largest volume material used for infrastructure developments. Cement production releases about 5-7%
of CO2 emission of all man made. Replacing part of clinker or cement by supplementary cementitious
materials is becoming common for the ecological or environmental benefits.
Currently, the use of biomass fly ash is commonly used as a soil supplement to improve the alkalinity
of soil for agriculture applications (Jala and Goyal, 2006). Biomass fly ash is also used as a filler
material in the construction of pavements for roads. Recent research findings confirm the suitability of
biomass fly ash as partial cement replacement in the production of structural concrete in building
construction (Berra et al., 2015; Ramos et al., 2013; Tosti et al., 2018). Naik et al. (2003) showed a
wider range of a total chemical composition of silica, alumina and ferric compounds between 18.6%
and 59.3% for the wood ash samples examined. Wang et al. (2008) reported that the wood waste fly
ash consisted of particles which were highly irregular in shape with a higher porous surface.
Several researchers had common findings: the use of wood waste ash as a partial cement
replacement materials in concrete at all level of cement replacement ranged between 5% and 30%, it
reduced the compressive strength of the concrete mix produced relative to Ordinal Portland Cement
(OPC) concrete for all curing times (Cheah and Ramli 2011; Esteves et al., 2012). Elinwa and Ejeh
(2004) investigated the compressive strength development of mortar mixes containing biomass fly ash
from wood waste as a cement replacement between 5 and 30% at stepped increments of 5%. They
observed that mortar mix with 10% of wood waste ash as partial cement replacement material
exhibited similar compressive strength as equivalent mortar mix with only OPC mortar at a 60 day
curing age. Rajamma et al. (2009) investigated the study of new cement formulations incorporated
with biomass fly ashes. Two types of biomass fly ashes (similar to class C fly ashes according to
European standard EN 450-1) were used as cement replacement material at replacement level of 10,
20 and 30% of total binder weight. The results showed that mortar mixes with one type of biomass fly
ash content of 10% exhibited higher 28-day compressive strength but lower flexural strength in
comparison with equivalent neat OPC mortar. For the other type of biomass fly ash, the compressive
strength and flexural strength decreased when the 10% of cement replacement was used. For the
higher replacement level of 20 and 30% of total binder weight, the compressive strength relative to
equivalent OPC mortar mix decreased. However, biomass fly ash is excluded from addition in
concrete according to the standards now.
In this paper, the feasibility of using biomass fly ash as a supplementary cementitious material is
investigated. Conventional coal fly ash and biomass fly ash from combustion of 100% wood pellets
were collected from industrial power plant located in Belgium. The physicochemical properties of fly
ashes were characterized by different techniques such as laser diffraction spectroscopy, X-ray
fluorescence spectroscopy (XRF), X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Mortars with different percentages of replacement (0%, 10%, 20%, 30% and 50%) of cement by
biomass fly ash and coal fly ash were manufactured, and then the fresh properties and mechanical
properties of mortars were studied.
2.

MATERIALS AND METHODS

2.1

Fly ashes characterization

The biomass fly ash used was collected from combustion of 100% wood pellets (Electrabel Company).
The density of biomass fly ash was 2.73 g/cm 3 measured by helium pycnometer, which is lower than
Portland cement. Table 1 shows that the biomass fly ash had higher calcium, magnesium,
phosphorus, potassium, and lower silicon, aluminium, iron compared to the coal fly ash (class F fly ash
according to European standard EN 450-1). The biomass fly ash had a lower SiO2 + Al2O3 + Fe2O3
chemical compositions (SiO2 + Al2O3 + Fe2O3 content is 84.9% for coal fly ash, while it is 33.2% for
biomass fly ash) hence lower pozzolanic reactivity compared with the coal fly ash. The biomass fly ash
had a higher loss ignition than that of coal fly ash and cement, which was due to the certain degree of
inefficiency in the conversion of carbon due to kinetic and mass transfer restriction in the biomass
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power plant when wood pellets were at sufficiently high temperature between 750°C and 1000°C.
Laser granular analysis of cement and biomass fly ash showed that D 50 of the biomass fly ash was
33.39 µm while D50 of the cement was 11.14 µm (Figure 1). The D50 of the coal fly ash was 29.04 µm,
which is similar to the biomass fly ash. The biomass fly ash contained a lower proportion of fine
particles (1 µm to 30 µm) than cement. The BET specific surface area of biomass fly ash (2.61 m 2/g)
was two times larger than that of cement (1.29 m 2/g) according to BET method. The BET specific
surface area of coal fly ash (2.18 m2/g) was larger than the cement, but it was lower than that of
biomass fly ash. That might be due to the higher degree of irregularity in particle shape and higher
porosity on surface of biomass fly ash.
Table 1. Chemical compositions determined by XRF (%)
SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

NaO

K2O

P2O5

TiO2

LOI

Total

Coal fly
ash

49.3

27.7

7.9

0.1

1.6

1.4

0.8

4

0.3

1

6.6

100.4

Biomass
fly ash

24.7

5.3

3.2

1

9.3

25.8

2.3

7.9

4.9

0.4

9.7

94.3

CEM I
52.5 N

20.2

4.8

3.3

0.1

1.8

64.2

0.3

0.5

0.4

0.5

1.1

100

120
Coal fly ash

Cumulative Passing (%)
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Biomass fly ash
Cement CEM I 52.5
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100

1000

Figure 1. Particle size distributions of fly ashes and cement used in mortars

2.2

Mix design of mortars

Ordinal Portland Cement (CEM I 52.5 N) provided by CBR Company was used to manufacture the
mortars. The density of cement CEM I 52.5 measured by helium pycnometer was 3.12 g/cm 3. A
siliceous CEN standard sand (corresponds to European standard EN 196-1) was used as natural sand
with the density of 2.66 g/cm 3.
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Eight mortars were made with CEM I 52.5 being replaced by the same mass of biomass fly ash and
coal fly ash at replacing levels of 0%, 10%, 20%, 30% and 50% (noted M0, MB10, MB20, MB30,
MB50 respectively for series I mortars with biomass fly ash and noted M0, MC10, MC20, MC30, MC50
respectively for series II mortars with coal fly ash). Table 2 shows the compositions of the studied
mortars with biomass fly ash. The same compositions were used for the series of mortars with coal fly
ash (series II). A precise mixing procedure was followed according to European standard EN 196-1.
Table 2. Compositions of mortars with biomass fly ash (mortars series I)
M0

MB10

MB20

MB30

MB50

Sand (g)

1350

1350

1350

1350

1350

Cement (g)

450

405

360

315

225

Biomass fly ash (g)

0

45

90

135

225

Efficient water (g)

225

225

225

225

225

Eeff/(C+B)

0.5

0.5

0.5

0.5

0.5

2.3

Experiments on mortars

After mixing, the slump of mortar was measured with Abrams’ mini-cone (h = 60 mm, D = 100 mm, d =
70 mm) according to the European standard EN 1015-3. The preparation of specimens (40 mm × 40
mm × 160 mm) for mechanical strength tests was followed in accordance with European standard EN
196-1. The flexural and compressive strengths of hardened mortar were determined in accordance
with European standard EN 196-1. These two mechanical tests were carried out with an INSTRON
5585 (loading capacity of 200 KN) after being cured 7, 28 and 90 days in water.
3.

RESULTS AND DISCUSSIONS

3.1

Fresh properties of mortars

Slump flow (mm)

The slump flow of mortars decreased when the substitution of biomass fly ash increased (Figure 2).
This trend could be due to the higher specific surface area of biomass fly ash compared to cement.
Thus, part of the mixing water was expected to be adsorbed by biomass fly ash and thereby the free
water quantity decreased, leading to a significant loss of workability (confirmed by Rajamma et al.,
2009). The density of fresh mortar (Figure 3) decreased as the substitution of cement by biomass fly
ash increased, which is certainly due to the lower density of biomass fly ash compared to cement.
200
180
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Figure 2. Slump as a function of mortars series I
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Figure 3. Density as a function of different types of mortars series I

3.2

Hardened properties of mortars

Figure 4 and Figure 5 present the flexural and compressive strengths of mortars series I (average
values obtained by three measurements for flexural strength and six measurements for compressive
strength). Both flexural and compressive strengths of mortars after 28 days decreased when the
substitution of cement by biomass fly ash increased. This result is in agreement with the dilution of
cement when part of the cement is substituted by unreactive or slightly reactive compounds. The
compressive strength of mortars (MB10, MB20, MB30, MB50) after 28 days are 87.7%, 76.8%, 58.4%,
26.8% compared with the reference mortar (M0). The flexural strength of mortars (MB10, MB20,
MB30, MB50) after 28 days are 83.5%, 83.0%, 76.6%, 38.2% compared with the reference mortar
(M0). The trend observed is most probably due to the mechanism that biomass fly ash particles act
more like filler materials within the cement paste matrix than as binder material. Thus, increasing
biomass fly ash resulted in an increased surface area of filler materials to be bonded by decreasing
the amount of cement which caused a decline in strength. Mortar with the substituting amounts of
biomass fly ash up to 20% is still acceptable with respect to flexural and compressive strength. Similar
results were observed by the other researchers (Berra et al., 2015; Elinwa and Ejeh, 2004; Rajamma
et al., 2009)
Figure 6 and Figure 7 present the flexural and compressive strengths of mortars series II (average
values obtained by three measurements for flexural strength and six measurements for compressive
strength). Both flexural and compressive strengths of mortars after 28 days decreased when the
substitution of cement by coal fly ash increased. The compressive strength of mortars series II (MC10,
MC20, MC30, MC50) after 28 days were 94.7%, 84.5%, 71.3%, 42.2% compared with the reference
mortar (M0). The flexural strength of mortars series II (MC10, MC20, MC30, MC50) after 28 days were
91.2%, 82.0%, 70.0%, 58.3% compared with the reference mortar (M0). The compressive strength of
mortars series II (MC10, MC20, MC30, MC50) after 90 days were 99.0%, 96.0%, 83.3%, 58.2%
compared with the reference mortar (M0). The benefice of substitution of coal fly ash became higher
after the 90 days, which is due to the pozzolanic activity of fly ash; this is done between an amorphous
silica content of coal fly ash and portlandite from the hydration of cement (Naik et al., 2003).
Figure 8 shows the relative compressive strengths of all studied mortars compared with the reference
mortar. As it can be seen, the mechanical properties of mortars with coal fly ash were always higher
than that of mortars made with biomass fly ash. This trend is probably due to the higher pozzolanic
activity of coal fly ash and higher CSH gel formation within cement paste matrix microstructure
compared to the biomass fly ash, which is induced by the higher amorphous content in coal fly ash
(SiO2 + Al2O3 + Fe2O3 content is 84.9% for coal fly ash while it is 33.2% for biomass fly ash).
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Figure 4. Flexural strength as a function of mortars series I
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Figure 5. Compressive strength as a function of mortars series I
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Figure 6. Flexural strength as a function of mortars series II
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Figure 7. Compressive strength as a function of mortars series II
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Figure 8. Relative compressive strength as a function of mortars series I and II

4.

CONCLUSIONS

In this paper, the feasibility of using biomass fly as a supplementary cementitious material was
investigated. Mortars with different percentages of substitution (0%, 10%, 20%, 30% and 50%) of
cement by biomass fly ash and coal fly ash were investigated. The mechanical strength of mortar with
10% replacement of cement by biomass fly ash was slightly lower than the reference mortar; however,
the compressive strength was around 77% of the reference cement mortar when 20% replacement of
cement by biomass fly ash was added. The 30% replacement of cement by biomass fly ash showed a
decline in strength, as compressive strength was around 58% of reference mortar. The mechanical
properties of mortars with coal fly ash were always higher than that of mortars made with equivalent
biomass fly ash, which was due to the presence of higher amorphous content and higher pozzolanic
activity in coal fly ash. The studied biomass fly ash did not meet the European standard EN 450-1
requirements for reuse as mineral admixtures. According to this study, it was found to be satisfactory
and possible to reuse biomass fly ash in cement-based materials. The limit of biomass fly ash
replacement in cement can be set at 20% to ensure the quality of the sustainable mortars based on
biomass fly ash. Further experiments such as durability of mortars (carbonation resistance, drying
shrinkage) and leaching properties should be analysed and controlled according to different
applications.
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ABSTRACT
The hydration heat and strength of ocean cement (OC) and ordinary Portland cement (OPC) are
studied in this work. OC is prepared by uniformly mixing OPC and admixtures (fly ash, slag,
desulfurized gypsum, and super plasticizer). Results indicated that the hydration heat of OC after 7
days for curing was lower than that of OPC by 41%-64.8%. Moreover, when the total amount of
admixtures was not more than 70%, the compressive strength of OC after curing for 28 days was no
lower than that of OPC. Furthermore, Fourier transform infrared spectrometer (FTIR) and scanning
electron microscope (SEM) were used to analysis the hydration of cement. FTIR analysis showed that
the absorption peak intensity of calcium hydroxide (CH) produced by the hydration of OC after curing
for 7 days was significantly lower than that of OPC, indicating that the hydration of OC was more
sufficient, which was conducive to improving strength. Furthermore, SEM observations showed that
the hydration of OPC produced a large number of hexagonal prismatic block-shaped CH crystals, but it
was rare in the OC paste, indicating that OC was not easily eroded by (SO4)2- and had better
durability. Therefore, in comparison with OPC, the OC with low hydration heat has better application
value in the mass concrete engineering under ocean environment.
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1.

INTRODUCTION

The 21st century is the ocean century. With the growth of social economy, the ocean engineering
construction in china has gained extensive development space. Concrete is an important basic
material for social development, which has been applied on a large scale in ocean engineering.
However, the harsh ocean environment (e.g., seawater, salt spray erosion, and wave erosion) has put
forward higher and newer requirements on the performance of ocean concrete.
Due to poor corrosion resistance and high hydration heat, ordinary Portland cement is difficult to meet
the requirements of ocean engineering, especially the mass concrete engineering under the harsh
ocean environment. Therefore, there is an urgent need to develop special cement which is suitable for
ocean engineering. In this respect, the national standard GB/T 31289-2014 of the P.R. China named
‘Portland cement used for ocean project’ was formulated and published in 2014. However, due to the
high price and limited production, the special cement has not been widely used. Based on the GB/T
31289-2014 standard, we developed a new generation of ocean cement with excellent performances,
such as low hydration heat and high corrosion resistance, which was prepared by using fly ash, slag,
desulfurization gypsum, and super plasticizer (powders). Notably, the process was simple and the
price was low. By compounding a variety of active admixtures and adding a water-reducing agent
matched with cement, ocean cement obtained superior performance than that of ordinary Portland
cement, the so-called ‘superposition effect (Hwang CL & Shen DH 1991, Bijen J 1996, Thomas M &
Bamforth PB 1999, Puertas F et al. 2000, Li G & Zhao X 2003, Zhang J et al. 2007, Kuder K et al.
2012, Chi M & Huang R 2013).
The hydration heat and strength of ocean cement and ordinary Portland cement were studied in this
work. Moreover, the hydration of these two cement systems was tested by Fourier Transform infrared
(FTIR) spectroscopy and scanning electron microscopy (SEM). This work aims to provide technical
support for the construction of mass concrete projects under the ocean environment.
2.

EXPERIMENTAL SECTION

2.1

Materials

Ordinary Portland cement type II 52.5 (OPC), slag (S), fly ash (FA), desulphurized gypsum (DSG), and
super plasticizer (SP) were used in this work. Based on the composite effect, three groups of ocean
cement (OC) were prepared with FA, S, DSG, and SP. DSG was mixed in OC for retarding effect. SP
was a powder admixture, which was used for workability purposes.
2.2

Preparation of Specimens

Mixture proportions for testing the hydration heat are shown in Table 1.
Table 1. Mixture proportions of ordinary Portland cement (OPC) and ocean cement (OC) pastes

Cement

Quantities (g)
OPC

FA

S

DSG

SP

W

OPC

100

0

0

0

0

40

OC1

38

13

45

2

2

30

OC2

30

15

50

3

2

30

OC3

15

10

68

5

2

30

* FA, S, DSG, SP and W are the abbreviation of fly ash, slag, desuphurized gypsum, super plasticizer
and water, respectively.
Mixture proportions for testing the compressive strength are shown in Table 2. The fluidity of cement
mortars was maintained as 160±5 mm for all mixtures by adjusting the water consumption. Four
mixtures of mortars were prepared according to the national standard GB/T 17671-1999 of the P.R.
China.
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Table 2. Mixture proportions for testing strength

Cement

Quantities (g)
OPC

FA

S

DSG

SP

ISO Sand

W

Fluidity (mm)

OPC

450

0

0

0

0

1350

225

155~165

OC1

171

58.5

202.5

9

9

1350

-

155~165

OC2

135

67.5

225

13.5

9

1350

-

155~165

OC3

67.5

45

306

22.5

9

1350

-

155~165

2.3

Test Methods

2.3.1 Hydration Heat Tests
Hydration heat test for cement pastes was conducted according to the national standard GB/T 129592008 of the P.R. China.
2.3.2 Compressive strength test
Compressive strength test was conducted on cubes of 40 mm × 40 mm × 160 mm according to the
national standard GB/T 17671-1999 of the P.R. China. Each test was conducted in triplicates. The
concrete cubes samples were cured to 1 days, 3 days, and 28 days, respectively.
2.3.3 FTIR analysis
Fourier transform infrared (FT-IR) spectra were obtained on a FTIR-650 spectrometer (Gangdong,
Tianjing, China) ranged from 4000 to 400 cm−1. The samples were prepared by KBr compression
method.
2.3.4 XRD analysis
Small fragment of cement paste samples were grinded manually to prepare the powder samples for Xray diffraction (XRD) analysis. Samples were analyzed by using a DX-2700BH (Haoyuan, Dandong,
Liaoning, China) instrument in Bragg–Brentano geometry with Cu Kα (λ=1.5418 Å) radiation operated
at 40 kV and 30 mA. Samples were placed on a rotating zero-background holder made of singlecrystal Si, gently pressed to obtain a sample thickness of about 0.5 mm, and scanned in the 2θ range
of 10–60º in steps of 0.02º.
2.3.5 Morphology Observation
The scanning electron microscopy (SEM) micrographs of samples were obtained using a HITACHI
S4800 instrument (Hitachi, Tokyo, Japan) working at 10 kV.
3.
3.1

EXPERIMENTAL SECTION
Hydration heat

The results of hydration heat of cement pastes are showed in Figure 1 and Table 3. For each mixture,
the hydration heat increased with increasing the curing age, and most of hydration heat was released
in the first three days. Moreover, the hydration heat decreased with increasing the admixture content.
Notably, the hydration heat of OC1, OC2, and OC3 was significantly lower than that of OPC,
especially at the curing age superior to 3 days. For OC3, the hydration heat was smallest, and the
reduction of hydration heat after curing for 3-7d reached more than 60%, compared with OPC. The
main reason is obviously that the OC mixed a large amount of admixtures. The amount of admixtures
of OC1, OC2, and OC3 was 62%, 70%, and 85%, respectively. Especially for OC3, the amount of fly
ash and slag reached to 78%, while the amount of OPC was only 15%, which greatly reduced the
amount of C3S and C3A released high heats (Li H et al. 2008, Hu X et al. 2017), resulting in the
hydration of OC3 at 7 days curing decreased by 64.8%.
Seen from the experiment results shown above, the hydration heat of OC was much lower than that of
OPC, indicating that OC is suitable for the mass concrete.
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Figure 1. Hydration heat of OPC and OC
Table 3. Reduction of hydration heat of OPC and OC

Cement

3.2

Admixture(wt.%)

Reduction of hydration heat (%)

OPC

1d

3d

5d

7d

OPC

100

0.0

0.0

0.0

0.0

OC1

38

17.7

36.5

39.8

41.0

OC2

30

31.2

46.6

48.9

50.9

OC3

15

48.4

62.0

63.4

64.8

Compressive strength

The results of compressive strength of cement mortars are shown in Figure 2.

Figure 2. Compressive strength of OPC and OC mortars
Due to adding high content of fly ash, slag, and desulphurized gypsum which is a retarder, the
compressive strength of OC mortars after 1 day for curing were all much lower than that of OPC
mortar. Particularly, the compressive strength of OC3 was only 0.8 MPa. However, the strength
developed very quickly from 1 day to 3 days. When the curing age reached to 3 days, the compressive
strength of OC mortars was very close to or even exceeded that of OPC mortar. Moreover, the
compressive strength of OC1, OC2, and OC3 mortars after 28 days for curing was higher than that of
OPC mortar by 11.5%, -1.1%, and -23.5%, respectively. Therefore, when the total amount of
admixtures was not superior to 70%, the strength of OC at 28 days curing was not lower than that of
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OPC. Notably, due to OC mixed with a large amount of fly ash and slag, they will continue to exert
volcanic ash effect, producing a good composite effect, and thus the strength continuously increase
with the growth of curing age (Li G & Zhao X 2003), which is difficult for OPC.
3.3

FTIR

The infrared (FTIR) spectrum of cement pastes after 7 days of curing is shown in Figure 3. Seen from
the strength results above, the strength of OPC and OC2 was very close. Therefore, it is more
meaningful to analyze and compare the differences of hydration products between OPC and OC2
hydration systems. As shown in Table 4, the hydration products of two cement systems were mainly
hydrated calcium silicate (C-S-H) gel, calcium hydroxide (CH), ettringite (AFt), and aluminate. Among
them, the silicone tetrahedron of the hydrated calcium silicate existed in the form of (SiO 4)2- and
(SiO3)2- (Huang X et al. 2013). The obvious absorption peak of CH (3633cm -1) appeared in the OPC
hydration system, but the absorption peak (3635cm -1) in the OC system was not obvious, indicating
that there was more CH in the hydration products produced by OPC. Obviously, the hydration of OC
was more complete. The reason may be that OPC only accounts for 30% in OC and naturally less CH
was produced. Moreover, slag and fly ash which accounts for 50% had started to hydrate after curing
for 7 days, exerting pozzolanic effect and consuming some CH. Furthermore, the absorption peak of
aluminate produced by hydration of OC was stronger than that of OPC, which also proved the
existence of pozzolanic effect to some extent. Therefore, the late strength of OC2 should improve with
the curing age increasing, which will catch up with the strength of OPC.

Figure 3. Infrared spectrogram of cement pastes after curing for 7 days
Table 4. Infrared spectral characteristics of hydration of cement
Wavenumbers
(cm-1)

3680~3600
Ca(OH)2

1120
AFt

970～950

OPC

3633

1126

976

OC2

3635

1119

972

(SiO3)

2-

950~700
(AlO4)5-

500~350
(AlO6)9-

876

673

523,467

872

-

521,465

890～830
(SiO4)

2-

3.4 XRD
The XRD patterns of the hydration products of pastes after curing for 7 days are shown in Figure 4.
The hydration products of the OPC and OC2 mixes mainly include C-S-H, CH, and AFt, etc. Moreover,
many cement particles left un-hydrated in harden cement pastes. Notably, in the case of OC2 sample,
one can easily observe that the CH peaks are much shorter than that of the OPC mix, indicating that
the amount of crystalline CH is much fewer. This showed evidence of a pozzolanic reaction of slag
and fly ash which introduced to the ocean cement with the CH to form more C-S-H. In general, the
hydration of slag can occur as early as 7 days of curing (Metha PK & Monteiro PJM 2005). However,
the hydration rate of fly ash is relatively low. As shown in Figure 4, there are many un-hydrated fly ash
particles in the OC2 paste. This is indicated by the XRD pattern of fly ash. The characterization results
of XRD and FTIR were consistent.
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Figure 4. XRD patterns of fly ash, the hydration products of OPC and OC2 pastes after curing
for 7 days. C-S-H: hydrated calcium silicate, CH: calcium hydroxide (CH), AFt: ettringite, C3S:
3Cao·SiO2, and C2S: 2Cao·SiO2
3.5

Micrograph

The microscopic morphology (SEM) of the cement paste after 7 days of curing is shown in Figure 5.
The hydration products of two cement systems mainly include clustered C-S-H gel, hexagonal
prismatic CH crystals, and needle-shaped AFt crystals, etc. As seen in Figures 5a and b, it is found
that the hydration of OPC produces more bulk CH crystals than that of OC2, which is consistent with
the results of the FTIR analysis mentioned in Section 3.3. Due to the poor bonding ability and easy
formation of oriented structure for bulk CH crystals, it is not conducive to the strength of concrete.
Moreover, the CH crystals in cement paste are also susceptible to erosion of (SO 4)2-, which is not
conducive to the carbonation resistance and sulfate resistance of concrete (Torii K et al. 1995,
Chindaprasirt P et al. 2004, Li G 2012, Sumer M 2012,Dung NT et al. 2014). It can be seen that the
ocean cement has good durability.

Figure 5. SEM images of cement pastes after curing for 7 days: (a) OPC; and (b) OC2
4.

CONCLUSIONS

The following conclusions have, hence, been drawn:




The hydration heat of the ocean cement (OC) was greatly reduced by mixing four kinds of
admixtures such as slag, fly ash, desulfurization gypsum, and super plasticizer. The
reduction of hydration heat of OC after 7 days for curing was as high as 41%-64.8%,
compared with ordinary Portland cement (OPC).
When the total content of four admixtures was not higher than 70%, the compressive
strength of OC mortars after 28 days for curing was very close to or even better than that
of the OPC. Due to adding high total content of fly ash, slag, and desulfurization gypsum
which is a retarder, the strength of OC mortars at 1 day curing was very low.
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5.

At 7 days, the content of calcium hydroxide (CH) in OC paste was significantly lower than
that of OPC, indicating that a large amount of slag and fly ash played a role in pozzolanic
effect, which accelerated the hydration of cement.
A large number of hexagonal prismatic CH crystals were found on the section of OPC
paste, but it was rare in OC paste, indicating that OC was not easily eroded by (SO4)2-.
In compared with OPC, the OC with low-hydration heat has a better application prospect in
the mass concrete project under the ocean environment. Certainly, its long-term durability
should be verified in practice in ocean engineering.
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ABSTRACT
The degree of depolimerization of the glass structure is one of the main factor influencing reactivity of
glasses. Within this work, eight calcium aluminosilicate glasses were synthesized with compositions
that mimic industrial fly ash and slag amorphous phases. The chosen compositions allows to describe
the individual effect of Ca and Al on the glasses structure and reactivity. The reactivity of the glasses is
found to be predominantly dependent on the CaO content as calcium depolymerizes the glass
structure and increases the rate of reaction of the glasses. The effect of Al2O3 is less pronounced and
relies on chemical weakening of the glass structure. Still, increasing alumina content has pronounced
effect on the hydrated phase assemblage, bound water content, portlandite consumption and the heat
of reaction. The compressive strength of composite cement mortars incorporating CaO-Al2O3-SiO2
glasses is a function of both the degree of glass reaction and the resulting phase assemblage.
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1.

INTRODUCTION

The use of supplementary cementitious materials (SCMs) is common practice in cement and concrete
production and is expected to further increase because of the environmental and economic benefits.
Though, availability of high-quality SCMs such as granulated blast furnace slag (GBFS) or fly ash (FA)
is limited (Scrivener et al. 2016). To cope with this challenge, among others, the introduction of more
advanced multicomponent systems is ongoing, i.e. ternary (Whittaker et al. 2016; Adu-amankwah et al.
2018) and quaternary blends (Schöler et al. 2015). However, in order to fully benefit from this
development, more knowledge is needed regarding each constituent contribution to properly design the
final product.
The performances of FA and GBFS in Portland cement depend on their characteristics such as the total
surface area, chemical and phase composition, pH of cement pore solution and the curing temperature
(Snellings et al. 2012). In general, GBFS show faster reaction than FA, but slower reaction as compared
to cement clinker (Kocaba et al. 2012; Zajac & Ben Haha (2014)). The presence of SCMs influences
the phase assemblage in hydrated blended cements, (Lothenbach et al. 2011). Subsequently, changes
in the phase assemblage affect resulting microstructure (Berodier & Scrivener (2015)). These
modifications are further altered by the presence of limestone (Zajac & Ben Haha (2014); Zajac et al.
2014). As a consequence, blended cements are characterized by lower early strengths, but equal or
increased strengths at longer hydration times (28 days or more), as compared to pure Portland cement.
The vitreous phase is a predominant constituent of GBFS or FA and it is mainly responsible for their
latent hydraulic (GBFS) or pozzolanic reactivity (FA). The chemical composition of the glassy phase is
a key factor influencing reactivity of GBFS and FA ( Smolczyk 1980; Durdziński et al. 2015; Schöler et
al. 2017) and it directly determine its structure. The framework structure of siliceous FA glasses is mainly
composed of SiO4 tetrahedra joined by bridging oxygens (Si-O-Si). In comparison to siliceous FA,
calcareous FA and GBFS glasses are rich in alkaline earth ions (e.g. Ca 2+, Mg2+). Gradual addition of
these cations results in a formation of non-bridging oxygens (NBOs) leading to a more depolymerized
glass structure (Hemmings & Berry (1988)). Depending on the ratio of modifying components to the
overall alumina content in the calcium alumino-silicate (CAS) glasses, aluminum may be found in four-,
five- and/or six-fold coordination states. The structural role of four-fold coordinated aluminum is similar
to Si as both exhibit the role as network forming components (Mysen & Richet (2005)). The role of fiveand six-fold coordinated Al still remains unclear and requires further investigations (Neuville et al. 2007).
It is generally confirmed that glass reactivity increases with increasing depolymerization of the glass
structure (Durdziński et al. 2015; Schöler et al. 2017).
Due to the complexity of industrial SCMs, the understanding of the correlation between glass structure
and reactivity is challenging. In the present study, eight synthetic CaO-SiO2-Al2O3 glasses are examined.
The range of investigated compositions corresponds to those found for industrial fly ashes and slags.
The chosen compositions allow for examination of the influence of the network modifiers and establish
the specific role of alumina on the structure and the resulting reactivity of the glasses. The 27Al and 29Si
MAS NMR data are used to model structural fragments and bondings for the studied glasses. The
reactivity of the glasses is investigated in systems that mimic conditions of hydrated cement paste. A
multi-technique approach including TGA, XRD with Rietveld - PONKCS calculations, 27Al and 29Si MAS
NMR spectroscopy and thermodynamic modelling is employed to study glass reactivity. Finally, the
effect of the glasses on the evolution of the compressive strength of composite cements is examined.
2.
2.1

MATERIALS AND METHODS
Glasses

Eight model CaO-Al2O3-SiO2 glasses were synthesized with the compositions given in Figure 1. The
glasses in the series G1, G2, G3 and G5, G6, G7 allowed for examination of the effect of alumina on
the structure and reactivity at two CaO contents (5 and 25 wt.%). The alumina (Al 2O3) content increased
from 15 to 35 wt.% in both series. Similarly, a constant Al 2O3 content of 15 wt.% for G1, G5, G8, 25
wt.% for G2, G4, G6 and 35 wt.% for G3, G7 provided the basis for the investigation of the influence of
increasing CaO content from 5 to 50 wt.% in G1, G5, G8 series and from 5 to 25 wt.% in two subsequent
series. The procedure of synthesis of the glasses is given in (Kucharczyk et al. 2018).
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Figure 1. Targeted (grey squares) and nominal (black squares, XRF analysis) chemical
compositions (wt.%) of the synthesized glasses in the ternary CaO-Al2O3-SiO2 system
2.2

Characterization of the glass structure

The structure of the glass was characterized with using 29Si and 27Al MAS NMR. The 29Si MAS NMR
spectra were recorded at 79.4 MHz on a Bruker Avance III HD 400 MHz (9.39 T) and the 27Al MAS NMR
spectra were recorded at 156.3 MHz on Varian Direct-Drive VNMR-600 (14.09 T) spectrometers. The
details on the 29Si and 27Al MAS NMR settings is given in ref. (Thomsen et al. 2018).
2.3

Characterization of the glass reactivity

The reactivity of the glasses was investigated in the blends containing the respective glass, portlandite,
limestone and sodium hydroxide. The use of this type of samples enables simulation of the conditions
that occur in a hydrating cementitious matrix. Mixes of the fallowing compositions were prepared:
50 g Glass + 39 g Ca(OH)2 + 10 g CaCO3 + 1 g NaOH + 50 g H2O

(1)

Calcium hydroxide was provided in excess and served as the calcium source for the C-S-H formation.
The resulting mixes are named after the kind of glass incorporated into the blend, i.e., MG1, MG2, MG3,
…MG8.
2.3.1 Methods for the characterization of the glass reactivity
Paste samples were prepared at w/b ratio of 0.5 and stored at 20 °C ± 1 °C in 20 mL plastic vials for the
thermogravimetric analysis (TGA), X-ray diffraction (XRD) and NMR studies. At predesignated times the
hydration of the samples was stopped by solvent exchange method as described in ref. (Kucharczyk et
al. 2018).
The TGA was carried out using an STA 449F3 Jupiter Netsch instrument. Approximately 60 mg of the
material was heated from 30 to 1000 °C with a heating rate of 15 °C/min in a Al2O3 crucible under a
helium protective atmosphere. The calculation of bound water (BW) and portlandite (CH) content
expressed as percent of the dry sample weight at 550 °C was carried out as described in ref. (De Weerdt
et al., 2011). The bound water (BW) was corrected for the water bound in portlandite which was initially
added to the sample.
XRD was conducted using a Philips PW 1050/70 diffractometer. Samples were scanned in the angular
range 5 °- 60 ° with a step size 0.05 ° and a time per step of 6 s. The quantitative evaluation of the XRD
data was performed using the software TOPAS 5 (Bruker AXS). Powdered corundum was used as an
external secondary standard. The PONKCS calculations were conducted as described in refs. (Bergold
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et al. 2013). The reported phases quantities were recalculated to refer to the initial mass of dry binder
(g/100 g of anhydrous binder).
Thermodynamic modeling was used to calculate hydration degree of the glasses from the amount of
bound water and the consumption of portlandite that were measured by TGA (Kucharczyk et al. 2016;
Schöler et al. 2017). Thermodynamic modeling was carried out using the Gibbs free energy minimization
program GEMS (Wagner et al. 2012; Kulik et al. 2013). The detailed description of the approach is given
in refs. (De Weerdt et al. 2011; Zajac & Ben Haha (2014)).
The 29Si and 27Al MAS NMR data was initially used to evaluate the composition of C-(A)-S-H (data not
shown) (Dai et al. 2014) that serves as input data for the thermodynamic modelling, and secondly, to
obtain information about the degree of reaction for the glasses. The same methodology for assessing
the glass reactivity, as described in section 2.2, was used for the hydrated samples prepared in the
same manner as for TGA.
2.4

Impact of the glasses on the cement performance

To perform compressive strength measurements, laboratory-made composite cements were prepared
as presented in Table 1.
Table 1. Composition of blended cements (wt. %)
Clinker Anhydrite Quartz Glass Ca(OH)2 CaCO3 water/binder (w/b)
PC - glass -limestone

45.2

3.8

-

45.2

-

5.8

0.5

PC - quartz

48.0

4.0

48.0

-

-

-

-

The chemical composition of the clinker, limestone, anhydrite and quartz are listed in Table 2. The
clinker used in experiments composed of the fallowing minerals: C 3S – 66.9 %, C2S – 9.3 %, C3A – 9.3
%, C4AF – 11.4 %, CaOfree – 0.5 %, periclaise – 1.9 %, arcanite – 0.6 % and quartz – 0.1%. Limestone
contained 99.8 wt.% calcite and 0.2 wt.% quartz, anhydrite contained 87.7 wt.% anhydrite, 7.7 wt.%
dolomite, 2.4 wt.% quartz and 2.2 wt.% gypsum.
Table 2. Chemical composition (XRF, wt.%) of the clinker, limestone, anhydrite and quartz
Clinker

Anhydrite

Limestone

Quartz

SiO2

21.0

2.4

0.7

101.2

Al2O3

5.7

0.8

0.2

-

CaO

65.8

37.9

54.6

-

Fe2O3

3.3

0.3

0.1

0.0

MgO

2.5

1.6

0.3

0.0

TiO2

0.3

0.0

-

0.0

MnO

0.0

0.0

-

-

K2O

0.7

0.2

-

0.0

Na2O

0.1

0.0

-

-

SO3

0.5

51.4

-

-

P2O5

0.1

0.0

-

-

LOI (1050 °C)

0.2*

4.1

43.4

0.1

Total

100.2

98.7

99.3

101.3

*LOI at 950 °C.
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The compressive strength was measured on mortar cubes (20x20x20 mm) prepared with cement
binder:sand:water proportions of 2:3:1. The samples were cured in at 20 °C and the compressive
strength was determined after 1, 7, 28, 90 and 180 days of hydration. Each testing was performed using
a procedure similar to EN 196-1 but with a loading rate of 0.4 kN/s.
3.
3.1

RESULTS
Structure of the glasses

The structural arrangements of the Si(Q n(kAl)) units in the glasses calculated on the basis of the model
described in refs. (Moesgaard et al. 2010; Thomsen et al. 2018) are presented in Table 3. Here, Qn
represents the SiO4 tetrahedron with n being the number (0 ≤ n ≤ 4) of bridging oxygens (BO), and k
denoting the number of AlO4 tetrahedra linked to the SiO4 tetrahedron in the second coordination sphere.
Table 3. shows the Si(Qn) units associated either with zero Al tetrahedra in their second coordination
sphere (Si(Qn(0Al)) or as many Al tetrahedra as the specific Si(Qn) unit allows. It is considered that any
units in between is less energetically favorable for 100% aluminum avoidance. The results obtained by
the model show that the special intermediate-range order arrangement of the glass structures is
composed of 5 to 6 different structural Si(Qn(kAl)) units. In this model a preferential bonding of Al to fully
polymerized silica tetrahedra is assumed as reported in ref. (Merzbacher et al. 1990). This is applicable
for all the glasses except G6, G7 and G8 for which the Al content is too high, that is, Al(Q 4) > Si(Q4) (in
molar fractions). G8 contains the largest Ca content available as NBO generator. This means different
Si(Qn(kAl)) units are present than in the other glasses. The remaining Al is distributed between all Si(Q n)
units with a favour of Si(Q2(2Al)) sites.
Table 3. Molar percentages of Si(Qn(kAl)) units calculated from modelling of the
spectra of the investigated glasses

3.2

29

Si NMR

Q0

Q1(0Al)

Q1(1Al)

Q2(0Al)

Q2(2Al)

Q3(0Al)

Q3(3Al)

Q4(0Al)

Q4(4Al)

G1

-

0.06

-

1.51

-

18.00

-

59.98

20.44

G2

0.02

0.58

-

6.48

-

32.35

-

31.40

29.17

G3

0.12

2.04

-

13.56

-

40.01

-

0.57

43.69

G4

-

0.02

-

0.88

-

14.09

-

37.29

47.73

G5

0.02

0.66

-

7.05

-

33.30

-

29.73

29.23

G6

0.03

0.81

-

7.94

-

33.13

1.49

-

56.59

G7

0.01

-

0.31

-

4.43

-

28.15

-

67.10

G8

19.27

32.31

6.95

-

29.99

-

10.18

-

1.30

Degree of hydration for the glasses

The degrees of hydration for the glasses obtained from deconvolution of the 29Si and 27Al MAS NMR
spectra after 180 days of hydration are compared to the results obtained by thermodynamic modelling,
Rietveld-PONKCS calculations in Table 4. Generally, the degree of hydration calculated from 27Al MAS
NMR and Rietveld-PONCKS and GEMS modelling correlate well and show the same trends (Table 4).
In comparison to these data, the degrees of hydration from 29Si MAS NMR are slightly overestimated
which may reflect the partial overlap of resonances from the glasses with the C-(A)-S-H peaks.
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Table 4. Comparison of the degrees of hydration (DoH) for the glasses as determined by
and 29Si MAS NMR, QXRD and GEMS modelling after 180 days of hydration
27

Glass type

Al NMR [%]

29

Si NMR [%]

QXRD [%]
(± 5 %)

Modelling by GEMS [%]

G1

34.0

37.5

29.0

29.0

G2

40.0

44.8

36.0

31.0

G3

36.0

45.6

31.0

34.0

G4

37.0

43.0

40.0

36.0

G5

39.0

59.4

42.0

38.0

G6

47.0

62.1

49.0

42.0

G7

46.0

69.7*

45.0

47.0

G8

51.0

68.9*

55.0

55.0

27

Al

* Values with higher uncertainty due to severe overlap of the glass resonance with the
C-(A)-S-H peaks.
3.3

Effect of glass composition on the compressive strength

The development of compressive strength in the cement pastes is shown in Figure 2, and clearly reveals
that the presence of the glasses in the blends significantly contributes to the compressive strength when
compared to the Portland cement – quartz blend (PC-Q). This effect becomes more pronounced with
increasing hydration time, and two interesting tendencies are identified. Firstly, the compressive strength
increases with increasing alumina content in the glasses, at a given calcium content, for the hydration
times (see grey bars for the G1-G2-G3 and blue bars for the G5-G5-G7 blends). Secondly, the
compressive strength increases with increasing calcium content at constant aluminum (see bars with
diagonal lines: G1-G5-G8 blends, bars with horizontal lines: G2-G4-G6 and bars with no lines: G3-G7
blends). The highest compressive strength at 180 days of hydration is obtained for the two samples of
opposite compositions, i.e. PC-G7-L which is rich in alumina but contains a moderate calcium content
and PC-G8-L which is poor in alumina but contains high amounts of calcium.

Compressive strength (MPa)

60

50

40

PC-Q
PC-G1-L
PC-G2-L
PC-G3-L
PC-G4-L
PC-G5-L
PC-G6-L
PC-G7-L
PC-G8-L

30

20

10

0
1

7

28

90

180

Time (days)
Figure 2. Compressive strengths of Portland cement mortars samples including the glasses
and quartz. Error bars represent the standard deviation of 5 independent measurements
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4.
4.1

DISCUSSION
Glass structure

The calculated structural arrangements provides detailed information about coexisting structural units
(Table 3) of the glasses. In general, the structural model show an increasing degree of depolymerization
with increasing Ca/(Al+Si) ratio. Moreover, increasing the CaO content favors replacements of Si4+ by
Al3+ and therefore more Si-O-Al bonds form between [SiO4]4- and [AlO4]5- tetrahedra (Table 3). Similar
dependencies are observed for the G1-G2-G3 and G5-G6-G7 series. For the glasses with up to 14
wt.% CaO, the total amount of tetrahedrally coordinated Al is present in Si(Q4(4Al)) units. At higher CaO
contents (G6, G7 and G8 glass), the AlO4 tetrahedra are distributed among more depolymerized units.
4.2

Effect of structure on reactivity

Figure 3 shows that the glasses bind more water than the water released from the amount of portlandite
consumed over the pozzolanic reaction. A comparable evolution for the bound water (BW) is observed
within the glasses of constant Al2O3 content, i.e., MG1 - MG5 and MG3 - MG7. This is related to the
increasing amount of AFm phases, which bind more water than C-S-H per consumed portlandite. The
MG8 paste represents a semi-hydraulic, non-pozzolanic material and thus, a different evolution of BW
is observed for this sample. Consequently, Figure 3 presents the effect of glass composition and
resulting structure on the overall bound water content as compared to water released from the reacting
portlandite.

10
MG1
MG3
MG5
MG7
MG8

9

Water in CH (%)

8
7
6
5
4
3
2
1
0
0

2

4

6

8

10

12

14

16

BW (%)
Figure 3. Relations between the bound water (BW) and the water bound in portlandite (Water in
CH) content. For reasons of clarity, the data for the MG2-MG4-MG6 series are excluded from
the graph. The lines are the guide for the eye
4.3

Correlation between the glass reactivity and the performance

The relationships between compressive strengths in mortars resulting from the glass reaction, the
degree of hydration for the glasses, and the calculated porosity in the synthetic mixes for all tested
glasses are shown in Figure 4. For this comparison, the effective strength related to the glass reaction
was calculated as the difference between the compressive strength of the samples with the glass and
the sample containing quartz normalized to the mass of the glass in the composite cement. The porevolume evolution in the synthetic mixes was calculated from the solid-volume evolution, as determined
by the GEMS hydration model.
Figure 4a shows that the compressive strength is not directly related to the degree of hydration of the
glasses. For all glasses, with the exception of the G7 glass, a unique correlation between calculated
porosity and strength is obtained (Figure 4b). The deviation of the G7 glass from this trend can be related
to the high alumina content of the glass and potential impact on the hydration of the cement clinker
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(Zajac et al. 2017), or the microstructural changes of the high alumina-containing matrix. The existence
of this unique relationship shows that the evolution of the porosity volume controls the evolution of the
compressive strength. The porosity evolution is reversely proportional to the degree of hydration and to
the specific volume of the hydrates.
(b)

(a)
100

at 180 days

Compressive strength (MPa/g of glass)

Compressive strength (MPa/g of glass)

90
G7

85

G8

80
G3

75

G6

70

G5
G4

G2

65
60
G1

55
0.2

0.3

0.4

0.5

90

R2 = 0.96

80
70
60
50
40
30
20
10
0

0.6

0.20

Hydration degree of glass (-)

0.25

0.30

0.35

Calculated porosity (-)

Figure 4. (a) Correlation between the degree of hydration of the glasses (thermodynamic
modelling) and the compressive strength of blended cement mortars at 180 days of
hydration (the lines serve as guides for the eye). (b) Correlation between the calculated total
pore volume in the synthetic mixes and the compressive strength of the blended cement
mortars at 7, 28, 90 and 180 days (the line shows the polynomial fit for the glasses G1 – G8,
with the exception of G7, marked as grey)
Note that that compressive strength correlates well with both the cumulative heat evolved at 7 days and
with the bound water (BW) content after 180 days of hydration in the synthetic mixes (Figure 5). The
results show a linear correlation between these parameters. None of these two correlation methods are
accurate measures of the reactivity, however, they can be used as estimations for the performance of
the glasses in cementitious blends as reported in ref. (Avet et al. 2016).
(a)

(b)
90
Compressive strength (MPa/g of glass)

Compressive strength (MPa/g of glass)
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R2 = 0.96
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80
75
70
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60
55
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140

160
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R2 = 0.88

80
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70
65
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55
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16

BW (%) at 180 days

Figure 5. Comparison of the compressive strength after 180 days of hydration with (a) the
total heat evolved after 7 days and (b) the BW after 180 days of hydration; G8 results are
marked grey
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5.

CONCLUSIONS

The objectives of the present work have been to evaluate the role of the CaO and Al 2O3 contents in
synthetic CaO-Al2O3-SiO2 glasses on the hydration of these glasses under alkaline conditions and on
the resulting compressive strength in composite cements, using a coupled experimental and modeling
approach. The principal conclusions are:










6.

The glass-structure model show an increasing degree of glass depolymerization with
increasing Ca/(Al+Si) ratio. Moreover, increasing the CaO content favors replacements of
Si4+ by Al3+ and therefore more Si-O-Al bonds form between [SiO4]4- and [AlO4]5- tetrahedra.
This is further increased by increasing the alumina content of the glass which further favor
the substitution of Si-O-Si by Si-O-Al linkages.
Increasing the calcium content in the glasses results in an increased degree of reaction of
the glasses. The alumina content has a less pronounced impact on the degree of reaction.
This is well explained by the effect of CaO and Al 2O3 on the glass structure as revealed by
the 27Al and 29Si NMR studies and the associated glass-structure modeling. The glass
structure is mainly depolymerized by increasing amounts of CaO, but not by Al 2O3, in the
investigated compositional range. However, alumina chemically weakens the glass
structure, which results in a higher reactivity.
The alumina content of the glass has a pronounced impact on the bound water across the
whole compositional range investigated. A continuous increase of the bound water is
measured when the alumina content is increased. The latter is also accompanied by a higher
consumption of portlandite. Consequently, the application of these methodologies for
assessing the reaction degree of the glass-like materials (e.g. fly ash or slag glasses),
characterized by different chemical compositions will give misleading results.
The resulting compressive strengths of the composite cement mortars are a function of the
CaO and Al2O3 contents in the glasses.
An increasing content of CaO results in an increasing rate of reaction, increased hydrates
content and a decrease of the porosity over time, and consequently an increase in
compressive strength.
The alumina has a lower impact on the degree of reaction of the glasses, however aluminum
does cause modifications to the hydrate phase assemblage so that the porosity is lower and
the strength increases.
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ABSTRACT
Recycling recycled aggregate concrete produces a large amount of powder, which contains hardened
cement paste and is classified as a hazardous material. This work used CO2 to treat hardened cement
powder and to investigate how incorporation of carbonated waste hardened cement powder affect the
hydration and microstructure development of cement paste. Carbonated hardened cement powder
(CPCP) consists mainly of calcite and silica gel. Replacement of cement with 10-20% CPCP slightly
increases the early compressive strength of the cement, but with 30% CPCP decreases the early
strength of the cement. The presence of calcite in CPCP leads to form hemicarbonate and
monocarbonate thus to a stabilization of ettringite compared with the pure cement paste, in which a
part of ettringite converts to monosulphate. Hemicarbonate is less stable than monocarbonate and
finally transforms to monocarbonate. The presence of silica gel significantly reduces the calcium
hydroxide and results in the formation of more C-S-H. Replacement of cement by CPCP also leads to
a lower porosity and a higher compressive strength compared with the pure cement paste.
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1

1. Introduction

2

The enormous construction and demolition are generated with the rapid development of

3

economy and urbanization. To effectively utilize the recycled aggregate concrete (RAC) not

4

only saves the usage of natural resources, but also alleviates the problem of occupancy land.

5

However, the mechanical and durability properties are relatively poor due to the adhered

6

cement mortars, which has a higher water absorption and porosity [1]. Removing and

7

strengthening the adhered mortars are the two main methods to improve the properties of

8

recycled concrete aggregate (RCA). Furthermore, carbonation treatment is considered to be

9

the most efficient method for enhancing the properties of RCA [2]. This is because that CO2

10

can react with CH and C-S-H of adhered old mortar and forms calcium silicate and silica gel,

11

which reduces porosity and water absorption. Shi et al. [3, 4] reported that the mortar made

12

with carbonated RCA showed increased autogenous shrinkage, reduced drying shrinkage,

13

water absorption, and chloride migration coefficient.

14

However, more than 20% waste cementitious powders are produced at the same time. It

15

is difficulty to utilize waste cementitious powders due to its low actively and higher water

16

requirements. Unlike RCA, the utilization of waste cementitious powders is usually used as

17

inert fillers in replacement of stone powder in the manufacture of concrete products and raw

18

materials of cement [5, 6]. Oksri-Nelfia et al. [7] found that the waste cement paste exhibited

19

similar properties than limestone filler with respect to the cement hydration. Xuan et al. [8]

20

reported that the waste cement paste could be considered as a cementitious material as well

21

as a CO2 capture medium due to the rich calcium-silicate. Overall, research in utilization of

22

waste cementitious powders is still limited. Furthermore, using the carbonated Portland

23

cement powder (CPCP) to replace cement is never reported. Therefore, this work investigates

24

how incorporation of uncarbonated and carbonated waste hardened cement powder into

25

cement affect the hydration and microstructure development of cement.

26

2. Materials and methods

27

2.1 Materials

28

P.I 42.5 Portland cement was used and the chemical composition is shown in Table 1. The

29

waste cement powder (≤ 80μm) was derived from the crushed cement pastes prepared with

30

w/c of 0.4 and cured for 180 days. Then, the waste cement powder was placed in a pure CO2
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chamber (T= 20 ± 1℃, RH= 55±5%) for carbonation.

32

The XRD patters of CPCP and uncarbonated Portland cement powder (UPCP) was

33

presented in Fig.1. The results showed that the CH was almost disappeared, while the

34

calcium carbonate (calcite) peaks grew stronger. Furthermore, the particle size distributions

35

of PC, UPCP and CPCP are shown in Fig. 2.

36

Table 1 Chemical composition of cement (w/%)
SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

SO3

LOI

21.91

5.30

3.67

64.5

1.51

0.62

0.19

2.03

2.49
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Fig.1 XRD patterns of CPCP and UPCP
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Fig. 2 Particle size distribution of PC, UPCP and
CPCP

38

2.2 Samples preparation

39

All cement paste samples were prepared with w/c of 0.4. The cement was replaced by

40

CPCP and UPCP from 10%-30% (by mass). The chosen waste cement pastes replacement

41

ratio was similar to the supplementary cementitious materials. All the samples were

42

demolded after 24h and cured in a curing room at T = 20 ± 2℃ and RH≥98% until the

43

testing ages were reached.

44

2.3 Test methods

45

2.3.1 Heat of hydration

46

The heat of hydration evolution rate and cumulative hydration heat of different pastes

47

were carried out by TAM air isothermal calorimetry. During the test, about 4 g of paste was

48

prepared in a glass vial and was placed in isothermal calorimetry. During the entire test
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process, the temperature of calorimeter was maintained at 23℃, and the first 72h of hydration

50

evolution was recorded in this study.

51

2.3.2 Flowability

52

The flowability of fresh mortar was measured using an automatic flow table with a

53

diameter of 100mm and a height of 60mm in according with the Chinese standard

54

GB/T2419-2005. The maximum diameter and its diameter perpendicular of the spread out

55

fresh mortar were measured. The average of the two diameters was determined as the

56

flowability of the fresh mortar [9].

57

2.3.3 Compressive strength

58

The compressive strength test was carried out at the age of 1, 7, 28 and 90 days

59

according to the ASTM C109 [10]. The average compressive strength values of three samples

60

were reported.

61

2.3.4 X-ray diffraction analysis

62

Powders were dried in an oven at 60℃ for 48h before testing. The step-scanned XRD

63

pattern measurements of each powder sample were performed using R-axis Spider X-ray

64

diffraction and a Cu kα X-ray radiation source.

65

2.3.5 FTIR

66

FTIR spectra were recorded using Thermo Scientific IS10 spectrometer with the

67

reference material of KBr. The wavenumbers range was 4000 to 400 cm-1 at a resolution of 2

68

cm-1. A total of 32 scans were recorded to register each sample. The samples used for FTIR

69

analysis were also the same for XRD analysis.

70

2.3.6 SEM

71

A Quanta FEG-200 ESEM equipped with energy dispersive X-ray spectroscopy (EDX)

72

was used to analyze changes in morphology and chemical compositions of mortar samples at

73

different ages. Samples were dried at 60 °C for 48 h and coated with Au-Pd before SEM

74

examination.

75

3. Results and Discussion

76

3. 1 Heat evolution

77

The heat evolution of cement paste containing CPCP and UPCP is shown in Fig.3 and

78

fig.4. From Fig.3, it was clearly demonstrated that the addition of CPCP accelerated the main
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heat release and increased the cement hydration peak. For example, the main hydration peak

80

of C10 occurs 6.25% sooner than that of the PC paste, which was attributed to the finely

81

ground calcite accelerating hydration through providing the additional nucleation sites for the

82

hydration products growth, such as C-S-H and CH [11, 12]. The main hydration peak occurs

83

earlier with the CPCP increase. Fig. 4 indicated that adding UPCP also slightly accelerated of

84

the cement hydration evolution, which may be due to the presence of calcium carbonate

85

formed in natural carbonation process. According to Figs.3(b) and 3(b), compared with OPC

86

paste, the addition of CPCP or UPCP both reduced the total heat flows after 72h. The total

87

heat flows of C10 and UC10 was 6.7% and 4.1% lower than that of OPC paste, respectively.

88

Higher dosage of CPCP leaded to lower the total heat flows, which was similar to the

89

findings from Barbara et al. [13]. This was attributed to the increase carbonated waste cement

90

powder reducing the hydration content of cement clinker. However, the total heat flows of

91

samples with UPCP were higher than that of CPCP. This can be explained that a certain

92

amount of unreacted cement clinker, such as C3S and C2S, participated in the further

93

hydration process.
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3.2 Flowability

101

The flowability of fresh pastes is shown in Fig.5. The result indicated the flowability of

102

PC exhibited the highest flowability. Adding the UPCP significantly reduced the flowability.

103

This was because the surface of UPCP was rough and irregular, which increased the water

104

absorption. However, compared to UPCP, the flowability of pastes with CPCP was improved.

105

Especially, the flowability was similar to PC paste with no more than 20% CPCP. the reason

106

is that the carbonation treatment reduced the water absorption and improved porosity of

107

CPCP.
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3.3 Compressive strength
The compressive strength development of all mixtures samples is shown in Fig. 6. The
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compressive strength of all samples increases with the hydration age increases, which due to

112

more hydration products were formed. it can be seen that the compressive strength of UC10

113

was similar to the conference sample. However, when the UPCP content was more than 10%,

114

the compressive strength was significantly reduced. This was because UPCP had lower

115

activity and higher water absorption than PC. Unlike UPCP, adding the no more than 20%

116

CPCP, the compressive strength was similar or slightly higher than the conference samples.

117

This is because the formed calcium carbonate and silica gel filled in the pores and densified

118

the microstructure of CPCP, which increased the compressive strength. Moreover, the formed

119

calcium carbonate provided additional nucleation sites, which significantly accelerated

120

hydration reaction and increased the compressive strength [14, 15]. The similar result was

121

reported by Barbara et al. [16], who reported that the slightly higher compressive strength in

122

the presence of limestone at early ages. Therefore, CO2 curing treatment excitated the active

123

of waste cement powders and improved the compressive strength of cement paste.

124
125

3. 4 XRD

126

The XRD patterns of pastes with CPCP and UPCP cured at 28d are presented in Fig.7. It

127

was obvious that CH, ettringite and poor crystallized C-S-H peaks (28-33°) were clearly

128

detected for all samples in Fig.7. The CH peaks were decreased with the increase of CPCP

129

contents, which was attributed to the lower anhydrous clinker and the reaction between CH

130

and silica gel. However, the CH peaks were slightly reduced with the addition of UPCP. The

131

reason is that the main products of uncarbonated waste cement paste were CH and C-S-H,

132

and a part of unhydrated clinker, such as C3S and C2S, participated in the further hydration

133

period.

134

It is noted that the remaining aluminate will prior react with calcium carbonate to form

135

monocarbonate (CAMC, 11.7°) or hemicarbonate (CAHC, 10.8°) with the presence of

136

CaCO3 as shown in Fig. 7(b) [17, 18].

137
138

C3A + CC + 11 H  C4ACH11
C3A + 0.5 CC + 0.5 CH + 11 H C4AC0.5H12

(6)
(7)

139

The hemicarbonate transformed into monocarbonate as more calcite dissolved with time,

140

which was attributed to the more stable of monocarbonate [13]. Furthermore, the presence of
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CAMC and CAHC stabilized AFt and prevented its transformation to AFm, which played a

142

positive effect on the strength and microstructure densification of pastes with CPCP.

143

The XRD patterns of C20 at different ages is shown in Fig.8. it can be seen that the

144

CAHC was mainly formed at one day, while CAMC was mainly formed after 7 days.

145

However, the hemicarbonate transformed into monocarbonate by the end, which was more

146

stable in cement system.
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147
148

3.5 FTIR

149

The FTIR spectra of all pastes at 28d are given in Fig.9. It can be seen that two strong

150

narrow absorptions located at 1430 cm-1 and 874 cm-1 in all pastes, which was attributed to

151

the vibration of CO32-, respectively [19, 20]. It was clearly that the pastes containing CPCP
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152

had a higher wave number by 10-15 cm-1, which was due to the presence of well crystallized

153

calcite.

154

It is well known that the bands between 960 cm-1 and 1080 cm-1 corresponds to calcium

155

silicate hydrate phases, while the exact positions depend on Ca/Si ratios. The band at around

156

960cm-1 was assigned to Si-O stretching vibrations at Q2 sites, indicating a wide range of

157

C-S-H. It can be seen that the pastes containing CPCP had a higher wave number by 15-20

158

cm-1 than that of cement pastes, which can be explained that the silica gel in CPCP was

159

located at 1080cm-1 due to its higher silicate polymerization [19].
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Fig. 9 FTIR spectra of paste with CPCP and UPCP at 28d

3.6 SEM

163

The SEM images of pastes with UPCP and CPCP at 28d are exhibited in Fig.10. For

164

paste with UPCP, its products are C-S-H, CH and unhydrated cement particles. Furthermore,

165

the long needle-like AFt with the size of 2-3 μm was observed. However, the microstructure

166

of paste with CPCP consists of C-S-H, CH and AFt, and no clearly unreacted cement

167

particles were observed. Moreover, no obvious CaCO3 crystals was observed in the paste

168

with CPCP, indicating the CaCO3 coating was damaged and formed CAMC and CAHC.

169

These products, C-S-H, CAHC and CAMC, mixed with each other and made a densification

170

microstructure and improved the strength.
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(a) SEM

image of pastes with CPCP
Fig.10 SEM

171

(a) SEM

image of pastes with UPCP

image of pastes with CPCP and UPCP

4. Conclusion

172

The influences of carbonated and uncarbonated waste cement powders on cement

173

hydration and microstructure were investigated in this paper. The following conclusions can

174

be drawn based on the experimental results and analysis.

175

(1) The synergistic effect of calcite and silica gel accelerated the hydration period. The main

176

hydration temperature peak with the addition 10% CPCP appeared 6.25% sooner than that of

177

the OPC paste. The total heat flow of C10 and UC10 samples were 6.72% and 4.25% lower

178

than that of OPC paste, respectively. In addition, the total heat flow decreased with the

179

carbonated or uncarbonated waste cement content increases.

180

(2) The flowability of paste with CPCP was improved compared to the UPCP. Furthermore,

181

replacement of cement by UPCP content from 10% to 30% by the mass of cement decreases

182

the strength of cement paste, while replacement of cement with 10-20% CPCP increases the

183

early compressive strength and maintains the higher later compressive strength. In addition,

184

the flowability of paste with CPCP was improved compared to the UPCP.

185

(3) The formation of hemicarbonate and monocarbonate stabilized the ettringite in the

186

presence of calcite in with the addition of CPCP. The CAHC transformed into CAMC by the

187

end, which was more stable in cement system.

188
189
190
191
192
193
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ABSTRACT
The composite binder in high performance concrete is consisted by Portland cement and high rate of
mineral admixture. Same concrete used in China contains as high as 50% of fly ash(FA) or ground
granulated blast furnace slag(GGBS) in the binder. The survey of mineral admixture in China is shortly
described. The hydration characteristics and properties including mechanical properties and durability,
of high volume mineral admixture concrete are systematically studied. The results show that its
strength developing rate and durability are satisfactory. This green concrete is much suitable for the
massive concrete structures which require very restricted temperature rise in their core. Several
examples of application of high volume mineral admixture concrete are shown.
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1. INTRODUCTION
Chinese cement industry has been developing rapidly in recent years. The Chinese cement output has
kept the leading position worldwide nearly 40 years since the beginning of 1980’s. The cement output
of China reached 2.34 billion tons in 2018, accounting for about 60% of the world cement output. More
than 5 billion ton of concrete was produced in 2018 based on the incomplete statistic. Chinese cement
and concrete industry faces now great challenge due to its large consumption of natural resource and
energy and the huge emissions of greenhouse gases as about 1t-CO2/t-Portland cement clinker during
cement manufacture. There is large pressure to increase the sustainability of Chinese cement and
concrete industry.
More than 1 billion ton of solid industrial waste, such as fly ash, metallurgical slag, gangue and
chemical gypsum, is discharged annually now in China. They occupy ground and contaminate
environment, resulting in a serious social and economic problem. On the other hand, they are useful
raw materials for cement and concrete industries. Among them granulated blast furnace slag and fly
ash is the most important supplementary cementitious materials due to their pozzolanic property. They
are used often to produce blended cement and to manufacture concrete. More than 200 million ton of
granulated blast furnace slag and 400 million ton of fly ash is used by Chinese cement and concrete
industry every year. Granulated blast furnace slag and fly ash are very valuable cementitious materials
now. There is not enough supply of granulated blast furnace slag and fly ash in some industrialized
areas and megalopolises in China now. Some mineral powders with low cementitious activity, such as
limestone powder, is used now to prepare concrete, too. But the utilizing degree of other kind of solid
industrial waste, such as steel slag, ferro-nickel slag, gangue and phosphogypsum, is still very low.
For more efficient usage of mineral admixture to prepare high performance concrete, the hydration
characteristics and properties including mechanical properties and durability, of high volume fly ash
concrete are studied in this paper. Several examples of application of high volume mineral admixture
concrete are shown also in this paper.
2. EFFECTING PRINCIPLE OF FLY ASH DURING THE HYDRATION AND HARDENING
PROCESS OF COMPLEX BINDER
It has been reported that fly ash had rather low pozzolanic reactivity at early hydration age of
cementitious materials, which would escalate with hydration development, while its “micro-filler” effect
exhibited relatively great in entire hydration process(Poppe et al. 2005, Rahhal et al. 2005, Paine et al.
2005). However, the objective of most studies was interested in the pozzolanic reactivity of fly ash and
related activating mechanism (Langan et al. 2002, Wang et al. 2004) but paid little attention to its
physical effects (Lawrence et al. 2003) that could also be essential. In order to earn appropriate
evaluation and corresponding exertion of fly ash, it is therefore significant to make thorough research
on physical and chemical effects of fly ash on hydration and hardened process of composite
cementitious materials.
2.1 Materials and experiments
Two series of complex binders containing respectively fly ash and fine inert quartz powder with various
water-binder ratio (w/b) and replacement proportion were prepared. Both fly ash and quartz powder
have similar fineness of about 450 m2/kg. Fly ash has physical filler effect and chemical pozzolanic
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activity but quartz powder has only physical filler effect. The performance of fly ash in the complex
binder was studied through the contrastive determination of compressive strength.
Table 1. Mix proportion of samples
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Figure 1. The particle size distribution

w/b=0.36 to adjust the fluidity of paste.

of used powders
PO 42.5 Portland cement(C), fly ash(FA) and quartz powder(QP) were used to prepare complex
binder. Three raw materials were comparable in both particle size distribution and diameters (Figure 1).
The mix proportions of the sample series are present in Table 1. 40mm×40mm×160mm mortar prism
specimens of binder-sand ratio 1:3 with W/B ratio shown in Table 1 were cast. After casting, specimens
were stored in an environmental chamber of 90% RH and 20±2°C for 24 hours. After demoulding,
specimens were stored in water at 20±2°C till testing age. The compressive strength of mortars was
measured at the age of 1d, 3d, 7d, 28d and 90d.
2.2 Results and Discussions
Results from Figure. 2(a)~(c) show that the presence of either fly ash or inert quartz powder could
result in the decrease of compressive strength of mortar. The higher proportion of mineral admixture
was, the greater compressive strength lessened. Their compressive strength increases along with the
reduced w/b ratio.
In the case of 25% cement replacement, the strength development curve of series F mortars were
close to series Q mortars, and this tendency was even more obvious with the decrease of w/b ratio. Fly
ash could be regarded as inert admixture attributed to its similar performance to inert quartz powder in
the condition of low w/b ratio. At w/b=0.50, compressive strength of series F mortars approaching the
control was distinctly higher than series Q mortars in later age. There was little increment of
compressive strength for the control with low w/b ratio in later ages, while manifest augment of
compressive strength was measured in mortars prepared with 25% of fly ash and inert quartz powder,
which had compressive strength as high as the control at 90d. It suggests that mortars prepared with fly
ash and inert quartz powder had a considerable potential for strength development during the later age.
When the cement replacement increases to 50%, compressive strength of series F and series Q
mortars had little disparity during initial hydration process. After 28d, however, strength development
for series F mortars accelerated more than series Q mortars. Compressive strength of series Q mortars
hardly increased in later age.
Results described above indicate that in the age of 28d, there was no evident difference between the
strength development of series F mortars and series Q mortars. A physical filling effect could be

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
80

80

60
50
40
30

C
F1
F2
Q1
Q2

20
10
0
1

10

Compressive Strength / MPa

70

70

Compressive Strength / MPa

w/b=0.43

w/b=0.50

60
50
40
30

C
F1
F2
Q1
Q2

20
10
0

100

1

10

Age /d

(a) w/b=0.50
80

100

Age /d

(b) w/b=0.43

w/b=0.36

Compressive Strength / MPa

70
60

Figure 2. Compressive strength for
50

various binder mortars at different
40

w/b ratio

30

C
F1
F2
Q1
Q2

20
10
0
1

10

100

Age /d

(c) w/b=0.36

identified as the dominating effect of fly ash, and was even marked with lower w/b. The spherical shape
of fly ash particles had great influences on the physical filling effect. Quartz particles with sharp and
angular shape have stronger mechanical interlapping effect than spherical fly ash particles. Therefore,
early-age compressive strength of series Q mortars prepared with inert quartz powder, of which
particles were slightly smaller and more irregular than spherical fly ash ones, was higher than series F
mortars. Mortars prepared with 25% cement replacement remained in this trend in later age, while
significant divergence of compressive strength development occurred in mortars prepared with 50%
cement replacement. The strength of series F mortars still increases slightly but the series Q not. The
pozzolanic reactivity of fly ash started to enhance the strength increase of series F mortar in addition to
physical effects.
3. CARBONATION OF CONCRETE PREPARED WITH BINDER CONTAINING HIGH VOLUME
MINERAL ADMIXTURE
Carbonation of concrete is a mainly reason causing corrosion of rebar in reinforced concrete, which
results in severe deterioration of structures in normal atmosphere environment. People worry seriously
about carbonation of concrete prepared with binder containing high volume mineral admixture (McPolin
et al. 2009, Oatis 2003). The alkalinity of pore solution in this concrete may decline to an inacceptable
degree, which results in the deterioration of passivation film on the surface of rebar, due to the
decrease of quantity of Portland cement and the pozzolanic reaction of mineral admixture. The adding
rate of mineral admixture is limited in many specifications due to the worry about its high risk of
carbonation.
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Because of carbonation of concrete is a very slow reaction, most researchers used the accelerated
carbonation test to study this issue. A representative test takes place in a chamber at T=20±5°C,
RH=60±5% and CO2 content close to 20±3%. It is the condition of accelerating carbonation test of
Chinese standard. Concrete is humidly cured only for 3d when it begins to carbonation test. The
microstructure of concrete is improved obviously for a well cured concrete and its anti-carbonation
ability increases greatly. Therefore, the carbonation performance of concrete in real structure may not
be same with the samples prepared in laboratory and cured for short time. Although more and more
factor has been considered over, it is still difficult to relate the results of accelerated carbonation test
with the performance of concrete in normal indoor environment and to predict carbonation progress of
structure concrete in normal indoor environment (Sanjuan et al. 2003).
The carbonation characteristics of concrete were investigated comparably using accelerated test and in
normal indoor environment in this study. The several influencing factors, such as moistly curing ages
before carbonation, water-binder ratio, kinds of mineral admixture, fly ash-slag mixing ratio and
replacing proportions of mineral admixture were considered.
3.1 materials and experiments
PI 42.5 Portland cement, fly ash and ground blast furnace slag were used. The coarse aggregate was 5
to 25 mm crushed limestone. The fine aggregate was river sand of fineness modulus 2.6. The
naphthalin-type superplasticizer was used to modify the workability of fresh concrete.
Table 2. Mix proportion of used concrete
Samples
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Table 2 gives the mix proportion used in this study. The sand ratio of all mixtures is 42%. The slump of
all concrete mixtures is in the same range of 160~200mm. The prism of 100×100×400mm of different
concrete mixes were formed. Specimens were stored at room temperature for 24 hours before
demolding, then cured in a fog room of 20±2°C for 1d or 28d. Then, they were divided into two parts.
One began accelerating carbonation test according to the Chinese standard. Another was stored in
normal indoor environment till the age of testing. A slip was cut from specimens in different age to
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determine the carbonation depth of concrete using the phenolphthalein spaying method to monitor the
change of colour edge.
3.2 Results and Discussions
Figure. 3 and Figure. 4 show the change of accelerating carbonating depth and naturally carbonating
depth of concretes cured for different times. The carbonating depth of concrete increases with age.
Increase of water binder ratio and substituting rate of supplementary materials enhances the
carbonation of concrete, too. Insufficiently moistly curing greatly debases the carbonation resistance of
concrete. Sufficiently cured high volume mineral admixture concrete with low W/B ratio can get good
carbonation resistance.
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Figure 3. The accelerating carbonating depth of samples cured for different times
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Figure 4. The naturally carbonating depth of samples cured for different times
4. EXAMPLES OF APPLICATION OF HIGH VOLUME MINERAL ADMIXTURE CONCRETE
4.1 Massive foundation slab of Tianjin Tower
Tianjin Tower is a super-rising building of 336.9m. The volume of its foundation slab is 20 000m3.
C40R60 concrete was chosen during the design. It means that the strength degree of concrete should
be C40 at 60d. It should be cast continually without any construction joint in the slab. Since the typical
depth of the foundation slab was 4m and it was scheduled to cast in September, it was crucial to
alleviate the temperature rise and prevent the concrete from thermal cracking at early age. Therefore,
HVFA concrete was adopted for this massive foundation slab to reduce heat evolution during the
hardening process of concrete.
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The used raw materials were PO 42.5 Portland cement, Class I fly ash, 5~25mm crushed limestone,
river sand and manufactured sand. Superplasticizer was used to modify the workability of fresh
concrete to 160~200 mm. The mix proportion of concrete showed in Table 3 was determined after trial
and modified based on a full scale model experience. The percentage of fly ash in binder is 40%.
Table 3. Mix Proportion of Concrete (kg/m 3)
Cement

Fly Ash

River Sand

Artificial Sand

252

168

160

639

Coarse
Aggregate

Water

Superplasticizer

172

8.4

1059

Sand Ratio

W/B

Fly Ash/Binder Ratio

0.43

0.41

0.40

River sand/ Manufactured
sand Ratio
1:4

During the test of mechanical properties, specimens were cured in two different conditions, i.e.
standard curing (SC), in which the specimens were kept under the condition of 20°C and 95% of
humidity; temperature-matching curing (MC), in which the curing temperature was varied followed the
temperature variety in the core of structure measured in real-time by a sensor. Table 4 demonstrates
mechanical properties of the concrete at different ages under two curing conditions. It shows that the
compressive strength increased rapidly at early age and most of the strength was attained within 7
days in the temperature-matching curing condition. The compressive strength development of concrete
under standard curing condition was much slower than those under match curing at the early stage.
However, at later stage, the strength had much potential to increase and the standard strength of 60
days was 54.3 MPa that satisfied the requirement for C40R60 concrete.
Placement of the foundation slab was operated continuously. The initial casting temperature of
concrete was around 30°C and the peak temperature of core was 65°C. The maximum temperature
rise was 35°C which is much lower than the requirement of the design. Most significantly, the HVFA
concrete massive foundation show excellent performance and has remained crack free until now.
Table 4.

Mechanical Properties of concrete cured in different conditions
Curing Conditions

3d

7d

28d

60d

MC

27.1

53.7

54.4

53.6

SC

15.9

25.9

40.7

54.3

MC

-

3.66

-

4.86

SC

-

2.10

-

3.78

MC

-

36.7

-

38.9

SC

-

29.8

-

34.6

Compressive Strength (MPa)

Splitting Tensile Strength (MPa)

Elastic Modulus

(GPa)

4.2 Massive foundation slab of China International Trade Center, Phase III
China International Trade Center, Phase III is a super-rising building of 330 m in Beijing. The volume of
its foundation slab is 22 000 m 3. As proposed in the design, C45R60 concrete should be attained.
HVFA concrete was adopted for reduction on heat evolution.
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The used raw materials were PO 42.5 Portland cement, fly ash, 5~25mm crushed limestone, river sand
with fineness of 2.7. Superplasticizer with water reducing rate higher than 20% was used to modify the
workability of fresh concrete to 160~200 mm. The mix proportion of concrete is shown in Table 5. The
percentage of fly ash in the binder is 44%.
Table 5. Mix Proportion of Concrete（kg/m3）
cement

Fly ash

sand

230

190

770

Coarse
aggregate
1020

Superpla-

water

sticizer

165

Sand

w/b

9.7

ratio

0.39

0.43

Experiment on adiabatic temperature rise of concrete was carried out (Figure 5). It is distinct that the
rate of temperature rise in 1 day was relatively low and then sped up. In 7 day the peak temperature,
which was about 58.1°C, was achieved and the gross temperature rise was 43.2°C. Placement of
the foundation slab was operated continuously in June. Heat evolution measured inside the foundation
slab is shown in Figure 6. In contrast with Figure 5, temperature development in the real structure
exhibited similar trend. However, since the initial casting temperature was around 25°C, the rate of
hydration in the slab was accelerated. The peak temperature of core arrived on 75°C, which satisfied
the requirement in the design, and the maximum temperature rise was 50°C
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Figure 5. Adiabatic Temperature

Figure 6. Temperature Development

Rise of concrete

of the Foundation Slab

Table 6

Curing Conditions

2d

3d

7d

14d

28d

MC

6.8

22.2

58.0

65.4

66.5

SC

10.6

26.0

46.3

57.9

CC

15.5

22.2

41.2

52.3

Compressive Strength
(MPa)
Splitting Tensile
Strength (MPa)
Elastic Modulus

The mechanical properties of concrete

(GPa)

MC

1.88

3.76

SC

0.92

2.63

4.11

4.20

CC

1.46

2.03

2.89

3.14

28.1

35.6

MC
SC

0.52

17.3

4.62

60d

38.7

4.70

39.1
32.5

Drying Shrinkage

About 350 microstrain at 60d

Autogenous Shrinkage

About 20 microstrain

During the test of mechanical properties of concrete, specimens were cured in three different
conditions, i.e. standard curing (SC), match curing (MC) and co-conditional curing (CC), in which the
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specimens were laid beside the structure. The mechanical properties of concrete were shown in table
6. The quality of concrete was excellent and satisfied the requirement of design. The compressive
strength of core drilled and sampled after 60 day was 63.7 MPa, which exceeded the standard strength
and was more close to match curing strength. Now this project has finished and will open to public in
the end of this year.
5. CONCLUSION
Fly ash is a valuable supplementary cementitious material, which can be used in the cement
manufacture or concrete preparation. Its physical “microfiller” effect plays an important role during the
early hydrating age and its chemical pozzolanic effect increases with the age for the complex binder
containing fly ash. High volume fly ash concrete is suitable to construct massive structure. The
elevating temperature environment in the core of massive concrete structure enhances performance of
HVFA concrete. Its mechanical properties develop with satisfactory rate under the condition of suitable
mix proportion. Its durability is also excellent when it is cured fully. The temperature rise of HVFA
massive concrete is low, which especially benefits the crack-elimination of concrete structure.
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ABSTRACT
Cement is the most widely used material in the world today just after water. Conventional pyrochemical production of cement is highly optimized, but it also entails a considerable carbon dioxide
footprint. The search for novel and “eco” synthesis methodologies is of clear relevance in this field.
In this scenario, the use of SuperCritical Fluid Technology (SCF) has been recently applied to
synthesize xonotlite and tobermorite [1, 2] nanofibres. The main advantage of SCF over traditional
methodologies relies on its speed (synthesis in seconds instead of days) and its flexibility to tune the
composition and shape of the synthesized particles.
In this new work, the main challenge will be the synthesis of other calcium-silicate-hydrate
nanostructures with different compositions and controlled morphologies. Afterwards, the so obtained
calcium-silicate-hydrate nanoparticles will use them as either nanoseeds in cement pastes for
accelerating the cement hydration or appropriate templates for producing reactive calcium silicates
upon dehydration.
In conclusion, we explore the potential of the SCF technology for the development of "green" cementbased materials optimizing and making more profitable the very long hydrothermal routes.
[1] M. Diez-Garcia, J.J. Gaitero, J.S. Dolado, C. Aymonier, Ultra-fast tobermorite supercritical
hydrothermal synthesis under thermodynamically metastable conditions, Angew. Chem. Int. Ed., 2017,
56, 1-6.
[2] M. Diez-Garcia, J.J. Gaitero, I. Santos, J.S. Dolado, C. Aymonier, Supercritical hydrothermal flow
synthesis of xonotlite nanofibers, J. Flow Chem., 2018, DOI: 10.1007/s41981-018-0012-7.
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1.

INTRODUCTION

Cement is currently the most widely used construction material in the world. The conventional pyrochemical production of cement is highly optimized, but it also entails a considerable CO 2 footprint.
Furthermore, the cement is brittle and when subjected to external high compression loads a sudden
failure under stress occurs. For these reasons, cement is very sensitive to crack formation and to
degradation by external agents.
To overcome this issue, a variety of different chemical admixtures and additions are generally added
into the cement matrix to modify its early-stage and/or final properties (Land et al. 2015). Among the
additions, some of them are specifically aimed at accelerating the setting process, allowing to develop
in less time a more dense and harder cementitious matrix. An appealing variety of these accelerants
relies on a seeding effect, acting as nucleation points that trigger the quick formation of the principal
hydration product of the cement, the calcium-silicate-hydrate (C-S-H) gel. The latest generation of
developed additions is based on hydrated calcium silicate nanoparticles due to their high compatibility
with the cement paste (Jennings 2000), (Thomas et al. 2009).
However, the nature of C–S–H gel is very complex and is strictly limited by the lack of precise knowledge
on the calcium silicate hydrate gel nanostructure (Feldman at al. 1970), (Jennings 2000), (Dolado et al.
2007), (Powers et al. 2008), (Jennings 2008), (Dolado et al. 2011).
In this scenario, the aim of our work is to produce significant quantities of these nanominerals with a
novel and “eco” method in order to assess their impact on the evolution of the physicochemical
properties of cement matrix.
Figure 1 shows the about thirty different crystalline phases of the very complex CaO-SiO2-H2O system
distributed in a phase diagram. The formation of many different species is based on the big ionic radius
of calcium and its electropositive character which allow many types of coordination with oxygen (Taylor
1986). The formation of one species or another depends from the control of many parameters, such as
the Ca/Si ratio, the temperature and the reaction time.

Figure 1. CaO-SiO2-H2O phase diagram for different molar CaO/SiO2 ratios. The dashed lines
indicate uncertainties. Reprint with permission from Hong SY, & Glasser FP (2011). Phase
relations in the CaO-SiO2-H2O system at 200 °C at saturated steam pressure. Cement Concrete
Research, Volume 34, pp 1529-1534. Copyright 2019 Elsevier

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
In some aspects, the complex structure phases of CaO-SiO2-H2O are still not completely known and
this work pretends also to throw some light to this (Taylor 1986), (Hong et al. 2004).
In recent years, calcium silicate hydrate minerals, such as tobermorite and xonotlite, have been
highlighted as attractive materials for several applications (Li et al. 2006), (Shaw et al. 2000). Regarding
the tobermorite, depending on the amount of water and the basal spacing between two consecutive
layers of calcium oxide three phases can be distinguished, the so-called 14 Å tobermorite, 11 Å
tobermorite or 9 Å tobermorite (El-Hemaly et al. 1977), (Mitsuda et al. 1978). The most common
structure under ambient conditions is tobermorite 11 Å attributed to two possible formulas:
Ca5Si6O17·5H2O or Ca5Si6O16(OH)2·4H2O (Merlino et al. 2001). The structure of 11 Å tobermorite
consists of a central layer of calcium octahedra which has silicate sheets on each side, as is shown in
the Figure 2.
Temperature plays a very important role in the tobermorite formation (Sakiyama et al. 1977), (Bell et al.
1996), (Myers et al. 2015). In fact, this mineral is considered to be stable over a range of molar ratio
Ca/Si from 0.8 to 1 at room temperature, however at high temperatures the system is thermodynamically
unstable (Hartmann et al. 2015). Moreover, in literature it has been widely reported that a partial
substitution of aluminium for silicon in the chains provides stability to the compound structure (Mitsuda
et al. 1975), (Tsuji et al. 1991), (Shrivastava et al. 2000), (Mostafa et al. 2009), (Hartmann et al. 2015)
(Myers et al. 2015).
Xonotlite shows higher stability as compared with tobermorite, and the reason can be attributed to their
tiny crystalline structural discriminations. Xonotlite is a monoclinic crystal with the chemical formula
Ca6Si6O17(OH)2 and a Ca/Si molar ratio of 1 (Black et al. 2009). The crystalline structures of xonotlite
and tobermorite are shown in Figure 2. Both xonotlite and tobermorite are considered as rare minerals
that only form in nature in a hyper-alkaline environment under hydrothermal conditions (Shaw et al.
2000), (Krivovichev 2008). In fact, one of the main reasons why their structures have been argument of
debate for many years regards the difficulty of obtaining pure and large crystals.

Figure 2. The crystalline structure of xonotlite, left picture, and 11 Å tobermorite on the right. Si
atoms in dark blue, Ca atoms in light blue and O in red
The tobermorite and xonotlite are the only calcium silicate hydrates species that have been synthesized
up to now under supercritical conditions (Diez-Garcia et al. 2017), (Diez-Garcia et al. 2018).
The supercritical water (SCW) has become significant as solvent to produce many oxides, metals and
sulfides since the beginning of 1990s (Adschiri et al. 1992), (Besnard et al. 2006), (Aymonier et al. 2006),
(Aymonier et al. 2007), (Aymonier et al. 2018). The supercritical domain of water appears above the
critical point, i.e. at temperatures higher than 374 °C and pressures over 22.1 MPa. The pressure-
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temperature phase diagram of pure water is illustrated in Figure 3 (Claverie et a. 2018). The
physiochemical properties of supercritical water, such as density, dielectric constant and viscosity
change drastically from those of water at room temperature. For instance, under supercritical conditions
the dielectric constant and the density of water decrease dramatically. This phenomenon can be
explained taking into account the reduction in the order of the hydrogen bonds. Furthermore, the
viscosity drops to gas-values promoting the molecular mobility. The supercritical water shows also a
non-dissociating nature, which is highlighted by the reduction by nine orders of magnitude of its ionic
product. Due to these properties the solubilisation of non-polar compounds and the precipitation of
inorganic compounds is allowed in supercritical solvents. The diffusivity in supercritical water is very
high and instead the surface tension is very low which improves the transport properties and facilitates
the permeability into other materials (Shah et al 2004), (Loppinet-Serani et al. 2010), (Diez-Garcia 2017)
(Claverie et a. 2018). The main advantages of the supercritical water technology are:






Ultra-fast reaction kinetics: it is possible to decrease the reaction times to tens of seconds in
contrast to the hours or even longer times of hydrothermal and geothermal conditions,
High control over the synthesis process: a continuous supercritical reactor offers the
feasibility to finally adjust the synthesis parameters, such as the temperature, pressure, the
reagents concentration and thus the reaction time and the reaction kinetics,
Green chemistry: the use of water as sustainable reaction medium and no waste production.
Feasibility of scaling up this technology towards industrial production,
Ability to synthesize single phase and well-crystallized nanostructures in a single-step
process.

Figure 3. Pressure-temperature phase diagram of pure water. PT represents the triple point (TPT
= 0 °C, PPT = 0.612 MPa) and PC is the critical point (TPC = 374°C, PPC = 22.1 MPa). The dotted
lines represent some isochoric curves. Reprint with permission from Claverie M, Diez-Garcia
M, Martin F, & Aymonier C (2018). Continuous synthesis of nanomaterials in supercritical
water. Chemistry-A European Journal. Copyright 2019 Wiley
Our group provided the first proof of the effect of tobermorite and xonotlite, synthesized in supercritical
water, as seeds into cement paste (Diez-Garcia 2017). In her thesis work, Diez-Garcia studied, by
calorimetric and mechanical test, the role of seeds dosages (Diez-Garcia 2017). The Figure 4 reports
that both xonotilte and tobermorite have an accelerating effect if compared with the reference. Moreover,
the comparison between the calorimetric measurements for the cement pastes prepared with the two
different minerals shows higher accelerating effect of xonotlite over tobermorite. This can be related to
the morphology, the size or the aggregation of the particles. In view of these results, in the the future
work the synthesis of tobermorite with controlled fibrous shape will be investigated.
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Figure 4. Comparison between the calorimetric curves of cement pastes prepared with either
xonotlite or tobermorite as nanoseeds. Different dosages of the seeds were studied: 0.5%, 2%
and 5% (Diez-Garcia 2017)
2.

EXPERIMENTAL

The new and fast synthesis route reported by Diez-Garcia et al. is revolutionary in the area of the calcium
silicate hydrates synthesis (Diez-Garcia et al. 2017), (Diez-Garcia et al. 2018). However, the study of
the minerals properties was limited by the trace amount of the produced material.
In this work, we have scaled-up the synthesis set-up to obtain a more suitable reactor for a more effective
and higher minerals production. In this contest, this work could open the door to a more flexible
production for the industrial uses of the tobermorite and xonotlite in the cement paste. The continuous
home-made reactor developed for the supercritical hydrothermal synthesis of calcium silicate hydrates
consists of a stainless steel tubular pipe of 0.74 m in length and 9/16 inches in width.

Figure 5. Scheme of the continuous setup used in this work for the synthesis of calcium
silicate hydrate structures under supercritical conditions
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The experimental set-up was equipped with a heating system to keep the entire tube at 400 °C. A backpressure regulator, placed downstream the reactor, allows controlling the reactor pressure up to 23.5
MPa. A scheme of the experimental set-up is shown in Figure 5.
To carry out the synthesis the precursors Na2SiO3·9H2O and Ca(NO3)2·4H2O were chosen for their high
solubility in water, used as solvent. These solutions were introduced in the system through two separate
injection lines using high-pressure pumps and mixed at the tee mixing point. The C-S-H gel precipitates
as soon as the two precursors are in contact at the mixing point and then flows into the reactor where
calcium silicate crystallization occurs due to the supercritical conditions. In order to prevent the
precursors carbonation, the solutions were kept under N2 flow during all the synthesis time. The reaction
is quenched thermally downstream with an ice bath where is placed a stainless steel fritted filter in order
to recover the resulting calcium silicate nanoparticles.
The versatility of supercritical fluids technology enables a controlled synthesis of different calcium
silicate hydrate minerals by changing few parameters. In the xonotlite synthesis calcium and silicate
salts were added in a Ca/Si molar ratio of 1. Instead, as explained previously, for the tobermorite
formation the introduction of a small proportion of Al replacing the Si in the chains of the structure is
necessary. In this case, a Ca/(Si + Al) molar ratio of 0.83 and of Al/(Al + Si) = 0.15 were used.
The synthesized materials were characterized with different techniques, X-ray diffraction (XRD),
Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM).
3.

RESULTS AND DISCUSSION

In figure 6, the XRD pattern indicates that the positions and intensities of all peaks are coincident with
those of xonotlite when the synthesis occurs in a residence time of 20 s. The results show well defined
diffraction peaks which confirm the highly crystalline xonotlite phases.

Figure 6. X-ray diffraction patterns of xonotlite synthesized under supercritical conditions and
compared with the reference, in red (PDF 00-023-0125)
The morphology of the obtained minerals was investigated by SEM and TEM. As can be observed in
Figure 7 the xonotlite crystal mainly consisted of flat and tiny fibers of approximately 1-30 μm long and
100-200 nm wide, that is in accordance with the literature (Black et al. 2009), (Lin et al. 2007). In fact,
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Lin et al. reported similar fibrous structures, using the same reactants, but only after 24h of hydrothermal
treatment at 200 °C (Lin et al. 2007). The TEM images of xonotlite confirm its high crystallinity and the
fibrillar morphology, Figure 8-9. In fact, in these images it is possible to observe the interference of
overlapped diffracting crystal lattice planes with different orientation.

Figure 7. SEM image of synthetic xonotlite nanofibers synthesized in supercritical water

Figure 8. TEM image of the xonotlite fibers

4.

Figure 9. TEM image of the xonotlite fibers
with a higher magnification

CONCLUSION

In this work, we reported the continuous supercritical hydrothermal synthesis technology allows a better
control of the synthesis conditions. Moreover, it is possible to produce xonotlite and tobermorite in just
20 s and 7 s, respectively, which is much lower than the very long synthesis times for hydrothermal
subcritical processes. Our results show that the synthesis product consists of well crystalized and highly
pure tobermorite and xonotlite. The future work will be focused on the synthesis of other C-S-H
structures with different Ca/Si molar ratios. Afterwards, the main challenge will be use the so obtained
minerals as either nanoseeds in the cement paste or appropriate templates for producing reactive
calcium silicates upon dehydration. In this scenario, that versatile, fast, sustainable and scalable
technology allows a reliable production of calcium silicate hydrate minerals and might mean an important
advance for the current synthetic processes in the cement industry.
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ABSTRACT
Supplementary cementitious materials (SCMs) are widely used as a substitute for cement to utilize
clinker more efficiently. Partial replacement of clinker by one or more additives to produce blended
cements leads to the reduction in the CO2 emission and energy saving in cement production process
and offers green cementitious systems to the construction industry. An important problem in the
cement production process is to establish suitable combinations of the clinker with SCMs of
performance comparable to that of OPC.
The reactivity of blended cements is largely determined largely determined by the fineness. With the
decrease of the particles size their “excess surface energy” significantly increases. The incremental
coefficient of particle surface distribution was calculated to assess the contribution of individual
fractions to the total surface area. Due to particle size and surface distributions of OPC and SCMs
created the possibility to evaluate the contribution of ultrafine fraction on their reactivity. Different types
of SCMs (slag, fly ash, natural zeolite, metakaoline, silica fume, limestone powder etc.) were
compounded based on powder packing theory. Particle surface distribution showed that the reactivity
of SCMs determined by ultra fine fraction below 5 µm. Synergetic combination of SCMs in blended
cements ensures the formation of dense microstructure of paste and contributes to better properties.
The optimization of particle surface distribution of the SCMs provided high early strength of the multicomponent blended cements. The lowering clinker factor ratio in blended cement systems due to
SCMs reduces the CO2 discharge in the cement production process.
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1.

INTRODUCTION

Supplementary Cementing Materials (SCMs) when used in conjunction with Portland cement, contribute
to the properties of the hardened concrete through hydraulic or pozzolanic activity. In the production of
blended cements with lower clinker-factor, the partial replacement of Portland cement clinker by one or
more SCMs determines the significant potential for reduction of carbon footprint of the construction
industry (Lothenbach B., et al., 2011). The main hurdle of clinker substitution of SCMs is the low early
strength development of the blended cements. A rational solution to reduction of cement cost production
is the technologically optimized Portland cements with several main constituents (Schneider M., et al.,
2011, Giergiczny Z., et al., 2011). The strategy of obtaining such cements suggests that the combination
of different genesis main components of to a greater extent provides a reduction in CO 2 emissions and
the conservation of material resources, as well as optimization of properties (workability, standard and
early strength, durability, cost, environmental impact). Most cement plants use granulated blast furnace
slag and fly ash as mineral additives and limestone as microfiller. The use of natural pozzolanic material
- zeolite tuff - as a partial replacement for cement can lead to economic benefits and may improve the
durability. However, zeolitic tuffs need more water to produce paste of the same consistency. The choice
of the cement replacement materials usually takes into consideration that the components used should
be able to compensate the weaknesses of the individual ingredients in the ternary and quaternary
cementing systems (Sanytsky M., et al., 2018).
Silica fume has been used successfully when interground in blended cements. In this case better
methods of characterization of the dispersion of silica fume particles is needed, as processing and
handing may impact on the efficiency of its performance in concrete (Juenger М, et al.,2012). The
application of nanotechnology in the civil engineering can play an important role in the quality of building
materials. Nanoparticles show unique physical and chemical properties of binders. Nanosilica has a
significant role due to the highly reactive surface and pozzolanic activity with calcium hydroxide
realeased during hydration of alite phase to form CSH-gel, which fill available pores with improving the
microstructure (Heikal M. et al., 2013; Land G, Stephan D, 2015).
By changing the type, the addition and the size of SCMs in the micro-structurally designed cement
pastes, effects of SCMs particles on the compressive strengths of cement pastes were quantitatively
characterized, and then classified into inherent characteristic effect, particle size refinement effect, and
hydration effect ( Liu S., 2018). To account for this it is necessary to study the reactivity of SCMs in
detail in order to develop directions to enhance the reactivity and thereby the strength development of
cementing systems. Particle size of clinker and SCMs is a valuable indicator of quality and performance
of blended cements. The particle size distribution (PSD) and specific surface area (SSA) of binders
significantly affect the fresh and hardened characteristics of cement-based materials (Mehdipour I,
Khayat K. H, 2017). As a rule, PSD in cementing systems usually considers according to the volume or
weight of particles. At the same time, it is also important to study the influence of the particle surface
area distribution on the reactivity of cementing systems. In this study, effects of PSD and SSA on the
reactivity of SCMs and strength development of the blended cements were investigated.
2.

EXPERIMENTAL

Ordinary Portland cement CEM I 42.5R JSC "Ivano-Frankivsk Cement" composed of С3S: 62.42, C2S:
13.62, C3A: 7.06, C4AF: 12.32, wt. %, was used in the investigation. Grain granulated blast furnace slag
(GGBFS) consisting of 92-96 wt. % CaO + SiO2 + Al2O3 + Fe2O3, low calcium fly ash (FA) of Burshtyn
power station consisting of the following oxides, wt. %: SiO2 - 52,41; Al2O3 - 24,62; Fe2O3 - 11,45; CaO
- 2,33; MgO - 2,09; SO3 - 1,04; K2O - 2,68; Na2O - 0,69; LOI - 2,69 and ultrafine zeolitic tuff (UFZ) with
70-73 wt. % SiO2 provided from Sokyrnytsky quarry were used as SCMs. Limestone powder with 95
wt. % СаСО3 was used as microfiller. Blended cements were obtained by mixing of CEM I 42.5R with
GGBFS, UFZ, FA, limestone powder and their combination.
The share of fine particles of the blended cements was increased by an additive of Levasil Colloidal
Silica CB8 containing nanosilica (NS). These NS particles are spherical or slightly irregular in shape,
and may be present as discrete particles or slightly structured aggregates (Sikora P, et al., 2015).
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The compressive strength data of the blended cements was determined on 40x40x160 mm mortar
prisms with water/cement ratio of 0.50 according to EN 196-1. Determination the workability of fresh
cement mortars (consistence by flow table) was carried according to EN 1015-3. The hydration process
of the cementitious systems was studied by means of XRD, electron microscopy, thermal methods of
analysis. The particle size distribution of SCMs was measured by laser granulometer Mastersizer 3000.
The evaluation of the pozzolanic activity of the SCMs was carried out on the ability of the mineral additive
to absorb Ca(OH)2 from its saturated solution. In this case, the criterion is the amount of absorbed
Ca(OH)2 (in mg) with 1 g of mineral additive.

3.

RESULTS AND DISCUSSION

For the development of blended cements with high early strength, a complex assessment of mineral
components dispersion has been carried out. Table 1 shows data of the volume mean diameter D[4;3]
for the CEM I 42.5 R corresponds to 24.8 μm, and for the SCMs it changes from 28.6 to 71.9 μm. The
surface area mean diameter D[3;2] for the CEM I 42.5 R is 5.21 μm, and for the SCMs it changes from
4.62 to 7.16 μm.
Table 1. Particle size distribution of Portland cement and mineral additives
Material
CEM І 42.5R
GGBFS
UFZ
Fly ash
Limestone

SSA,
m2/kg
336
400
1200
330
1020

Ø<5
µm, %
21.86
22.96
23.47
14,48
22.17

Ø <10
µm, %
37.46
40.86
38.75
29,25
32.23

Ø <20 <60
D[3;2]
µm, % µm, %
µm
60.41 97.52
5.21
56.91 85.78
6.55
58.76 87.92
5.22
47,26 75,28 7,16
41.30 60.10 4.62

D[4;3]
µm
24.8
30.7
28.6
53,7
71.9

Dv(10) Dv(50)
µm
µm
2.76
18.1
2.62
16.2
1.93
15.6
4,15
23,6
1.81
38.5

Dv(90)
µm
56.5
81.3
66.6
134,0
180.0

The particle size distribution by volume for such SCMs as GGBFS, UFZ, FA and limestone powder is
shown in Figure 1.

Figure 1. PSD of SCMs by volume
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It should be noted that the ultrafine zeolite (UFZ) and limestone powder are characterized by a bimodal
particles size distribution by volume. The amount of fine fraction (0.3 ... 10.0 μm) of zeolite is 39 vol. %
and fine fraction (0.9 ... 10.0 µm) of limestone is 32 vol. %. For GGBFS ultrafine fraction of 0.3...1.0 μm
containing 2.91 vol. % is observed. The volume mean diameter D[4;3] of the SCMs extent within 28.6
... 71.9 µm, while the surface area mean diameter D[3;2] is within 4.62 ... 6.55 µm. This indicates that
the thin fractions of SCMs determine their surface area. The “excess surface energy” of SCMs
significantly increases with the decreases of the particles size. The degree of additional interfacial active
surface area SCMs could be obtained by the determination of the ratio of surface area of particles to
their volume (coefficient A/V) according to special methodology (Sanytsky M. et al., 2015).To assess
the contribution of individual particles to total specific surface area, it was calculated particle size
distribution by surface area and suggested an incremental coefficient of surface area (K isa), which is
determined by multiplying the coefficient A/V by the incremental volume of each fraction of the material.
As seen in Figure 2, there is a bimodal particle distribution on the surface area for CEM I and GGBFS,
whereas for ultrafine zeolite and limestone powder the influence of a fine fraction on a specific surface
is much higher. Therefore, for zeolite tuff and limestone the monomodal distribution of particles by the
surface area is manifested to a lately extent, in this case the effect on the specific surface of the coarse
fraction is negligible. The content of a fine fraction (Ø≤1.5 μm) for GGBFS is only 4.65%, while the
maximum value Kisa = 5.1 μm-1.vol.% corresponds to particles of 0.9 μm. Ultrafine zeolite is characterized
by a maximum value Kisa = 5.32 μm-1.vol.% with particles of 1.5 μm in size; for a fraction of 5...10 μm
this coefficient is reduced by 2-3 times and with a further increasing of the particles size this coefficient
decreases by an order of value, despite the fact that the volume average diameter D[4;3] for zeolite is
28.6 μm. For a limestone, the maximum Kisa = 5.93 μm-1.vol.% is achieved at 2 μm, the volume average
diameter D[4;3] =71.9 μm, the coarse fraction (Ø≥10 μm) is 65%, and the value K isa =0,8 μm-1.vol.%,
that's, the contribution of this fraction to the specific surface area does not exceed 7%.

Figure 2. PSD of SCMs by surface area
Particle size distributions of CEM I by volume and surface area are given in Figure 3. As seen, the
content of the fraction up to 1.0 μm is only 5.85% but surface area of these fractions is equal to fraction
higher than 1.0 μm. The maximum surface area coefficient (Kisa = 6.8 μm-1.vol.%) correspond for
particles of 0.22 μm. At the same time, for the fraction Dv(50) = 18.1 μm coefficient Kisa is insignificant.
Consequently, the fine fractions of less than 5 μm with a content of 22-25 vol.% make a major
contribution to the specific surface area of the cementitious materials.
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The mandatory physical requirements SCMs consist of fineness, strength activity index, water
requirement, soundness, and uniformity of fineness and density. The amount of water needed to
produce a concrete mixture of adequate workability dependent on SCMs fineness that is important in its
contribution to the strength of concretes. The development of more sustainable cementitious products
also requires the evaluation of the pozzolanic activity of SCMs depending of its fineness.

Figure 3. PSD of CEM I 42.5 by volume (left) and surface area (right)
The results of investigations of the pozzolanic activity of GBFS, FA and different kinds of zeolites by the
absorption of Ca(OH)2 show (Figure 4) that after 28 days the highest activity is observed (187 mg/g) for
ultrafine zeolite (UFZ) with a grain size up to 50 μm (SSA = 1200 m2/kg) that exceeds the indicator for
fine zeolite (FZ) with a grain size of up to 115 μm (SSA = 600 m 2/kg) by 1.5 times, respectively; for
GGBFS (SSA = 400 m2/kg) and FA (SSA = 330 m 2/kg) the absorption of Ca(OH)2 decreases by 2.7 and
7.0 times. After 2 days absorption of Ca(OH)2 for ultrafine and fine zeolites and GGBFS is 28; 16 and 8
mg/g, respectively. Characteristically, for a fraction of GGBFS to 50 μm, the activity of absorbing
Ca(OH)2 at 28 mg/g is achieved only after 7-8 days. This shows that precisely the thin fraction of zeolite
plays the most important role in the processes of early structure formation. The coefficient of the
pozzolan activity of ultrafine zeolite is 1.05 and was tested in accordance with EN 450-1: 2009. High
index of zeolite pozzolanic activity provide intensive binding of calcium hydroxide in hydrosilicates and
hydroaluminates.

Figure 4. The absorption kinetics of Ca(OH)2 by SCMs
Perfomance of blended cements depends significantly on their physical and mechanical characteristics,
such as bleeding, water demand, setting time, heat of hydration, compressive and flexural strengths.
Water demand and bleeding of blended cements determines by the type and amount of SCMs. The
water demand for GGBFS and fly ash is respectively 19 and 27%, for limestone - 24%. At the same
time, ultrafine zeolite is characterized by high water demand (55%). On the other hand, GGBFS,
limestone and fly ash have a high bleeding (respectively 45.5, 36.5 and 39.0%). The lowest bleeding
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indicator (Kvol = 2-3%) is characteristic of natural zeolite, thus the suspension with the addition of such
zeolite is the most stable: the bleeding does not change after 2 h.
Technological optimization due to the combination of mineral additives of GGBFS, zeolite and limestone
with different surface area helps to stabilize the mixture to segregation, which allows to control the
processes of early structural formation and provides the necessary rheological and mechanical
properties of blended cements. The content of SCMs up to 35 wt.% as part of Portland cements type
CEM II/B leads to a decrease in their strength especially at early age (Table 2). The addition of ultrafine zeolite greatly reduces workability of blended cement but small particles of calcium carbonate
provide an increase in their workability.
Table 2. Influence of SCMs on physical and mechanical properties of blended cements

Cement
100% CEM I 42.5
65% CEM I 42.5 +35 wt.% GGBFS
65% CEM I 42.5 +35 wt.% UFZ
65% CEM I 42.5 +35 wt.% Limestone

SSA,
m2/kg

Flow,
mm

340
365
410
395

185
189
160
190

Compressive strength, МPa, at age, days
2
32,1
13,9
15,6
16,9

28
47,6
27,8
29,0
26,8

90
51,2
39,2
40,2
35,4

The strength activity index (SAI) of blended cements with 35 wt. % SCMs replacement is shown in
Figure 5. It can be seen that the addition of calcium carbonate resulted in higher SAI at 2 days, whereas
the SAI values increasing of such blended cement slightly reduced with age. At the same time, the
highest SAI with age of hardening is characterized by zeolite-containing blended cement.

Figure 5. Strength activity index of blended cements at 2, 28 and 90 days
The study of the influence of the ratio of the main components (GGBFS, zeolite and limestone) on the
properties of multi blend cements obtained by mixing 35 wt. % SCMs and 65 wt. % CEM I was carried
out by the method of mathematical planning in accordance with the plan of a two-factor three-level
experiment. The amount of the zeolitic tuff (X1) was used 0; 10; 20 wt. %, limestone powder (X2) 0; 7.5; 15 wt. % (amount of GGBFS was changed within 35…0 wt. %). Based on experimental data, the
regression equations of influence of UFZ and limestone powder amount on the fresh mortar workability
(mm flow) and the strength activity index (%) in relation to blended cement with the additive of 35 wt%
GGBFS at the age of 2 and 28 days have been obtained:
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Y Flow = 91.26-9.19Х1+0.29Х2+1.9Х12+1.45 Х22+0.21Х1Х2
YSAI 2 d= 111.84-6.60Х1-0.02Х2-11.86 Х12-5.71Х22-2.05Х1Х2
YSAI 28 d= 107.86-9.90Х1-2.83Х2 -9.30 Х12-9.60Х22-1.17Х1Х2
Isoparameter lines of relative SAI for quaternary Portland composite cements CEM II/B-M at age 2 and
28 days are shown on Figure 6. As seen from these diagrams, the optimal balance between non-clinker
constituents that realize the workability more than 190 mm flow and the maximum early compressive
strength (Rc2=19.1 MPa) of quaternary Portland composite cement CEM ІІ/B-M(S-P-L) is 20.0 wt. %
GGBFS, 7.5 wt. % zeolite and 7.5 wt. % limestone powder.

Figure 6. Relative strength activity index of Portland composite cements at 2 days (left) and
28 days (right)
The reactivity of the SCMs should correspond to the level of their “excess surface energy” which
determines by the surface area of particles. Fractions of SCMs with higher reactivity contribute more to
the increasing of early strength blended cements compared with fractions of components of lower
reactivity. The use of SCMs with a specific surface area higher than cement leads to an increase in the
surface area of the whole system with an appropriate increasing in the volume of physically bound water
in the mixture, which contributes to the improvement of its rheological properties and the sealing of a
cement stone.
Particles of nanostructural level with high “excess surface energy” even more significantly affect the
early strength development of cementitious systems. The nanosized level of blended cements was
enhanced by the addition Levasil Colloidal Silica CB8 containing nanosilica (NS) to Portland composite
cement CEM II/B-M. As seen from Table 3, a volume mean diameter D[4,3] for the CEM II/B-M
corresponds to 26.3 µm, that for the NS – to 0.209 µm. At the same time, the surface area mean diameter
D[3,2] for the CEM II/B-M corresponds to 4.02 µm, whereas for the NS – to 0.200 µm.
Table 3. PSD by volume of CEM II/B-M and nanosilica
Material
CEM II/B-M
nano-SiO2

Ø <0.5
µm, %
2.94
100.0

Ø <1
µm, %
6.16
100.0

Ø <5
µm, %
23.67
100.0

Ø <10
µm, %
38.79
100.00

Ø <20 D[3,2], D[4,3],
µm, %
µm
µm
57.35
4.02
26.3
100.00 0.200 0.209

d10,
µm
1.85
0.155

d50,
µm
17.5
0.204

d90,
µm
65.3
0.269

The maximum values on the differential curve of the PSD by volume for the CEM II/B-M is at 35.3 µm,
and for the NS – at 0.188 µm (Figure 7). The volume of the active cement particles within the range of
0.1…45.0 μm is 79.64 %, whereas for the NS the total volume lays in the range of 0.10…0.32 μm. The
calculated specific surface area measured by laser granulometry for the CEM II/B-M corresponds to
497.1 m²/kg that for the NS – 21430 m²/kg and the ratio of the value for the NS to the value for the CEM
II/B-M is 43.1. It allows to evaluate the effect of this ultrafine fraction in the development of the total
surface area of the cementing system. In this case, 2.32 wt. % NS particles contributes equally to the
total surface area of the CEM II/B-M as the cement particles.
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Figure 7. PSD by volume of CEM II/B-M (left) and NS (right)
The degree of interphase active surfaces CEM II and NS determines by the calculation of the coefficient
of incremental surface area (Kisa). As seen in Figure 8, maximum of Kisa (5.94 µm-1.vol.%) for the CEM
II/B-M was achieved for the fraction of 0.243 µm, for the fraction of 1.0 µm this coefficient was 4.54 and
for the fraction of 10 µm decreased by 3.5 times and with further increase in particle size was significantly
lower. The maximum of Kisa for the NS is 761.2 µm -1.vol.% at 0.188 µm, for the most reactive fractions
the coefficient of incremental surface area of the NS being by 128 times higher than that of the CEM
II/B-M. The NS particles are characterised by very high value of A/V and are extremely reactive relatively
to the particles of the CEM II/B-M. This is an evidence of intensive binding of calcium hydroxide – a
product of the C3S hydration – by nanosilica at the early period of structure formation with the formation
of nanodispersed CSH-gel.

Figure 8. PSD by surface area of CEM II/B-M (left) and NS (right)
It is possible to improve early strength by fine grinding. In this case, there is root for considerable
improvement in the performance of blended cements by optimizing the particle size distributions of the
components. Separate grinding allows each component to be ground to optimal surface area and
granulometry to achieve the most effective cement standard and early strength. The Blaine specific
surface area, in which the components have high reactivity - for clinker is 360-380 m2/kg, GGBFS - 400450 m2/kg, ultra-fine zeolite - 900-1200 m2/kg, limestone powder - 700-900 m2/kg.
As for the main SCMs, the bimodal distribution of particles appears: by volume – for ultrafine zeolite and
limestone powder, and by the specific surface area - for fine grained clinker and GGBFS, so when they
are mixed, a multimodal Portland composite cement CEM II/B-M(S-P-L) with SSA = 430 m 2/kg is
obtained. This cement is characterized by increased early (R c2 = 29.8 MPa) and standard (Rc28 = 44.9
MPa) strengths. Such multimodal quaternary Portland composite cement with high early strength and
low heat hydration corresponds to the strength class 42.5. By the method of differential calorimetry it
was found that for CEM II/B-M 42.5 R the heat of hydration in 24 hours (185.7 J/g) is reduced by 1.8
times compared to CEM I 42.5 R.
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On the XRD spectra of Portland composite cement CEM II/B-M (Figure 9) at 28 days the calcite lines at
d/n = 0.303, 0.249 nm and crystalline hydrated phases calcium hydroxide at d/n = 0.490; 0.263 nm,
ettringite at d/n = 0.973, 0.561 nm, hydrocarboaluminate at d/n = 0.76; 0.380 nm are fixed. The ultrafine fraction of zeolite intensively binds calcium hydroxide and after 28 days of hydration there is a
decrease in the portlandite content in 2 times compared with the paste based on CEM I. In the early
period of the structure formation of Portland composite cement, the intense formation of fine crystals of
ettringite promotes sewing of grains in the non-clinker part, and with the age of hardening, the
microstructure (Figure 10) is dense, which is provided by the AFm- and AFt-phases in an array of the
CSH gel. According to the thermogravimetric analysis, the calculated value of Ca(OH) 2 in a cement
paste based on CEM II/B-M is 8.2 wt. %, which is 2 times less than in a paste based on CEM I.

Figure 9. XRD spectra of Portland
cements at 28 days

Figure 10. SEM images of
СЕМ ІІ/В-М 42.5R at 28 days

The clinoptilolite as a main component of zeolite tuff due to high exchange capacity have ability to
hydrolyze, and high intensity of this process caused the increase of the pH medium. The increased pHvalue of solution create favorable conditions for the alkaline activation of GGBFS in the composition to
the Portland composite cements. However, such activation process of GGBFS takes place over a long
period of time. The reactivity of blast-furnace slag and zeolites depends on the particle size as well as
on the intrinsic reactivity of especially the amorphous phases. In this case, the increase of the medium
pH first of all leads to the activation of the ultrafine part of GGBS that contributes to the increase of early
strength of multi-component cementitious system. The presence of ultrafine fraction of zeolite, which is
characterized by high surface area, contributes to the intensification of the processes of structure
formation in the early period of hydration. The processes of hydrolysis of the alite phase is activated,
when adding ultrafine limestone powder to the blended cements together with GGBFS and UFZ. It
should be noted that in the presence of CaCO3 the hexagonal calcium hydroaluminates are replaced by
more stable hydrocarboaluminates C4A.CO2.12H2O, because groups [СО3]2- in their structure are
packaged in parallel to layers [Са2Al(OH)6]+ and stabilize them. At the same time, only a small amount
of calcium carbonate (3…5 wt.%) can be linked to calcium hydrocarboaluminates and
hydroaluminoferrites and plays an active structuring role by entering into the structure of hexagonal
AFm-phases. Thus, the ultrafine limestone fraction stabilizes the products of hydration of tricalcium
aluminate to form hexagonal hydrocarboaluminates C4A.СО2.12Н2О. On the other hand, as a result of
the effect of "small powders", a larger fraction of CaCO3 particles acts as microfiller of blended cements.
The high surface area of limestone ultrafine particles provides excellent conditions for the nucleation
and growth of CSH such as significantly more CSH nuclei are formed in presence of limestone compared
to other SCMs. In this case, increasing of total volume of hydrates and lower porosity of cement paste
provide the higher early compressive strength of blended cements.
Alkaline activation and polycarboxylate esters (PCEs) provide higher properties of blended cements
than conventional cements (Krivenko P., et al., 2018).The Portland-composite cement type CEM II/B-M
32,5 R, due to alkali-sulphate activation and modification by PCE, can be brought into higher class in
compressive strength characteristics (42.5 R), including early strength.
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CONCLUSIONS
The proposed analysis of the particle size distribution by surface area allow us to quantify the
contribution of particle size in the wide range (0.1 ... 100 μm) into “excess surface energy” and the
reactivity of SCMs in blended cements. Optimization of particle size distribution by the value of
incremental coefficient of surface area as well as the synergistic combination of SCMs of hydraulic
(GGBFS) and pozzolanic (UFZ, FA) action and finely dispersed limestone powder create an opportunity
for increasing of the early strength development of blended cements.
The nanosilica particles are characterized by a very high surface area to volume ratio and possess
extremely high reactivity compared to the cement particles. Due to nucleating effect and highly reactive
surface and pozzolanic activity nanosilica accelerate reaction with calcium hydroxide with the formation
of a denser CSH (I) gel at the early age. The nanosilica in combination with PCE can be successfully
compensates for low early-strength of large quantities of SCMs and opens new fields of application for
low-CO2, eco-efficient blended cements.
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ABSTRACT
Metakaolin (MK) significantly improves compressive strength, flexural strength, durability and chemical
resistance of portland ccment (PC). However, it demands higher water usage and additional
incorporation of superplasticizers to produce similar workability to as unblended PC. The objective of
this study was to apply machine techniques to a small dataset of PC/MK systems dosed with
functionally varying superplasticizers to create a predictive model for designing superplasticizers to
control system rheology. A library of eight superplasticizers was tested within an MK/OPC system. The
experimental variables to be optimized were composition (functional groups) and concentration of
superplasticizers with MK/cement ratio and water/binder ratio fixed. An intermediate layer of physical
variables, measured through viscosity, zeta, sedimentation and osmotic pressure experiments, was
used along with the experimental variables and the slump values (system response) in a Hierarchical
Machine Learning (HML) algorithm to predict optimum composition and concentration for rheological
control. A final polynomial function relating slump to composition and concentration of a polymer is
optimized using constrained linear minimization to yield potential polymer candidates that can be
synthesized and verified. Using this methodology, a small dataset was utilized successfully to provide
robust predictions through integration of domain specific knowledge pertaining to a complex
OPC/MK/SP system and statistical techniques used from machine learning. Finally, optimization of
HML results led to synthesis and testing of a NaSS-MAA-PEGMA terpolymer, which had competitive
performance to commercial polycarboxylic ethers but via a distinct plasticization mechanism.
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1.

GENERAL INSTRUCTIONS

2.

INTRODUCTION

Data-driven methods have led to radical changes in the process of materials discovery, but these
methods are predicated on large datasets. Cement-based materials represent a highly complex and
broad range of physicochemical systems, making the molecular engineering of superplasticizers
based on first principles particularly challenging (Marchon, Juilland et al. 2017), especially with the
small datasets that are generated. A diversity of methods have been employed in both condensed
matter and polymeric materials informatics, including Random Forest (e.g. ensembles of decision
trees) regression models based on custom features designed through chemical intuition,(Meredig,
Agrawal et al. 2014) kernel ridge regression on chemical fingerprint features,(Pilania, Wang et al.
2013) Gaussian process regression,(Balachandran, Xue et al. 2016, Xue, Balachandran et al. 2016)
dynamic Bayesian optimization of empirical models, (Dehghannasiri, Xue et al. 2017) and numerous
other methods that can be applied to data-rich materials research.(Kalidindi and De Graef 2015)
Regardless of which machine learning methods are applied, two fundamental challenges to progress
in materials informatics are the design of the underlying numerical representations for materials
systems, and incorporating the large body of domain knowledge into the structure of the machine
learning models. The relationship between machine learning and condensed-matter theory is complex
(Wagner and Rondinelli 2016) – often additional statistical analysis is used to identify descriptors with
physical significance in order to gain insight into the underlying physics (Ghiringhelli, Vybiral et al.
2015). Recent approaches in soft matter have explored using machine learning to extend theories
designed for simple liquids to complex colloidal systems (Long, Phillips et al. 2016) or enhancing
information content from particle-tracking experiments (Yevick, Hannel et al. 2014). However, these
methods have been developed for large computational or experimental datasets, and there is clearly a
need for new approaches that are developed to provide deeper physical insight as well as prediction
of material properties based on limited experimental data.
3.

METHODS AND MATERIALS

3.1. Hierarchical Machine Learning
Hierarchical machine learning (HML) was developed to model the response surfaces of complex
physical systems using small, primarily experimental datasets (Menon, Gupta et al. 2017). This is
accomplished through embedding domain knowledge of the underlying forces that determine system
responses to changes in input variables and separately decomposing the system responses into the
underlying forces that most strongly determine variance of the responses using methods of statistical
learning. A schematic representation of HML is shown in Figure 1.

complex syst em responses (Y)
machine lear ning
Y = Σβf i(h(X;α))

Y = Σβf i(hi)
const it uent int eract ions (h i)
hi(X;α)
independent variables

(X)

Figure 1. Schematic representation of the HML algorithm. Independent or system variables X,
such as polymer composition, are represented on the bottom layer and system responses,
such as paste yield stress or slump value are represented as the objective Y on the top layer.
The middle layer represents the underlying forces h that determine system responses.
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3.2. Materials
Two types of concentrated, aqueous mineral suspension were compared in this research: MgO and
portland cement blended with portland cement. The MgO suspensions are a non-setting model of
portland cement and allow for detailed rheological characterization. Concentrated suspensions of MgO
were prepared using dead-burned material from Martin Marietta. Cement pastes were prepared using
an ASTM C150 Type I/II ordinary Portland cement (Saylor, Essroc) and metakaolin (MetaMax, BASF).
The algorithm was trained on a small library of water-soluble polymers, most of which are commercial
superplasticizers. For the seven tested polymers, Borresperse sodium lignosulfonate (LS1), was
received from Borregaard Lignotech. PEGylated Borresperse lignosulfonate (LS1PEG) was
synthesized according to the procedure from Gupta et al.[23] Other superplasticizers received from
BASF include: a commercial lignosulfonate MasterPozzolith 80 (LS2), a polynapthalene sulfonate
MasterRheobuild 1000 (PNS), and two different polycarboxylic ethers, MasterGlenium 3030 (PCE1)
and 7500 (PCE2) were obtained from BASF, and one PCE was acquired from GCP Applied
Technologies, Adva-190 (PCE3).
Sodium styrene sulfonate (NaSS), methacrylic acid (MAA), poly(ethylene glycol) methyl ether
methacrylate (Mn=500) (PEGMA), and azobisisobutyronitrile (AIBN) were purchased from SigmaAldrich. Dimethylformamide (DMF) was purchased through Fisher Scientific, and acetone was
purchased from Pharmco-AAPER. All materials were used as received from the manufacturer.
Ultrapure water was obtained through a purification system (Milli-Q Gradient).
3.3. Experimental Methods
The synthetic procedures based on radical polymerization were expected to yield a random
copolymer.[24,25] The monomers NaSS (2.500 g, 0.01212 mol), MAA (0.5 mL, 0.0061 mol), and
PEGMA (2.8 mL, 0.0061 mol) were added to a flask under and N 2 environment and dissolved at 1.0 M
in a 50:50 w/w mixture of water and DMF. The reaction mixture was again purged with flowing N2 then
the radical initiator AIBN (0.0035 g, 2.4x10-5 mol) was added. The reaction was stirred under a
nitrogen atmosphere for 12 h at 80 C. After exposure to air, the solution was added dropwise into
cold acetone and precipitated. After washing and decanting with acetone, the polymer was dissolved
in water and concentrated under vacuum to yield a white solid.
Adsorption of the polymers in the training set onto MK and PC was performed by total organic carbon
(TOC) analysis using a combustion-based TOC (Shimadzu TOC-L). Zeta potential was measured in
aqueous solutions with a polymer concentration of 10 mg mL -1 using a Zeta-sizer (Malvern
Instruments). Osmolality of aqueous solutions of each polymer was measured 0.1, 0.2 and 0.4 g mL -1
using a vapor pressure osmometer (Wescor 5520). An Ubbelohde Viscometer (Canon Instrument
Company) was used to determine the relative viscosity by taking the ratio of the time to pass through
the capillary of the polymer solution to the pure water elution time. Three trials for each polymer along
with the solvent elution time were performed and the results were averaged. Sedimentation was used
as a quantitative gauge of electrosteric interactions for all the polymers at 0.5 wt% for 50 wt% of MgO
particles.
The steady-shear viscosity of MgO pastes was measured on an Anton-Paar rheometer. To assess the
workability and changes in yield stress of the cement pastes mini-slump testing was performed.
Cement pastes were prepared at room temperature using a planetary mixer (Hobart) with a paddle
speed of 62 rpm. To the mixer a 15% MK/85% PC mixture was added. Total water addition produced
a 0.50 water-to-cementitious materials (w/cm) ratio paste, where both MK and PC were considered as
cementitious materials. Superplasticizer was added at a ratio of 0.25% to total weight of cementitious
material. To ensure optimal effectiveness of the superplasticizers, a fraction of the total water volume
was added and mixed for 1 min. The remainder of the water containing the dissolved superplasticizer
was added immediately afterwards and mixed for another 1 min.
Within 60 s after mixing, the cement pastes were added into a mini-slump cylinder (BASF,
Construction Chemicals Division) with dimensions 3 cm in diameter and 5 cm in height. The cement
was lightly compressed with the backside of a spoon to even with the top. The cylinder was slowly and
evenly lifted in a continuous motion allowing the cement pastes to slump. The change in height due to
the slump was recorded along with the spread, and the results were expressed in percent as the
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change in height divided by the original height of 5 cm. For every mixture of cement tested, three
slumps were tested in succession with an average of the trials being used for analysis.
All modeling was performed in MATLAB. The dependence of physicochemical forces on polymer
composition were determined using the least-squares (LSQR) method by dividing the sevendimensional vector of each polymer property by the matrix of polymer composition for all seven
polymers in our training set. Variable selection in decomposing the slump into contributions from the
physicochemical forces and their cross-products were performed using Lasso with leave-one-out
cross-validation (LOOCV). Finally, constrained nonlinear optimization was performed on the master
function expressing system response (slump) as a function of compositional variables in the bottom
layer of the model using the fmincon solver from optimization toolbox in MATLAB.
4.

RESULTS AND DISCUSSION

The HML model for superplasticizer design was originally developed using concentrated MgO
suspensions (Menon, Gupta et al. 2017). This non-setting model of portland cement paste exhibits
thixotropic behavior but allows for detailed rheological characterization without hardening. The
algorithm objective was to minimize the suspension yield stress, and the underlying forces that were
assumed to control this were the solution viscosity and osmotic pressure and the particle-particle
electrostatic and electrosteric interactions. At constant suspension composition, the only free variables
were the composition and architecture of the superplasticizer.
The structure of the algorithm for superplasticizer design is shown in Figure 2. The algorithm was
designed to optimize the system responses of paste yield stress 0 and viscosity s as a function of the
system variables of superplasticizer composition and architecture (holding the cement composition
and water:cement ratio constant). The effects of the superplasticizers on the rheological properties of
the paste were assumed to be determined by the underlying forces of pore solution viscosity s,
osmotic pressure , electrostatic interaction between particles , and electrosteric interaction between
particles s.

Figure 2. Structure of the HML algorithm used for superplasticizer design.
In the HML approach, these forces are first expressed in terms of the system variables through
surrogate measurements of polymer solution viscosity and osmotic pressure, and the zeta potential
and sedimentation of dilute solutions of particles and polymers. Statistical learning via regularized
regression is then used to determine which of these forces (and their combinations) determine
changes in the system responses. Finally, the system response is re-parameterized from forces to
composition using the map developed in the first step. This response surface can then be explored for
global minima or maxima subject to user-imposed constraints.
The training set of polymer dispersants for the algorithm is depicted in Figure 3. These polymers
contain functional groups that are commonly found in superplasticizers: alkyl, aromatic, carboxylic
acid, sulfonic acid, and PEG, but in a diversity of polymer chemistries and architectures.
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Figure 3. Polymer dispersants in the training set.
The following equations from physical chemistry were used to model the polymer contributions to
viscosity, osmotic pressure, zeta potential, and steric interaction, respectively:

𝜂𝑝𝑜𝑙 = 𝑐0 (1 − 𝜃)[𝜂𝑝𝑜𝑙 (𝑥⃗)]
𝑐0 (1−𝜃)
+
𝑀

π𝑝𝑜𝑙 = 𝑅𝑇 (

𝜁𝑝𝑜𝑙 = 𝑐0 𝜃[𝜁𝑝𝑜𝑙 (𝑥⃗)]
𝑠=

2

(𝑐0 (1 − 𝜃)) [𝐴2 (𝑥⃗)])

⃗⃗⃗⃗)]
𝑐0 𝜃[𝑒𝑠𝑝𝑜𝑙 (𝑥
𝜂𝐻2 𝑂 +𝑐0 (1−𝜃)[𝜂𝑝𝑜𝑙 (𝑥⃗)]

(1)
(2)
(3)
(4)

These represent the forces that a polymer dispersant can effect on particle suspensions, but it is
difficult to predict which forces, and combinations of forces, will most strongly determine the
rheological properties. The algorithm represented the dependence of these forces on composition
using data from additional physical measurements on polymers and ceramic particles, which it used to
establish the subset of forces that describe the superplasticizer effects. Determining which forces are
important and how the forces can be tuned by polymer creates a mapping from the bottom layer of the
algorithm to the top layer, as shown in Figure 4.
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Figure 4. Representing underlying forces and interactions in terms of compositional variables
to connect the middle and bottom layers of the HML algorithm.

The rheological properties of each sample of the training set was expressed in terms of the estimates
for the forces in each sample by determining the correlation between the properties and the forces
using regularized regression with the Least Average Shrinkage and Selection Operator (LASSO)
(Tibshirani 1996). This identifies the forces X that are most responsible for variations in system
responses y, which is accomplished by adding a term to the basic linear regression expression that is
the product of a tuning parameter  and the L1 norm of the model coefficients w. Identifying the set of
coefficients that minimizes the sum of these two terms generates a model that balances accurately
modeling the responses but using a minimally complex model.
min(‖𝑋𝑤 − 𝑦‖22 + 𝜆‖𝑤‖1 )
𝑤

(5)

The first system to which HML was applied was designing dispersants for concentrated MgO
suspensions, which are a non-setting model of cement paste. In this system, the expression for the
change in the yield stress due to the superplasticizers as a function of the underlying forces took the
form:
2
Δ𝜏𝑦 = −0.26𝜁𝑝𝑜𝑙
+ 1.93𝜂𝑝𝑜𝑙 + 0.13π2𝑝𝑜𝑙 − 1.00𝜂𝑝𝑜𝑙 𝜋𝑝𝑜𝑙 + 1.40𝜂𝑝𝑜𝑙 𝑠𝑝𝑜𝑙 + 0.03𝜋𝑝𝑜𝑙 𝜁𝑝𝑜𝑙

(6)

This expression is determined by using the LASSO analysis of the data, so the origin of it is derived
from data and not first principles calculations. The sign of each term reflected whether it contributed to
an increase or decrease in the yield stress of the paste and the magnitude of the coefficient reflected
the relative importance of the contribution. It is interesting to note that the first term depended on the
square of the zeta potential, consistent with the expectation that the sign of the electrostatic potential
was not important in homogeneous suspensions, and the negative coefficient predicted that polymers
which increased the magnitude of the particle zeta potential would decrease the yield stress of the
suspension. In contrast, increasing the pore solution viscosity, which always has a positive value, was
associated with an increase in the suspension yield stress. Finally, it was also interesting to note that
two of the terms represented coupling between solution and particle variables. Because both the
electrosteric parameter s and zeta potential  had negative values, these terms were associated with
decreases in yield stress, suggestion a complex interplay of forces that determine suspension yield
stress.
Reparameterization of this expression in terms of composition allowed the algorithm to identify a
composition that would minimize the yield stress. This led to the synthesis of poly(methacrylic acid)grafted lignosulfonate, which is depicted in Figure 5 along with representative rheological
characterization of MgO suspensions plasticized by lignosulfonate and PEGylated lignosulfonate.
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Figure 5. Polymer dispersant predicted to plasticize concentrated MgO suspensions (left) and
representative rheological data showing steady-shear viscosity as a function of shear rate
(right).
HML was then applied to designing superplasticizers for blends containing 15% metakaolin and 85%
portland cement (Menon, Childs et al. 2019). These MK-PC blends have significantly reduced
workability due to the MK component, and many PCE superplasticizers are ineffective at reducing the
yield stress due to avid adsorption to MK .
Using a similar training set of polymer dispersants, the slump (represented as change in paste height
in mini-slump tests) of the MK-PC paste SMK-PC at w:cm = 0.50 was found to depend on the following
polymer-mediated forces:
𝑆𝑀𝐾−𝑃𝐶 = 1.11𝜂 − 0.55𝜁 + 0.36𝜁𝑠𝑀𝐾 + 0.12𝜂𝑠𝑃𝐶

(7)

As in (6), this expression represents the model that best fit the data across all samples in the training
set. The first term in this expression represents the polymer contribution to the pore solution viscosity
and is the largest term. It suggests that MK-PC blends can be plasticized by polymers whose primary
mode of action is through viscous forces, and terms associated with zeta potential and electrosteric
interactions are of secondary importance.
Reparametrizing this function by the composition-dependence of the individual forces led to the
synthesis of the random terpolymer with mole fractions of 50% styrene sulfonate, 25% methacrylic
acid, and 25% PEG methacrylate, shown in Figure 6. This polymer had an intrinsic viscosity value that
was 20-fold greater than that of PCE, resulting in an extremely viscous pore solution.

Figure 6. Structure of the random terpolymer synthesized based on HML predictions for
maximizing the workability of MK-PC blends.
Despite this high value for pore solution viscosity, this polymer was found to plasticize the MK-PC
paste selectively, which is in contrast to all the polymers in the training set that were more effective in
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PC paste. It is also interesting that it adsorbed only weakly to MK surfaces, suggesting that its
mechanism of action was indeed through solution-mediated forces. These results are depicted in
Figure 7.

Figure 7. Slump imparted by the terpolymer in PC and MK-PC blends (left), adsorbed fraction
on PC and MK (middle), and representative slumps for PC and MK-PC blends (right).

5.

CONCLUSION

HML is a powerful tool for designing superplasticizers for cementitious materials. Here, it has been
used to model the effects of polymer dispersants in only two types of pastes composed of
concentrated mineral suspensions, but it could be parameterized by the type of cement by training it
on different types of cements, thus providing a flexible design tool. It effectively embeds domain
knowledge in a machine learning framework, allowing for optimization based on small datasets. In the
case of MK-PC blends, it led to the development of a new class of superplasticizer whose mechanism
of action appeared to be mediated primarily through solution forces. HML could be broadly useful in
designing cementitious systems for specific performance metrics.
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ABSTRACT
The purpose of research described was to evaluate the effects of ultrafine fly ashs (UFFA) with two
different fineness (d50=2.37μm and d50=11.46μm) and Metakaolin (MK) on the mechanical behaviors
of high strength concrete(HSC) at high temperature. The properties of concrete, including compressive
strength, flexural strength, residual strength, thermal strength and stress-strain response were studied.
The results showed that the addition of UFFA was effective on improving thermal mechanical
performance of concrete. Moreover, a more significant improvement had been achieved by the
synergy between UFFA and MK. Microscopic analysis showed that the introduction of UFFA made
slurry structure dense and optimize in the concrete. UFFA microbeads had been combined more
closely with the hydration products by adding MK. The results enabled the authors to investigate the
effect of admixture on the properties of high strength concrete (HSC) at high temperature and compare
the effectiveness of five methods designed to improve the high temperature performance of the
concrete.
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1.

INTRODUCTION

High-strength concrete has gained a worldwide application in construction, because of its favorable
mechanical properties (Wesche K. 1991, Bache 2015). As the HSC has been applied in hightemperature fields, one of the most important challenges is to control the mechanical properties of
HSC at high temperature. especially when the explosive spalling is considered (Gawin D et al. 2018,
Liang X et al. 2018). Some of the researchers avoid or control properties at high temperature by using
polypropylene fibers. However, Polypropylene fibers have a low melting point (165-173°C) and poor
stability to light and heat. More porous channel was formed which reduced the strength level of the
concrete at high temperature (Bayasi Z et al.2002, Klingsch EWH 2013, Ma Q et al. 2015, Maluk C et
al. 2017). Furthermore, the previous papers found that the mechanical properties of concrete at 400C
were unstable, some results indicated that the mechanical properties were deteriorated, while others
increased (Xiao J et al. 2004, Arioz O 2007, Burrow RC et al. 1979). Therefore, it is necessary to study
high-strength concrete with more stable performance at high temperature.
Heat-resistant concrete (HRC) is a kind of low-strength concrete used in high temperature
environments (Xu XW 2014, Hu JY et al. 2014, Hlystov AI et al. 2015). In order to produce excellent
HRC that micro-silica and reactive alumina, and other cementing materials were selected as binder
materials. Ngoc (2018) illustrated that mechanical properties of concrete at 500C influenced by
mineral admixtures, fly ash (FA) improved the residual compressive strength of concrete the most,
then, followed by MK, waste paper sludge ash, and silica fume. Zhang (2013) used magnesium
potassium phosphate as binder, making the concrete which had heat resistance up to 600 C. In
addition, the explosive spalling of concrete caused at high temperature by excessive amount of silica
fume (Nochaiya T et al. 2010, Ju Y et al. 2017). Moreover, the amount of mineral powder and silica
fume are limited and unevenly distributed in the world, the high cost limited their immediate application
in the construction industry. In summary, FA and MK are suitable as auxiliary cementing materials to
improve the performance of concrete at high temperature. However, FA and MK merely slow down the
deterioration of concrete mechanical properties at high temperature, MK mixes should be used with
care especially in structures which may be subjected to temperature of 400C and above
(OkanKarahan 2017, Poon CS et al. 2003, Xu Y et al. 2001, Nadeem A et al. 2014). Then, research
results of UFFA were shown to have much improved material characteristics compared to FA, which
produced high packing density and accelerated the pozzolanic activity to produce more C-S-H by
consuming calcium hydroxide in material system (Jones MR et al. 2006, Chindaprasirt P et al. 2005,
Supit SWM et al. 2014, Zhao J et al. 2015, Yao ZT et al. 2015, Roychand R et al. 2016). There is a
need to study the effect of UFFA and its compounding with MK on the thermodynamic properties of
HSC.
In this article, two fine-grained UFFA were used with MK together in different proportions to explore
the effects on thermodynamic properties of HSC. It was desired to obtain HSC with excellent and
stable thermodynamic properties by comparing the high-temperature mechanical properties of all
concrete design schemes.
2.
2.1

EXPERIMENTAL
Material

The following materials were used in performing research: the cement used was P.O 52.5 ordinary
Portland cement from Ji dong-Heidelberg Cement Co., Ltd. Of China, and its chemical composition
was listed in Table 1; UFFA, including d50=2.37μm (UFFA Ⅰ) and d50=11.46μm (UFFA Ⅱ), was
supplied from a power plant in Henan Province, China. Their chemical compositions were listed in
Table 1; MK (d50=2.38mm) was obtained by a kind of Kaolin from Inner Mongolia heated at 10°C/min
to 725C for 2h with a muffle furnace. The chemical composition was shown in Table 1. Basalt was
used as coarse aggregate, whose particle size range was 5-15mm in accordance with pebble and
crushed stone for construction standard of China; The fine aggregate adopted the mechanism quartz
sand, whose particle size range was 150μm-5mm produced by Xi'an Peng yuan Material Co., Ltd.;
High-efficiency Polycarboxylate superplasticizer reducer owning 30% solid content supplied by New
Star Technology Ltd of Shaanxi friendship state.
Table 1. Chemical composition of cement, UFFA and MK (wt.%).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Chemical composition

Cement

UFFAⅠ

UFFA Ⅱ

MK

CaO

64.94

4.358

4.135

0.418

SiO2

18.63

59.47

50.76

46.94

Al2O3

3.84

28.57

24.98

44.33

Fe2O3

3.71

2.617

2.638

4.434

MgO

2.45

1.42

1.87

-

SO3

2.35

0.25

0.323

0.157

K2O

0.88

1.33

1.29

0.225

P2O5

0.61

0.21

0.226

-

Na2O

0.59

0.898

0.836

-

TiO2

-

0.877

1.66

1.47

SrO

-

-

-

0.097

others

2

-

11.282

1.929

2.2

Mix proportions

The mix proportions of concrete used were shown in Table 2. Group without admixture as a control
concrete. The pastes were mixed in a mechanical mixer and the concrete were cast in mold with size
100mm x 100mm x 100mm and100mm x 100mm x 400mm. After 24h curing in natural condition (10 C,25%), the samples were released and maintained at room temperature (20 C, 80%). The
curing age was 3d, 7d and 28d respectively. The temperature for mixing concrete preparation was 10°C.
Table 2. the mix proportions of concrete, kg/m 3
Mix Proportions
Components

2.3

A1

B1

B2

C1

C2

Portland cement PO.52.5

600

540

420

390

330

UFFA Ⅰ

-

60

60

60

60

UFFA Ⅱ

-

-

120

120

180

MK

-

-

-

30

30

150μm-4.75mm quartz
sand

634

634

634

634

634

5-15mm coarse aggregate

1126

1126

1126

1126

1126

Polycarboxylate, % by
weight of cement

1

1

1

1

1

Water

126

126

126

126

126

Sand rate

0.36

0.36

0.36

0.36

0.36

w/c ratio

0.21

0.21

0.21

0.21

0.21

Methods

2.3.1 Working performance of concrete
According to Chinese national standard GB50081-2002 “standard of mechanical properties test
method for ordinary concrete”, the concrete was mixed, and the performance of mixed concrete was
tested with reference to the relevant regulations of GB/T 50080 “standard of the performance test
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method of ordinary concrete mix” and the related standards of GB50164-2011 “concrete quality control
standard”.
2.3.2 Mechanical properties of concrete at room temperature
According to the concrete strength test method in Chinese national standard GB/T50081-2002
“Common Test Methods for Mechanical Properties of Concrete”, the compressive and flexural
strengths at different ages were tested. The strength test of concrete including compressive strength
and flexural strength was carried out by a digital display pressure tester with a pressure load of 1
MPa/s until concrete was destroyed and the damage load was recorded. Each test value was the
average of three samples.
2.3.3 Thermodynamic performance of concrete
According to the test requirements for the residual strength of heat-resistant concrete in the Chinese
national standard YB/T 4252-2011 “heat resistant concrete application technical specification”,
concrete was tested with size of 100mm x 100mm x 100mm at 28d. After drying, they were placed in a
box type electric furnace and heated at 3°C/min to 400°C for 3h. They were taken out of furnace and
naturally cooled to room temperature and immediately pressured. Each test value was the average of
three samples.
Thermal strength refers to the ability of material structure to withstand load and heat environment
under thermal environment. In the thermal strength test, the samples were cured under room
temperature conditions for 28d. After drying, they were heated to 400°C, and maintained at this
temperature to reach a thermal stable state. The loading rate during the experiment was 0.49 MPa/s
until concrete failed. All test values were the average of three samples.
3.

RESULTS AND DISCUSSION

3.1

The working performance

The working performance reflects the quality of concrete, and it played an important guiding role in the
construction. The working performance of concrete was shown as the Figure 1. The working
performance of mixture had been improved by the use of ultrafine mineral admixture in this test. The
specific performance was that the slump first increased and then decreased to the level of the control,
and the dispersion had been increased continuously. These results proved that the quality of concrete
with two kinds of admixtures was qualified, and provided guidance for application in the construction
field.

Figure 1. the working performance of concrete
3.2

Mechanical properties at room temperature

Compressive strength and flexural strength of concrete at different ages (3,7 and 28) were presented
in Figure 2. The compressive strength of concrete showed the same development trend at early stage
(pre28 days). And, the strength at the same age of the concrete was improved by 10wt.% UFFA Ⅰ,
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the result conformed with other researches about the effect of reasonable UFFA in concrete (Kraiwood
K et al. 2001, Slanicka S et al. 1991). The strength of concrete had been significantly improved by
introducing of UFFA and MK at later stages, wherein the value reached the maximum 102.5MPa. The
UFFA with different fineness made the strength develop faster, and the effect of co-use with MK was
more obvious on compressive strength development in experiment. However, the strength decreased
with the content of UFFA II reached 30wt.% immediately. The amount of UFFA can be increased when
the metakaolin was present. From the last two groups, it can be seen that the content of UFFA in
concrete had been increased by the presence of MK under the condition that the strengths of the two
groups were similar.
The maximum of flexural strength was 11.8MPa produced by 10wt.% UFFA Ⅰ concrete. Early flexural
strength of concrete slightly improved by UFFA I, and it decreased with the increasing content of
UFFA Ⅱ. The synergistic effect of UFFA and MK was not obvious in the flexural strength.

Figure. 2. the compressive strength and flexural strength of concretes at 28d
3.3

Mechanical properties at specified temperature

(1) Residual strength
The residual strength of concrete was shown as Figure. 3. After heat treatment at 400°C, the residual
strength level of the samples was higher than C80 except the control, the maximum reached
137.1MPa. This indicated that the introduction of UFFA and MK on the basis of ordinary HSC
improved its residual strength. The synergistic effect of UFFA and MK significantly enhanced the
residual strength of concrete, especially. The effect of adding 10wt.% UFFA I comparing 10wt.% UFFA
I and 20wt.% UFFA II on the residual strength was equivalent, which indicating that the addition
amount of UFFA could be increased with different fineness in material system.
The comparative results of compressive strength at different temperature were shown in Figure. 4.
The residual strength of concrete containing UFFA and MK was superior to the mechanical properties
at room temperature, while the mechanical properties of control had deteriorated at same time. This
proved that the mechanical properties of concrete at different temperature could be improved by UFFA
and MK, and ensured that mechanical properties were not deteriorated at 400°C. Comparing with the
previous groups, the amount of UFFA reached 40wt.%, and the residual strength continued to rise.
This again confirmed that the synergistic effect of UFFA and MK was more effective in improving
mechanical properties at high temperature. This may be due to the decomposition of some hydration
products (calcium hydroxide ie.), gel dehydration, and deterioration of slurry structure resulted in the
deterioration of the mechanical properties of ordinary high-strength concrete after high temperature
heat treatment. After adding the admixture, the strength of the concrete after heat treatment was not
lowered. The reason was that the admixture consumed calcium hydroxide to form more hydration gel,
the interfacial adhesion between the components was enhanced, and the high temperature resistance
of concrete was improved. This was consistent with the results of some literature studies (Wan
Shengwu et al. 2018, CHEN Ying-zhen et al. 2016.).
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Figure 3. residual strength of concrete at 28
days

Figure 4. compressive strength at different
temperature

(2) Thermal strength
For a specified testing temperature, five samples were tested and their average strength was reported
in study. Figure. 5 showed the strength of concretes at 400C under the stressed conditions. A distinct
pattern of strength variation was observed in the diagram, the maximum reached 138.7MPa. UFFA I
(10wt.%) decreased the thermal strength of the material rapidly comparing control. However, the
strength increased by keeping introducing 20wt.% UFFA II into concrete, which showing that UFFA
with different fineness has a good cooperation in the material system. B2 and C1 were basically
equivalent in strength. Then, the increasing of UFFA Ⅱ resulted in a 10.62% decrease in compressive
strength. It showed that the amount of UFFA who had synergistic effect with MK should not exceed
40wt.%.
The thermal strength and residual strength of control were compared in Figure. 6. It was found that the
mechanical properties of the stressed and the unstressed test condition has changed at 400℃, and
the high temperature stability of the material was shown to a certain extent. The strength difference of
ordinary high-strength concrete under the two conditions was the most obvious, which indicated that
its high temperature stability and resistance to external environment damage were poor. Synergistic
effect of UFFA and MK improved thermodynamic stability of concrete comparing to UFFA. However,
the high-temperature stability decreased after the UFFA was more than 40wt. %, so the amount of
UFFA had a critical value.

Figure 5. thermal strength of concretes

Figure 6. contrast of thermal strength
and residual strength

4. MICROSCOPIC ANALYSIS
Scanning Electron Microscope (SEM) images of concrete slurry that was cured to 28 days were shown
in Figure 7. According to Figure 7. (a) and (b), the non-phase interface of the cementitious material
made the development of hydration products relatively free, thus the spatial arrangement was
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disordered, the structure was loose, and the pores were numerous. These had a major impact on the
material, which obviously reduced material performance. According to Figure 7 (c) and (d), there were
a few of fly ash microbeads exposed in the section, but the quantity was very rare. The microbeads
were basically wrapped in the hydration products, and the FA microbeads were pulled out completely
without spheroidal fracture. It was observed that the surface of the microbeads was eroded (28d), so
that the hydration products were tightly bound and the interfacial action was enhanced. Due to the
addition of UFFA Ⅰ, the development of hydration products was affected and the overall structure
became dense comparing to the control. More UFFA microbeads with different particle sizes can be
observed in the section [Figure 7 (e) and (f)]. Due to the increase of the amount of UFFA, the
hydration products were not enough to wrap all the UFFA microbeads, some of the beads
accumulated, resulting in weak interface, forming pores and loosening structure. In the material
system, the amount of gelling material increases, UFFA microbeads were encapsulated therein, and
the adhesion products on the surface of the microbeads increased, the interfacial bonding between
the microbeads was enhanced, the pores were reduced, then, the structure became dense [Figure 7
(g) and (h)]. More UFFA microbeads were observed in the section [Figure 7 (i) and (j)]. The interface
between the microbeads and the hydration product was tightly bound, but the growth of hydration
products was affected by the increasing content of UFFA, and the structure became loose, and Some
micro-beads only played a filling role.
Thus, it can be concluded that the usage of UFFA with different finess improved the structure of the
material to increase the density, but excessively high dosage caused defects, pores increasing, the
structure becoming loose, and some of the microbeads only served as a filling role. The synergistic
effect of MK and UFFA enhanced the interfacial adhesion between the microbeads and the product,
and improved the mechanical properties of the material.

Figure 7. SEM images of concrete: A1(a, b), B1(c, d), B2(e, f), C1(g, h), C2(i, j)
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5. CONCLUSION
The experimental results are summarized in the following. HSC with excellent thermodynamic
performance at 400C could be produced by using ordinary Portland cement as the main cementing
material, different fineness UFFA and MK as auxiliary cementing materials, in which the synergistic
effect of UFFA and MK made the thermodynamic performance of concrete become more stable in
different temperature. It was found that the addition of UFFA could be increased with different fineness
in material system, and the best addition content of UFFA to the 5wt.% MK was 30wt.%. The
comprehensive analysis showed that 10wt.% UFFA Ⅰ and 20wt.% UFFA Ⅱ and 5wt.% MK had the
best effect in five sets of design options. Microscopic analysis showed that the introduction of UFFA
made slurry structure dense and the optimize in the concrete. UFFA microbeads had been combined
more closely with the hydration products by adding MK.
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ABSTRACT
Calcareous gaize, a rock with a high content of detrital quartz, silica and calcite, belongs to the group
of sedimentary rocks of marine origin. The studies to date suggest that it may be a valuable addition
for the production of Portland cement. There is a lack of studies on the influence of gaize on hydration
processes of pure Portland clinker phases in the literature so far. Dispersed calcium carbonate,
present in gaize, reacts with C3A to form sulfate resistant C3A•CaCO3•12H2O phase, calcite activates
the hydration of alite and active silica absorbs Ca(OH)2. The research will be carried out in the C3AGaize-CaSO4-H2O system to determine whether only ettringite and carboaluminate is formed, or if
there is a possibility of a formation of a solid solution of those two phases. Hydration of the samples
was analysed on paste after 1, 2, 7, and 28 days of curing. In order to monitor the hydration process
SEM(EDS), XRD, DTA/TG, conductometry and microcalorimetry laboratory techniques have been
used.
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1.

INTRODUCTION

Literature data on the effect of CaCO3 on the process of hydration of clinker phases and the cement
itself are very extensive and focus on several areas. The first one concerns the properties of cements
and concretes containing limestone. The authors (Matschei T et al. (2007), Lothenbach B & Scrivener
K (2008) Kurdowski W (2010)) indicate a positive effect of calcite on reducing the phenomenon of
shrinkage of mortar, an increase in the total volume of hydrated phases, a decrease in porosity and
improvement in chemical corrosion resistance was observed. The second aspect of the research is to
determine the effect of calcite on the microstructure of hardened cement paste and its role in
hydration. Authors (Harlson E & Berman H (1960), Kakali G et al.(2000)) consider the behaviour of
calcite as a reactive component and as a filler introducing fine grains. The results of their work are not
consistent, but allow to draw common conclusions. Calcite participates in the hydration of clinker
phases and is not just a filler. CaCO3 reacts with tricalcium aluminate, especially in the case of C 3Arich cements (Kuzel H & Pollmann H (1991), Matschei T et al. (2007)). Carbonates occur in hardened
cement paste in the form of hemi- and monocarboaluminate, and tricarboaluminate (Barnett S et al.
(2001), Matschei T et al.(2007)). The slow formation of calcium carbonate in the solution and its
reaction with monosulfate or hydrated calcium aluminates was adopted as a mechanism of formation
(Kakali G et al.(2000). There is no unambiguity as to the amount of calcite that can react, the results of
the quoted works say about 2-3%, but there are higher values (Ingram K & Duagherty K (1980)).
Among the authors, there is a lack of agreement on the effect of calcite during the conversion of
ettringite to monosulphate, but ultimately they show a greater stability of the carboaluminate phase
relative to monosulfate. There are a number of works devoted to the issue of solid solutions between
hydrated AFm phases containing SO42-, CO32-, OH- ions. The conditions of their stability and mutual
mixing proportions are given (Pollmann H (1980), Barnett S et al.(2001), Barnett S et al. (2002),
Matschei T et al. (2007)). The first hydration product appearing in the C 3A-CaSO4-CaCO3-H2O system
is ettringite. After the gypsum has completely reacted, calcium carbonate and its solid solution with
C4AH13 are formed. The presence of calcium carbonate causes that monosulfat does not appear
immediately after the gypsum is exhausted (Kakali G et al.(2000)). The results of the Kuzel and
Pollman (Kuzel H & Pollmann H (1991)) studies also prove the lack of reaction of formation of calcium
monosulphate after the gypsum has completely reacted. In their opinion, at this point, the tricalcium
aluminate enters rapid reactions with calcium hydroxide and calcium carbonate to form
C3A·0.5CaCO3·0.5Ca(OH)2·11.5H2O. Over time, this compound if sufficiently CaCO 3 is converted to
calcium monocarbonate by exchanging OH- ions on CO32-. According to Pollman (Pollmann H (1980)),
hydrated monosulphate aluminate and monocarbonate alginate do not form solid solutions between
themselves and can only be formed by ettringite forms. It is also possible to have ternary solid
solutions:



in the form of ettringite: C3A· xCaCO3·yCa(OH)2·zCaSO4·nH2O, where 0 <x <2, 0 <y <1.5,
0 <z <3;
in the form of lamellar aluminum salts: C3A·xCaCO3·yCa(OH)2·zCaSO4·nH2O, where
0.33 <x <0.66, 0.17 <y <0.5, 0 <z<0.17

The results of the work prove acceleration of alite hydration in the presence of calcite, calling small
CaCO3 grains in places of facilitated crystallization (nucleation nuclei) [Pera J & Husson S (1999). In
the considerations there is also a technological aspect indicating the positive effect of CaCO 3 during
grinding of cement. Increasing the durability of the cement matrix is also carried out by introducing the
pozzolan active ingredients into the hydrating system. In the aqueous environment, reactive silicon
and aluminum oxides bind portlandyt to form additional amounts of the C-S-H phase. As a result of the
pozzolanic reaction from the system, Ca(OH) 2 disappears creating conditions for the intensification of
alite hydration, in accordance with the principle of defiance. Authors (Ogawa K et al.(1980)) show
better properties of cements containing pozzolanic additions to pure Portland cements. The results of
the research (De Weerdt K et al.(2011)) prove the existence of a synergy effect of the combined use
of pozzolana and limestone. Calcalerous gaize is a natural sedimentary rock containing in its
composition calcite and silica, some of which (about 15%) exhibit pozzolanic properties. Due to its
geological origin, the gaize is a porous rock and has a defective microstructure, which translates into
its high reactivity in the environment of the hydrating cement paste. Authors (Roszczynialski W &
Stępień P (2011), Stępień P (2014), Stępień P & Małolepszy J (2017), Wyrwicka K & Roszczynialski
W (1977), Wyrwicka K & Roszczynialski W (1986)) demonstrated the beneficial effect of calacalerous
gaize on the functional properties of cements containing up to 25% of the additive. Cements with the
addition of gaize showed increased resistance to corrosive environments caused by sulphate ions
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(Małolepszy J & Stępień P (2015)). So far, there has been no research on the impact of gaize on the
pure phases of Portland clinker. In order to explain the causes of changes in the phase composition of
the cement paste, investigations of the hydration process of alite (Stępień P & Małolepszy J (2017))
and tricalcium aluminate with the addition of gaize were carried out. The test results will allow
optimization of the composition of the cements produced.
2.

RAW MATERIALS

Tricalcium aluminate obtained in a laboratory cantal stove was used for the tests. The following
syntheses were used: calcium carbonate, alumina hydroxide and sodium carbonate with analytical
purity levels. The raw material ignition losses were determined and then homogenized in appropriate
proportions. The tricalcium aluminate was obtained by the synthesis of calcium carbonate and alumina
hydroxide mixed in a ratio of 3: 1 (calculated on the calcinated state) with a slight addition of sodium
carbonate. The synthesis time was 4 hours at 1400 ° C. The treatment was repeated twice. No other
phases were detected on the diffractogram of the obtained tricalcium aluminate. Table 1 presents the
chemical composition of the obtained C3A and the composition of the other raw materials used in the
experiment.
Table 1. Chemical composition (% mass.)
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

L.O.I.

C3A

-

35,91

-

61,81

-

-

1,99

-

Gaize

35,82

0,92

0,37

32,04

0,27

0,13

0,07

30,19

Gypsum

-

-

-

32,81

-

46,58

-

20,94

In order to explain the impact of gaize on the tricalcium aluminate hydration process, 4 series of
samples containing variable proportions of gypsum and gaize were prepared. As a reference sample,
C3A served no additives. The compositions of the analysed binders are presented in Table 2. The
tests were carried out on pastes. Distilled water was used in the studies. The tricalcium aluminate
used in the study was ground in an agate mill to a surface area of 2100 cm 2/g according to Blaine. The
size of the gaize and gypsum particles was <63μm. The surface area of the gaize was 4500 cm 2/g and
gypsum 4200 cm2/g.
Table 2. Mixtures (% mass.)
Number

C3 A

Gypsum

Gaize

1

100

-

-

2

60

40

-

3

60

25

15

4

60

15

25

5

60

-

40

The mutual proportion of components in relation to each other was aimed at mapping the proportions
existing in real produced cements. The pastes were prepared with a constant coefficient w/s = 0.8.
Such values of coefficients allowed to obtain a proper consistency ensuring proper homogenization.
The hydration was carried out at room temperature. The pastes were placed in sealed polyethylene
containers until the test. The tests were carried out until the 28th day, with particular emphasis on the
first hours of hydration. The hydration process was stopped by placing the sample in a vacuum dryer,
controlling the mass change. Phase composition was determined X-ray Philips X'Pert Pro using a Cu
lamp (λ = 1.54Å). Observations of microstructure and analysis of the chemical composition of selected
micro-areas were made using a JROL 5400 scanning microscope. Microcalorimetry tests were
performed using a BRM differential microcalorimeter. Conductometric tests were performed using a
multifunctional Elmetron CX-731 meter, with conductometric sensors Hydromet CD-2. The ratio of
water to solid components was 1:50. The test was carried out at a temperature of 25 ± 0.1 °C. The
determination of the composition of the liquid phase (Ca2+, Na+, Al3+ and S6+ concentrations) was
performed using the ICP - MS method using the Perkin Elmer ELAN 6100 apparatus.
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3.

TEST RESULTS

The hydration process was stopped by placing the sample in a vacuum dryer, controlling the mass
change. The drying time of the samples was about 40 hours, after which the sample did not show
significant mass changes. Samples removed from the dryer were crushed in an agate mortar, to a
grain size below 63 μm. Figure 1 presents changes in the phase composition during the hydration of
pastes with a composition of 60% C3A + 40% gypsum. The first product of hydration visible on the
diffractogram is ettringite. After 24 hours of hydration, reflections from gypsum disappear, which
indicates its complete conversion. Very clear reflections come from the monosulphate phase, which
originated from the reaction of C3A with ettringite. Diffractograms made on samples after longer
periods of hydration confirm the increasing amount of monosulphate, which is a stable phase in this
system. No ettringite was observed in older pastes. (Ms – monosulphate, G - gypsum, Ett – ettringit,
C3A – tricalciumaluminate, Hc – hemicarboaluminate, Mc – monocarboaluminate,)

Fig. 1. Diffraction diagram of paste (60% C3A + 40% gypsum)
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Fig. 2. Diffraction diagram of paste (60% C3A + 25% gypsum + 15% gaize).
Introduction calcalerous gaize results in significant changes in the phase composition, diffractograms
of the samples after different maturing times are shown in Figure 2. As in the case of the tricalciumgypsum clay system, ettringite is the first product of hydration. After a few days its presence in the
system is clearly marked by hemicarbaluminate, which was formed as a result of the reaction of
tricalcium aluminate with calcite originating from gaize. Another product of hydration visible after the
reaction time is C3A·CaCO3·12H2O monocarbalate. Hemicarbaluminate formed in the system first
and then its part, in older pastes transforms into a monocarbaluminate. As the time progresses, the
Mc content in the sample increases. The presence of gaize (the calcite contained in it) means that as
the hydration progresses, the conversion of ettringite into monosulphate is not observed. Ettryngite
remains as a stable phase even in older pastes. The cause of the barrage of this transformation may
be the presence of solid solutions between ettingite and carboaliminate, as evidenced by the change
in the angle of the ettringite reflex location in the sample with the addition of gaize.
Microcalorimetry tests of tricalcium aluminate and its mixtures with mineral additives were carried out
with a water-binder coefficient equal to 0.8. The increased water demand resulted from the higher
percentage of the additive and the high water demand of the gaize. The test results are shown in
Figure 3-4. The total amount of hydration heat measured after 135 hours is shown in Table 3.
Table 3. Total hydration heat [J/g] after 135 hours.
Pastes

Heat of hydration [J/g]

C3A

713,8

C3A + 40% Gypsum

333,6

C3A + 25% Gypsum + 15% Gaize

651,9

C3A + 15% Gypsum + 25% Gaize

709,1

C3A + 40% Gaize

558,6
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Fig. 3. Microcalorimetric curves of binders 1, 2 i 5.
The graph in Figure 3 shows the reaction rate occurring in the first hours after contact with the water.
The presented fragment represents the first 8 hours of reaction, despite conducting observations for 5
days on any of the curves at a later time no further thermal effect was observed. The hydration
reaction of tricalcium aluminate is very fast and highly exothermic. The total heat of hydration at 135
hours is 713.8 J/g, however, half of that value the sample gave in the first 6 hours of reaction.
Comparing curves obtained for aluminate with additives, a slower course of heat was observed. The
sample with 40% gaize adds 558.6 J g, which gives a result of 130 J/g higher than would result from
the dilution effect. 40% addition of gypsum to the sample causes a clear inhibition (reduction) of the
amount of heat released by the sample.

Fig. 4. Microcalorimetric curves of binders 3 i 4.
In the case of a mixture of gypsum and gaize, whose total share was also 40%, we observe further
thermal effects occurring over time. Different proportions between gypsum and the resultant result in a
change in the reaction rate (thermal effect observed) between components present in the system. In a
mixture in which a larger percentage of gypsum is present, this effect is noted after about 45 hours of
hydration. It is intense and short, which is indicated by its slenderness on the graph. The change in the
ratio between plaster and casting causes the second effect to start after just 20 hours of reaction.
However, the speed of this effect is smaller and stretched in time. Regardless of the mutual
proportions of the mixtures, the total heat of hydration with respect to pure tricalcium aluminate is
maintained at an equivalent level, despite the significant dilution of the sample.
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Fig. 5. Conductometric curves of mixtures 1, 2 i 4.
The conductometric curves of mixtures containing C3A are shown in Figure 5. The solid line
represents the conductivity of a solution containing C3A. The conductivity value increases sharply
when the sample is introduced into the solution and then slowly decreases. After about an hour, it
stabilizes and remains unchanged for a long time in the solution. Inclusion of sample No. 2 (60% C3A
+ 40% gypsum) into the water leads to a sharp increase in the conductivity when the solids come in
contact with water. In contrast to sample no. 1, there is no characteristic peak, which corresponds to
solution supersaturation and precipitation of a given phase, and a certain value of conductivity is
established, which persists over time. After about 5 hours, the conductivity decreases, which may be
related to the formation of ettringite on C3A grains, which is an ion barrier. After 10 hours, the
conductivity of the tested suspension begins to increase, which may indicate the cracking of the
ettringite shell and the release of a new batch of ions. The introduction of a mixture of gaize, gypsum
and aluminate results in a significant delay in the appearance of the first effect associated with the
conductivity. After about two hours on the conductivity curve, similar effects are observed as with the
sample containing C3A and gypsum. It can be assumed that in the system under analysis on the
trivalent aluminate grains an ettringite shell is formed, which is deformed by calcite and / or
carboclinate crystals, and thus it is not so tight and the migration of ions into the solution is possible.
On the basis of the curves obtained, it can be seen that the reactions between aluminate and water in
the presence of mineral additives take place in several stages, and the final reaction speed limits the
slowest stage. The reaction of C3A with water proceeds very quickly, the observed changes in the
conductivity of the solution occur in a short time. The above assumptions are confirmed by the
concentrations of liquid phase ions. Ion concentration tests: Ca2 +, Al3 +, Na+ and S6+ in the liquid
phase were carried out one hour after the sample was introduced into the solution and after
stabilization of the conductivity. The gaize solubility is 9 mg/l. The results of the tests are presented in
Tables 4 and 5.
Table 4. The composition of the liquid phase after 1 hour of hydration.
Concentration [mg/l]

Sample

Time
[hour]

Ca 2+

SD

S6+

SD

C3A

1

314

6

0

0,00

C3A + 40% gypsum

1

154

2

1,23

C3A + 15% gypsum
+ 25%gaize

1

206

2

1,64

SD – standard error

SD

Na+

SD

98

2

69

1

0,01

107

3

104

1

0,06

91

1

28

0,3

Al

3+
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Table 5. The composition of the liquid phase after 20 hours of hydration
Concentration [mg/l]

Sample

Time
[hour]

Ca 2+

SD

S6+

SD

Al 3+

SD

Na+

SD

C3A

20

200

5

0

0,00

95

2

108

1

C3A + 40% gypsum

11

134

2

1,82

0,02

114

3

149

1

C3A + 15% gypsum
+ 25%gaize

20

169

2

3,64

0,05

140

3

122

1

SD – standard error

Fig. 6b. EDS no. 2.
Fig. 6. SEM observation (paste 3)

Fig. 6a. EDS no. 1.
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Fig. 7. SEM observation (paste 4)

Fig. 7a. EDS no. 1
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The picture presented in Figure 6 shows the microstructure of binder 3 after 28 days of hydration. In
the foreground, well-formed hexagonal forms of hydrated calcium aluminates are visible, which is
confirmed by the EDS analysis made in point 1. Point 2 covers the area of more complex morphology.
The presented area has a compact and disordered form, analysis of the chemical composition in this
area indicates, in addition to calcium, aluminum and oxygen, also an increased sulfur content, which
may indicate the presence of ettryngite in this place. Figure 7 shows the image of the paste
microstructure (60% C3A + 15% gypsum + 25% gaize) after a month of hydration. On the observed
fragment of the fracture you can see the longitudinal crystals of the hydrates formed. Analysis of the
chemical composition indicates an increased carbon content which may indicate the occurrence of
carboalumina phase at this point. This supposition is additionally confirmed by the mutual sulfur-tocarbon ratio resulting from the EDS analysis.
4.

DISCUSSION AND SUMMARY

The research results presented above indicate that the limestone debris modifies the hydration
process of individual Portland clinker phases. The results of X-ray, calorimetric and conductometric
tests indicate the active role of gaize in the processes occurring in the C3A-gaize-H2O system.
Calcium carbonate contained in gaize from the very beginning of the hydration process reacts with
C3A to form carbohydrate phases. In cement paste they are stable over time, which means that the
ettringite formed at the beginning of the reaction (in parallel with carboalumina) does not change into
monosulphate. This change takes place when the SO42-ions end in the system, and unreacted
aluminum (and calcium) ions from the dissolution of the tricalcium aluminate are still available.
Introduction to the CaCO3 system, which reacts with the tricalcium aluminate, results in lowering the
level of available C3A. The XRD of the specimen containing the tease after 28 days confirms the high
proportion of ettringite, which may be a consequence of the presence of solid solutions between
ettringite and carboglinate. On the basis of the course of microcalorimetric curves, an active
participation of gaize in reaction with tricalcium aluminate was also found. The total amount of heat
separated from the sample containing the gaize is greater than it would result from the dilution effect.
This additional energy gain comes from the heat of crystallization of carboglinate phases. The
concentrations of the liquid phase ions after the first hour and after the hydration day indicate that in
the case of the pure C3A sample the decrease in conductivity is associated with the decreasing
concentration of calcium ions, resulting from the crystallization of hydration products. The
concentration of aluminium ions remains stable at all times. The concentration of sodium ions
increases. In the case of a gypsum-containing sample, the concentrations of individual ions are at a
similar level, at the point of the lowest conductivity, the concentration of calcium ions is the lowest,
which may indicate the crystallization of ettringite.
The conducted research confirms the beneficial impact of gaize on the hydration of clinker phases,
providing the premise for using gaize as an active mineral supplement for cement production.
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ABSTRACT
Calcined dolomite shows excellent sorption ability for heavy metals, metalloids and halogens
(hereafter collectively referred to as “heavy metals”) in soil, compared with raw dolomite. It is well
known that dolomite is thermally decomposed into MgO and CaO in two stages. To study the relation
between the heavy metal sorption ability and crystal structure of calcined dolomite, 1) sorption test
using a solution containing heavy metals 2) specific surface area measurement 3) quantitative
determination of the crystal phase by Rietveld analysis, and 4) K-edge XANES (X-ray Absorption
Near-Edge Structure) analysis of Mg and Ca, were performed. The results of measurement of specific
surface area after calcination and Rietveld analysis showed that there is a relation between the
dolomite phase reduced by thermal decomposition and the specific surface area value and sorption
ability for heavy metals. The measured XANES spectra revealed that the local structure around Ca
atoms did not change during calcination but that the local structure of Mg atoms changed gradually
during calcination. Furthermore, the Mg K-XANES spectra measured in Partial Fluorescence Yield
(PFY) mode and in Total Electron Yield (TEY) mode showed different spectra variations. These results
suggest that MgO derived from calcined dolomite has structural differences between the outermost
layer and the inside.
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1. INTRODUCTION
The Superfund Act in the United States is the world's first law regulating soil contamination. In Japan, the
Soil Contamination Countermeasures Act came into effect in 2003, some 20 years after the Superfund Act.
Japan being a volcanic country, it counts numerous mineral veins and deposits, and heavy metals in the
nation's natural rocks and sediments is not a rare occurrence, making soil contamination an issue that arises
not only at factory sites but also in the form of natural soil contamination caused by the elution of heavy
metals, etc. Consequently, soil contamination in Japan is largely divided into two types, namely
anthropogenic contamination caused by business activities and contamination of natural origin as described
above. Originally, the Soil Contamination Countermeasures Act did not cover contamination of natural
origin, but this type of contamination was added in the 2010 amendment of this act. Although excavation
removal is the most frequently adopted method for contaminated soil treatment in Japan, this method
involves significant processing cost. Even so, anthropogenic soil contamination necessitates in many cases
excavation, removal, and replacement of the contaminated soil owing to high content of heavy metals, etc.,
and significant elution thereof. On the other hand, compared with anthropogenic soil contamination, soil
contamination of natural origin involves low levels of contamination and likewise low content and small
elution amounts of heavy metals, etc. When the degree of contamination is low as in the case of soil
contamination of a natural origin, insolubilization treatment that reduces the amount of elution of heavy
metals, etc., by adding to the soil a material (insolubilizing material) that insolubilizes the contaminants to
prevent their elution from the soil by adsorption or sorption can be applied in some cases. With the revision
of the above-mentioned act, the number of investigations and countermeasures concerning soil pollution
has been increasing, and it is expected that the need for insolubilization treatment, which is inexpensive in
terms of processing cost compared with excavation and removal, will grow higher. Among Class 2
Designated Hazardous Substances (Heavy Metals, etc.) stipulated in the Soil Contamination
Countermeasures Act, lead, arsenic, and fluorine*1 are involved in numerous pollution cases, and thus
development of materials with excellent insolubilizing performance for these elements is required.
The applicability of calcined dolomite in wastewater treatment was demonstrated by Roques et al.1) This
study aimed at developing an insolubilizing material consisting primarily of calcined dolomite that satisfies
the above performance requirement . First, to investigate the relationship between the degree of calcination
of calcined dolomite and its sorption capacity for heavy metals, calcined dolomites with different degrees
of calcination were prepared, and a sorption test using solutions containing heavy metals was performed.
The results aided in determining the optimal calcination conditions for calcined dolomite used in sorption
or insolubilization of heavy metals. Insolubilization is a chemical reaction between the insolubilizing
material and heavy metals in contaminated soil. Therefore, insolubilization is considered to be influenced
by various factors including the type, concentration, and form of the target heavy metal as well as the pH
and redox potential of the soil, coexisting materials such as phosphorus, and content of such organic matter
as humic acid2), 3). To reduce these influences, the insolubilization mechanism of each type of insolubilizing
material must be elucidated. Therefore, in this study, to investigate the relationship between sorption
capacity for heavy metals and the crystalline structure of calcinated dolomite, following steps were
undertaken: (1) specific surface area was measured by gas adsorption, (2) the crystalline phases were
quantified by the Rietveld analysis of powder X-ray diffraction, and (3) Mg and Ca K-edge X-ray
absorption near edge structure spectra for the components of dolomite, Mg, and Ca were measured. The
results of the structural analysis of calcined dolomite and the those of the aforementioned sorption test
using solutions containing heavy metals were used to investigate the sorption mechanism of heavy metals
by calcined dolomite.
*1 Arsenic is a semimetal and fluorine is a halogen, but for the sake of convenience, lead, arsenic, and fluorine are collectively referred to as
"heavy metals, etc." in this paper.
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2. MATERIALS & METHODS
2.1 Physical properties of dolomite used in this study
As described later, dolomite, which is usually mined as a rock, is often a two-phase mixture of the mineral
dolomite and calcite or aragonite. In this paper, for distinction purposes, dolomite as a rock is referred to as
“dolomite,” and dolomite as a mineral is referred to as CaMg(CO3)2.
2.1.1 Production area
Hanezuru, Sano city, Tochigi Prefecture (Japan)
2.1.2 Composition
Chemical analysis of the dolomite used in this study was carried out according to JIS M 8851:2006 Method
for Chemical Analysis of Dolomite.
Table 1 Chemical analysis results of dolomite used in this study (unit: %)
ig.loss
46.58

SiO2
0.14

Al2O3
0.02

Fe2O3
0.02

CaO
33.57

MgO
18.54

P 2O5
0.07

Total S
0.01

2.1.3 Particle size distribution
The particle size distribution curve was obtained by measurement with a laser diffraction/scattering type
particle diameter distribution measuring apparatus (Microtrac MT3000 II of Nikkiso). Ethanol was used as
the dispersion medium, and measurement was performed with a particle refractive index of 1.50. Particle
size distributions of raw dolomite and calcined dolomite D are shown in Fig. 1. Calcination reduced both the
median and mode diameters of the dolomite.
Table 2 Firing durations and temperature of calcine dolomites,
and their designations as used in this paper

3
Before firing

Frequency (%)

2.5

(dp50:32.76 μm)

Designation
dolomite(raw)
Calcined dolomite A
Calcined dolomite B
Calcined dolomite C
Calcined dolomite D
Calcined dolomite E
Calcined dolomite F
Calcined dolomite G

After firing

2

(dp50:29.95 μm)

1.5
1
0.5
0
0.1

1

10
Particle size (μm)

Firing temperature (K)
-

1073

Firing duration (min)
5
10
20
30
40
60
120

100

Fig. 1 Particle size distribution of dolomite used in this study
(before and after firing)

2.2 Preparation of various calcined dolomites
It is known that dolomite is pyrolized in two steps via the reactions represented by (1) and (2). Near 1,073 K, the
reaction shown in (1) proceeds, while above 1,273 K, the reaction shown in (2) proceeds4), 5). Past research by
Roques et al., cited above, showed that MgO is the principal active ingredient when calcined dolomite is used to
treat wastewater. Lead, which is the object of treatment in this study, is an amphoteric element and has its lowest
solubility between pH 9 and pH 106). Assuming calcination conditions under which the reaction shown in (2)
advances, CaO is produced; when dolomite calcinated to this degree is added to soil, the pH of the system rises,
and there is a high probability of being unable to obtain calcined dolomite that shows good sorption performance
for lead. For these reasons, the calcination temperature was set at 1,073 K.

CaMg(CO3)2 → CaCO3 ＋ MgO ＋ CO2
CaCO3 ＋ MgO ＋ CO2 → CaO ＋ MgO ＋ 2CO2

(1)
(2)
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Dolomite was calcinated using the following method, and various kinds of calcined dolomite were obtained.
Dolomite was placed inside an aluminum crucible then calcinated for between 5 and 120 minutes at 1,073 K in
the atmosphere, using an electric oven (Koyo Thermo Systems Co., Ltd., KBF314N1). After calcination, it was
cooled to room temperature in a desiccator.

Table 2 lists the firing durations and firing temperature of the various dolomites, and their designations as
used in this paper.
2.3 Rietveld analysis of powder X-ray diffraction
2.3.1 XRD measurement conditions
Measurement was carried out using an X-ray diffractometer (PANalytical X'Pert Pro MPD).The
measurement conditions are indicated below.Measurement conditions: Cu-Kα X-ray tube, 45 kV voltage,
40 mA current.Adjustments were made so as to obtain variable divergence slit of 12 mm, no anti-scatter slit
(incident side), solar slit (incident side) of 0.04 rad, no light receiving slit, variable anti-scatter slit (light
receiving side) (12 mm), Soller slit (receiving side) of 0.04 rad, scan range of 2θ = 20 ° to 70 °, scan step of
0.008 °, In general, the Rietveld analysis provides the best analysis results when the strongest beam is
between 5,000 and 10,000 counts7), Therefore we set the counting time so that the strongest line is 10000
counts.
2.3.2 Conditions for Rietveld analysis
Analysis was performed using Rietveld analysis software (PANalytical High Score Plus), and values with
goodness of fit ≦ 5 were used as analysis values.
2.4 Local structure analysis by X-ray absorption fine structure
The K absorption edge XANES of Ca and Mg, which are constituents of dolomite, were measured using
the BL-3 beamline and the BL-10 beamline, respectively, at Ritsumeikan University's Synchrotron
Radiation Center (Shiga Prefecture, Japan).The measurement modes were total electron yield (TEY) and
partial fluorescence yield (PFY) based on the sample current8).
2.4.1 Ca K absorption edge measurement conditions used with the BL-3
In a tablet molder, the powdered dolomite sample to be measured was formed into 10 mm diameter pellets,
which were then used as the specimens. At the same time, boron nitride was used to increase the specimen
volume. Ca K edge measurements were done in the atmosphere by the partial fluorescent yield method
using Si(111) as the analyzing crystal and a 3-element SSD as the detector.
2.4.2 Mg K absorption edge measurement conditions used with the BL-10
Carbon tape was applied to a specialized stainless-steel sample holder, and a few milligrams of the
powdered dolomite to be measured were applied to the carbon tape in such a way that their range exceeded
the beam size. The sample holder was placed in an approximately 10-6 torr high vacuum measurement
chamber, after which measurements were made. The analyzing crystals used were Beryl (10-10) and
KTP(011). The detector used for the fluorescent absorption method was an SSD. The specimen current
measurement by the electron yield method was done using a picoammeter .
2.5 Specific surface area measurement by gas adsorption method
The analysis samples were heated to 373 K and degassed for 3 h or longer at 50 mmTorr using a degasifier
(BEL JAPAN Belprep-vac. II). BET specific surface area was measured using nitrogen gas (adsorption
temperature: 77 K) as adsorbate according to JIS Z 8830:2013 (ISO 9277:2010) using a specific surface
area measuring apparatus (Belprep mini II). The above measurement was performed three times, and the
average value was determined.
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2.6 As, Pb, and F sorption tests
2.6.1 Preparation of test solution used for stock solution and sorption tests
To dissolve the reagents listed in Table 3 in ultrapure water and maintain the preservability of the target
solution, hydrochloric acid or nitric acid was added (but not for fluorine) to achieve molarity of 0.01 M
when producing 1000 mg/L stock solution of As, Pb, and F. The above stock solutions were diluted with
ultrapure water so as to achieve the prescribed concentration, and were used as the test solution for the
sorption test.
Table 4 Method for determination of Pb, As, and F
in filtrate in sorption tests

Table 3 Reagents and matrix components used for
preparing stock solutions
Element (valence)
Reagent
Coexisting matter
Pb
Lead nitrate
HNO3
As (III)
Sodium arsenite
HCI
F
Sodium fluoride
-

Target element
Pb

As
F

Analysis method
Electrically heated atomic absorption spectrometry
(JIS K 0102-2008 54.2)
ICP emission spectroscopy
(JIS K 0102-2008 54.3)
Hydride generation atomic absorption spectrometry
(JIS K 0102-2008 61.2)
Distillation and lanthanum alizarin complexone staining CFA method
(JIS K 0170-2011 6)

2.6.2 Pb, As, and F sorption test methods
0.3 g of each type of dolomite was weighed into a 50 mL polypropylene conical tube (Falcon,
manufactured by Corning), 30 mL of 5 mg/L lead, arsenic, fluorine solution. prepared in section 2.6.1 was
added and the mixture was shaken (at 200 rpm/min) for 4 h*2 using a reciprocal shaker (NR-2,
manufactured by Taitec). Next, suction filtration was carried out using a 0.45 μm membrane filter, and the
concentration of As or Pb or F in the filtrate was determined by the method shown in Table 4, and the
sorption removal rate was calculated from (3). At that time, the pH of the filtrate was also measured. The
tests were carried out separately for each element. Each test was conducted three times, and the average
value was adopted for the sorption removal rate, the pH, and ORP of the filtrate.
As the atomic absorption photometer and its hydride generator, the ZA-3000 and HFS-4 manufactured by
Hitachi High-Tech Science, and as the ICP emission spectrometer, ARCOS manufactured by SPECTRO
Analytical Instruments, were used. For the distillation and lanthanum alizarin complexone staining CFA
method, SWAAT of BLTEC was used.
Sorption removal rate (%) =

(𝐶𝑖−𝐶𝑓)
𝐶𝑖

× 100

(3)

Ci = As or Pb or F initial concentration (mg/L), Cf = As or Pb or F concentration in the filtrate (mg/L)
*2. A preliminary experiment confirmed that equilibrium is achieved by shaking for 4 hours; thus, the shaking time was set to 4 hours.

3. RESULTS AND DISCUSSION
3.1 Quantitative determination of crystalline phases in calcined dolomites by Rietveld analysis
Fig. 2 shows XRD charts of Dolomite (raw), Calcined dolomite B, D, G. Table 5 shows the quantitative
determination results of crystal phases present in dolomite (raw) and the various calcined dolomites as
obtained by Rietveld analysis. Fig. 3 shows an enlarged XRD chart 2θ = 42.2 - 44.0 ° of Calcined dolomite
B, G. The dolomite (raw) used in this study can be seen to be a two-phase mixture of dolomite
(CaMg(CO3)2) and calcium carbonate (CaCO3, mineral name: calcite).
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To verify the presence or absence of pyrolysis
intermediates in the thermal decomposition of
dolomite by (1), the amount of amorphous
component in calcined dolomite D was quantified
by the internal standard method using TiO2 (rutile)
as an internal standard substance by Rietveld
analysis. Calcined dolomite D was found to contain
0.3 wt% of amorphous component. While it is
unknown whether this 0.3 wt% is a significant
difference, the results obtained from X-ray
photoelectron spectroscopy (XPS) also suggest the
presence of pyrolysis intermediates.
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Fig. 2 XRD chart of Dolomite(raw) and
Calcined dolomites B, D, G (2θ = 20 to 70 °)
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3.2 Local structure analysis by X-ray absorption
fine structure

MgO
(200)
Intensity (counts)

Fig. 4, 5 shows the Mg K absorption edge
XANES of various calcined samples. In the PFY
measurement containing a lot of bulk information,
calcined dolomite A shows a spectrum similar to
that of dolomite (raw) (having a peak in the
vicinity of 1313 eV), but in calcined dolomite C, a
peak appears near 1309 eV similarly to MgO, and
the samples with firing duration longer than 30
min show a peak in the vicinity of 1309 eV that is
remarkably more developed than in the samples
with firing duration of 20 min. On the other hand,
in the TEY measurement, which includes a lot of
surface information, a sharp peak near 1309 eV
similar to MgO appears already in the 5 min
calcined sample, and thus it is considered that local
structure changes have begun on the surface by 5
min.
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Based on the results of the Rietveld analysis, it was
assumed that the reaction shown in (1) started after
10 to 20 minutes of calcination, and was completed
after 30 to 40 minutes of calcination. Because the
halo peak of MgO was confirmed near 42.9º on the
XRD chart of calcined dolomite B from Fig. 3, it
was concluded that under XRD, undetectable MgO
microcrystals are formed within 10 min of
calcination.
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Fig. 3 XRD chart of calcined dolomites B, G
(2θ = 42.2 to 44.0 °)

Table 5 Quantitative determination results of crystal phases in
dolomite (raw) and calcined dolomites by Rietveld analysis
Sample
Dolomite (raw)
Calcined dolomite A
Calcined dolomite B
Calcined dolomite C
Calcined dolomite D
Calcined dolomite E
Calcined dolomite F
Calcined dolomite G

CaMg(CO3)2
83
68
44
19
3
0
0
0

CaCO3
17
32
56
64
76
78
81
67

MgO
0
0
0
17
21
22
19
29

CaO
0
0
0
0
0
0
0
4

Fig. 6 shows the Ca K absorption edge XANES
(PFY) of various calcined samples. The spectral
patterns of dolomite (raw) and calcined dolomite
A, D, and F are almost the same. Therefore, the local structure around the Ca atom before and after firing is
considered to have hardly changed on average. Based on this result, the formation of CaO shown in (3) is
thought to occur at least 60 min after firing, a consideration that is consistent with the results of Rietveld
analysis shown in Table 5.
These results indicate that the local structure around the Mg atom changes with the lapse of firing time,
whereas there is hardly any change in the local structure around the Ca atom before and after firing.
Furthermore, Mg K-XANES was found to exhibit different spectral changes in PFY measurement and TEY
measurement. Thus, the data suggests that in the samples produced by baking dolomite for 5 to 20 minutes,
only the outermost surface is MgO, and the bulk of the specimens has a different structure.
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Fig. 6 Ca K edge XANES spectrum of dolomite (raw) and
various calcined dolomites (PFY)

3.3 Specific surface area measurement by gas adsorption method
Table 6 shows the BET specific surface area values of the Table 6 BET Specific surface area values of dolomite (raw)
various calcined dolomites. Based on the results of Tables
and various calcined dolomites
5 and 6, Fig. 7 showing the phase content of the various
Sample
BET specific surface area (m2/g)
dolomites (abscissa) and the BET specific surface area
Dolomite (raw)
0.788
Calcined dolomite A
1.013
(ordinate), was prepared. There is a negative correlation
Calcined
dolomite
B
2.873
between the BET specific surface area and the
Calcined dolomite C
9.132
CaMg(CO3)2 phase amount in the various calcined
Calcined dolomite D
9.330
dolomites, but a positive correlation between the BET
Calcined dolomite E
9.487
specific surface area and the MgO and CaCO3 phase
Calcined dolomite F
9.067
amounts. In other words, the BET specific surface area
Calcined dolomite G
8.840
can be seen to increase with the progress of (1). Further,
the specific surface area of fired dolomites F and G decreases compared with calcined dolomites D and E,
and given that (1) is completed within the firing duration of 30 to 40 min, as described above, it is
understood that the BET specific surface area value is greatest around the time (1) is completed. There are
two possible factors for the decrease in BET specific surface area after completion of (1).
1) Crystal growth of MgO
2) Following completion of (1), the reaction of (2) occurs, causing thermal decomposition of CaCO3 to
produce pyrolyzed CaO, which has a smaller BET specific surface area than CaCO3.
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BET specific surface area (m2/g)

To verify the possibility of 1), the crystallite size was
calculated by the Scherrer method using the peak of
MgO(200) on the XRD chart of various calcined
dolomites. The above peaks of calcined dolomites D,
F, and G are shown in Fig. 8, and their calculated
crystallite sizes are listed in Table 7.
The crystallite size of MgO contained in calcined
dolomite D just before completion of (1) was 15.0 nm,
whereas the crystallite size of calcined dolomite F
after (1) was 20.7 nm. This confirms MgO crystal
growth after completion of (1). On the other hand,
with regard to 2) above, it is considered difficult to
isolate CaCO3 and CaO contained in the various
calcined dolomites and to measure the BET specific
surface area of each.
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Table 7 Crystallite size of MgO contained
in various calcined dolomites
Sample
Crystallite size (nm)
Calcined dolomite D
15.0
Calcined dolomite F
20.7
Calcined dolomite G
22.8
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Fig. 8 XRD chart of calcined dolomites D, F, G (2θ = 42.2 to 44.0°)

3.4 Pb, As, and F sorption tests

100

Table 8 shows the results of an absorption test using 5
mg/L lead, arsenic, and a fluorine solution. The

relation between the BET specific surface area and
the sorption removal rate of Pb, As, and F is shown
in Fig. 9.

Sorption removal rate (%)

Intensity (counts)

MgO
(200)

10

80

60
40

Pb

20

As(Ⅲ)

Calcined dolomite D showed the best sorption
F
0
removal rate for all three elements tested this time.
0
2
4
6
8
10
From this result, the firing condition of calcined
2/g)
BET
specific
surface
area
(m
dolomite D was determined as the optimum
condition. The reasons for the above results and the
Fig. 9 Relation between BET specific surface area and
sorption (insolubilization) mechanism by calcined
sorption removal rate of Pb, As, and F
dolomite for the three above elements are described
below.
Table 8 Pb, As, and F sorption test results using various dolomites
Dolomite used
Dolomite (raw)
Calcined dolomite B
Calcined dolomite C
Calcined dolomite D
Calcined dolomite E
Calcined dolomite F
Calcined dolomite G

Pb
96.5
83.6
95.2
98.5
95.5
79.5
39.5

Sorption removal rate (%)
As
F
3-element ave.
5.5
6.8
36.3
81.7
81.6
82.3
94.5
95.2
95.0
97.3
97.9
97.9
94.0
94.2
94.6
77.2
36.6
64.4
70.2
29.4
46.3

Filtrate properties
pH
ORP (mV)
8.0
280
9.4
190
10.8
202
10.8
204
11.2
180
12.0
92
12.3
42
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3.4.1 Pb sorption (insolubilization) mechanism
For lead, unlike the other two elements, even non-calcined dolomite (raw dolomite) showed an excellent
sorption removal rate of 95% or more. A prior study that examined the sorption of lead using dolomite that
was not fired holds the sorption mechanism to be the formation of inner-sphere or outer-sphere surface
complexes13).
For treatment of lead-containing wastewater, pH adjustment is performed, and treatment by the hydroxide
precipitation method is sometimes performed. Lead hydroxide is least soluble at pH 9-10, at which time the
Pb that can be present in the solution is theoretically about 1 mg/L6). However, after the sorption test, the
Pb concentration had declined to 0.12 mg, and apart from the formation of lead hydroxide, it seems that coprecipitation when MgO hydrates to change to Mg(OH)2, and ion exchanges between Pb2+ and Mg2+, Ca2+
are among simultaneous mechanisms at work. The sorption removal rate decreased when calcined
dolomites F and G, with a higher degree of calcination than the optimal firing condition, were used. The
reason for this has not been clarified and thus further investigation is necessary.
3.4.2 As sorption mechanism
The relation between the As sorption removal rate and BET specific surface area showed good correlation.
Based on this result, it is considered that As did not undergo a morphological change to a poorly soluble
compound due to the change in pH, and it is thought that As was removed by sorption at the surface of the
material. Since the pKa1 value of As(Ⅲ) is 9.23, the addition of calcined dolomite improves the pH of the
system, causing morphological change from H3AsO3 to H2AsO3-. Here, the point of zero charge (PZC) of
Mg(OH)2, whose formation is thought to result from the hydration of the MgO in the calcined dolomite, is
12.414), and the pH of the system using calcined dolomite D, which has the optimal firing condition, is 10.8.
Therefore, sorption of As is considered to occur as the result of H2AsO3- being attracted to Mg(OH)2, which
has a positive charge. The decrease in the sorption removal rate is systems that use calcined dolomite E or
G, which have a significantly higher degree of calcination than the optimal firing condition, is considered
to be due to the fact that the pH of these systems approximates PZC of Mg(OH)2, resulting in a decrease in
positive charge at the surface of Mg(OH)2. Increasing the pH of the system by adding calcined dolomite is
expected to improve the oxidation rate from As(III) to As(V), and as a result make it possible to reduce
toxicity to organisms, so from these points of view, the examination of As sorption, sorption, and
insolubilization is a suitable endeavor.
On the other hand, previous studies have reported the following matters with regard to the uptake of As in
calcium carbonate, which is another constituent of calcined dolomite.
Previous study 1: Several 100 g/L of calcium carbonate (calcite) are required to reduce As(V) of 0.05 mg/L
to 0.01 mg/L or less15).
Previous study 2: Uptake of As(III) by calcite occurred only at pH 10 or higher, and the uptaken As(III)
changed to As(V). This phenomenon is thought to be due to the above-mentioned morphological change
from H3AsO3 to H2AsO3-. Further, the distribution coefficient of As(V) at a neutral pH like a groundwater
environment was more than 140 times as high as that of As(III)16).
As the pH of the system using calcined dolomite D in this sorption test is 10 or higher, uptake of As(III) by
calcite can be thought to also be at work, but since the uptake of As(III) goes through As(V), the uptake
efficiency is thought to be greater for As(V) than for As(III). For these reasons, the MgO content of
calcined dolomite is considered to contribute significantly to the As sorption mechanism.
3.4.3 F sorption (insolubilization) mechanism
In the treatment of fluorine-containing wastewater, a method that is long been used is to first add calcium
salt as a primary treatment to cause fluorine precipitation by causing the formation of poorly soluble
calcium fluoride, and as an advanced treatment, to add aluminum salt or the like to cause the formation of
hydride and co-precipitation of fluorine17). Fluorine insolubilization through the formation of CaF2 by the
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addition of calcium salt can theoretically reduce the solubility of CaF2 to 8 mg/L. However, the
concentration of the fluorine solution used for this sorption test is 5 mg/L, which is lower than the solubility
of CaF2. Thus, it is unthinkable that the CaCO3 and F would react with each other in this test to form CaF2.
In this sorption test, fluorine is thought to be co-precipitated when MgO hydrates and changes to Mg(OH)2.
The fact that in the system using calcined dolomite C containing MgO, the sorption removal rate improved
to 95.2% compared to 6.8% when using dolomite (raw) is considered to be attributable to the above reason.

4. CONCLUSION
The following findings were made by this study.
· The BET specific surface area of calcined dolomite is greatest around the time of the completion of the
first stage (specifically, the reaction in which MgO is formed) of the thermal decomposition reaction of
dolomite, which proceeds in two stages.
· There is a correlation between the BET specific surface area and the heavy metal (especially arsenic)
sorption removal rate.
· There is a possibility that MgO produced by firing dolomite differs in structure between the outermost
surface and the bulk.
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ABSTRACT
The solidification of simulated borate solutions and ion-exchange resins with alkali-activated slag
(AASC) was studied with respect to setting times, reaction progress, compressive strengths, water
resistance, hydration products, and microstructures. The AASC-based mineral matrix was found to be
suitable for the efficient solidification of borate solutions with concentrations up to 200 g/L and up to
35% (by volume) of borate ion-exchange resins (IERs) at pH values of 8.5 to 10.5. Lowering the pH of
borate solutions results in a reduced rate of setting of the fresh AASC paste, retardation in the
structural formation of the hardened AASC paste, a reduced degree of hydration, and a reduction in
the amount of calcium silicate hydrates and hydrotalcite. According to the results of a four-factor
experiment, the strengths of wasteforms based on AASC-based mineral matrices and borate IERs
were mostly determined by the nature of the alkali component and the pH of the borate IERs. The
strengths of the wasteforms could be improved by increasing the Na2O concentration and introducing
polypropylene fibres. The main reaction products from the (GGBFS)-(sodium metasilicate, sodium
hydroxide)-(borate solution) system were C-(A)-S-H, calcite (CaCO3), hydrotalcite (MgO6.667Al0.333)
(OH)2(CO3)0.167(H2O)0.5, calcium silicate hydrate C-S-H (I) CaO.SiO2.H2O, calcium silicate hydrate
C-S-H Ca1.5.SiO3.5.H2O, and ulexite NaCaB5O6(OH)6(H2O)5.
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1.

INTRODUCTION

Progress in nuclear power engineering, with its associated formation and accumulation of nuclear
wastes and in conditions of rising requirements for environmental safety, has created an urgent need
for the improvement of materials and approaches for reliable immobilization of the wastes (Ojovan
2011; Shaw & Blundell (2014). Presently, Portland cement, the most widely used material for
solidification of low and intermediate level radioactive wastes, does not always ensure the efﬁciency of
immobilization and accommodation of high load with wastes of diverse composition.
A particular “problematic” waste that results when Portland cement is used as mineral matrix for
immobilization is boric acid (H3BO3), which is one of the most common types of liquid waste
concentrate generated by pressurized water reactors. The main problem in the solidiﬁcation of boric
acid and borate using Portland cement is their strong retarding effect on setting times of the
wasteforms (Atabek et al. 1992; Demirbas & Karslioglu (1995); Le Bescop et al. 1990; Ramachandran
& Lowery (1992). The inhibition effect from the borates often lowers the waste loading needed to
obtain qualiﬁed solidiﬁed waste.
Ion exchange resins (IERs) which are a common type of wet radioactive waste used contaminate
radioactive effluents can be solidified into Portland-cement based matrix usually at content below 20%.
IERs are highly porous materials with poor mechanical strength. The higher their content in the matrix,
the lower the compressive strength of the resulting material. The waste loading of IERs is also affected
by composition and concentration of chemical species. Wang & Wan (2015) reported that the boric
acid content which is present in spent anion resins from pressurized water reactor power stations in
the spent resins from PWR is 50 to 70 g/kg leads to delay of the hardening process of ordinary
Portland cement, poor product stability, and lower waste stabilization in the product (IAEA 2002).
One way to improve the performance of the ﬁnal wasteforms using cementation technology for
“problematic” wastes is to use alternative cements as binders. Alternative cements produce a diverse
range of reaction products that, when compared to Portland cement, are characterized by lower
solubility and higher ion exchange properties, different pH, faster hardening, and lower permeability of
hardened pastes, etc. (Abdel Rahman et al. 2015; Rakhimova et al. 2015; Zhuang et al. 2016; Perna &
Hanzlicek (2014). The differences in composition and structure formation between alternative binders
and Portland cement predetermine the differences in the immobilization mechanism. For borate
radioactive wastes, alternative binders such as calcium aluminate, sulphoaluminate, magnesium
phosphate, and alkali-activated cements can have higher efﬁciencies than Portland cement
(Champenois et al. 2013, 2015; Goni & Guerrero (2001); Hall 2001; Hugo et al. (2015); Palomo & De
la Fuente (2003); Qina & Jianlong (2010); Yang 2010.
In this study, the feasibility of solidification of simulated radioactive borate liquid wastes and IERs was
investigated. The properties of the fresh and hardened pastes and hydration products were studied.
The quantity and nature of the alkali activator, concentration of polypropylene fibres, and pH and
concentrations of the liquid wastes and IERs were considered as variables.
2.

EXPERIMENTAL DETAILS

Granulated blast furnace slag (GBFS) obtained from the Magnitogorsky factory was ground in a
laboratory planetary mill to a specific surface area (Ssp) of 300 m 2/kg (Blaine). The chemical
composition of GBFS is shown in Table 1.
Table 1. Chemical composition of GBFS
Component (mass % as oxide)
SiO2

CaO

Al2O3

MgO

MnO

Fe2O3

TiO2

Na2O

K2O

P2O5

SO3

CO2

LOI

37.49

36.22

11.58

8.61

0.50

0.16

1.80

0.64

0.95

0.01

2.00

-

-
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The alkali activation of the GBFS was carried out using commercial sodium metasilicate hydrate
Na2SiO.9H2O (NSH9) and sodium hydroxide (NaOH). The dosage of alkali components was used to
obtain the Na2O content of 5-7% per slag.
Borate solutions designed to simulate real borate radioactive liquid wastes produced in a nuclear
power plant’s pressurized water reactor were prepared by dissolving H 3BO3 and NaOH in tap water. A
control sample was prepared using an equal volume of solution of NSH 9. The concentrations of NaOH,
H3BO3, and the simulated borate solutions used in the experiments are listed in Table 2.
Table 2. Composition of prepared simulated borate solutions
Borate solution

Concentration of
NaOH (mol/l)

Concentration of
H3BO3 (mol/l)

Concentration of simulated
borate solution (g/l)

pH

Borate solution 1

2.670

0.830

200

8.5

Borate solution 2

2.670

0.420

200

10.5

To simulate borate IERs, cationic IERs were saturated in 200 g/l of borate solutions of pH 8.5 and 10
(Table 2). IERs were supplied by “Azot” (Cherkassy, Ukraine) under the trade name KU-2-8 in the
physical form of spherical beads or ground grains. They had diameters of 0.35-0.55 μm.
Cementitious waste samples were prepared by mixing the wet saturated borate IERs with a dry mix of
GGBFS and NSH9 or NaOH. A liquid/solid ratio of 0.45 provided a workable and appropriate fresh
paste flowability. As reinforcing material commercial (EuroCHEM) polypropylene fibre with 3 mm
length was used.
The alkali-activated slag cement (AASC) paste samples were prepared in cubic moulds for
compressive strength test, after 1 day of curing under normal conditions (room temperature, humidity
95-100%) and then were demoulded. The cubes were stored in sealed plastic bags in a chamber at
room temperature and 95-100% relative humidity, for 28 days. Each strength determination reported is
based on the average of six measurements for the same cast. Calorimetry experiments were carried
out using semi-adiabatic “Thermochron” metering equipment. The pastes were mixed externally,
placed in sealed glass ampoules, and loaded into the calorimeter. The time elapsed between the
addition of the activator and water or saturated borate IERs to the powder and the loading of the paste
into the calorimeter was approximately 3-4 min. The tests were run for 96 h. X-ray diffraction (XRD)
was performed on finely ground GBFS and AASC paste samples that had been hardened for 28 days.
In order to accelerate interaction of AASC paste and borate salts the samples for XRD have been
prepared of GGBFS having Ssp 800 m2/kg. XRD data were collected using a D2 Phaser X-ray
diffractometer in a Bragg-Brentano θ–2θ configuration with Cu Kα radiation, operating at 40 kV and 30
mA. The data handling was performed using the DIFFRACplus Evaluation Package – EVA
Search/Match and database PDF-2 ICDD. An STA 443 F3 Jupiter simultaneous thermal analysis
apparatus was used for TG/DSC. The samples were heated from 30°C to 1000°C at a heating rate of
100oC/min. The data handling was performed using Netzsch Proteus Thermal Analysis.
3.
3.1

RESULTS
Properties of fresh and hardened AASC pastes incorporated with simulated borate liquid
wastes

Tables 3 and 4 show the setting times of the fresh AASC pastes and compressive strengths of the
hardened AASC pastes, respectively, made with different concentrations of Na2O, along with the pH of
the simulated borate solutions.
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Table 3. Setting times of fresh AASC pastes along with values for Na 2O%,
and pH of the simulated borate solutions
Na2О concentration
(% by GGBFS)

Mixing solution

5

Setting times (hour-min)
Initial set

Final set

water

3-35

6-10

5

borate solution 1

9-20

18-30

5

borate solution 2

5-20

14-10

7

water

1-50

3-00

7

borate solution 1

6-20

12-00

Table 4. 28-day compressive strength of hardened AASC pastes along with values for Na2O%,
and pH of the simulated borate solutions
Na2О concentration (% by GGBFS)

Mixing solution

Сompressive strength (MPa)

5

water

46

5

borate solution 1

0

5

borate solution 2

44

5*

borate solution 2

38.2

7

water

56.8

7

borate solution 1

49.7

7*

borate solution 1

46

7

borate solution 2

56.1

7*

borate solution 2

54.2

*compressive strength after 3-month immersion tests
It is well known that the cemented wastes should be allowed to set for more than 5 h to avoid any
setting in the mixer in the event of a technical problem, and for less than 24 h to enable good output
from the conditioning unit (Cau Dit Coumes & Courtois (2015). The results of the current study
demonstrate that mixing of AASC with a borate solution slowed the setting process, and that the
setting times extended with i) decreasing activator (NSH9) dose and ii) decreasing pH of the borate
solutions. As for the influence of borate solution on the compressive strength of hardened AASC
pastes, the compressive strength of AASC mixed with borate solutions is close to or slightly lower than
that of reference samples. It should be also noted that the cemented wasteforms demonstrate water
resistance and do not substantially lose compressive strength after 3-month immersion tests.
When the Na2O content is 5 and 7% – all the samples show acceptable setting times, and the
compressive strength is up to 56.1 MPa.
The results of the calorimetric studies, shown in Fig.1, are in agreement with the data concerning
setting times of the fresh AASC paste.
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Fig.1. The hydration rates of fresh AASC pastes, activated by NSH 5 depending on % Na2O and the pH
of mixing solution

As can be seen from the data of the calorimetric studies, the increase in activator dosage from 5 to 7%
leads to increases in the reaction temperature and peak intensities. The initial peak for the reference
formulations, which is attributed to the dissolution of slag particles and the precipitation of a very thin
layer of hydration products with a low Ca/Si ratio (Brough & Atkinson (2002), Shi & Day (1996) roughly
corresponds to the setting times. In comparison with reference sample, for the samples made with
borate solutions the peaks corresponding to the beginning of the structure formation process did not
coincide with the setting times. In these cases, the peaks were broader and occurred at lower
temperatures than in the reference sample. The reason for this mismatch is probably that the setting
times were determined not by the formation of the reaction products but by the false set, notably
precipitation of borate salts. Actually, ‘bulk’ reaction products began to form later.
3.2

Properties of fresh AASC pastes incorporated with simulated borate IERs

The results of the calorimetric studies are shown in Fig.2. As can be seen the incorporation of borate
IERs into fresh AASC paste retards the reaction in the system GGBFS-NSH9-borate IERs. Increasing
the pH of the borate IERs reduces the intensities and temperatures of the peaks, while also
broadening them.

Fig.2. The hydration rates of fresh AASC pastes containing 20% of IERs at pH7 (1), borate IERs at
pH8.5(2), and borate IERs at pH10.5(3)
Table 3 shows the 28-day compressive strengths of hardened AASC pastes and analysis of the
compressive strength and influencing factors based on serial regression analysis with generated error

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
of experiment. Experimental-statistical models of the factors influencing the 28-day compressive
strengths follow:
for sodium hydroxide-activated wasteforms:
R = 6.915 + 1.288x1 – 14.824x2 + 0.641x3 + 0.132x4 -1.020x1x2 + 0.188x1x3 – 0.072x1x4 – 0.753x2x3 –
0.148x2x3 – 0.148x2x4 + 0.169x3x4 + 0.546x12 + 9.409x22 – 1.305x32 + 0.621x42
for sodium metasilicate-activated wasteforms:
R = 9.657 + 3.130x1 – 22.120x2 - 1.040x3 + 0.842x4 -2.495x1x2 + 0.385x1x3 – 0.158x1x4 – 0.556x2x3 –
0.985x2x4 + 0.083x3x4 + 0.550x12 + 13.847x22 + 5.510x32 + 0.691x42
Table 3. 28-day compressive strengths of hardened AASC pastes and ranges of variation of
normal and coded influencing factors
Run no.
Х1
-1

0

Х2
1

-1

0

Х3
1

-1

0

Х4
1

-1

0

Alkali activator
1

Concentration
of Na2O (%)

Concentration
of IERs (% by
volume)

pH of IERs

Concentration
of fiber (%)

5…7

0…40

7…10.5

0…0.2

1..16
17…32

Сompressive strength
(MPa)

Factors

7 (water)
5

0…40

8.5
(borate
solution)

0…0.2

Sodium
hydroxide

Sodium
metasilicate

30…2.3

49…9.9

26…0

41…4.1

33..48

10.5
(borate
solution)

28..0

44..5.6

49..64

7 (water)

36…3.1

56.8…10

32…2.6

49.7…4.3

34…2.7

56.2…7.3

65…80

7

0…40

81…96

8.5
(borate
solution)
10.5
(borate
solution)

0…0.2

Analysis of the results presented in Figs.3,4 shows that the 28-day compressive strengths of AASC
wasteforms increase upon
- increasing the Na2O concentration and
- introducing polypropylene fibres, and decrease with
- increasing the IER concentration,
- including borate-saturated IERs, and
- decreasing the pH of borate IERs.
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Sodium metasilicate-activated AASC wasteforms demonstrate higher 28-day compressive strengths
and IERs loads than sodium hydroxide-activated wasteforms.
Regulatory requirements for compressive strengths of cementitious wasteforms in various countries
are as follows: 0.35 MPa in France, 3.4 MPa in the United States, 5 MPa in Slovakia, 7 MPa in the UK,
and 10 MPa in Switzerland (Abdel Rahman et al. 2015). The compressive strengths of sodium
hydroxide (7% Na2O) AASC wasteforms (9-9.5 MPa) nearly meet the most stringent requirements with
borate IER loadings of 20%. This is the same as for Portland cement based wasteforms incorporated
with borate IERs. Sodium metasilicate AASC wasteforms with borate IERs loadings of 35% exhibit
compressive strengths of 9.4-13 MPa, depending on the borate IERs pH.

a)

b)

Fig.3. 28-day compressive strengths of hardened AASC pastes containing IERs and activated by
sodium hydroxide (a) and sodium metasilicate (b),as functions of various influencing factors

a)

b)

Fig.4. The 28-day compressive strengths of IER-containing, sodium metasilicate-activated, hardened
AASC pastes as functions of various influencing factors: (a) without polypropylene fibres, (b) with 0.2%
polypropylene fibres
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3.3

The influence of borate solutions on the composition of the hydration products and on
the microstructure of hardened AASC pastes

3.3.1 X–ray diffraction
The results of XRD analysis are shown in Figs.5 and 6. The main reaction products from the GGBFSNSH9-borate system are C-(A)-S-H (broad hump), calcite (CaCO3) (reflection at 29.395 2θ, PDF 01071-3699), hydrotalcite (MgO6.667Al0.333)(OH)2(CO3)0.167(H2O)0.5 (reflection at 11.649 2θ, PDF 01-0890460), calcium silicate hydrate C-S-H (I) CaO.SiO2.H2O (reflection at 7.066 2θ, PDF 00-0034-0002),
calcium silicate hydrate C-S-H Ca1.5.SiO3.5.H2O (reflection at 29.356 2θ, PDF 00-033-0306), and ulexite
NaCaB5O6(OH)6(H2O)5 (reflection at 7.14 2θ, PDF 01-083-1664).

Fig.5. X-ray diffractograms of hardened sodium silicate AASC pastes
(С – calcite, H – Hydrotalcite, C-S-H (I), C-S-H, A – Akermanite, U – Ulexite)

a)

b)

Fig.6. X-ray diffractograms of hardened sodium hydroxide AASC pastes mixed with borate solutions
10.5 (a), 8.5 (b) (С – calcite, H – Hydrotalcite, C-S-H (I), C-S-H, A – Akermanite, U – Ulexite)

3.3.2 TG/DSC
Fig. 7 shows that the reaction products partially observed through XRD are also found in the TG/DSC
analyses. It should be also noted the samples AASC0 (reference) and AASC1 (based on the GGBFSNSH9-borate solution) are characterized by lower content of bound water than that of reference
AASC1 in the range 30–3000C, which is attributed to calcium silicate hydrates in reference samples
and attributed to calcium silicate hydrates.
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Fig.7. Thermal analyses (TG/DSC) of 28-fay cured AASC pastes

4.

DISCUSSION

A comprehensive analysis of the results presented in Section 3 suggests the following sequence of
interactions from the mixing of the starting materials to the formation of the hardened pastes in the
GGBFS–NSH9–borate solution system.
Immediately after mixing the constituents of AASC with simulated liquid borate waste, the liquid phase
of the fresh paste generally consisted of Na+ cations (from NSH9 and the borate solution), SiO32- and
OH- anions (from NSH9), Ca2+ cations (from GGBFS destruction), and H+ cations and B(OH)4- anions
(from the borate solution).
The data in Table 3 and Fig. 1 show that a decrease in the pH and alkaline activator NSH9 retard the
setting of the fresh paste. Under these conditions, the temperature of the reaction decreases and the
initial peaks are seen after the final setting of the material. Presumably, the retarding effect is caused
by the following processes in consecutive order:
1) The concentration of OH- groups, which are essential for destruction of GGBFS, decreases. This
decrease is induced by the reaction between H + cations from the borate solution and OH- groups from
the alkaline activator to form H2O, as well as the reaction of the borate anions with Na + to form soluble
NaB(OH)4.2H2O. In order to reduce borate-influenced slowing of cement hardening, a process that is
based on hydration reactions with water similar to those associated with Portland cement and calcium
sulphoaluminate cements, an additional Ca2+ source in the form of hydrated lime (Ca(OH)2) is normally
used to decrease the slowing influence of borates. Thus, contrary to what is seen in the GGBFS–
NSH9–borate solution system, the alkali activator played roles in both binding the borates and ensuring
the hardening of the matrix through activation of GGBFS.
2) Soluble NaB(OH)4.2H2O can precipitate on the parts of the surface of GGBFS particles, which slows
down the rupture of Si-O-Si bonds of GGBFS by OH- groups. As a result the decreased content of OH groups with the introduction of borate solution and partial blocking of the GGBFS particle surfaces by
precipitated NaB(OH)4.2H2O salts slow the rate of structure formation process of the GGBFS-NSH9borate solution system. This rate depends on the ratio of the borate solution pH and the concentration
of NSH9. With all this additional alkali activator in the mineral matrix-borate waste system, more OHgroups are available for interaction with GGBFS and hardening of the wasteforms. The result of this,
as can be seen from the XRD and TG/DSC data, is that the influence of borate solutions slows down
the formation of Ca-, Si-, Al-, and Mg-containing reaction products like C-S-H(I), C-S-H, and
hydrotalcite in hardened AASC pastes mixed with borate solutions compared to reference samples.
This hypothesis is also confirmed by the increase of the intensities in the XRD-patterns of the “relict”
GBFS minerals gehlenite, akermanite, hatrurite, and srebrodolskite.
Concerning the release of Ca2+ from GGBFS in the later stages, the soluble NaB(OH) 4.2H2O reacts
with Ca2+ to form lesser soluble reaction products like ulexite (NaCaB 5O6(OH)6(H2O)5) and calcium
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aluminium borate hydroxide hydrate (Ca6Al2(B(OH)4)3.8(OH)14.2.20H2O), which is partially confirmed
by XRD, TG/DSC analyses.
It should be noted that, despite the lower amount of calcium-silicate-hydrate phases, the mechanical
strength of the hardened pastes based on GGBFS–NSH9–borate solutions was insignificantly lower
than that of the reference samples. This is probably because borate salts fill the microcracks and
reduce the porosity as was stated in previous studies on systems based on fly ash-boric acid-calcium
hydroxide-sodium hydroxide (Palomo & De la Fuente (2003) and using X-ray microtomography on
systems based on GGBFS-NaOH-NaNO3 solutions (Rakhimova et al. (2015).
Figs. 3,4 and Table 3 show that the ability of AASC paste to maintain its strength after solidification of
borate IERs is mostly determined by the nature of the alkali components. It also depends on the pH of
the borate solution, which influences the GGBFS hydration rate and can be increased via the Na2O
concentration. The weakening effect of borate IERs is lower when they are introduced into the stronger
sodium metasilicate mineral matrix than when sodium hydroxide AASC paste is used. In addition, at
least 7% Na2O must be included to produce high strength AASC pastes with up to 35% borate IERs at
pH 8.5–10.5. The borate IERs solidified using appropriate AASC-based formulations exhibit high
compressive strengths and are evenly distributed in the mineral matrix.
5.

CONCLUSION

1. The AASC-based mineral matrix was suitable for the efficient solidification of borate solutions with
concentrations up to 200 g/L at pH values of 8.5 and 10.5. AASC activated by NSH 9 with 7% of Na2O
led to acceptable setting times, and the compressive strength of solidified waste forms that had been
cured for 28 days was in the range of 49.7-56.1 MPa, depending on the pH of the borate solutions.
The compressive strength did not decrease after 3-month immersion tests. The AASC-based mineral
matrix was found to be suitable for solidification of borate IERs at pH 8.5–10.5. A borate IER loading of
up to 35% can be achieved in a sodium silicate AASC mineral matrix, resulting in 28-day compressive
strengths of up to 4.7-7.3 MPa.
2. The ability of AASC to solidify the borate solutions depended on the dosage of the alkali activator
NSH9 and the pH of the borate solutions. The decreased pH of the borate solutions led to slowing of
the setting times of the fresh AASC paste, a reduced rate of hydration, and retardation in the structural
formation of AASC paste. It also led to lower amounts of calcium silicate hydrates and hydrotalcite.
The setting times, compressive strength, and pH of solidifying borate solutions and the increased
waste loading can be influenced by the concentration of NSH9.
3. NaOH plays roles both in binding the borates and in improving the hardening of the matrix through
the activation of GGBFS. Studies of fresh and hardened AASC pastes prepared with water and borate
solutions have shown that the mechanism by which an AASC-based mineral matrix solidifies borate
solutions is based on the precipitation of highly probable NaB(OH)4.2H2O, later ulexite
(NaCaB5O6(OH)6(H2O)5)
and
calcium
aluminium
borate
hydroxide
hydrate
(Ca6Al2(B(OH)4)3.8(OH)14.2.20H2O) following the activation of GGBFS with an alkali. The result is the
hardening of the AASC-based wasteforms.
4. The four factor experiment showed that the ability of the mineral matrix to maintain its strength after
solidification of borate IERs increases when sodium metasilicate is the alkali component, a higher
Na2O concentration is used, the borate solution pH is higher, or polypropylene fibre is introduced.
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ABSTRACT
The production of Portland cement constitutes about 8% of the total CO2 emission in the world today.
The production of boron modified active belite (BAB) cement reduces the emission of CO2 by up to
25% and saves a significant amount of energy due to less calcination operations of limestone and low
clinkering temperatures around 1325°C. These two factors are the main propulsive forces for the
production of this cement. In this paper, by using boron modified active belite (BAB) and normal
Portland cement, some chemical, physical and mechanical tests were carried out to investigate
characteristics of the cement and concrete phases and evaluate the results in this first part of the
research. In the second part of the research, besides some other tests, the microstructure of concrete
made with BAB cement will be investigated mostly. It has been found out that BAB cement has very
low heat of hydration and it is less than 52,5 Cal/g at 7 days. Moreover, its early strength at first 7 days
is less than that of normal Portland cement, however, beyond 7 days it gives same levels of strength
values up to 28 days and later ages displays higher strength values than the normal Portland cement.
In the durability part of tests like water permeability and chloride penetration resistance tests, concrete
specimens made with BAB cement indicated more resistance as comparing to the specimens made
with normal Portland cement even at lower cement contents.
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1.

INTRODUCTION

Boron modified active belite (BAB) cement, a hydraulic binder, is finely ground and an inorganic material
and forms cement paste hardening with hydration reactions when mixed with water. This cement paste
maintains its strength and stability by the means of stable hydrate phases formed after hydration. This
definition is completely compatible with Portland cement definition in EN 197-1 standard. Main
component of BAB cement clinker is di-calcium silicate ( and/or ′-C2S modifications), which is more
active belite phase. Other mineralogical components are tri-calcium aluminates (C3A) and tetra-calcium
alumina ferrite (C4AF) phases. Difference of BAB cement clinker from Portland cement clinker is that
the main component is hydraulically high active belite phase instead of the alite phase. Hydraulically
hardening of BAB cement rely on hydration of active belite phase, but other cement phases can also
play some roles in the hardening process.
Liquidus part of the CaO-B2O3-SiO2 system suppresses the crystallisation of C3S formation of boron
containing C2S solid solutions. It is stated that the α’-C2S form can be stabilised by the inclusion of boron
oxides. Rapid cooling of the clinker assists in the stabilisation of this hydraulically active phase. In
general, active-belite cements have lower early and higher later age strengths compared to alite-rich
Portland cement.
According to the results of tests carried out on boron modified active belite (BAB) cement produced by
adding one of the boron ores known as “Colemanite” to other cement raw materials (e.g. farine) before
sintering, it has been determined that C3S phase formed at high ratios in normal Portland cement did
not form at all or formed in very small amounts. When using Colemanite instead of some part of
limestone, calcination operations consumes less energy and emits less CO2. At the same time, when
producing BAB cement, the production temperature in the rotary kiln does not exceed 1325C. All of
these make a decrease of about 25% in CO2 emission for the production of cement. In BAB cement,
instead of C3S (alite), one of the polymorphs of C2S having  or ’-C2S crystal structure forms; this belite
phase is quite active and stable phase. It is for this reason that this cement has been named as boron
modified active belite cement (BAB).
In this research, the chemical, physical and mechanical properties of boron modified active belite (BAB)
cement were examined. The final composition of BAB cement contains about 3.0% (wt.) of B2O3 (boric
oxide). The chemical composition of boron modified active belite cement has no C3S, there is active and
structurally stable  and/or ’- C2S crystal phase in extremely high amounts and the rate of hydration is
significantly higher than cement containing the -C2S phase; consequently, this results in the formation of
a more compact and denser concrete microstructure. In normal conditions the hydration of the -C2S
phase of cement is very slow as compared to that of C3S and gaining strength values is lately. However,
the final strength is the same or greater than that for C3S. Reaction of the -C2S (or the - or ’-C2S
phases) and the reaction of the C3S phase with water can be summarized as follows:
2C3S + 6H2O  C-S-H (C3S2H8) + 3Ca(OH)2 (Fast Reaction)
2C2S + 4H2O  C-S-H (C3S2H8) + Ca(OH)2 (Slow Reaction)
The hydration reaction of C3S with water forms 2 times more Ca(OH)2 than that of C2S. Calcium
hydroxide constitutes about 20% or 25% by volume of Portland cement paste. This component is the
weakest component in the concrete and it mostly tends to gather on the interfacial and transition zone
between the aggregate and cement paste. Failure in concrete generally begins on the surface between
aggregate and cement paste and continues. Another negative aspect with normal Portland cement
(including C3S) is that high calcium hydroxide formation leads to increase of porosity ratio of concrete.
However, in concretes made with BAB cement with high  and/or ’- C2S, the ratio of calcium hydroxide
will be rather low and this will lead to less porosity ratios (capillary pores) and therefore strength and
durability of concrete will be higher with a denser structure.
The fineness of BAB cement is a critical parameter because the strength development depends on the
degree of fineness. In this research, the degree of fineness of BAB cement and normal Portland cement
were chosen to be almost the same. The degree of fineness of both cements was around 3500 cm2/g.
For mass concrete structures the fineness of BAB cement is considered acceptable at around 3500
cm2/g. However, when high early strength values are needed in structures such as concrete bridges,
concrete roads and residence buildings and similar it is possible to attain early strength development
when using BAB cement as compared to normal Portland cement by increasing the fineness value of
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the BAB cement to 4000  50 g/cm2. Moreover, without increasing the fineness of the cement, high early
strength values can easily be accomplished by using concrete chemical admixtures.
2.

MATERIALS

Cement: All chemical, physical and mechanical tests of cements were conducted on BAB and CEM I
42.5R Portland cement conforming to EN 197-1 and manufactured at the Goltas Cement Factory,
Isparta city, Turkey. The results of chemical analysis of the BAB cement is given in Table 1 and the
results of the physical and mechanical tests of four different Blaine values of BAB cement are given in
Tables 2 and 3. Moreover, some mechanical test results of normal Portland cement (CEM I 42.5R)
conforming to EN 197-1 and very finely grounded Denizli BAB cement were given on Table 3.
Table 1. Results of Chemical Analysis of Goltas BAB Cement
Results of Chemical Analysis of BAB Cement. %
Silicon Dioxide (SiO2)
Aluminum Dioxide (Al2O3)
Ferric Oxide (Fe2O3)
Calcium Oxide (CaO)
Magnesium Oxide (MgO)
Chloride (Cl-) (%)
Sulphur trioxide (SO3)
Loss on Ignition
Insoluble Residue
Equivalent Alkalies (Na2O+0.658*K2O) (Na2O=0.34 K2O=0.78)
Boric Oxide (B2O3)
Clinker
Gypsum

19.1
4.68
3.42
57.1
1.32
0.001
2.68
3.82
0.70
0.86
2.50-3.00
86.1
4.85

Table 2. Results of physical test of Goltas BAB cement with different Blaine values
Test and Standard
Density, TS EN 196-6,

g/cm3

Specific Surface (Blaine), TS EN 196-6, cm2/g
Setting Times, TS EN 196-3,
(Initial and Final), Min.
Soundness, TS EN 196-3, ( < 10.0 mm)
Standard Consistency Water. TS EN 196-3
(Normal Portland CEM I 42.5R Water = 28 g)

Blaine-1

Blaine-2

Blaine-3

Blaine-4

3.09

3.09

3.15

3.14

3562

3778

4056

4273

145 - 180

130 - 180

100 - 145

90 - 125

1.0

1.0

0.5

1.0

22.0

23.0

24.2

25.2

Table 3. Compressive strength development of Goltas BAB cements with different Blaine
values, very finely grounded Denizli BAB cement and normal Portland cement CEM I 42.5R

Days

2
4
7
14
28
90
180
365

Compressive Strength Development of Goltas BAB
Cement with Different Blaine Values, MPa
Blaine-1
Blaine-2
Blaine-3
Blaine-4
3562
3778
4056
4273
cm2/g
cm2/g
cm2/g
cm2/g
13.4
13.6
15.5
16.9
23.1
29.0
31.6
34.0
28.4
38.0
40.6
43.5
35.5
44.5
49.0
55.0
41.5
50.0
54.0
61.0
50.2
58.5
61.5
67.0
51.6
62.5
66.0
69.5
58.5
67.0
70.0
72.0

Denizli BAB
Blaine:
4309 cm2/g

Normal Portland
CEM I 42.5R
Blaine: 3380
cm2/g

17.4
30.5
41.5
55.0
65.0
70.0
72.0
74.0

26.8
34.0
40.6
46.0
50.0
55.0
57.0
58.0
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Aggregate: In concrete tests, three classes of crushed aggregate (two classes of coarse and one class
of fine aggregate) were used. Some physical test results about the aggregates are given on Table 4.
Type of crushed aggregate was limestone.
Table 4. Some physical test results of aggregates used in concrete specimens

Classes of Aggregates
Coarse Aggregate 1 (15-30 mm)
Coarse Aggregate 2 (7-15 mm)
Fine aggregate (0-7 mm)
3.

Specific
Gravity

Water
Absorption
(%)

Aggregate Ratios
Used in Concrete
Mixes (%)

Fineness
Modulus of Fine
Aggregate

2.71
2.70
2.70

0.2
0.3
1.2

25.0
25.0
50.0

In Concrete
F.M.= 2.63
2.57

EXPERIMENTAL STUDY

Cement Tests: the chemical, physical and mechanical tests conducted on both BAB and normal
Portland cement produced at the Goltas Cement factory gave quite significant findings. All the results
obtained with both cements are given in Tables 1 to 3. The most important characteristic of the BAB
cement is that it has a very low heat of hydration even less than very low heat cement. The heat of
hydration measurements was carried out with an isothermal conduction calorimeter for the BAB cement.
Ordinary Portland cement and Portland cement plus fly ash and the results are given on Figs 1 and 2.
Concrete Tests: With the lights of cement test results, concrete tests were conducted. In concrete tests,
by using both BAB and normal Portland cement produced at Goltas Cement factory, same kinds of tests
were conducted and the results were compared with each other. In concrete tests, especially durability
aspect and strength development of samples were investigated. All concrete mixtures prepared in the
laboratory are given on Table 5 in detail.
Table 5. Cement, mixing water contents and w/c ratios of concrete designs prepared in the
laboratory, no chemical admixture was used in the mixtures
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Concrete tests were carried out at the same amount of cement contents and same slump values with
both cement types and all concrete mixes were made without using any chemical admixtures. The
results of concrete mixes with different chemical admixtures will be given in the second part of research.
At the beginning, the slump values of concrete mixes were chosen to be between 13 and 15 cm for
pumpable concrete. However, it was observed that concrete mixes with BAB cement with a slump value
of 15 cm showed some bleeding after moulding due to the slow hydration of BAB cement and less need
of water. Because the rate of hydration of C2S containing BAB cement is slow and for this reason
concrete mixes were not being subjected to any slump loss for a period of time and there was a long
enough time to work with the concrete to be placed in a structure. For this reason, it was decided that
new concrete mixes should be made to obtain a slump value of 10 cm without showing any bleeding.
With this method, 5% less mixing water was used in the concrete mixtures made with BAB cement
resulting in a reduced w/c ratio. Whereas the concrete mixes with slump values of 15 cm were made
with a mixing water content of 200 kg/m3, the concrete mixes made with BAB cement and a slump value
of 10 cm were made with a mixing water content of 190 kg/m3. On the other hand, concrete mixes made
with normal Portland cement with a slump value of 15 cm showed a significant level of slump loss.
However, concrete mixes made with BAB cement with a slump value of both 10 cm and 15 cm did not
show any significant slump loss for about 30 min. period.
4.

RESULTS AND DISCUSSION

Tests results obtained from both types of cement and concrete phases are given in this section. A
comparison among measurements for the development of heat of hydration over time for the BAB
cement, normal Portland cement and Portland cement plus fly ash using an isothermal conduction
calorimeter at constant temperature of 20°C are given in Figures 1 and 2. In technical specifications for
mass concrete, the limiting value for the heat of hydration is limited to 52.5 Cal/g for 7 days. In any case,
the rate of heat of hydration of BAB cement at early age is very low and the cement significantly reduces
the adiabatic temperature rise of concrete. Given this property, BAB cement has many advantages in
terms of economical, technical and logistical points of view as compared to other types of cement and
binders. In Figures 1 and 2, the rate of heat of hydration and total heat of hydration results of BAB
cement, normal Portland cement and normal 65% Portland cement plus 35% fly ash are given
comparatively.

Figure 1. The results of the rate of heat of hydration of BAB cement. CEM I 42.5R Portland cement
and 65% CEM I 42.5R+35% Fly ash with isothermal conduction calorimeter.
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Figure 2. The results of the total heat of hydration of BAB cement. CEM I 42.5R Portland
cement and 65% CEM I 42.5R+35% Fly ash with isothermal conduction calorimeter.
The heat of hydration of BAB cement is very low in comparison with other types of cement and binders.
For this reason, BAB cement can be utilized in all mass concrete structures without taking any extra
precautions such as the installation of pre-cooling and post-cooling systems. On the other hand, the
strength development of BAB cement is also in good levels except for at early ages. In later ages, the
strength of BAB cement exceeds that of normal Portland cement as can be clearly seen in Figure 3.

Figure 3. The strength developments of BAB cement with different Blaine fineness values and
normal Portland cement.
Some experiments have been carried out with BAB cement in its concrete phase especially intended
for measuring its durability and performance properties and considerable results have been attained.
Studies were carried out with both cement types for quite a wide range of cement dosages (between
250 kg/m3 and 450 kg/m3) and tests were made for measurement of strength development, water
permeability and resistance against chloride penetration. In Figures 4 and 5, the 7 and 28-day
compressive strength values of concrete with different cement contents and with a slump value of 15
cm made with BAB cement and normal Portland CEM I 42.5R cement are given. The compressive
strength changes with cement contents as is evident from the Figures. In Figures 6 and 7, values for
concrete strength development for concrete having a 10 cm slump and made with BAB cement as
compared to with a 15 cm slump made from normal Portland CEM I 42.5R cement. For these two cement
types, a gap has been observed between the 7-day strengths of concrete specimens with 15 cm slump
values. For the 28-day strengths, this gap disappears and the values were noted as almost the same.
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Moreover, concrete strength values of 10 cm slump concretes made with BAB cement are higher than
concrete strength values of 15 cm slump concrete specimens made with normal Portland CEM I 42.5R
cement at both the 7 day and 28-day cure.
Water permeability tests were carried out on concrete samples made with different cement contents of
BAB cement and normal Portland cement according to EN 12390-8 Standard. From this work, a relation
was obtained (shown in Fig. 8) that relates depth of water penetration to cement content. It has been
determined that the degree of water permeability of concretes made with BAB cements is less than that
of concretes made with normal CEM I 42.5R Portland cement. While concrete with 250 kg/m 3 cement
content and with 10 cm slump value made with BAB cement was determined as almost impermeable
against water and harmful chemicals, concrete made with BAB cement and 15 cm slump was
determined almost impermeable to water. However, when concrete made of normal CEM I 42.5R
Portland cement was examined, it has been determined that only concrete with 300 kg/m 3 normal
Portland cement content and higher cement contents are almost impermeable against water.
Comparison of compressive strengths of concretes made of CEM I 42.5R and BAB cement
at 7 days (Slump: 15 cm)
60,0

Compressive Strength, MPa

50,0

40,0

30,0

20,0

CEM I 42.5R Concrete (Slump 15 cm)

10,0

BAB Cement Concrete (Slump 15 cm)

0,0
200

250

300

350

400

450

500

550

600

Cement Content, kg/m3

Figure 4. The comparison of 7 day strengths test results of BAB cement concrete and normal
Portland cement concrete with different cement contents and slump value of 15 cm.
Comparison of Compressive Strengths of Concretes made of CEM I 42.5R and BAB Cement
at 28 days (Slump: 15 cm)
70,0

Compressive Strength, MPa

60,0

50,0

40,0

30,0

20,0
OPC Concrete (Slump 15 cm)
10,0

BAB Cement Concrete (Slump 15 cm)

0,0
200

250

300

350

400

450

500

550

600

Cement Content, kg/m3

Figure 5. The comparison of 28 days strengths test results of BAB cement concrete and normal
Portland cement concrete with different cement contents and slump value of 15 cm.
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Figure 6. The comparison of 7 day strengths test results of BAB cement concrete and normal
Portland cement concrete with different cement contents and slump value of 10 cm.

Figure 7. The comparison of 7 and 28 days strengths test results of BAB cement concrete and
normal Portland cement concrete with different cement contents and slump value of 10 cm.
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Compressive strength developments of BAB cement and normal Portland cement (OPC)
90,0

BAB Cement Concrete 90 Days
OPC Concrete 90 Days
BAB Cement Concrete 28 Days
OPC Concrete 28 Days
OPC Concrete 7 Days
BAB Cement Concrete 7 Days

80,0

Compressive Strength, MPa

70,0
60,0
50,0
40,0
30,0
20,0
10,0

0,0
200

250

300

350
400
Cement Content, kg/m3

450

500

Figure 8. The comparison of 7- and 28-days strengths test results of BAB cement concrete and
normal Portland cement concrete with different cement contents and slump value of 10 cm.
The Comparison of water permeability results of concrete samples
made of OPC and BAB cement
90
Normal PC Concrete (Slump 15 cm)
BAB Cement Concrete (Slump 15 cm)
BAB Cement Concrete (Slump 10 cm)
Water and Chemicals Impermeable
Water Impermeable

80

Depth of Water Penetration, mm

70
60
50
40
30
20
10
0
200

250

300

350

400

450

500

Cement Content, kg/m3

Figure 9. The comparison of water permeability of concrete samples.
In Table 6, test results for resistance to chloride penetration conducted according to ASTM C1202 are
given. Results for concretes made with BAB cement with slump values of both 15 cm and 10 cm and
concretes made with normal Portland cement with a slump value of 15 c m are provided. As can be
clearly seen in Table 8, concretes made with the BAB cement are more resistive to chloride
penetration than those made with normal CEM I 42.5R Portland cement. The resistance to chloride
ion penetration of concrete made with normal Portland cement at 400 kg/m 3 cement content resulted
in a high permeability class, whereas in comparison, concrete made with BAB cement, even a lower
cement contents of 300 kg/m3, resulted in a moderate permeability class. As a result, concrete made
with BAB cement appears more durable than that made with normal Portland cement. The reasons
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for this were explained in detail in the introductory section. The theory and the test results gave quite
parallel findings.
Table 6. The test results of chloride penetration resistance of concrete samples
Concrete
Mixture
Code

Cement
Content,
kg/m3

Water
Content
kg/m3

28 Day Results
w/c Ratio Coulomb
Value

Current,
mA

90 Days Results
Coulomb
Value

Current,
mA

Permeability
Class

BAB Cement Concrete Mixtures with 15 cm Slump (Bleeding exist)
BAB-1
BAB-2
BAB-3
BAB-4
BAB-5
BAB-6
BAB-7
BAB-8

250
275
300
325
350
375
400
450

200
200
200
200
200
200
200
200

0.80
0.73
0.67
0.62
0.57
0.53
0.50
0.44

5315
4725
4461
4120
3622
3615
3588
2765

256
245
227
215
193
196
194
185

4975
4525
3771
3357
3245
2767
2525
2245

248
236
211
173
168
142
136
132

High
High
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate

BAB Cement Concrete Mixtures with 10 cm Slump (No bleeding and slump loss exist)
BAB-9
BAB-10
BAB-11
BAB-12
BAB-13

250
300
350
400
450

190
190
190
190
190

0.76
0.63
0.54
0.48
0.42

4725
3750
3460
3289
3010

225
175
190
175
163

4400
3560
2969
2420
2230

242
188
163
143
140

Moderate
Moderate
Moderate
Moderate
Moderate

OPC Concrete Mixtures with 15 cm Slump (No bleeding and slump lost exist)
OPC-1
OPC-2
OPC-3
OPC-4
OPC-5

250
300
350
400
450

200
200
200
200
200

0.80
0.67
0.57
0.50
0.44

7125
6325
5023
4833
4330

325
312
234
240
252

6710
5850
4788
4100
3500

342
297
251
224
220

High
High
High
Moderate
Moderate

BAB : Boron modified active belite cement. NPC : Normal Portland cement.
5.

CONCLUSION

The partial test results of both cement and concrete with BAB and normal Portland cement showed that
this new BAB cement could be used in all massive concrete and in some conventional concrete
structures where durability is of main concern. Despite the fact that early strength development seemed
to be disadvantageous as comparing to normal Portland cement, however if necessary, by taking some
precautions, this obstacle can be overcome most likely. During the pre-tests, a few chemical admixtures
such as set-accelerator and high range water reducer were tried in concrete castings in order to
investigate the early strength development of BAB cement concrete at 1, 3, 7 and 28 days. With a setaccelerator chemical admixture 5.0 MPa, 18.0 MPa and 29.0 MPa compressive strength values were
obtained at 1, 3 and 7 days respectively. Also with a high range water reducer chemical admixture 8.8
MPa, 31.2 MPa and 54.2 MPa compressive strength values were obtained at 1, 3 and 7 days
respectively. If needed Blaine value of BAB cement can be increased by up to 4300 cm 2/g in order to
obtain higher early strengths of concrete. Moreover, dynamic modulus of elasticity, velocity of
longitudinal pulses and transit times were measured on both concrete specimens made with either BAB
or normal Portland cement. The first results showed that there is no significant difference between the
concrete specimens made with both cements.
In the second part of the research, a more detailed research will be conducted; in particular, focus will
be placed on characterising the microstructure of concrete and the effects of mineral and chemical
admixtures on the properties of concrete. As well as tests on concrete specimens made with different
Blaine values of BAB cement will be carried out to investigate the durability against different
environmental effects.
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ABSTRACT
The present study aims to build upon the growing body of evidence that crystallization pressure is
responsible for expansion in CSA cements by investigating the hydration of a variety of CSA cements
with calcium sulfate to ye’elimite molar ratios between 0.1 and 2 and monitoring their expansion from
30 minutes to 182 days. By monitoring the hydration over a much broader period of time compared to
prior studies, this study sought to further the knowledge on CSA expansion and bring additional
insights on how crystallization pressure is affecting CSA cement expansion. Tests included pore
solution analysis, thermal gravimetric analysis, quantitative X-ray diffraction, mercury intrusion
porosimetry, dimensional stability, and autogenous strain.
Utilizing the pore solutions’ ion concentrations, saturation indices for the hydration products were
calculated using the Gibbs Free Energy Minimization Software. The maximum crystallization
pressures that can be developed due to a given supersaturation of a phase were then calculated
according to Correns’ equation for gibbsite, stratlingite, CAH10, ettringite and monosulfate. The
crystalline hydrates were all supersaturated in CSA pastes at some point during hydration with
ettringite and stratlingite having the highest supersaturations at early ages and gibbsite and stratlingite
having some of the most persistent supersaturations. Although ettringite had some of the highest
supersaturations because of its large molar volume, its maximum crystallization pressures were below
those of gibbsite, stratlingite, monosulfate, and CAH10 at times. This leads to the question as whether
ettringite is the sole culprit of CSA expansion or whether the crystallization of other hydrates is
contributing.
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1.

INTRODUCTION

The production of Portland cement (PC) contributes approximately 5% of the world’s anthropogenic CO 2
emissions. Calcium sulfoaluminate (CSA) cements are an alternative to PC and are being produced and
researched due to their environmental benefits and their performance characteristics in specific
applications. CSA cement has five beneficial attributes, which make it more environmentally sustainable
compared to PC: CSA cement’s primary early-age strength gaining phase, ye’elimite, contains
approximately a third of the CaO as PC’s main phase, alite; CSA cement can be manufactured at ~150200°C below PC’s firing temperature; CSA cement is easier to grind than PC; CSA clinker is blended
with large amounts of calcium sulfate to make CSA cement; CSA cement can be blended with calcium
carbonate or pozzolans, improving its durability (Glasser & Zhang 2001, Hargis et al. 2014a, Ioannou et
al. 2015, Jeong et al. 2017).
CSA cement can have performance advantages over PC for specific applications. They can be utilized
alone or blended with PC to create shrinkage compensating, high early strength, self-stressing and rapid
setting cements. To produce shrinkage compensating and self-stressing CSA cements, the cement
paste must expand. The use of CSA cement to produce expansive cements dates to the 1960s by A.
Klein. The mechanism behind the expansion led to a debate with two competing theories, crystal growth
theory and swelling theory (Cohen 1983). Swelling theory attributes expansion to the adsorption of water
and swelling characteristics of “ettringite gel,” while crystal growth theory attributes expansion to the
growth of ettringite crystals on the expansive particles or from the solution resulting in a crystallization
pressure.
Researchers studying the thermodynamics of crystallization in stone and cementitious materials have
added to the understanding of how crystal growth can convert chemical potential into macroscopic strain
(Scherer 2004, Flatt & Scherer 2008, Steiger 2005). Crystallization pressure increases with increasing
supersaturation of the pore fluid with respect to the crystallizing phase and size of the crystal growing in
a confining pore. Initially, thermodynamics of salt crystallization were used to explain stresses in stone
and concrete; however, researchers went on to use the calculations to explain delayed ettringite
formation and the role of shrinkage reducing admixtures in expansion (Flatt & Scherer 2008, Sant et al.
2011).
Bizzozero et al. (2014) investigated the impact of increasing calcium sulfate content on CSA and calcium
aluminate cement pastes. Analyzing the pore solutions of the pastes at 7 days, they found that there
was a threshold of calcium sulfate where the Ca2+ concentration increased rapidly, which results in
higher saturation indices (SI) for ettringite and as a consequence of the higher SI, higher crystallization
pressures for a given pore size and the ability for crystals to exert sufficient pressure over a wider range
of the porosity. Chaunsali and Mondal (2015) investigated PC-CSA blends and found that early-age
expansion was associated with supersaturation with respect to ettringite. The present study aims to build
upon the growing evidence that crystallization pressure is responsible for expansion in CSA cementbased systems by investigating the hydration of CSA cements with calcium sulfate to ye’elimite molar
ratios (M) between 0.1 and 2 and monitoring the expansion over 182 days.
2.
2.1

MATERIALS AND METHODS
Materials

A high ye’elimite CSA clinker was blended with gypsum to produce CSA cements with molar ratios of
calcium sulfate/ye’elimite of 0.1, 1, 1.5 and 2. Table 1 gives the CSA clinker and gypsum’s oxide
compositions, as determined by X-ray fluorescence (XRF) and presents the density, Blaine fineness,
and phase quantification determined by quantitative X-ray diffraction (XRD) for all cementitious
components utilized.
Cement pastes were prepared using the ratios in Table 2. For purposes of calculating w/c, cement was
considered CSA clinker plus gypsum. A retarder was not utilized in this study because all samples were
able to be cast without one and not utilizing a retarder avoids adding additional ions into the pore
solution, which could complicate analysis of the results, since chemical admixtures have been shown to
affect chemical species’ oversaturation levels in the pore solution and crystallization pressure (Sant et
al. 2011). Pastes were mixed for 2 minutes by an overhead mixer revolving the paddle at a rate of 140
rpm with a planetary motion of approximately 62 rpm. The pastes were then transferred to 500 ml
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polyethylene bottles taking care to remove as much air as possible while capping the bottles. The bottles
were slowly rotated to avoid segregation until final set, approximately 2 hours. The pastes were stored
in the sealed bottles at 20°C and 95% R.H. through 24 hours of hydration, then demolded, and the top
and bottom of the molded pastes were cut off to create cylinders (100 mm x 77 mm dia). All cylinders
were then placed in sealed 1 L plastic cylinders with 500 ml of deionized water which fully submersed
the paste cylinders in water while trying to minimize the amount of water surrounding the pastes and
interaction with the atmosphere.
Table 1. Chemical composition, density, and fineness of CSA clinker and gypsum.
CSA clinker

Gypsum

CSA clinker

Gypsum

SiO2

9.52

0.32

64.4

-

7.7

-

0.04

C4 A3 S̅
C2S
C9 S3 S̅3 ∙ CaF2

Al2O3

31.51

0.05

Fe2O3

1.31

6.4

-

CaO

40.14

33.87

M

3.1

-

MgO

4.17

0.39

C3MS2

6.9

-

SO3

10.07

44.25

C7MS4

5.6

-

Na2O

0.49

0.06

CT

1.7

-

K2O

0.47

0.04

2.9

-

TiO2

0.41

0.016

C2AS
̅
CC

-

1.1

1.3

2.4

P2O5

0.12

0.006

MnO

0.17

0.003

CS̅
CS̅H0.5

-

0.8

-

95.4

Cr2O3

0.07

0.002

CS̅H2

LOI

0.61

21.02

S

-

0.3

Sum

99.06

99.95

Sum
Blaine

100.0

100.0

(cm2/g)

4750

4430

(g/cm3)

2.85

2.31

Density

Table 2. Paste compositions for 1000 cm3.

2.2

Mix

M0.1

M1

M1.5

M2

W/C

0.8

0.8

0.8

0.8

M

0.1

1

1.5

2

Material

Density
(g/cm3)

Mass
(g)

Vol.
(cm3)

Mass
(g)

Vol.
(cm3)

Mass
(g)

Vol.
(cm3)

Mass
(g)

Vol.
(cm3)

CSA
Clinker

2.85

869

305

735

258

677

238

627

220

Gypsum

2.31

0

0

125

54

179

78

226

98

Water

1

695

695

688

688

685

685

682

682

Methods

2.2.1 Physical tests
For dimensional stability tests in water, stainless steel plugs were affixed to the ends of the paste
cylinders using a water and chemically resistant epoxy immediately after demolding and before placing
the cylinders in water to cure beyond 1 day of hydration. Length measurements were taken at 1.08
(reference measurement immediately after attaching stainless steel plugs), 1.25, 2, 3, 4, 7, 10, 14, 21,
29, 43, 56, 175 and 182 days of hydration. The length measurements were taken on 2 cylinders for each
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mix and then the results were averaged. The error is estimated to be ±0.05 mm/m, which was determined
from the maximum length change difference between any 2 cylinders for all length measurements.
To study the dimensional stability of the pastes immediately after setting, autogenous strain tests were
performed according ASTM C 1698 (ASTM International 2009, Wyrzykowski et al. 2016). Pastes were
placed in corrugated tubes utilizing vibration. The tubes were then rotated for 30 minutes during the
period where trial samples experienced bleeding but had not yet experienced initial set. The plastic
pastes were then placed into a temperature-controlled silicon oil bath at 20±0.1°C. The length changes
were recorded after initial shrinkage terminated (probably in the plastic state) and final setting was
achieved, approximately 120-160 minutes of hydration. The length change was measured for 7 days.
Fore tensile strength tests, paste cylinders were prepared as previously described and demolded after
24 hours of curing. The top and bottom of the specimens were cut off and polished afterwards. Steel
discs were glued to the upper and lower ends of the cylinders by means of a rapid-hardening epoxy
resin. The steel discs were attached to a tensile loading machine and the tensile strength was measured
using a loading rate of 0.05 MPa/s.
2.2.2 Hydrated cement paste characterization
Hydration was stopped on cylinders at 0.5, 1, 7, 14, 28, 56 and 182 days of hydration by slicing a 5 mm
thick section from the center of a cylinder then crushing in isopropanol in an agate mortar for 5 minutes,
followed by soaking in isopropanol for an additional 10 minutes. The isopropanol was then filtered off,
and the pastes were soaked in di-ethyl ether for 5 minutes. The ether was then filtered off, and the
pastes were dried for 20 minutes at 40°C. The pastes were then studied with thermogravimetric analysis
(TGA) and XRD. TGA was conducted on a Mettler Toledo TGA/SDTA 851e from 30 to 980°C using 50
± 2 mg, a 20°C/min heating rate and nitrogen as the protective gas. The relative error is estimated at
5%, which produces an absolute error of ±2% at 980°C.
XRD was conducted using a PANalytical X’Pert Pro diffractometer equipped with an X’Celerator
detector. The incident beam was Co Kα radiation (1.789 Å) with a 1/2° and 1° divergence and antiscatter slit, respectively. A 2θ range of 5-65° was scanned continuously over 2 hours. Samples were
prepared by back loading. An internal standard of 20% calcium fluoride was utilized. The Rietveld
analysis was performed using PANalytical Highscore Plus 3.0.5 software. The background was fit
manually using a cubic spline with base points at the same 2ϴ positions for all patterns. Scale factors,
lattice parameters, pattern shift, and specimen displacement were refined. Multiple polymorphs for belite
and ye’elimite were considered (Le Saout et al. 2011). Ye’elimite was quantified using both an
orthorhombic and cubic structure which improved the pattern fit but did not significantly change the
quantification (Hargis et al. 2014b, Alvarez-Pinazo et al. 2012, Calos et al. 1995), and the beta
polymorph of belite was found to provide the best fit.
The mercury intrusion porosimetry (MIP) tests were performed on Pascal 140/440 (Thermo Fisher
Scientific Inc.) instruments. The MIP mortar samples were dried in the same manner as the XRD
samples. Approximately 1 g of mortar was first intruded to a mercury pressure of 395 kPa on the Pascal
140, then the sample was moved to the Pascal 440 and intruded to 200 MPa. A cylindrical pore model
and the Washburn equation using a contact angle of 140° and a mercury surface tension of 0.48 N/m
were assumed for intrusion to calculate the pore radius (Kaufmann 2010).
2.2.3 Pore solution analysis
Pore solutions were expressed using the steel die method and immediately filtered using 0.45 µm Nylon
filters. For ion chromatography analysis, one part of the solution was immediately diluted to 1:10, 1:100,
and 1:1000 with deionized water (18.2 MOhm). The total concentrations of the sodium, potassium,
calcium, chloride, sulfate, aluminate, and silicate ions were determined using ion chromatography
(Dionex ICS 3000 with columns: IonPac CS12A, AS22, & CS5A). The other part was used for pH
measurements. The hydroxide concentrations were determined with a combined pH electrode on the
filtered and undiluted solutions. The pH electrode was calibrated against KOH solutions of known
concentrations.
Utilizing the ion concentrations from the expressed pore solutions, saturation indices for the hydration
products were calculated using the Gibbs Free Energy Minimization Software, GEMS-PSI (Wagner et
al. 2012, Kulik et al. 2013). Any pH adjustments necessary to match the experimental data were made
by reducing NaOH or HCl as necessary. GEMS is a broad-purpose geochemical modelling code which
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computes the equilibrium phase assemblage and speciation in a complex chemical system from its total
bulk elemental composition. The thermodynamic data for aqueous species and solids were taken from
the PSI-GEMS thermodynamic database with the PSI-Nagra database (Hummel et al. 2002). For
cement minerals, the cement-specific CEMDATA14 database (Matschei et al. 2007, Lothenbach et al.
2008, Lothenbach et al. 2012) was used. A summary of the thermodynamic database is also available
at www.empa.ch/cemdata, where the thermodynamic database in the GEMS format can be freely
downloaded. The activity coefficients of the aqueous species were computed with the extended DebyeHückel equation with common ion-size parameter of 3.67 Å for KOH solutions and common third
parameter. The solubility product of aluminium hydroxide (AH 3) was varied over time as described in
Hargis et al. (2018). The water content of AH3 and its resulting molar volume were not varied in this
study because of uncertainty about the amount of bound water and the timing of the change in bound
water over time (Cuesta et al. 2017a, b, Jansen et al. 2017).
In addition to calculating the saturation indices, thermodynamic modelling was utilized to calculate the
phase assemblages at 0.5, 1, 7, 14, 28, 56, and 182 days of hydration. The consumption of anhydrous
phases as determined from the Rietveld analysis of the XRD data was fit using a four-parameter logistic
non-linear regression model and was then input into GEMS to provide the kinetic restraint on the
anhydrous phase consumption (Chitvoranund et al. 2017). GEMS was then used to calculate the
hydration phase assemblage at 20°C and atmospheric pressure. The experimental temperature affects
ion solubility and reaction kinetics, so conducting experiments and modelling at different temperatures
can cause different results.
3.
3.1

RESULTS AND DISCUSSION
Length change

The rate and amount of early-age expansion increased with increasing calcium sulfate content, which is
consistent with numerous prior studies; however, we also observed that the expansion of M0.1 was
larger and lasted longer than M1.5 or M1, see Figure 1. Prior research has attributed increased
expansion with increasing calcium sulfate content to the additional production of ettringite; however,
very few studies have shown expansion in CSA systems without added calcium sulfate, so the cause of
expansion in the M0 paste is of particular interest (Chen et al. 2012, Hargis et al. 2014a).

Length Change (mm/m)

4.0

←M2 cracked rapidly

3.5

M0.1

3.0
2.5

2.0
1.5
1.0
M1
M1.5

0.5
0.0

1

10
100
Hydration Time (Days)

Figure 1. CSA cement paste expansion through 182 days of hydration.
3.2

Phase assemblage of hydrated CSA cement pastes

The QXRD results for the hydrated cement pastes are given in Figure 2. Hydration in all pastes produces
AH3 and there were broad peaks at the position of gibbsite, which we tentatively quantified to give the
reader a semiquantitative idea of how much AH 3 is present; however, AH3 is amorphous and
nanocrystalline at early ages and only slowly orders to gibbsite with time (Cuesta et al. 2017a,b).The
rate of ye’elimite consumption and ettringite production increases with increasing added calcium sulfate,
which is well established in the literature. On the contrary, monosulfate, calcium aluminium hydrate, and
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strätlingite form earlier and more plentifully in pastes with less added calcium sulfate. Increasing added
calcium sulfate delaying and decreasing strätlingite production is consistent with Jeong et al. (2018).
As previously mentioned, M0.1 expanded more than M1 or M1.5 and for a longer period and QXRD
results can begin to explain this phenomenon. Two mechanisms are at work to produce ettringite in the
M0.1 paste. First, the metastable formation of calcium aluminate hydrate, CAH10, leaves calcium sulfate
available from the dissolution of ye’elimite to form ettringite. Second, the slow dissolution of
fluorellestadite provides sulfate ions to form ettringite. Moreover, other crystalline phases, such as
strätlingite, monosulfate, and calcium aluminium hydrate form, which could contribute to the
crystallization pressures developed and will be discussed later.

Figure 2. QXRD results for a) M0, b) M1, c) M1.5, and d) M2.
3.3

Pore solution analysis & crystallization stress

The pH and relevant ion concentrations from the pore solutions expressed are given in Hargis et al.
(2018). At early-ages calcium and sulfate concentrations increased with increasing gypsum content.
Contrarily, aluminate and silicate ions decreased with increasing gypsum content due to the increased
Ca2+ concentration. The higher sulfate concentrations in the presence of ettringite result in lower
hydroxide concentrations and thus pH values than in the samples with lower sulfate concentration in the
presence of both ettringite and monosulfate, so M2 had a lower pH compared to the other pastes.
The saturation indices (SI) of the hydration products can be calculated according to (1), where IAP is
the ion activity product and Ksp is the solubility product. The maximum crystallization pressure, Pc, that
can be developed due to a given oversaturation of a phase can be calculated according to (2). Where:
the universal gas constant, R, = 8.314 J/(mol∙K), absolute temperature, T, = 293.15 K, Vm is the phase’s
molar volume, and Ksp is the phase’s solubility product. The hydrostatic tensile stress, σ cyl, generated
from crystallization can be calculated for cylindrical pore geometries according to (3), where: P is the
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crystallization pressure, and φ is the volume fraction of crystallizing phase (Chaunsali & Mondal 2015).
Inputting Pc from (2) for P gives an upper bound on the hydrostatic tensile stress.
SI = log10 (

IAP

Ksp

Pc =

RT
Vm

ln
2

)

(1)

IAP

(2)

Ksp

σcyl = P ∙ (

φ

3 1−φ

)

(3)

a) M0.1

Strätlingite
Ettringite
Monosulfate

Tensile Strength

Ms
AH3

Max σcy l (MPa)

Str

Ett 1

0.1
18

AH3

Max σcy l (MPa)

18
16
14
12
10
8
6
4
2
0

10
Time (days)

18
16
14
12
10
8
6
4
2
0

100

c) M1.5

18

16

16

14

14

12
AH3

10

8
6
4

Ett

AH3
Str

Ett

1

d) M2

Ms 10
Time (days)

100

10
Time (days)

100

AH3

12
10

8
6
Ett

4

Str

2

b) M1

0.1

Max σcy l (MPa)

Max σcy l (MPa)

Figure 3 shows the maximum crystallization pressures calculated for the four CSA cement pastes.
GEMS was used to calculate the saturation indices from the pore solution concentrations and was used
to calculate the phase assemblage of the hydrated pastes utilizing the consumed anhydrous cement
phases as the inputs for the thermodynamic modelling, see Hargis et al. (2018) for details of these
procedures.

Str

2
0

0
0.1

1

10
Time (days)

100

0.1

1

Figure 3. Maximum hydrostatic tensile stresses (Max σcyl) calculated for a) M0.1, b) M1, c) M1.5,
and d) M2 CSA cement pastes.
AH3 is calculated to produce the highest maximum hydrostatic tensile stresses (max σcyl) in all pastes;
however, this calculation ignores the effect of crystal size on the hydrostatic tensile stress developed.
Since AH3 is known to form small crystallites, its actual contribution to the total hydrostatic tensile stress
developed may be greatly diminished from what is calculated in Figure 3. Monosulfate generates
substantial max σcyl at early ages in M0.1, and ettringite generates larger max σcyl with increasing calcium
sulfate content. max σcyl generated by strätlingite tend to occur after 7 days and increase with decreasing
calcium sulfate content which is consistent with the CSA cement pastes that generated more strätlingite
during hydration as evidenced by QXRD.
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As crystals become smaller, their curvature and solubility increase, and when calculating the pressure
that they can exert during crystallization their interfacial free energy must be considered. The net
crystallization pressure, 𝛥P, that a growing crystal can exert on the pore wall is given in (4) for cylindrical
pores, where: 𝛾cl is the interfacial free energy between the crystal and the liquid, r p is the pore radius,
and 𝛿 is the water layer separating the growing crystal and the pore wall. The radius of the crystal r c
equals rp- 𝛿. In this study, 𝛿 is assumed to equal 2 nm and 𝛾cl is assumed to be 0.1 J/m 2, which is
consistent with assumptions made in prior studies (Scherer 2004, Flatt & Scherer 2008).
∆P =

RT
Vm

ln

IAP
Ksp

− γcl

1
rp −δ

=

RT
Vm

ln

IAP
Ksp

− γcl

1
rc

(4)

By setting 𝛥P to zero and solving for rp, the minimum pore radius in which a crystal can grow, rp,min, can
be calculated. Crystals will prefer to grow in free space where the pore walls are not exerting pressure
on them, since putting pressure on a crystal face increases its solubility. Accordingly, the geometry of
the pores and the diffusion of ions in the pore solution play an important role in the ability of a hydrated
cement paste to develop crystallization pressure. At a given crystallization pressure or oversaturation
only pores with at least rp,min can be filled, while smaller pores cannot be filled as more oversaturation
would be needed. The exerted pressure can be estimated for the range of crystals in pores between the
percolation pore radius from MIP measurements and rp,min.
Using 𝛥P from (4) in (3), the net hydrostatic tensile stress accounting for the interfacial free energy
between the crystal and the liquid can be calculated assuming a cylindrical pore geometry, σ cyl,net. The
resulting hydrostatic tensile stress for ettringite utilizing a few different pore ranges are given in Table 3.
Additionally, Table 3 compares those values to the maximum hydrostatic tensile stress calculated three
different ways and the maximum crystallization pressure to illustrate how different factors affect the
magnitude of the pressure that can be produced from the crystallization of ettringite. The hydrostatic
tensile stress, σsph, generated from crystallization can be calculated for spherical pore geometries
according to (5) (Chaunsali & Mondal 2015). Inputting Pc from (2) for P calculates the maximum
hydrostatic tensile stress, max σsph, assuming spherical pore geometries.
σsph=P∙(φ/(1-φ))

(5)

During the early ages of CSA cement hydration, the pore solution is rapidly changing from day to day
and this causes the crystallization pressure to change with time, so it would not be appropriate to
measure the pore solution at one date and utilize that to calculate the crystallization pressure on other
dates. Second, CSA cement hydration causes the phase assemblage to change over time, which in
combination with the changing pore solution causes the maximum hydrostatic tensile stress to change
with time, so it would not be appropriate to utilize the phase assemblage at one date to calculate the
hydrostatic tensile stress on other dates. Third, assuming a spherical geometry over a cylindrical
geometry will increase the resulting maximum hydrostatic tensile stresses by 50% because of the scalar
difference between (3) and (5). Fourth, using different methods of calculating the phase assemblage
can cause large differences in the calculated hydrostatic tensile stress. For instance, the maximum
hydrostatic tensile stress was 35-60% more using direct QXRD values versus using the phase
assemblage from thermodynamic modelling. For other phases, like AH 3 and monosulfate, which QXRD
under quantifies, the opposite would be true. Fifth, when comparing the hydrostatic tensile stresses
calculated using the volume weighted averages of the porosity, whether a percolation pore radius was
used to threshold the porosity in which ettringite was crystallizing and exerting pressure had little effect
(~2%) on the calculated hydrostatic tensile stresses. However, using a simple average for the pore
radius instead of a weighted average based on the pore volumes at each pore radius increased the
calculated hydrostatic tensile stress by ~25%.
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Table 3. Sensitivity analysis of the stresses generated by ettringite crystallization comparing
different times, geometries, and data sources.
Value
Calc.

Max Pc

Max σsph

Max σcyl

Max σcyl

σcyl,net

σcyl,net

σcyl,net

Phase
Vol. Calc.

n/a

GEMS

GEMS

QXRD

GEMS

GEMS

GEMS

Volume
weighted
average
between
percolation pore
radius
and min.
radius for
ettringite
growth

Average
of percolation
pore
radius
and min.
radius for
ettringite
growth

Pore
Range

n/a

n/a

n/a

n/a

Volume
weighted
average
between
maximum
probed
pore
radius
and min.
radius for
ettringite
growth

Geometry

n/a

Sphere

Cylinder

Cylinder

Cylinder

Cylinder

Cylinder

Days

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

0.5

12.7

6.9

4.6

7.1

*

*

*

1

24.4

15.5

10.3

14.0

*

*

*

7

21.1

17.3

11.6

18.5

9.1

8.9

11.2

14

7.7

6.5

4.4

7.0

3.1

3.1

3.8

28

**

**

**

**

**

**

**

56

**

**

**

**

**

**

**

1.6

2.5

*

*

*

182
2.6
2.3
Note: *MIP not measured, **Negative SI
4.

CONCLUSION

This study expanded on prior CSA expansion studies by investigating a broader range of CSA cements
(calcium sulfate to ye’elimite molar ratios ranging from 0.1 to 2) over a longer period (182 days).
Additionally, the role of other crystalline hydrates besides ettringite were considered. The results
indicate:





Ettringite provides a component to the expansive stresses generated in CSA cements,
whether produced with additional calcium sulfate or not.
Other crystalline hydrates such as AH3, strätlingite, CAH10, and monosulfate are calculated
to produce crystallization pressures, which may add to the total expansive stresses in the
CSA cement pastes.
AH3 was calculated to produce the highest maximum hydrostatic tensile stresses; however,
it is probable that due to AH3’s fine crystallite size, its actual contribution to the total
expansive stresses is significantly reduced.
The magnitude of the expansive forces calculated depends on the method of calculation and
decreases in magnitude when the calculation considers the pore geometry and crystallite
size. Utilizing a spherical pore geometry results in a 50% larger hydrostatic tensile stress.
Finally, whether thermodynamic modelling or QXRD is utilized to calculate the phase
volumes can alter the magnitude of the stresses calculated depending on how the method
of quantification over or under represents the phase.
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ABSTRACT
The paper presents the synthesis and characterization of alkali activated inorganic polymers (AAIP)
composites with low density, designed to obtain panels with good resistance to fire for thermal
insulation of residential and industrial buildings.
Various types of wastes were used in the synthesis of the AAIP composites i.e. waste glass powder
(finely ground cullet), blast furnace slag, rubber wastes (from recycled tires) and polyurethane (from
recycled insulation panels).
These AAIP composites have good thermal properties (thermal conductivity similar to autoclaved
cellular concrete - AAC); for certain compositions the compressive strengths of alkali activated
composites are almost three times higher than those of the AAC blocks (with the same thermal
conductivity).
The fire behaviour of AAIP composites is very good; these materials are highly endothermic and can
withstand temperatures over 1000°C (in contact with propane flame) for 90 minutes.
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1. INTRODUCTION
Alkali activated inorganic polymers (AAIPs) also known as alkali activated materials or geopolymers are
materials obtained by the alkaline activation of an aluminosilicate precursor. Numerous natural materials as
well as wastes can be used as solid precursors i.e. natural pozzolana, calcined clay, slag, fly ash, waste
glass, red mud and so on [1-4].
Our research team focused on the study of synthesis and properties of alkali activated inorganic polymers
based on waste glass powder with/without admixtures (fly ash or red mud) [4,5]. Our results pointed out an
intumescent behaviour of these materials i.e. an important increase of volume and porosity correlated with
a high endothermic effect when these materials are subjected to high temperatures 600-1000°C [6]. This
characteristic is useful if these materials should withstand high temperatures in the case of a fire event.
In this paper are presented results regarding the manufacture of thermal insulation materials with good fire
behaviour, based on various types of waste i.e. waste glass powder (finely ground cullet), blast furnace slag,
rubber wastes (from recycled tires) and polyurethane (from recycled insulation panels).

2. MATERIALS AND METHODS
The materials used for the AAIP preparation were:






soda-lime-silica glass cullet (from a recycling plant) were ground until a powder (G), with a Blaine
specific surface area of 2935 cm 2/g, was obtained;
slag (Z), resulted from the metallurgical industry, was ground until a fineness corresponding to
Blaine specific surface area of 3300 cm 2/g;
rubber waste (C), resulted from the recycling of tyres; the size of rubber particles was comprised
between 4-6 mm;
polyurethane waste (P) resulted from the shredding of insulation panels, with grain sizes comprised
between 0.1- 2 mm.
NaOH, chemical reagent was used to prepare the alkaline activator solution.

The compositions of the solid component (including the NaOH) used for the preparation of AAIPs are
presented in Figure 1. The water to solid ratio was 0.45 for the specimens with polyurethane and 0.3 for all
other specimens. The slag (Z) substitutes 20% of waste glass powder (G), rubber waste (C) substitute 25%
and 30% of G or G+Z mixture and polyurethane (P) substitutes 5% of G or G+Z mixture.
The solid components i.e. G, Z and P were dry mixed; NaOH was solubilised in water and the solution was
cooled to room temperature before mixing with the solid components.
The rubber particles (C) were kept in NaOH solution for 20 minutes, before mixing with the other solid
components; this treatment increases the surface roughness of rubber particles [7].
The resulted AAIP pastes were poured in rectangular moulds with different dimensions (60x15x15 mm,
50x50x15mm and 350x350x15mm) and cured at 60°C for 24 hours; the specimens were then removed from
moulds and cured in air (20+2°C and RH=65%) for the next 2 to 360 days.
The compressive strengths were assessed on 60x15x15 mm specimens with a Tonitech machine. The value
of compressive strength is the average of 4 values obtained on specimens cured in the same conditions.
The density of AAIPs was assessed with a helium pycnometer.
The apparent densities were calculated as the ratio of mass to volume and the final value is the average of
3 values assessed on paste specimens cured in the same conditions.
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Figure 1. The composition of the solid component used for the AAIP manufacture

The microstructure was assessed with SEM HITACHI S 2600 N microscope, on pastes (fracture surface)
coated with Ag.
Thermal conductivity was assessed on boards (300x300x15 mm) in accordance with EN 12667 [8] with a
HESTO- Lambda- CONTROL A90 thermal conductivity analyser.
The fire behaviour was assessed on 50x50x15mm specimens; the experimental setup is presented in Figure
2. The fire source was a propane flame and the temperature of the “cold face” was assessed with an IR
Pyrometer.

Figure 2. Experimental setup for the assessment of fire behaviour
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3. RESULTS AND DISCUSSIONS
The densities of studied AAIPs and of the precursor materials are presented in Figure 3.
As it can be seen, the substitution of glass powder with slag slightly increases the density of material in
correlation with the higher density of slag (Figure 3a). As expected the substitution of GP or GP+Z mixture
with rubber or polyurethane wastes reduces the AAIPs densities. The smaller values of apparent densities
(as compared with the densities determined with helium pycnometer) are due to the porosity specific for
these materials.
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Figure 3. Densities of precursors (a) and AAIP composites (b)
The values of AAIPs compressive strengths (Figure 4) are correlated with the density and porosity of these
materials. The substitution of G or G+Z mixture with 5 wt.% polyurethane determines the decrease of the
compressive strength values, but for both G4P5 and G4ZP5, the increase of curing time increases also the
compressive strength values.
When rubber waste (C) substitutes G or G+Z mixture in the AAIPs formulation, a drastic decrease (86-90%)
of the compressive strength is noticed. This is due on one hand to the higher substitution amount (25 wt.%
and 30 wt.% for C as compared with 5 wt.% for P) and on the other hand to the larger interfacial transition
zones between the big C particles (4-6 mm) as compared with the smaller (0.1-2 mm) flake like particles
specific for P (Figures 5 and 6). Moreover, the fracture mechanism of AAIPs with rubber content becomes
ductile as compared with G4, GZ4 and the corresponding composition with polyurethane, which exhibit a
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brittle fracture. This was to be expected due to the high amount and size of the rubber grains embedded in
the AAIP matrix.
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Figure 4. Compressive strengths after different periods of hardening of AAIPs
The SEM images presented in Figure 5 show the rough surface of rubber grain (C) and the good adherence
of the binding matrix (M) resulted by the alkaline activation of glass powder [4].

M
M
C

C

Figure 5. SEM micrographs of G4C30 : C- rubber grain; M- matrix

The specific form of P waste (flakes) and their smaller sizes, as compared with C, assure a high coherence
of the composite material – Figure 6.
The thermal conductivity of studied AAIPs is presented in Figure 7. For comparison, on the same graph, is
presented the thermal conductivity of a commercial product i.e. aerated autoclaved concrete (AAC) with a
compressive strength similar to those assessed for the AAIPs with rubber content.
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Figure 7. Thermal conductivity of studied materials and of commercially available autoclaved
aerated concrete (AAC)
The thermal conductivity of AAIPs with rubber content is slightly higher as compared with the one specific
for an autoclaved aerated concrete (AAC) with similar compressive strength. On the other hand, the thermal
conductivity of AAIP with polyurethane (G4P) is similar to the one of a commercially available AAC.
In Figure 8 the visual aspect of the studied AAIPs is presented, before and after fire test. As it can be seen,
the prolonged contact with the flame (on hot face) determines the intumescence of the inorganic polymer
matrix i.e. volume increase correlated with the water loss from the matrix – endothermic effect [6]. For the
composition with slag content, one can assess the colour change and superficial cracking of the specimen’s
surface, most probably due to the water loss from the hydrates resulted by the slag reaction with water.
The cold face of the specimen, does not present any important visual damage signs for the studied AAIPs
with the exception of G4ZP – the colour of cold face of this specimen slowly changed with the increase of
fire test time probably due to the smouldering of polystyrene flakes from hot face surface (see also Figure
9) and the gradual penetration of smoke, through the interconnected porosity, up to the cold face.
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Figure 8. Visual aspect of AAIPs specimens before contact with flame (tt) and after the contact with
flame (for 90 minutes) – hot face and cold face

a
b
c
Figure 9. Visual aspect of G4ZP5 specimen during the fire test: a) hot face in contact with the
flame; b) cold face after 15 minutes; c) cold face after 90 minutes.
The variation of the cold face temperature vs. time of contact of hot face with the flame is presented in Figure
10.
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Figure 10. Cold face temperature vs. time (hot face is in contact with the flame)
One can assess for all AAIPs an important increase of cold face temperature, in the first 15-20 minutes of
fire test. After this period, the temperature reaches a plateau and stabilize at values comprised between
250-350oC. It is interesting to note the stability of AAIP specimens with polyurethane and rubber content
(G4P and G4ZC30), in contact with the flame – no visible flame or smoke was detected during the entire
fire test (90 minutes). For the specimen G4C30, after 70 minutes from the initial contact with the flame, a
rubber grain, located on the edge of specimen and partially covered with the matrix, caught fire and burned
with open flame. This points out the importance of adequate processing the AAIPs construction or insulation
elements in order to adequately cover the rubber grains/polystyrene flakes with a continuous and sufficiently
thick layer of AAIPs (non-combustible/intumescent matrix).
Considering the specific way of placing of the insulation panels on the construction i.e. plastering (coverage
of the insulation element with a layer of binder/mortar) the occurrence of this potential problem is unlikely.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

4. CONCLUSIONS
The following conclusions can be drawn:
Slag, glass, rubber and polyurethane wastes can be used as precursors in the synthesis of insulation
materials with thermal conductivities similar with those specific for commercially available AAC blocks.
The substitution (5 wt.%) of glass powder (G) or glass powder+slag (G+Z) mixture with polyurethane waste
(P) determines the reduction of compressive strengths (63%). When rubber waste (C) is used to substitute
G or G+Z mixture, a drastic decrease of compressive strengths (86-90%) is recorded. This is explained by
the higher substitution amount (25 wt.% and 30 wt.% for C as compared with 5 wt.% for P) and to the larger
interfacial transition zones between the big C particles (4-6 mm) as compared with the smaller (0.1-2 mm)
flake like particles specific for P. Moreover, the fracture mechanism of AAIPs with C content becomes ductile
as compared with other studied AAIP formulations.
These materials have good fire behaviour. Except for G4ZP5, no visible flame or smoke was detected during
contact with the propane flame (90 minutes).
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ABSTRACT
Plasticizers and superplasticizers has been the one of the most important improvement in concrete
technology during the last century. The effect of different types of plasticizing admixtures was widely
studied in the ordinary Portland cement (OPC) systems, but much less in the case of the alkali
activated systems. The aim of this work is to clarify the efficiency of lignosulfonate based plasticizer
and polycarboxylate-based superplasticizer on the behaviour of alkali activated blast furnace slag. The
workability, mechanical properties as well as hydration mechanism with different kind of admixtures
had been determined. Subsequently, the stability affecting the efficiency of the plasticizing admixtures
in a high alkaline environment has been studied using X-ray photoelectron spectroscopy (XPS) to
investigate the chemical changes in the structure of plasticizing additives.
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1.

INTRODUCTION

By-products and waste aluminosilicate materials are not used sufficiently today. One of the ways of
effective handling is their utilization in non-traditional alkali-activated inorganic binders. The
advantages of these materials are especially high durability (Torres-Carasco et al. 2015) and good
mechanical properties (Fernández-Jiménez et al. 1999). As a result, alkali-activated materials may
become a preferred material in the future with high ecological aspects which will play an important role
in human sustainable development.
Since alkali-activated materials could become a suitable alternative to ordinary Portland cement (OPC)
based binders, it is advisable to further develop these materials and continue to improve their
properties. One of the options how to greatly enhance their certain properties is the use of chemical
admixtures such as superplasticizers. Nowadays, superplasticizers are commonly used additives in
Portland cement technology. Due to their presence, high strength, workability as well as durability can
be achieved. However, it is well known that commonly available admixtures which are used in OPC
based systems are ineffective or even detrimental when added to alkali-activated binders (Provis &
van Deventer 2014). Especially, the high pH conditions prevailing during the synthesis of
alkali-activated materials affect the efficiency of contained plasticizers or superplasticizers and
therefore, the type, molecular structure and chemical composition of the additives play an important
role (Winnefeld et al. 2007).
Previously, some studies have been focused on the effect of plasticizing admixtures in alkali-activated
systems. One of the main investigated groups of plasticizers are lignosulfonates (LS). Their positive
effect on OPC binders is known since 1930, however the results of their effectiveness on
alkali-activated materials are diverging. Douglas & Brandstetr (1990) reported that neither
lignosulfonate nor naphthalene sulfonate improved the workability in alkali-silicate activated BFS.
Wang et al. (1994) also reached similar conclusions when having observed that LS-based admixtures
reduced compressive strength without the improvement of workability. Completely different results
were shown by Bakharev et al. (2000) reporting that LS-based admixtures exhibit very similar effect in
OPC concrete as well as in the waterglass- or NaOH- and Na2CO3-activated BFS systems. Strong
plasticizing effect of LS was confirmed by Kalina et al. (2016), who tested the mixtures based on
sodium silicate-activated BFS. They observed that the workability of prepared mortars sharply
increased with very small addition of LS (0.2 wt. % by mass of BFS). Simultaneously, there was no
significant deterioration in the compressive as well as flexural strength in comparison with the samples
without any admixture.
More recently, the superplasticizers belonging to the family of polycarboxylate polymers (PC) have
been deeply investigated. In OPC systems the PC-based superplasticizers perform better than the
traditional sulfonate polymers in terms of lower slump loss and higher reduction of water-cement ratio
at given workability. The testing of PC-superplasticizers in alkali-activated systems is described in the
study of Puertas et al. (2003). They reported that the pastes and mortars containing alkali-activated
BFS (AAS) did not exhibit significant changes in the strength behavior when PC-admixtures were
used. Likewise, the results from mini-slump tests did not show any increase in fluidity of AAS pastes.
Similar conclusions were drawn also in the study of Palacios & Puertas (2004).
It can be seen that the additions of various types of plasticizing chemical admixtures have different
effect on the workability which probably depends on the nature of pore solution of alkali-activated
materials. Therefore, the influence of LS- and PC-admixtures in high alkaline environments on their
chemical structure was investigated in detail in this study.
2.
2.1

EXPERIMENT
Materials

The main material used to produce the alkali-activated binder was blast furnace slag (BFS) with a
Blaine fineness of 400 m2/kg. The chemical composition of BFS was measured by X-ray fluorescence
analysis (XRF) and is given in Table 1. The XRD analysis of BFS indicates the presence of
approximately 90 % amorphous phase with crystal phases such as melilite, calcite and merwinite.
Sodium hydroxide in the form of micro-pellets was used as the alkaline activator. The Na2O/BFS ratio
was adjusted to 4 wt. %. A commercial lignosulfonate plasticizer was selected to be used at
recommended dosages of 0.1; 0.2; 0.5; 0.7 and 1.0 by mass of BFS. As well as a commercial
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polycarboxylate-based superplasticizer was used at recommended dosages of 0.2; 0.4; 0.6 and
0.8 wt. % by mass of BFS.
Table 1. Chemical compositions of blast furnace slag
raw material

SiO2

Al2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

MnO

Fe2O3

blast
furnace slag

34.7

9.1

41.1

10.5

1.4

0.4

0.9

1.0

0.6

0.3

2.2

Preparation and physical-mechanical testing of mortar samples

Alkali-activated BFS mortars with different kind and amount of plasticizing admixture were prepared as
follows. The sand-to-BFS ratio was 3:1 using three different fractions of siliceous sand according to the
EN 196-1 standard and the water-to-BFS ratio was adjusted to 0.45. Mixing and curing processes
were carried out at laboratory temperature (25 °C). The consistence of fresh alkali-activated mortars
was measured using the mini-cone test procedure in accordance with EN 1015-3. Mortar samples with
the dimensions of 40 × 40 × 160 mm were casted and further cured under water and subjected to
compressive strength measurements using the strength tester Betonsystem Desttest 3310 at the age
of 1, 7 and 28 days.
2.3

Isothermal calorimetry

The evolution of hydration heat was monitored using the TAM Air isothermal microcalorimeter
(TA instruments). The measurements of heat evolution were performed at constant surrounding
temperature of 25 °C. When the thermal equilibrium was achieved, the BFS and alkaline activator
were mixed together by injecting the solution into the 15 mL vial and stirring it for 3 minutes. The
samples were made of alkali-activated paste without standard sand, however with the same
water/BFS and Na2O/BFS mass ratio as in the preparation process of mortars. The heat evolution was
immediately recorded as the heat flow.
2.4

X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out with Kratos Axis Ultra DLD spectrometer using the monochromatic
Al Kα (hν = 1486.7 eV) X-ray source operating at 150 W (10 mA, 15 kV). The spectra were obtained
using the analysis area of ~300 × 700 µm. The Kratos charge neutralizer system was used for all
analyses. The high resolution spectra were measured with the step size 0.1 eV and 20 eV pass
energy. The instrument base pressure during the measurements was consistently kept at 2·10–8 Pa.
The spectra were analyzed using CasaXPS software (version 2.3.15) and have been charge corrected
to the main line of the carbon C 1s spectral component (C–C, C–H) adjusted to 284.80 eV. A standard
Shirley background was used for all sample spectra. The sample preparation for the XPS analysis was
done as follows. The alkali-activating solution containing plasticizing admixture was applied on the top
of slag grains in glove-box under nitrogen atmosphere to prevent surface contamination by CO2 and
immediately inserted to the preparation chamber of XPS with the pressure under 1·10 –6 Pa.
3.

RESULTS AND DISCUSSION

The ability to increase the workability of AAS by two different kinds of plasticizing admixtures is shown
in Figure 1. It is obvious that the plasticizing admixtures based on lignosulfonate polymers play
significant role in consistency of fresh mortars (Figure 1A). Higher addition of LS admixture results in a
dramatic increase in workability and also appears to be more effective to reduce the spread-loss of
mixtures. Completely different situation occurs in the case of PC admixtures. The PC addition has
opposite effect on the workability compared to LS plasticizer. The gradual increase of PC content
caused a noticeable decrease in workability (Figure 1B). This behavior is completely different from that
in OPC systems reported in several studies (Winnefeld et al. 2007; Yamada et al. 2000).
The evaluation of influence of plasticizing admixtures on the compressive strength is shown in Figure
2. The samples with LS addition exhibit the decrease in strength after 1 day in comparison with
reference sample. This suggests the retardation effect on hydration process which was subsequently
verified through the isothermal calorimetry measurement (see Figure 3). Nevertheless, with respect to
the error bars, the compressive strengths of all mortars are the same after 7 and 28 days. In case of
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samples with PC addition the decrease of compressive strength with increasing amount of admixture
is evident at all curing times. Due to the decrease in workability, the non-homogeneity and higher
porosity of prepared samples may occur which negatively influence the mechanical properties.

Figure 1. Workability over time of alkali-activated mortars with lignosulfonate (A) and
polycarboxylate (B) plasticizing admixtures

Figure 2. Compressive strength development of alkali-activated mortars with lignosulfonate (A)
and polycarboxylate (B) plasticizing admixtures
The hydration process was monitored by means of the isothermal calorimetry in the early stages of
alkali-activation (Figure 3). The effect of LS plasticizer is well observed in Figure 3A. The first peak is
attributed to the wetting and dissolution of slag particles (Shi & Day 1995) and then the main hydration
peak is well visible. It is obvious that the creation of CSH gel is fast and does not lead to a noticeable
induction period in the case of reference sample. Conversely, the LS admixtures delay the binder
phase formation and the induction period prolongs with increasing content of lignosulfonates. This
phenomenon causes the retardation of hydration and affects the evolution of mechanical properties as
has already been discussed. The process of alkali-activation in the case of PC plasticizers proceeds
differently. It seems that the precipitation of CSH gel is not influenced by the PC content and therefore
the process of alkali-activation is the same as for the reference sample.
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Figure 3. Heat flow evolution of alkali-activated matrices with lignosulfonate (A) and
polycarboxylate (B) plasticizing admixtures
The changes in molecular structure using plasticizing admixtures were determined using XPS
analyses. The high resolution C 1s spectrum (Figure 5A) represents different chemical state of carbon
in LS structure. The first peak at 284.8 eV is associated with the bonds among C–C and C–H in
aliphatic chains as well as aromatic rings confirmed by the shake-up satellites at 289.8 eV. The
second peak at 286.2 eV belongs to ether units as oxygen atom is linked to two alkyl or aryl groups.
The bond between carbon and sulfonate functional group is typical for the binding energy at 286.8 eV.
Finally, the peak at 288.5 eV corresponds to the carboxyl groups also present in LS structure. After the
alkali-activation process, the high resolution spectrum of C 1s has undergone significant changes. Due
to high alkaline environment, the alkaline hydrolysis took place which resulted in the breakage of the
ether group marked red in Figure 4. This caused the decrease of C–O– bonds and conversely the
bonds C–OH characterized by the binding energy at 285.8 eV appeared in the spectrum. Obtained
results show that although the LS structure is disintegrated to smaller units, the electrostatic repulsion
of plasticizer realized by sulfonate anions is still maintained.
In the case of PC admixture (Figure 5B) the structure consists of aliphatic chains characterized by
C 1s XPS spectrum. The binding energy at 284.8 eV belongs to the adventitious carbon (C–C; C–H).
The main peak with higher binding energy at 286.4 eV is typical for ether groups abundantly occurring
in the polymeric chain. Other peaks ascribed to C=O bonds (287.4 eV) and carboxyl groups at
288.3 eV (O=C–O–Na+) as well as at 289.1 eV (O=C–O–) form the rest of the PC structure. Higher
concentration of hydroxyl groups during the alkali-activation suggests the alkaline hydrolysis similar to
the case of LS plasticizer. The polymeric structure of PC admixture is decomposed and the peak at
285.8 eV for C–OH bonds appears in the spectrum. The steric hindrance realized by long ether chains
ceases to exist. This phenomenon was also observed in the study of Palacios & Puertas (2004). The
result is that the effect on higher flowability is completely lost in AAS binder. Moreover, high ionic
environment causes the formation of charged sites in the backbone of PC chain. This may lead to the
side interactions such as bridging which negatively influence the deflocculation of slag particles
resulting in the loss of workability (Kashani et al. 2013).

Figure 4. Alkaline hydrolysis of lignosulfonate plasticizer admixture
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Figure 5. C 1s XPS spectra of lignosulfonate (A) and polycarboxylate (B) plasticizing
admixtures before and after alkali-activation process
4.

CONCLUSIONS

The results of this study lead to the conclusion that the efficiency of lignosulfonate and polycarboxylate
plasticizing admixtures in alkali-activated materials strongly depends on their molecular structure. Due
to the high alkaline environment during the hydration process, the alkaline hydrolysis takes place
causing the disintegration of polymeric chains in both cases. The mechanism of lignosufonate
plasticizer action based on electrostatic repulsion by negatively charged groups (SO 3–) on the sides of
polymer chain is still preserved. Therefore, higher addition of this plasticizer enhances the workability
of alkali-activated mixtures. Conversely, the polycarboxylate superplasticizers in alkali-activated
systems completely lose their effectiveness. The steric hindrance effect produced by the presence of
neutral long chains ceases to exist. The long polymer chains are divided to small units and the side
interactions among themselves may occur which has a negative impact on workability of prepared
mixes.
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ABSTRACT
As the dominent mineral of phoaphoaluminate cement, calcium phosphoaluminate (CPA) has good
mechanical performance and durability, which accracts many cement scientists. Some research works
has been focused on this special mineral. In previous experiment, it was found that new type mineral of
calcium barium phosphoaluminate (20 mol % substitution ratio of BaO for CaO, CBPA) has much
higher early and long-term mechanical performance than that of CPA. For the aim to clasify the effect
of BaO, the mineral of CBPA were synthesized in this paper. Its composition, microstructure and
hydration behaviors were investigated deeply by means of XRD, DSC-TG, SEM-EDS, hydration heat
and MIP analysis. XRD analysis showed that the substitution of Ba2+ for Ca2+ could change
effectively the crystal structure of CBPA phase. DSC-TG and SEM-EDS results revealed that the
hydration products of CBPA was modified by the additon of BaO. Hydration heat analysis showed that
the addition of BaO could improve obviouly its hydration activityIn addition, MIP analysis presented
that the addition of BaO optimized that pore structure of the hardening paste of CPA. These endowed
CPA with much higher mechanical performance.
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1.

INTRODUCTION

In the alumina-rich area of CaO-Al2O3-P2O5-SiO2 system, one quaternary phase was found with
component of CaO·(1-x-y)Al2O3·xSiO2·yP2O5, where x and y were in the range of 0.146 to 0.206 and
0.048 to 0.081, respectively. Specifically, the hydration products of this quaternary phase was stable
and it was transformed from the monocalcium aluminate (CaO·Al2O3) by substituting part of Al3+ with
Si4+ and P5+. It was named as C8A6P mineral, due to low content of Si4+ in mineral. Therefore, the
addition of P5+ with Si4+ solved the problem of strength decrease for CaO·Al2O3 hydration.
It was well known that the ion doping could improve the hydration activity of mineral. The substitution
of alkaline-earth like Ba2+/Sr2+ for Ca2+ to improve the performance of the hydration activity of
cementious minerals has been reported in past few years. N.K. Katyal found that the addition of
BaCO3 significantly reduced the time and temperature of the formation of C 3S. Xin, C found that a
certain amount BaO for CaO in C4A3$ can form a new mineral C2.75B1.25A3$, compared with the former,
the hydration C2.75B1.25A3$ can produce higher hydration activity and early strength. Similarly, in our
experiment 20mol% of BaO (the mole substitution of BaO for CaO) was added into C8A6P mineral.
Consiquently, one new type of mineral, calcium barium phosphoaluminate C 6.4B1.6A6P, was formed. In
this paper, the hydration and hardening behaviors of C 6.4B1.6A6P were carefully investigated, which
would play a basic role to use this new type of cementitious mineral.
2.
2.1

Materials and methods
preparation

All the raw materials used in this experiment such as CaCO 3, BaCO3, Al2O3, Ca3(PO4)3, SiO2 and pure
alcohol were analytical reagents, came from Sinopharm Chemical Reagent Co., Ltd, whose purity and
fineness were at least 99.0% (weight) and 74μm respectively. C8A6P were weighed accurately. The
replacement rates of BaO for CaO in mole fraction was set as 20%.
The mixtures were blended separately with deionized water, placed in the drying oven at 105℃ for 4
hours. After that, they were pressed into square pieces of 40mm*40mm*5mm. The sintering
temperature of 0% was 1560℃. The heating rates were all 5℃ per minute and all the specimens were
kept for 4h at maximum temperature in a MoSi2 furnace. The sintered specimens were cooled with a
fan to room temperature and ground to pass the No.200 sieve. The powder was mixed with water and
the paste was put into the 2×2×2cm 3 mould. Then we shaped them with vibration. The pure cement
paste was curd in relative humidity of 90% at 20℃ for 1 day, and then cured in water at 20℃.
Compressive strength were taken at the 1, 3, 7, 28 and 90 days, and the fractions after that were put
in an oven at 30℃ for 1 hour and put in alcohol for the next analyses.
2.2

Testing

Fineness of cementitious mineral was acquired according to GB/T1345-1991(China) by negative
pressure sieving method and the percentages of residue on sieve were controlled within 0.5~3wt%.
Compressive strength were performed on a testing machine of 50 KN capacities (MTS CMT5504,
China), X-ray diffraction diffractograms were recorded at D8 Advance (German) using Cu Kα radiation
at a voltage of 40kv and current of 40mA. SEM analysis was conducted by field emission scanning
electron microscopy (FEI QUANTA FEG, America) at a voltage of 20kv and current of 20nA. EDS
results were got by INCA energy X-MAX-50X (Oxford Instrument, England). Eight channel isothermal
micro heat meter (Thermometric TAM Air, Sweden) was used to get hydration rate and hydration heat
curve. The DSC (TGA/DSC1/1600HT) was recorded from room temperature to 650℃ at a heating rate
of 10℃/min. Mercury intrusion porosimetry (MIP) was used to study the pore size distribution of
hardened cement pastes.
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3.
3.1

Results and Discussion
Compressive strength

The compressive strength of specimen C8A6P and C6.4B1.6A6P hardened paste cured for 1, 3, 7, 28
and 90 days were shown in Figure 1. As shown from Figure 1, the compressive strength of specimen
C6.4B1.6A6P cured for 1 and 3 days were higher than that of specimen C8A6P. The compressive
strength of specimen C6.4B1.6A6P cured for 7 days was 89.9MPa, which was higher than that of the
specimen C8A6P cured for 28 days of 86.6MPa. The compressive strength of specimen C6.4B1.6A6P
cured for 28days was109.3MPa, which was higher than that of the specimen C8A6P cured for 90 days
of 103.8MPa. Also the compressive strength of specimen C6.4B1.6A6P cured for 90 days arrived to
122.7MPa. Contrast to specimen C8A6P, the increase degree of the compressive strength of specimen
C6.4B1.6A6P cured for 3, 7, 28 and 90 days were 38.5, 29.4, 26.1 and 18.2%, respectively.
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Figure 1. Compressive strength of specimen C8A6P and C6.4B1.6A6P hardened paste cured for 1,
3, 7, 28 and 90 days
3.2

XRD analysis

Figure 2. presented the XRD pattern of hydraed specimen C8A6P and C6.4B1.6A6P cured for 1, 3, 7, 28
and 90 days. As shown from Figure 2. the diffraction peak of C2(A,P)H8 of hydrated specimen C8A6P
was obvious with the curing age of 1 day. In constract, the diffraction peak of C(A,P)H 10 appeared only
when the curing age was 7 days. When the curing time arrived 90 days, the diffraction peak of
C(A,P)H10 appeared. It was indicated the main hydration production of specimen C8A6P was C2(A,P)H8.
Different from the control specimen, it was found that the diffraction peak for C(A,P)H 10 in specimen
C6.4B1.6A6P appeared with the curing time of 3 days, which was much earlier than that of specimen
C8A6P. In addition, the diffraction peak of C2(A,P)H8 was lower than that of specimen C8A6P. In
conculsion, the hydration products of specimen C 6.4B1.6A6P was different from specimen C8A6P. Also,
the hydrated velocity of C6.4B1.6A6P was higher than that of C8A6P mineral.
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Figure 2. XRD patterns of hydrated specimen C8A6P and C6.4B1.6A6P cured for different ages
3.3

SEM-EDS analysis

Figure 3. showed SEM and EDS analysis of specimen C8A6P and C6.4B1.6A6P cured for 3 days. As
shown in Figure 3, the SEM images of specimen C6.4B1.6A6P, flake products were found in the gaps.
EDS results indicated that they were calcium aluminate hydrate with the solution of P and Si. Because
of the modification of BaO, the hydrated products of specimen C6.4B1.6A6P changed. It could be seen
from the SEM Images that the products were smaller in size, it’s only about one thirds of the former in
size, and more thin in thickness. What’s more, there were more gels in the gaps. EDS results showed
that the hydration product of specimen C8A6P was also modified by Ba2+. So it can be concluded that
the introduction of Ba2+ into the specimen C8A6P could not only speed up its hydration velocity, but
also lead to the change of its hydration products. This was corresponding to the better strength
increase of specimen C6.4B1.6A6P than that of C8A6P.
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（a）C8A6P

（b）C6.4B1.6A6P
Figure 3. SEM and EDS analysis of specimen C8A6P and C6.4B1.6A6P cured for 3 days
3.4

Pore structure

Pore structure of hardened paste of specimen C8A6P and C6.4B1.6A6P cured for 28 days were shown in
Figure 4. From the Figure 4, it was seen that the porosity of specimen C6.4B1.6A6P was much lower
than that of specimen C8A6P. In addition, the pore size of specimen C6.4B1.6A6P was focused on the
range of less than 0.1µm, which was located in the less harmful and harmless scope. In contrast, the
pore size of specimen C8A6P was in range of 1 µm to 0.02 µm, which belonged to harmful and less
harmful pore. In conclusion, from the data of pore structure it was proved that the compressive
strength of specimen C6.4B1.6A6P was much higher than that of C8A6P.

15th International Congress on the Chemistry of Cement

30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
-2

20nm
200nm
Less harmful Harmless

Harmful

C8A6P
C6.4B1.6A6P
C8A6P

C6.4B1.6A6P
100

10

1

0.1

36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
-2

Cumulative porosity/%

Total porosity / %

Prague, Czech Republic, September 16–20, 2019

0.01

Pore diameter/m
Figure 4. Pore structure of hardened paste of specimen C8A6P and C6.4B1.6A6P cured for 28 days
3.5

DSC analysis

Figure 5. presented the DSC curves of hydration products of specimen C8A6P and C6.4B1.6A6P cured
for 28 days. As shown in Figure 5., two endothermic peaks of specimen C8A6P were located in two
ranges of 110~140 ℃ and 270~280 ℃ , respectively. The first endothermic peak was due to the
occurrence of C(A,P)H10. The second endothermic peak was attributed to the AH3. In addition, the
endothermic peaks of C2(A,P)H8 and C3(A,P)H6 were obscure in Figure 5. In contrast, only the
endothermic peak of C(A,P)H10 was found in specimen C6.4B1.6A6P. This result was in accordance with
the above-mentioned analysis of XRD.
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Figure 5. DSC thermograms of hydrated pastes of specimen C8A6P and C6.4B1.6A6P cured for
28days
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3.6

hydration heat

Figure 6. presented the hydration heat release and cumulative curves for specimen C8A6P and
C6.4B1.6A6P. From Figure 6. it was seen that the hydration rate of specimen C6.4B1.6A6P was much
higher than that of specimen C8A6P. But the peak of heat release of specimen C6.4B1.6A6P appeared
later than that of specimen C8A6P. This indicated that the setting and hardening performance of
specimen C6.4B1.6A6P was later than that of specimen C8A6P. In particular, the total hydration heat in
55h of specimen C6.4B1.6A6P was much higher than that of specimen C8A6P. This phenomenon proved
that the mechanical performance of specimen C6.4B1.6A6P was prior to that of specimen C8A6P. This
analysis was in accordance with the above-mentioned analysis of compressive strength.
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Figure 6. Heat release velocity and cumulative heat of specimen C8A6P and C6.4B1.6A6P in 55
hours
4.

CONCLUSIONS

The crystal structure of C6.4B1.6A6P phase was different from C8A6P phase. The addition of BaO could
improve obviouly its hydration activity, increase significantly its mechanical performance, changed the
ratio of its hydration products and optimized its pore structure of the hardening paste.
5.

ACKNOWLEDGEMENTS

This work is supported by Natural Science Foundations of China (51672108), Key research and
development plan of Shandong Province (2018GGX107009). Also, supports from the 111 Project of
International Corporation on Advanced Cement-based Materials (No. D17001) is greatly appreciated.
6.

REFERENCES

Jia, L., Shiqun, L., Jiashan, H.,etc.(2001). Study on the aluminophosphate glass-rich cement.
Cement and Concrete Research, 31, 949-952.
Jiashan, H. Phosphorus-aluminate binding material system. C.N. patent 1498870A, issued May
26, 2004.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
M.Heikal, M.S.Morsy, M.M.Radwan(2005). Electrical conductivity and phase composition of
calcium aluminate cement containing air-cooled slag at 20, 40,and 60℃. Cement and Concrete
Research, 35, 1438-1446.
N.K. Katyal, S.C. Ahluwalia, R. Parkash(1999). Effect of barium on the formation of tricalcium
silicate. Cement and Concrete Research, 29, 1857-1862.
Shiqun, L.; Guohui, Z.; Ning, Z.,etc.(1998). Study on hydraulic activity of aluminum-rich area in
CaO-Al2O3-P2O5 system. Journal of Chinese Ceramic Society, 26[2], 142-148.
Shiqun,L., Jiashan, H.,etc.(1999). Fundamental study on aluminophosphate cement. Cement and
Concrete Research, 29, 1549–1554.
V.S. Ramachandran, R.F. Feldman.(1973). Hydration characteristics of monocalcium aluminate
at a low water/solid ratio. Cement and Concrete Research, 3, 729-750.
Xin, C., Jun, C., Lingchao, L., Futian, L., Bing, T.(2000). Study of Ba-bearing calcium
sulphoaluminate minerals and cement. Cement and Concrete Research, 30, 77-81.
Xin, C., Jun, C., Lingchao, L., Futian, L., Bing, T.(2004).Study on the hydration of Ba-bearing
calcium sulphoaluminate in the presence of gypsum. Cement and Concrete Research, 34, 20092013.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

The performance and hydration of lime-based low carbon
cementitious materials activated by sodium hydroxide
Meng Wua, Yunsheng Zhangb, Wei Sunc
Southeast University, Nanjing, China
awumengseu@qq.com
bzhangyunsheng2011@163.com
c sunwei@seu.edu.cn

ABSTRACT
Abstract: This study focused on the influence of sodium hydroxide on the performance and hydration
of LCM. The strength, workability, hydration and microstructure of LCM in the presence of sodium
hydroxide were investigated in detail and compared to those of the original LCM. The test results
indicated that the minor amounts of sodium hydroxide remarkably improved the mechanical properties
of LCM at early ages (3 and 7 days). Additionally, the further hydration of mineral admixtures was
affected by the presence of sodium hydroxide, which resulted in a slight improvement of the
mechanical properties of LCM at the later stage. The formation of ettringite in the hydrates of LCM was
suppressed by the addition of sodium hydroxide. Moreover, the Ca/Si ratio of the C-(A)-S-H gel formed
in the sodium hydroxide activated LCM was lower than that in the plain LCM, and a minor amount of
C-(N)-A-S-H gel formed in the hydrated paste due to the Na uptake in the C-A-S-H gel. Therefore,
sodium hydroxide modified the composition of hydrates in the LCM to a certain extent during the
hydration process
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1. Introduction
The cement-based materials industry shows an increasing interest to use solid waste to replace a portion of
Portland cement in the manufacturing of cement or concrete [1-2]. Some solid wastes, such as fly ash, coal gangue,
ground blast furnace slag, steel slag and copper slag have been used to prepare cement-based materials worldwide,
because these solid wastes with pozzolanic activity react with the portlandite from the hydrated cement particles
in the hydration process [3-4]. However, it is very difficult to increase the replacement of Portland cement in
cement-based materials with solid waste. This is primarily because the solid waste cannot be fully reacted with the
small amount of portlandite that originates from the minor amounts of Portland cement. Thus, to make full
utilization of the pozzolanic effect of solid waste, the content of portlandite should be increased in binder materials
that contain a great amount of solid waste.
Recently, novel lime-based low carbon cementitious materials (LCM) have attracted increasing interest from
the waste management and building materials fields [5-7]. According to the prior literature, LCM usually consist
of a suitable amount of hydrated lime, a substantial amount of industrial solid waste and minor amounts of Portland
cement (10-20 wt%) [7]. The latent activity of solid waste is activated in the alkaline environment due to in the
presence of hydrated lime, and the hydrated lime is consumed by solid waste during the hydration process to form
C-(A)-S-H gel. Thus, the LCM have good performance and can effectively recycle solid waste and reduce carbon
emissions.
However, the mechanical properties of LCM are lower than those of ordinary Portland cement (OPC),
particularly at the early age. Compared to OPC, the lower pH value of the pore solution of LCM leads to a slow
reaction rate of solid waste, and finally results in the lower strength of LCM. However, hybrid or blended alkaline
cements show robust mechanical properties due to the addition of a strong alkali activator in blends, because the
alkali activator effectively accelerates the hydration of solid waste [8-10]. Thus, to solve the above problems, this
study focused on the influence of a strong alkali on the performance and hydration of LCM.
In this work, different dosages of sodium hydroxide were used as the alkali activator to adjust the alkalinity and
the initial pH value of LCM. The influence of sodium hydroxide on the performance and hydration of LCM was
systematically investigated and analyzed. We expect that this study can offer an improved understanding of the
hydration mechanism of the LCM activated by sodium hydroxide to further increase the recycling of industrial
solid waste.
2. Materials and experimental methods
2.1 Materials
The LCM investigated were prepared from P·II 52.5 Portland cement, type F fly ash, ground blast furnace slag,
hydrated lime and gypsum. The oxide compositions of raw materials were measured by X-ray fluorescence (XRF),
and the test results are listed in Table 1. The mineral admixtures used in this work were composed of type F fly
ash, ground blast furnace slag and gypsum at mass percentages of 47.5%, 47.5% and 5%, respectively. The
Analytical reagent of sodium hydroxide was used as an activator in LCM in this study. Clean river sands were
used as fine aggregates in mortar specimens.
Table 1 Oxide compositions of raw materials
Oxide composition (%)
Raw materials
CaO

SiO2

Al2O3

MgO

Fe2O3

SO3

K2O

Na2O

LOI

Fly ash

4.40

51.53

30.41

0.91

6.90

0.91

1.37

0.62

1.52

Ground blast furnace slag

37.12

32.72

15.51

5.50

0.24

2.61

0.30

0.40

0.36

Portland cement

64.38

21.60

4.38

3.43

3.42

2.23

-

0.51

2.54

Gypsum

46.89

0.30

0.14

0.20

0.07

52.09

-

0.11

7.01
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Hydrated lime

97.30

0.47

0.41

1.00

0.23

0.10

0.32

-

26.75

2.2 Experimental methods
2.2.1 Preparation of LCM specimens
Three proportions of LCM containing different dosages sodium hydroxides and a control LCM mixture without
sodium hydroxides are listed in Table 2. The ratio of w/b was fixed at 0.5 for all mixtures. The sodium hydroxide
was dissolved in deionized water before the test. The LCM mortar specimens were prepared at room temperature
according to China GB/T 17671-1999. The fresh LCM mortar was cast in molds with dimensions of 40 mm × 40
mm × 160 mm. Fresh paste was also prepared for hydration studies according to GB/T 17671-1999 but without
aggregates, and then cast into molds with dimensions of 40 mm × 40 mm × 40 mm. All specimens were stored in
a standard curing chamber at 20 °C and relative humidity (RH) ≥ 95%. The specimens were demolded after curing
for 24 hours and continued to cure under the same conditions until the test age.
Table 2 Mixture proportions of the sodium hydroxide activated LCM (wt%)
Mineral

Portland

Hydrated

Sodium

admixtures

cement

lime

hydroxide

M-0

80

10

10

0

0.5

0

M-1N

80

10

10

1

0.5

0.5

M-2N

80

10

10

2

0.5

1

M-3N

80

10

10

3

0.5

1.5

No.

w/b

Concentration
(mol/L)

2.2.2 Mechanical properties
The compressive strength and flexural strength of mortar specimens were tested based on China GB/T 176711999 at 3, 7, 28 and 90 days. The average value from three mortar specimens was used as the final test results.
2.2.3 Heat of hydration
According to Table 2, the heat flow release of the four LCM mixtures was measured at 20 °C by an isothermal
calorimeter. The heat of hydration was measured for five days in this study.
2.2.5 Hydration and microstructure studies
The mineral phase assemblage of the paste hydration products was determined by X-ray powder diffraction
(XRD) tests. The XRD tests were conducted on a diffractometer operating at 40 kV and 30 mA using a CuKα
anode. Thermogravimetric analysis (TGA) tests were performed on a thermogravimetric analyser at a rate of
10 °C/min (N2 atmosphere). In this study, the portlandite content in LCM hydration products was calculated
according to Eq. (1), and the bound water content from LCM hydration products was calculated according to Eq.
(2). Fourier transform infrared spectroscopy (FTIR) tests were determined via an infrared spectrometer in a range
of 4000 to 400 cm-1. A scanning electron microscope (SEM) equipped with an energy dispersive spectroscopy
(EDS) analyzer was used to characterize the microstructure of the hydrated samples.
CH  74
CH % 

w

M

18

 100%

550  C

(1)

BW % 

( M 50  C  M
M

1000  C

)

 100%

(2)

1000  C

3.2 Mechanical properties of LCM
The compressive and flexural strengths of LCM activated by sodium hydroxide are shown in Fig. 1. From Fig.
1(a), it can be seen that the compressive strength of LCM at an early age is remarkably enhanced in the presence
of the sodium hydroxide. The compressive strength of M-2N and M-3N can reach 14.5 MPa and 14.8 MPa at 3
days of age. However, the compressive strength of the plain LCM specimen without sodium hydroxide merely is
only 9.3 MPa at 3 days of age. Meanwhile, the compressive strength of sodium hydroxide activated LCM at 7 days
is higher than that of the plain LCM. It should be noted that the LCM with sodium hydroxide shows a modest
increase in mechanical properties at 28 days and 90 days, even though the compressive strength of M-3N is lower
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than that of M-0 (control mixture). The compressive strength of M-1N and M-2N is 34.2 MPa and 33.5 MPa,
respectively, at 90 days of age, which is slightly higher than that of the plain LCM at 90 day-age (32.7 MPa). From
Fig. 6(b), there is little difference in the flexural strengths of M-0, M-1N and M-2N after curing for 90 days, and
the flexural strength of LCM with sodium hydroxide at 3 and 7 days is slightly higher than that of the plain LCM.
The test results show that the LCM containing sodium hydroxide can achieve high mechanical properties at 3
and 7 days of age; however, the sodium hydroxide has little influence on the mechanical properties of LCM at
later ages. Furthermore, the high dosage of sodium hydroxide is not beneficial for the mechanical properties of
LCM in the later period.
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Fig. 1. Compressive and flexural strengths of LCM with different dosages of sodium hydroxide
3.2 Heat of hydration
The early hydration of LCM mixtures with different dosages of sodium hydroxide was explored via an
isothermal calorimeter. The early hydration process of LCM mixtures is illustrated in Fig. 2. From Fig. 2(a), the
acceleration of the rate of early hydration of LCM is prominent with an increase in the amount of sodium hydroxide
in LCM. The exothermic peak of LCM with sodium hydroxide appears earlier compared to the control mix and
the maximum value of heat flow is enhanced with increasing sodium hydroxide content in LCM, because the
ground blast furnace slag in mineral admixtures can be activated and hydrated quickly in a high alkaline
environment, especially in the presence of sodium hydroxide. Therefore, the heat flow value of LCM at the early
age is enhanced because of the accelerated hydration of the ground blast furnace slag, and the heat of hydration of
the LCM mixture containing sodium hydroxide at the early age is higher than that of the plain LCM mixture. From
Fig. 2(b), the cumulative heat of hydration of the M-0, M-1N, M-2N and M-3N mixture at 3 days is 175.6, 202.9,
212.6 and 215.0 J/g, respectively, which indicates that the addition of 2% sodium sulfate to the LCM is enough to
obtain the preferable activation effects at the early age.
After the exothermic peak of LCM, the heat flow value declines sharply, and the hydration rate of LCM slows
down. It is noteworthy that the heat flow value of the M-2N and M-3N mixtures at 72 h and 120 h is obviously
lower than that of the M-0 mixture, which suggests that a high content of sodium hydroxide in the LCM results in
a low hydration rate at the later period. To further investigate the influence of sodium hydroxide on the hydration
of LCM, the evolution of the hydration products and microstructure of the M-2N and M-0 pastes was analyzed
and characterized in the following.
3.3 Hydration products
3.3.1 XRD analysis
The XRD patterns of M-2N and M-0 paste at different curing ages are shown in Fig. 3. From Fig. 3, the ettringite
(Ca6Al2(SO4)3(OH)12·26H2O) phase can be distinctly founded in M-2N and M-0 samples after curing for days.
Moreover, the intensity and area of the characteristic peaks of ettringite increase at 3 days of age, which proves
that a substantial amount of ettringite has formed in the M-2N and M-0 pastes at 3 days. However, it can be
detected that the area and intensity of the characteristic peaks of ettringite in the M-2N samples are smaller than
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those in the M-0 samples, which suggests that the amount of ettringite in the M-2N paste is lower compared to the
control paste. According to previous studies, the formation of ettringite needs the appropriate alkalinity, and a high
concentration of sodium hydroxide solution retards the formation of ettringite [11]. It has been reported that the
formation of ettringite in Portland cement is weak at concentrations of 2 mol/L sodium hydroxide solution [12].
Therefore, the amount of ettringite in LCM containing 2% sodium hydroxide is less than that in plain LCM at each
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Fig. 2. Heat of hydration curves for LCM containing different dosages of sodium hydroxide
The hydrotalcite-like phase (MgxAly(CO3)(OH)16·4H2O) is not detected in the XRD patterns of all samples.
Hydrotalcite-like phases with a Mg/Al ratio of around 2 are frequently found in hydration products of alkaliactivated materials (AAM), especially in hydration products of alkali-activated slag [13]. From previous studies,
the amount of hydrotalcite-like phases in the hydration products of alkali-activated slag is closely related to the
MgO content in ground blast furnace slag, and the slag that has a high MgO content activated by the high
concentration of a strong alkali solution is beneficial to forming the hydrotalcite phase [14]. The MgO content
(tested by XRF) of slag used in this study only reaches 5.5 %, and thus, the MgO content in the LCM is not
sufficient to form a certain amount of hydrotalcite-like phase in the paste. Meanwhile, the alkalinity of the M-0
and M-2N mixture may not be sufficient to accelerate the formation of hydrotalcite compared to alkali-activated
materials. Therefore, the hydrotalcite-like phase is not detected in this study by XRD technology.
From Fig. 3, the portlandite (Ca(OH)2) in the paste is consumed during the hydration process and C-(A)-S-H
gel is formed due to the latent activity of slag and fly ash in mineral admixtures. The wide diffraction peak in XRD
patterns at approximately 29° (2θ) is mainly attributed to the poorly crystalline C-(A)-S-H gel which is similar to
the structure of the aluminum-containing tobermorite. Meanwhile, the calcite also has a characteristic peak at
approximately 29.4° (2θ) in the XRD patterns due to the carbonation in the paste curing and sample preparation.
Additionally, the activity of type F fly ash is much less than that of Portland cement, and a great amount of
unhydrated fly ash exists as an inert filler in the hydrated paste. Thus, the phases of mullite (3Al2O3·2SiO2) and
quartz (SiO2) from unhydrated fly ash are observed in the XRD patterns.
To further analyze the evolution of hydration products from M-2N and M-0 pastes, the XRD data are
quantitatively evaluated by Rietveld refinement, and the analysis results are illustrated in Fig. 4. From Fig. 4, the
amorphous phase at the early age represents the C-(A)-S-H gel and part of the glassy phase from unreacted slag
and fly ash. As the curing time increases, the amorphous phase mainly consists of C-(A)-S-H gel. The calcium
silicate phase in Fig. 4 is composed of the poorly crystalline C-(A)-S-H gel. After curing for 90 days, the amount
of amorphous phase in M-2N and M-0 is 41.5% and 41.2%, respectively. Meanwhile, the amount of calcium
silicate in M-2N and M-0 is 10.9% and 8.7%, which suggests that the sodium hydroxide is beneficial to forming
poorly crystalline C-(A)-S-H gel in LCM. The formed C-(A)-S-H gel can be transformed into a more ordered
crystalline structure in the presence of sodium hydroxide. In addition, the amount of ettringite crystals in M-2N
and M-0 at 90 days of age is 8.9% and 12.9%, respectively, which demonstrates that the formation of ettringite is
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suppressed to some extent in the LCM containing 2% sodium hydroxide.
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E: Ettringite M: Mullite C: C-(A)-S-H C: Calcite
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Fig. 3. X-ray patterns of M-2N and M-0 paste at different curing age
The content of portlandite can be measured as the hydration degree of mineral admixtures. From Fig. 4, the
content of portlandite in M-2N and M-0 pastes at 90 days is 8.8% and 7.2%, respectively. Considering the content
of portlandite in hydrated pastes, the hydration degree of mineral admixtures in the M-2N paste is lower compared
to the M-0 paste after curing for 90 days.
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Fig. 4. The evolution of the hydration products in M-2N and M-0 pastes
3.3.2 TGA analysis
The TGA technique was used to further quantitatively evaluate the hydration degree of LCM by recording the
weight loss of the heated samples, and the test results are presented in Fig. 5. As shown in Fig. 5, it can be seen
that the peak value of the three distinct endothermic peaks at approximately 100 °C, 400 °C，and 600 °C. According
to the previous literature, the three endothermic peaks correspond to the decomposition of C-(A)-S-H gel and
ettringite, portlandite and carbonates, respectively [15]. Additionally, a very small peak at approximately 340 °C
relates to the dehydration of the trace content of hydrogarnet in the M-2N paste [16]. The area of the first
endothermic peak of M-2N paste at 3 days of age is greater than that of the M-0 paste because the bound water
from hydration products is lost during heating, which indicates that sodium hydroxide accelerates the hydration of
LCM at an early age. The carbonates in LCM result from the carbonation of samples during the process of curing,
and grinding.
The amount of portlandite in samples can be calculated according to the weight loss in TGA curves.
Comparisons of the amount of portlandite in samples calculated from the XRD Rietveld refinement and TGA
curves are displayed in Fig. 6(a). As shown in Fig. 6(a), the amount of portlandite in the M-3N paste is less than
that in the M-0 paste at each curing age. It should be mentioned that the slag in the mineral admixture can directly
react with sodium hydroxide and form the C-(A)-S-H gel. Thus the accurate hydration degree of LCM was
measured based on the bound water content of hydration products. Previous reports have shown that the bound
water content from hydration products can be used to quantitatively analyze the hydration degree of binder
materials [17]. Fig. 6(b) shows the bound water content of the M-2N and M-0 pastes at 3, 28, and 90 days of age.
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From Fig. 6(b), the bound water content of the M-2N paste at 3 days of age is higher than that of the M-0 paste;
however, the amount of bound water of the M-2N paste is lower compared to that of the M-0 paste at 28 and 90
days. Thus, from the results of the bound water content, the hydration of LCM is accelerated at the early age in the
presence of sodium hydroxide. However, sodium hydroxide shows a limited positive effect on the hydration of
LCM at the later stage, which is consistent with the test results of mechanical properties.
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Fig. 5. TGA curves of M-2N and M-0 paste samples
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Fig. 6. The portlandite and bound water content in M-2N and M-0 pastes
3.3.3 FTIR analysis
FTIR spectra are employed in this study to further analyze the composition and evolution of hydration products
of the M-2N and M-0 paste. Fig. 7 presents the FTIR spectra of M-2N and M-0 samples at different curing ages.
From Fig. 7, the band at 3640 cm-1 is attributed to the stretching vibration of OH from portlandite in samples.
The vibration at 3640 cm-1 becomes weak as the hydration time is prolonged, which indicates that the portlandite
reacts with mineral admixtures, consistent with the XRD and TGA test results. The peaks around 540, 610 and
1110 cm-1 are assigned to the vibrations of SO in ettringite or gypsum. Meanwhile, the band at 670 cm-1 is
attributed to the bending vibration of gypsum. The peaks at approximately 725 cm -1 are assigned to symmetric
stretching vibrations of Si–O–Si and Al–O–Si from mineral admixtures [18]. The peaks at approximately 450 cm1

are attributed to the bending vibration of OSiO due to the quartz phase from fly ash. In addition, the bands

appearing at 1480 and 1420 cm-1 are caused by the stretching vibration of carbonates in the paste.
The vibration peak at approximately 970 cm-1 is related to the stretching vibration of SiOT (T represents
tetrahedral Si or Al unit) in Q2 units from the C-(A)-S-H gel [19]. To further analyze the compositions of the C(A)-S-H gel, the deconvolution results of the FTIR spectra of M-2N and M-0 paste at 90 days of age are shown in
Fig. 8. From Fig. 8, a small shoulder peak can be observed at 1035 cm-1 in the spectrum of the M-2N paste;
however, this band is not detected in the spectrum of the M-0 paste. From previous studies, the band at 1035 cm-1
is associated with the asymmetrical stretching vibration of T–O bonds from the binding of sodium to the silicatebased gel, which suggests that a minor amount of N-A-S-H-like gel is formed in the M-2N paste [20-21].
Meanwhile, the vibration peak of SiOT in the M-2N spectra slightly shifts to lower frequencies compared to
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that in the M-0 spectra, which indicates an increase of the degree of silicate polymerization in the C-(A)-S-H gel.
Additionally, the band located at 874 cm-1 consists of two components, which are attributed to the bending
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3.4 Microstructure
Fig. 9 shows micrographs of the microstructure and C-(A)-S-H gel at 90 days of age. A large amount of C-(A)S-H gel can be detected in the matrix of M-2N and M-0 paste after curing for 90 days. From Fig. 9, foil-like C(A)-S-H gels appear in the microstructure of the M-2N paste compared to the M-0 paste, which suggests that the
morphology of C-(A)-S-H gels in the LCM are modified in the presence of sodium hydroxide. Meanwhile,
quantities of formed C-(A)-S-H gels appear on the surface of fly ash and slag particles in M-2N paste, and some
particles are covered by a network structure of foil-like C-(A)-S-H gels. The C-(A)-S-H gels in the M-0 paste are
more homogeneous than those of in the M-2N paste, and ettringite crystals are embedded in the formed C-(A)-SH gels. Compared to the SEM images of M-0 at 3 days of age, the continuous hydration of M-0 paste leads to a
denser microstructure at 90 days of age. Therefore, the plain LCM shows great improvements in the microstructure
during the hydration process, and the LCM containing sodium hydroxide shows the slow development of the
microstructure at the later age.
When mineral admixtures are blended with a highly alkaline solution, the Ca-O, Al-O and Si-O bonds from slag
and fly ash are easily broken due to the high concentration of OH- in the solution. Thus, the formation of a C-(N)A-S-H gel from mineral admixtures during the early hydration is accelerated in the presence of sodium hydroxide,
which has been confirmed by the test results of heat of hydration. However, the fast reaction of the blend at the
early age does not allow enough time for diffusion; thus, a large number of gel-like hydration products are formed
in the area immediately surrounding the hydrating minerals admixtures particles. Subsequently, further hydration
of mineral admixtures mainly occurs at the location of original mineral admixtures particles rather than at the voids
and pores in the hydrated paste. Therefore, additional coarse pores are observed in the hydrated paste at the later
stage, resulting a low growth rate of strength. A high dosage of sodium hydroxide in the LCM even results in lower
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mechanical properties at 90 days of age compared to the plain LCM. The previous literature indicates that narrow
and dense hydration rims of C-S-H gel that cover the reacted slag particles can be detected in the sodium
hydroxide-activated slag paste and leads to a coarse microstructure and a low increase in long-term strength [22].
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Fig. 9. SEM micrographs of M-2N and M-0 paste at 90 days of age
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Fig. 10. The EDS test results of M-2N and M-0 paste at 90 days of age
The chemical compositions of the hydrated paste were measured by an EDS test based on the obtained SEM
images. The results of element mapping of Fig. 9 (a) and (b) are shown in Fig 10 (a) and (b), which corresponds
to the M-2N and M-0 paste at 90 days of age. From Fig 10, the major elements of hydration products from the M2N and M-0 paste are calcium, silicon, and aluminum, which mainly attributes to the formed C-(A)-S-H gel in the
hydrated paste. The sodium content in the M-2N paste is far greater than that in the M-0 pasted due to the addition
of sodium hydroxide. From the FTIR test results, the sodium is bound to the silicate-based gel, resulting in a minor
amount of C-(N)-A-S-H gel being formed in the M-2N paste. The C-(N)-A-S-H gel formed due to the uptake of
Na at the surface and in the interlayer of the C-(A)-S-H gel, which is closely related to the Ca/Si ratio of the
hydrated paste. A very small amount of alkali is taken up in the C-(A)-S-H gel with a high Ca/Si ratio; however,
the alkali uptake in the C-(A)-S-H gel increases with decreasing Ca/Si ratio [23-24]. Additionally, the alkali uptake
also depends on the concentrations of the alkaline solution [25]. Therefore, detection of the C-(N)-A-S-H gel in
the hydration products of alkali-activated materials is normal.
The Ca/Si ratio of the C-(A)-S-H gel was tested based on six selected points from gel-like hydration products,
and the results are shown in Fig. 6 (c) and (d). Note that the definition of the Ca/Si ratio in this work is Ca/(Si+Al)
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because of the Al incorporated into the C-S-H gel via substitution Si. The ranges of the Ca/Si ratios of M-2N and
M-0 paste are1.07-1.34 and 0.89-1.14, respectively, and the average values of the Ca/Si ratios are 1.23 and 1.01,
respectively. Therefore, the LCM activated by sodium hydroxide shows a lower Ca/Si ratio compared to the plain
LCM. The addition of sodium hydroxide effectively increases the pH value of the pore solution and results in the
destabilization of the formed ettringite, which leads to higher aluminum concentrations of the pore solution and
increases the Al substitution in the C-S-H gel. According to previous studies, the C-(A)-S-H gel with a low Ca/Si
ratio has little influence on the mechanical properties of binder materials [26]
4. Conclusions
This study systematically investigated the influence of sodium hydroxide on the performance and hydration of
LCM. The following conclusions can be summarized based on the test results of the present work:
(1) The addition of sodium hydroxide effectively enhanced the mechanical properties of LCM at the early age,
especially at 3 days of age, while the sodium hydroxide led to little improvement in the mechanical properties of
LCM at the later stage. The optimal dosage range of sodium hydroxide used as an activator in LCM is 1-2% in
this study.
(2) The hydration of LCM was remarkably accelerated at the early age in the presence of sodium hydroxide, as
more hydrates were rapidly formed in the matrix, leading to higher mechanical properties at the early age. An
increase of the dosage of sodium hydroxide in LCM could produce higher mechanical properties at the early age.
(3) The hydration products formed during the rapid early hydration of sodium hydroxide activated LCM
surrounded the mineral admixtures particles, which affected the further hydration of mineral admixtures and
resulted in additional coarse pores in the matrix. Thus, the increase of mechanical properties of LCM containing
sodium hydroxide was less than that of the plain LCM at the later stage.
(4) The formation of ettringite in the LCM was suppressed in the presence of sodium hydroxide. Moreover, the
Ca/Si ratio of C-(A)-S-H gel formed in LCM containing sodium hydroxide was lower than that in the conventional
LCM, and a minor amount of C-(N)-A-S-H gel formed in the hydrated paste due to the Na uptake in the C-A-S-H
gel. Therefore, the sodium hydroxide modified the composition of hydrates in the LCM to a certain extent during
the hydration process.
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ABSTRACT
In order to reduce the environmental impact of the construction industry, the development of new
binders with lower or even no clinker content is necessary. Among all the alternative solutions, Alkaliactivated slags (AAS) is one of the most promising. Concretes made from those binders display a
good durability and a high corrosion resistance. Nevertheless, they exhibit lower workability than
cement based materials (CBM) which limit their development at the industrial scale.
Polycarboxylate ether (PCE) are the most efficient water reducing agent in the case of CBM.
Therefore, they should be the most suitable solution. However, contradictory results are published in
the literature about their efficiency in the case of AAS.
This study is giving new insight on the impact of different alkaline activation on the behavior of PCEs.
Especially, it is focusing on sodium hydroxide (NaOH) and sodium carbonate (Na2CO3) chemical
activation. The latter is very interesting due to its abundance and cheap price. A broad range of PCEs
with different molecular architecture have been tested as to improve the understandings of their
behavior into these very alkaline environments. First, their influence on the rheological behavior was
investigated via mini-slump test experiments. Then, the parameters of polymer (molecular weight, side
chains length, anionic or cationic) which have an impact on the workability of AAS is discussed.
Finally, the influence of alkaline activation on the adsorption mechanism of PCEs is also described
regarding total organic carbon measurements, pore solution and surface chemistry.
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1.

INTRODUCTION

The production of Portland cement releases large amount of carbon dioxide, therefore many researchers
are focusing on developing a new generation of construction materials where cement is partly or totally
replaced. Among these new materials, ground granulated blast furnace slag (GGBFS) which is a
byproduct from the iron industry presents a good potential. However, the hydration kinetic of slag is slow
thus it needs to be chemically activated in order to reach a similar rate of hydration than Portland cement.
Usually, an alkaline source is used to activate slag. It can be either hydroxide, silicate, carbonate and
sulfate [Shi et al 1995, Gruskovnjak et al 2006]. Besides, it appears that concretes made from alkaliactivated slag (AAS) display high resistance to acid attack and corrosion [Bernal & Provis 2014]. GGBFS
activated with sodium carbonate is a very interesting system because of its large quantity available, low
price and a better handling properties compared to other alkaline activation. Moreover, it can be blended
with other mineral admixtures. For instance, Yuan et al. have shown that it can be replaced up to 50 %
by limestone and still presents good mechanical properties [Yuan et al 2017]. Nevertheless, the
workability of most AAS may be inferior compared to those of cement-based materials (CBM). This
drawback limits the use of AAS at an industrial scale. Moreover, the flow properties of AAS depends on
the alkaline activator used for the formulation. Then, it is necessary to develop polymer admixtures
which can improve the flow of alkali-activated binders.
In CBM, the most efficient superplasticizers are polycarboxylate ether (PCE) copolymers. They are
comb-polymers made up with a methacrylate based backbone and polyethylene glycol (PEG) side
chains [Hirata 1981, Sakai et al 2006]. Some studies reported that commercial PCE do not improve the
flow of slag activated with NaOH or waterglass (a solution of sodium silicate) [Palacios & Puertas 2005,
Criado et al 2009]. On the contrary, Kashani et al. developed several home-made polymers and show
that either cationic or anionic PCE with a side chain presenting 45 EO units and an acid-to-side chain
ratio of 5:1 can decrease the yield stress of slag paste activated with metasilicate by 40% [Kashani et
al 2014]. Unfortunately, they studied only one alkaline system and no comment is made on the PCEs
efficiency in another system. Besides, they used a PCEs dosage of 0.5 wt. % which is high compared
to CBMs (PCEs dosage around 0.1 - 0.2 wt. %). Therefore, there is still a gap in efficiency and further
investigation are necessary to fill it.
In order to ensure a high dispersion of ASS by PCE, two properties are important. First of all, these
comb-polymers need to be soluble in these high alkaline environment. Borget et al. have demonstrated
that the solubility of PCEs is highly dependent on pH value and the ionic species present in solution
[Borget et al. 2005]. For instance, they found that sulfate ions are very detrimental for the solubility of
methacrylate-based polymers and therefore their effectiveness. Besides, the solubility of polyethylene
oxides (PEOs), which constitute the major part of PCEs, decreases with increasing concentrations of
sulfate, silicate, carbonate or phosphate ions [Bailey & Callard 1959]. Thus, the side chain length and/or
the side chain density might have an impact on the solubility of PCEs. Low solubility of the polymer can
be detected through the so-called “cloud point” which appears when the suspension of the polymer in
the solvent stays turbid. The second properties is the adsorption of PCEs on the surface of slag grains.
In particular, it is known that the adsorption process depends on the concentration of calcium cations
present on the surface of mineral grains and on the chelating capacity of PCE polymers [Habbaba &
Plank 2011, Richter et al. 1989].
Here, two systems are studied: GGBFS activated with either NaOH or Na2CO3. The study investigated
what chemical parameters are predominant in order to reach a good dispersing ability of PCE polymers
into these highly alkaline systems. First, the influence of the molecular structures and compositions of
different polymers (MPEG, APEG, IPEG and phosphate based PCE) on their solubility was measured.
Secondly, mini-slump experiments were performed to measure how the PCE polymers improve the flow
properties of AAS. Finally, the interaction between the PCEs and the calcium cations is studied using
anionic charge measurements.
2.
2.1

MATERIALS AND METHODS
Slag samples

The GGBFS was provided by the Ecocem company, its oxide composition is reported in Table 1.
Table 1: Oxide composition (in wt. %) of granulated blast furnace slag used in this study
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CaO

SiO2

Al2O3

MgO

FeO

TiO2

MnO

Na2O

SO3

Total

43.4

37.1

10.8

6.7

0.6

0.5

0.3

0.5

0.1

100

The AAS pastes were prepared according to the following procedure: first, the alkaline solution is first
made from mixing 4 % of sodium hydroxide or 8 % sodium carbonate (by weight of slag) into deionized
(DI) water. Then the slag was poured into the alkaline solution and hand-mixed for 4 minutes. The waterto-binder ratio was set at 0.45 for the Na2CO3 and 0.5 for the NaOH system. The dosage of PCEs used
is 0.05 % (by weight of slag). The polymer is added after 90 seconds of mixing. After the mixing phase,
the paste is immediately poured into the mini-cone and the spread flow was measured.
2.2

PCE samples

The MPEG, APEG, IPEG and phosphated based PCEs used in this studied were self-synthesized. All
methacrylate ester (MPEG) based comb polymers were prepared by aqueous free radical
copolymerization of methoxy poly(ethylene glycol) methacrylate ester macromonomer and methacrylic
acid. The APEG PCE polymers were synthesized from 𝛼–allyl-𝜔-hydroxy poly(ethylene glycol) and
maleic anhydride either in bulk or in aqueous solution. The IPEG PCE polymer was synthesized by
copolymerization of isoprenyl oxy poly(ethylene glycol) macro monomer and acrylic acid. The phosphate
based polymer was obtained by copolymerization of 2-(methacryloyloxy) ethylphosphate and MPEG
methacrylate ester macromonomer. Their molecular structures are presented on Figure 1 and their
molecular properties in Table 2.
Table 3: Molecular parameters of the PCE synthesized in this study
Polymer
designation

Mw
(Da)

Mn
(Da)

7MPEG2
25MPEG10
45MPEG2
45MPEG6
45MPEG10
45MPEG15
45MPEG20
114MPEG10

24 100
16 800
28 900
14 900
19 200
17 400
16 400
40 300

11 000
8 000
11 100
7 500
9 100
8 700
7 800
14 400

2.2
2.1
2.6
2.0
2.1
2.0
2.1
2.8

85.5
87.0
91.9
91.9
93.0
92.0
92.0
83.5

7
25
45
45
45
45
45
114

COO-:
Side
chain
ratio
2:1
10:1
2:1
2:1
10:1
15:1
20:1
10:1

7APEG-1
7APEG-2
7APEG-3
7APEG-4
10APEG
25APEG
34APEG

54 100
38 100
32 500
11 800
32 600
32 000
57 100

18 700
15 900
14 100
7 000
14 200
20 000
22 900

2.9
2.4
2.3
1.7
2.3
1.6
2.5

98.1
96.6
90.6
70.2
86.0
52.5
73.5

7
7
7
7
10
23
34

2:1
2:1
2:1
2:1
2:1
2:1
2:1

7IPEG2

25 400

10 600

2.4

96.0

7

2:1

7Phos3

26 200

12 500

2.1

-

7

3:1

PDI
(Mw/Mn)

Macromonomer
conversion

Side
chain
length
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Figure 1: Molecular structures of the four types of PCE polymers used in the study.
2.3

Solubility measurement of PCEs

The solubility of PCE polymers was measured as follow: first, a suspension of 0.1wt. % of polymer in DI
water is prepared. Then, NaOH or Na2CO3 were added by steps of 0.5 gram until the solution became
turbid as shown on Figure 2. For each step, the solution was mixed, using a magnetic stirrer, for 2
minutes. Besides, all the tests are performed at room temperature.
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Figure 2: Example of the “cloud point” determination for a MPEG PCE polymers for a 0.1 wt. % solution
of 45MPEG2 in 1.67 mol/L Na2CO3
2.4

Anionic charge measurements

In order to determine the anionic charge amount of the PCE polymers, a polyelectrolyte titration was
performed. The charge titration was performed using a mütek PCD03 pH titrator. The charge amount
was measured in three different solvents: (i) DI water; (ii) 0.1 M NaOH; (iii) 0.1 M NaOH and 0.92 g of
CaCl2.2H2O (in order to obtain 1g/L of Ca2+ in solution).
3.
3.1

RESULTS AND DISCUSSION
Solubility of MPEG PCEs in alkaline solution

The influence of the molecular structure of MPEG PCE polymers on their solubility was investigated.
First, the impact of the side chain density was studied.
Figure 3 presents the concentration of the alkaline activator necessary to reach the “cloud point” for the
MPEG PCE polymers that have different side chain densities (acid to side chain ratio from 2:1 to 20:1)
and the same side chain length (45 ethylene oxide units). The solubility of the PCEs increases as the
side chain density decreases. For instance, the sodium hydroxide concentration needed to achieve the
limit of solubility raises from 2 mol/L for the 45MPEG2 to 5 mol/L for the 45MPEG20 which has a molar
ratio of COO- to side chain of 20:1. Besides, it has to be noted that except for the PCE 45MPEG2, the
maximum solubility of all PCEs is higher the NaOH concentration used to activate GGBFS. Indeed, the
latter is at 2 mol/L.
In the Na2CO3 solution, all the PCE polymers tested here present a lower solubility than in NaOH.
Moreover, the solubility slightly increases with lower side chain density. Indeed, even for the largest acid
to side chain ratio 20:1 the solubility limit is lower than the Na2CO3 concentration used in slag which is
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1.67 mol/L. It means that the PCE samples is far from dissolving in slag pore solution and thus cannot
improve the flow properties of the paste.

Figure 3: Concentrations of NaOH and Na2CO3 necessary to reach the cloud point of the synthesized
MPEG PCE polymers as a function of their acid to side chain ratio
Figure 4 shows the concentration of the alkaline activator needed to reach the “cloud point” at ambient
temperature for the MPEG PCEs that have the same side chain density (acid to side chain ratio of 10:1),
but different side chain length (from 25 to 114 EO units). The solubility of MPEG PCEs decreases when
the side chain length increases. For the NaOH system, their solubility is above the NaOH concentration
in the AAS paste. On the contrary, for the Na2CO3 system there is only the MPEG PCE polymer with
short side chain (nEO = 25) which have a solubility above the alkaline concentration in slag. Moreover,
the solubility of 7MPEG2 PCE possessing really short side chain (n EO = 7) have also been plotted. In
spite of its high side chain density, the solubility of this PCE is just above the concentration of Na 2CO3
in slag.
Besides, one might argue about the possible hydrolysis of the MPEG ester. In the case of Na2CO3
activation, the pH is below 13 thus the hydrolysis kinetic can be assumed to be slow (like in CBMs). On
the contrary it is more an issue with NaOH activation where the pH is above 14. However, within the
duration of the solubility experiments (around 20 minutes) the hydrolysis of the polymer was not observe.
According to these results, PCE polymers that have short side chain and a high content of carboxylate
groups may present the optimal structure to disperse AAS. Therefore, the solubility of MPEG PCEs is
highly dependent on the content of polyethylene glycol. Then, other PCEs which are based on different
macromonomers (such as APEG, IPEG, HPEG or VPEG) but have the same chemical architecture may
exhibit the same solubility behaviour in such alkaline environment.
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Figure 4: Concentrations of NaOH and Na2CO3 necessary to reach the cloud point of the synthesized
MPEG PCE polymers as a function of their side chain length.
3.2

Improvement of flow properties of NaOH activated system with PCE polymers

Figure 5 presents the results of mini-slump experiments performed with a dosage of 0.05 wt. % of the
MPEG PCEs. Clearly, it is showing that all the MPEG PCEs only slightly improve the workability of the
slag paste activated with NaOH. Indeed, the spread flow goes from 15.7 cm (the reference without PCE)
to 18.1 cm for the 45MPEG20. Nevertheless, it is possible to observe the same trend between solubility
results and spread flow experiments. Indeed, for the series 45MPEG2 -> 45MPEG20 the dispersing
efficiency is increasing with the higher anionicity of the polymer (i.e. higher solubility). Likewise, even if
it is less pronounced the dispersion of AAS increases with shorter side chains as it is shown by the
series 114MPEG10 -> 25MPEG10. Two reasons may explain the lack of efficiency of the MPEG
polymers: (i) the dosage of PCEs is too low to fully cover slag grains surface (ii) the PCE do not adsorb
on the slag surface. Additional spread-flow experiments with higher PCE dosage (up to 0.2 wt. %) could
not verify the first assumption. Therefore, based on the results obtained so far, the following focuses on
PCE polymers with short side chains.
Mini-cone tests were performed with AAS paste and PCE polymers made from different
macromonomers. The PCE dosage is still 0.05 % by weight of slag. The results are displayed on Figure
6. At this low dosage, the MPEG, IPEG and phosphate based PCE slightly improve the flow. On the
contrary, the spread flow increases tremendously from 15.5 cm to 33.7cm with the APEG PCE. Such
result with this comb polymer was not expected even if its short side chain already suggested decent
performance.
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Figure 5: Mini-slump tests of slag paste containing 0.05 wt. % of different MPEG ester PCE samples of
different chemical motif.
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Figure 6: Spread flow of slag pastes containing 0.05 wt. % of PCE polymers with short side chain but
prepared from different macromonomers
As a consequence, the difference in term of efficiency may come from a different adsorption behavior
of the PCE samples on the slag particles. One of the more important parameter for this process is the
affinity of PCE polymers with calcium ions. As to compare the chelating power of the polymers to calcium
ions, the inanionic charge was measured in three solutions which present different salt concentration.
It has to be noted that for the four polymers considered here, the anionic charge is higher in 0.1 M NaOH
than in DI water. It is the consequence of the deprotonation of the polymer at high pH (see Figure 7).
Nevertheless, when calcium is added to the solution, the anionic charge of the PCEs decreases as a
consequence of the chelation of the calcium cations by carboxylate functionalities in the PCEs [Plank &
Sachsenhauser 2009]. It is striking with the 7APEG. Its anionic charge sharply decreases from 3,700
µeq/g to around 300 µeq/g in 0.1 M NaOH with calcium. These results show that the APEG PCE has a
higher affinity with calcium ions than the other PCE products, most of its carboxylate groups are chelated
by Ca2+. This is owed to the presence of maleic anhydride in the APEG.
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Figure 7: Anionic charge of PCE polymers measured in DI water, 0.1 M NaOH and 0.1 M NaOH plus
1g/L Ca2+
3.3

Improvement of flow properties of Na2CO3 activated system with PCE polymers

Figure 8 displays the spread flow results of slag paste activated with Na2CO3. Unfortunately, the PCE
polymers tested here do not really increase the flow properties of the paste. However, it appears that
PCEs possessing a high anionicity perform better than those of low anionicity character. Moreover, short
side chains seems preferable compared to longer ones.

Spread flow (cm)

19

18

17

Spread flow
without PCE

16

Figure 8: Spread flow of slag pastes containing 0.05 wt. % of PCEs possessing different molecular
structures
One of the reason for poor results is the low solubility of PCE polymers in presence of carbonate ions
as described is section 3.1. Another one would be the almost complete removal of Ca 2+ ions from the
slag pore solution because of their precipitation with carbonate ions. As it was pointed out by another
study [Habbaba & Plank 2011], calcium ions are needed to produce a positive surface charge of the
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slag grains. Therefore, in the Na2CO3 activated system the slag particles may have a low positive surface
charge, then the PCE polymers cannot adsorb strongly on these surface.
4.

CONCLUSION

The behaviour of PCEs in AAS was investigated. Two systems were studied: GGBFS activated with
NaOH or Na2CO3. It was demonstrated that the solubility of PCE polymers is one of the key parameters
to ensure their good dispersing ability. Besides, APEG polymers possessing a short side chain (7 EO
units) induce the best flow properties in the NaOH system. Anionic charge measurement showed that it
might be owed to their stronger interaction with Ca2+. This is the consequence of the di-carboxylate
functionalities of maleic anhydride which have a strong chelating ability with calcium ions.
Unfortunately, no PCE polymers have been found which can improve the flow properties of the Na2CO3
system. This study suggests that for such highly loaded systems, it will be necessary to develop
polymers with sufficient solubility, high anionicity and short side chains.
5.
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ABSTRACT
Alkaline binders are regarded as low CO2 emission, although there are varied opinions. This research
focused on developing high-performance binders based on alkaline activation of metakaolin; the latter
was partially replaced with high contents of limestone, which would allow to further reduce the CO2
emissions by virtue of the very low energy required to process the limestone. A factorial experimental
design was carried out to investigate the individual and interactional effects of the amount of limestone
(%LS), as well as the molar ratios Na/Al and Si/Al on the compressive strength for up to 28 days. The
cementitious blends were cured at 60°C for the first 24 h and then at 20°C until testing. Other
characterization techniques included the identification of the type of reaction products and
microstructural aspects. The results of the analysis of variance indicated that all independent
parameters and their interactions had significant effects on the dependent variable (compressive
strength). The best combination of conditions was found at 60%LS, 1.52 Na/Al and 2.8 Si/Al resulting
in a maximum achievable compressive strength of 56.1± 2MPa and 61.5±5 MPa after 1 and 28 days,
respectively. The microstructural analysis showed that the main reaction products were predominantly
amorphous, as well as that the microstructures were dense and homogenous with partially dissolved
limestone particles; these latter had a positive effect on the strength of the binders. Thus, a relativelycheap, high-performance, low-emissions binder based on metakaolin and limestone is possible.
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1.

INTRODUCTION

Significant research has been recently conducted in alkaline binders, which has led to the commercialscale use of these binders in various civil infrastructure contexts in Europe, Asia, Australia and the
Americas (Shi et al., 2006; Davidovits, 2008; Van Deventer et al., 2012; Provis & Van Deventer, 2014).
Alkaline binders are generally synthesized by the reaction of an aluminosilicate powdered precursor with
a concentrated alkaline solution; their typical structures consist of tetrahedral (SiO 4)-4 and (AlO4)5connected by oxygen corners, forming amorphous to semi-crystalline three-dimensional networks by
polycondensation (Buchwald et al., 2007).
A most common precursor used as an aluminosilicate precursor is metakaolin (MK), which is obtained
after calcination of kaolinite minerals at 550-800 °C and is highly reactive under alkaline conditions (Wan
et al., 2017). The best physical properties are obtained by using 1.13 to 1.60 Na/Al molar ratios, whereas
some interesting properties for different applications can be obtained by using Si/Al molar ratios between
1 and 3 (Davidovits, 1982). The thermal activation of MK and the demand for alkalis increase their cost;
consequently, some efforts are focused on adding widely available and inexpensive minerals such as
limestone (Avila-López et al., 2015; Rakhimova et al., 2018). Limestone powder (LS) is a cheap and
abundant sedimentary rock that represents an interesting alternative raw material to make green binders
by virtue of the low energy required in their process (Ministry-of-Economy, 2014).
Even though the use of calcium carbonates in alkaline binders dates from ancient Egypt (Davidovits &
Morris, 1988), only a few reports deal with their use in alkaline blends. Some studies reported favourable
effects after the combination of LS with blast furnace slag (Moseson et al., 2012; Rakhimova et al.,
2016), as well as LS with MK (Yip et al., 2008; Cwirzen et al., 2014; Qian & Song, 2015; Aboulayt et al.,
2017); while others (Qian & Song, 2015; Aboulayt et al., 2017) reported that 6-10%LS in MK activated
by K and Na alkaline solutions improved the mechanical properties. The authors attributed the
improvements to the formation of a more compact structure and LS is regarded as an inert filler.
However, other studies (Yip et al., 2008; Cwirzen et al., 2014) reported that LS in NaOH/Na2SiO3
activated MK enhanced the release of Al and Si ions from MK. In addition, Cwirzen et al. (2014) found
a small amount of Ca2+ released from LS.
In the referred reports, the mixtures were designed by fixing the amount of alkaline activator relative to
the total mass of the precursors (LS, MK, slag, etc), which notably increases the Na(K)/Si and Na(K)/Al
molar ratios when high amounts of LS are used. This in turn results in an excess of free alkalis that
produce efflorescence and brittleness in the binders (Duxson et al., 2005; Burciaga-Diaz et al., 2012).
In order to manufacture strong, stable and durable alkaline binders, it is necessary to provide a proper
balance between alkalis (Na, K, Li, etc) and Si and Al species in the systems. This study aims to analyze
the effects of the amount of LS and the Na/Al and Si/Al molar ratios on the compressive strength and
microstructural aspects of alkali-activated MK/LS binders by using a factorial design.
2.
2.1

EXPERIMENTAL DETAILS
Materials

The precursors used were powdered metakaolin (MK) and limestone (LS), their chemical composition
is shown in Table 1 and their mineralogy in Figure 1. The SiO2 and Al2O3 contents in the MK are close
to those in pure metakaolin, while content of CaO of the LS is close to that in pure limestone. The MK
was obtained after calcination of kaolin at 750°C for 4 h, while the LS was obtained after milling of LS
gravel in a ball mill. The MK was predominantly amorphous with traces of crystalline quartz (SiO 2) and
anatase (TiO2); on the other hand, the LS showed only calcite (CaCO3). Particle size distribution by laser
diffraction indicated mean particle size (Dmed) and median particle diameter (D50) of 15.45 µm and 9.22
µm, respectively for MK and 28.13 and 11.30 µm, for LS respectively.
The alkaline activators were blends of water glass (29.85% of SiO 2, 9.12% of Na2O and 61.03% of H2O)
and NaOH flakes of 98% purity, both of industrial grade.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 1. Chemical composition by X-ray fluorescence of precursors powder used
Oxide (mass%)
SiO2

Al2O3

CaO

TiO2

MgO

Fe2O3

K2O

P2O5

PPI

Others

MK

55.06

41.24

0.18

2.02

-

0.50

0.17

0.07

0.53

0.23

LS

2.24

1.48

49.83

-

0.65

0.13

0.08

0.12

45.30

0.17

Figure 1. XRD patterns of the used precursors a) kaolin and metakaolin, and b) limestone
2.2

Experimental design

A factorial experimental design was carried out in order to investigate the effect of %LS, Na/Al and Si/Al
molar ratios on the compressive strength of alkali activated MK-LS pastes. The experiments were
designed to estimate the main effects, as well as the interactional effect, by using a 23 factorial design.
The response variable was the compressive strength as this property determines their potential
applications (Neville, 1995). The studied variables (factors) and their levels are reported in Table 2,
while the full experimental design is reported in the first four columns on the left hand side in Table 3.
The Na/Al and Si/ molar ratios were kept fixed by adjusting the concentration of sodium silicate and
sodium hydroxide relative to the chemical composition of the MK.
Table 2. Independent variables and their levels considered in 23 factorial design
Independent variable

Notations

(%LS)

A

20

60

(Na/Al)

B

0.84

1.52

(Si/Al)

C

2.14

2.80

2.3

Low Level (-1)

High Level (+1)

Alkaline activated binders synthesis

The LS demands less water than MK to attain a workability of 110±5 (ASTM C109), so the water/binder
was adjusted for each %LS, these were 0.52, 0.46 and 0.40 for 20, 40 and 60%LS, respectively. The
alkaline activator solution was left at room temperature for 24 h to reach thermal equilibrium before the
preparation of mixtures. The pastes were prepared by mixing the LS and MK in a laboratory mixer with
planetary movement by mixing slowly for 2 minutes. The alkaline solution was then added and mixed at
medium speed for 5 minutes. The pastes were poured into cubic steel molds (25 mm x 25 mm x 25 mm)
and vibrated for 30 s to liberate trapped air bubbles; the molds were then covered with plastic film, a
moist cloth and another plastic film to avoid water evaporation. The pastes were transferred to an
isothermal chamber at 60 °C for 24 h for setting and kept at 20 °C until compressive strength testing.
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Table 3. Experimental design matrix and experimental compressive strength data
Exp.
no.

2.4

Full experimental
design

Mean of compressive
strength, MPa

Standard deviation

LS

Na/Al

Si/Al

1d

7d

14 d

28 d

1d

7d

14 d

28 d

1

20%

0.84

2.14

32.66

25.34

42.34

35.44

1.07

0.93

4.10

2.62

2

60%

0.84

2.14

4.38

3.85

4.58

4.57

0.82

1.09

0.53

0.45

3

20%

1.52

2.14

40.83

33.53

49.91

49.38

5.04

3.76

2.94

8.30

4

60%

1.52

2.14

17.82

20.41

18.59

20.24

1.54

1.63

4.14

0.38

5

20%

0.84

2.80

54.37

56.72

56.03

54.68

2.70

1.76

2.90

4.54

6

60%

0.84

2.80

12.63

19.81

20.95

20.42

1.11

1.55

1.97

2.03

7

20%

1.52

2.80

51.70

57.69

67.39

60.87

3.68

8.09

9.32

4.70

8

60%

1.52

2.80

56.13

52.75

57.44

61.46

1.94

7.44

4.16

4.89

Characterization of samples

After 1, 7, 14 and 28 days four cubes were randomly selected and tested for compressive strength in a
hydraulic testing machine (Controls, Sercomp7), and the average value was reported. Some fragmented
pieces were kept immersed in acetone for 12 h, and then dried in a vacuum oven at 35°C for 48 h. Some
samples were then ground in a planetary mill, using agate media, to pass the #140 sieve. These powders
were characterized by X-ray diffraction (XRD, X’Pert 3040, Phillips) in a range of 7-80° (2θ) with a step
of 0.03° every 2 s using Cu Kα radiation at 40 kV and 30 mA. For scanning electron microscopy (SEM,
Philips XL-30 ESEM), selected samples were mounted on an epoxy resin; these were ground with
successively finer silicon carbide sandpaper and then polished with diamond pastes from 3 to 0.25 µm
using acetone as a lubricant. After that, carbon coating was necessary to make the samples conductive
for microscopy observation at 25 kV using backscattered imaging capabilities.
3.
3.1

RESULTS AND DISCUSSION
Compressive strength

The average value of compressive strength and their standard deviation after 1, 7, 14 and 28 days of
four specimens for each blend and age are reported in Table 3. The strength ranged from 4 to 56 MPa
after 1 day and from 4 to 61 MPa after 28 days; the large variation indicates a strong effect of the
chemical composition. From 1 to 28 days of curing, mixture 6 increased its strength by 62%, while the
rest of the pastes reached early high strength with improvements of up to 20%. Mixture 5 had the same
Na/Al and Si/Al molar ratios as mixture 6; nonetheless, the low early strength of the latter can be
attributed to the low alkali concentration as the high load of LS significantly reduced the alkali
concentration. The alkalinity has a strong effect on the reactivity of the precursors and the condensation
of aluminate and silicate species, affecting the speed of the reaction processes (Arellano-Aguilar et al.,
2014); so the dissolution of MK in mixture 6 was slow and not intense, giving a more gradual increase
in strength.
Increased loads of LS reduced the compressive strength, in agreement with previous studies (Yip et al.,
2008; Qian & Song, 2015; Aboulayt et al., 2017). Nonetheless, it appeared that with the proper chemical
composition, high loads of LS can result in good binders, such was the case of mixture 8, which had
60%LS and reached the highest strength after 1 and 28 days. This has interesting implications as the
amount of alkali activator is notably reduced by 60% in comparison with a mixture of 100%MK, hence
the cost and CO2 emissions are also reduced. Mixtures 8, 2, 4 and 6 had 60%LS but different Na/Al
and Si/Al molar ratios. It is noteworthy that the strength increased with the Na/Al and Si/Al molar ratios.
This evidences that the limestone has an effect on the reaction processes and that for mixtures with
60%LS and a given Si/Al, the strength was favored by higher Na/Al ratios for early and late curing ages.
Even though more research about this topic is necessary, these results agree with the view that
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limestone can be chemically and physically active in hydraulic and alkaline cements (Avila-López et al.,
2015; Al-Swaidani et al., 2017).
3.2

Statistical analysis

The 28 days strength data were used for the analysis of variance (ANOVA). The statistical approach
separates the total variance in several parts linked to definite sources of variations to test the hypothesis
about the factors used in the model (Gutiérrez Pulido & de la Vara Salazar, 2008). The F-test statistically
defines whether any level of the independent variable has a significant effect on the dependent variable.
The values of F-tabulated were extracted from the table F0.05 (f1, f2) with 95% confidence (Gutiérrez
Pulido & de la Vara Salazar, 2008). When the F-tabulated is lower than F-calculated, the effect of every
single independent variable or the interaction between them is considered significant with a 95%
confidence level (Montgomery, 2011). Experimental data were analyzed using Minitab 17 software and
the ANOVA results are presented in Table 4. The values of R-square and R-square (predicted) were
96.70 and 94.13, respectively, which indicates reliable results, in agreement with every effort taken to
maintain consistent experimental procedures in order to minimize additional sources of error.
Table 4. Analysis of variance (ANOVA)
Source

DF

Adj SS

Adj MS

F-calculated

F-tabulated

Model

7

12914.40

1844.92

100.46

2.42

Linear

3

11194.70

3731.56

203.20

3.01

A (%LS)

1

4388.40

4388.44

238.97

4.26

B (Na/Al)

1

2951.80

2951.81

160.74

4.26

C (Si/Al)

1

3854.40

3854.42

209.89

4.26

2-Way Interactions

3

1171.30

390.42

21.26

3.01

A*B

1

669.20

669.23

36.44

4.26

A*C

1

346.60

346.63

18.88

4.26

B*C

1

155.40

155.41

8.46

4.26

3-Way Interactions

1

548.50

548.47

29.87

4.26

A*B*C

1

548.40

548.47

29.87

4.26

Error

24

440.70

18.36

Total

31

13355.10

It was seen that the main effects of all factors as well as their interactions in two and three way are
statistically significant. The comparison between F-calculated and F-tabulated indicates that the weights
of the effects of the experimental factor decreased in the order: A>C>B>A*B>A*B*C>A*C>B*C; a more
detailed analysis is described below.
3.2.1 Main effects
The main effect plot for the mean compressive strength of alkaline pastes is shown in Figure 2. The
main effects showed variations of the mean among the high and low values of each factor. The
magnitude of the slope represents the intensity of the effects that each factor exerts, which agrees with
the F-test of the ANOVA. Factor A (%LS) was the most influential factor on the strength; when the %LS
increased from 20 to 60%, the mean of the mean compressive strength reduced in 53.24%. This is
attributed to a significant reduction in the contents of aluminosilicates and Na2O in the system, due to
the high load of limestone. For instance, mixtures 5 (20%LS) and mixture 6 (60%LS) had the same
molar ratios (Na/Al=0.84, Si/Al=2.80), the increased %LS reduced the amount of alkali from 12 to
6%Na2O, thus the strength. It is noteworthy, that for fixed molar ratios, the mixtures with 60%LS reduced
both the amount of alkaline activator and the aluminosilicates by about 50%, which reduce costs and
environmental impact of these blends.
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Figure 2. Main effects for compressive strength (fitted means)
The Si/Al molar ratio was the second most important experimental factor for strength development;
increased values from 2.14 to 2.80 enhanced the mean of the mean strengths from 27.4 MPa to 49.4
MPa. An explanation for this is that the availability of more silicate species promotes the formation of
aluminosilicate oligomers that then accelerate the reaction processes (Provis & Van Deventer, 2009). In
the explored levels of the Si/Al factors, the lowest value has a little amount of soluble silicate, while the
highest level contains enough soluble silica to promote and accelerate the geopolymerization processes.
This behavior was observed in mixtures 1 to 4, which is in agreement with (Cwirzen et al., 2014), who
reported a low strength under 7 MPa in NaOH activated MK/LS pastes.
The Na/Al ranked third in influencing the strength of the alkaline binders. The strength increased with
the Na/Al molar ratios; the mean of the mean strengths were 28.7 and 47.9 MPa for Na/Al of 0.84 and
1.52, respectively. The Na/Al molar ratio was adjusted throughout the addition of NaOH to the
waterglass, which increased the alkalinity as more Na+ and OH- were made available. High concentration
of alkalis improve the speed of the dissolution process of the precursors, releasing Al and Si species,
which in turn increase the strength (Arellano-Aguilar et al., 2014). The results suggest that increasing
the Na/Al enhance the mechanical properties; however, this will increase the costs and environmental
impact, even more in the case of binders 100%MK. Furthermore, an excess of alkalis can lead to
deleterious effects, as these hinder the condensation of geopolymeric gel, resulting in problems of
efflorescence and brittleness due to the excess of free alkalis (Duxson et al., 2005; Burciaga-Diaz et al.,
2012).
3.2.2 Interaction effects
The interaction effect indicates the combined interactive effect of two factors (independent variables)
when a response (dependent variable) of one factor (low to high) depends on the level of a second
factor. Graphically, two parallel lines of factors indicate no interaction between them, whereas nonparallel lines suggest an interaction. In Figure 3, it is noted that the combined interactive effects between
A*B and A*C were more significant than B*C. In the A*B interaction, the effect of %LS was lesser when
the Na/Al was increased from 0.84 to 1.52. Similarly, the effect of %LS was also lesser, when the Si/Al
molar ratio was increased. Thereby, the mean of the mean compressive strengths was slightly favored
by higher Na/Al and Si/Al molar ratios for high loads of LS. These significant interactions explain the
high strength of mixture 8, wherein 60%LS was used and achieved 61.5±5 MPa after curing for 28 days
(Table 3).
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Figure 3. Interaction effects for the mean compressive strength (fitted means)
The ANOVA (Table 4) showed that the A*B*C interaction was more significant than A*C and B*C
interactions. This can be interpreted as that in some cases it is not necessary to increase both the Na/Al
and Si/Al to achieve high mechanical properties when a high load of limestone is used; such was the
case of mixture 6 wherein despite the lowest Na/Al it reached acceptable strengths. A modelling of the
strength as a function of the experimental factors would require a non-linear equation, but that is beyond
this scope. The noticeable strong influence of the limestone in the binders, as well as its interactional
effect with the different factor levels, suggests that it is unlikely to be due to simple micro-aggregate
effects as other studies have reported (Aboulayt et al., 2017).
3.3

Reaction products and microstructural characterization

The X-ray patterns of pastes 3, 5, 7 and 8 cured for 28 days are presented in Figure 4; the LS and MK
are included as a reference. After alkaline activation, X-ray patterns show sharp peaks of crystalline
phases of calcite which is possibly taking place in the reactions; quartz and anatase from the precursors
are believed to behave as inert fillers. The amorphous hump of the MK (15-33 °2 seemed to reduce
after the reactions and the reacted pastes showed a hump in the range of 22-35 °2, indicating the
formation of amorphous reaction products (Arellano-Aguilar et al., 2014) with a structure different to that
of the MK.
Mixture 3, activated only with NaOH, showed the formation of zeolite A and a peak associated with
carboaluminate phases (Lothenbach et al., 2008), the exact identity of the latter is unclear. The
crystallization of zeolites is common in NaOH activated MK and the introduction of limestone did not
appear to affect its crystallization. Comparable results were reported (Cwirzen et al., 2014) for NaOH
activated MK/LS pastes, they reported that the addition of LS did not retard the crystallization of zeolites
and possibly allowed the formation of AFm and carbonate-containing AFt phases. Other studies (Yip et
al., 2008) have reported a significant dissolution of calcite after comparing the XRD pattern between
pastes and unreacted mixtures of 20%calcite and 80%MK. Nevertheless, at this point XRD does not
provide means to elucidate the participation of Ca2+ from limestone in the alkali activation.
Backscattered electron images of mixtures 3, 5, 7 and 8 are presented in Figure 5. In general, the
microstructures were noticeably dense and homogenous, with unreacted particles scattered throughout
the cementitious matrix. The matrix of reaction products showed the darkest gray tone attributed to
water present in the structure which reduces the average atomic number (Arellano-Aguilar et al., 2014).
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Figure 4. XRD patterns for selected alkaline activated binders at 28 days of curing

Figure 5. SEM images of selected samples at 28 days
The EDS analysis (not shown) indicated that unreacted particles included unreacted limestone and
crystalline quartz from the MK. As the LS addition increased, more LS appeared distributed throughout
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the cementitious matrix. A dense transitional zone was noted between the reaction products and the LS
particles, which could indicate that the limestone is participating in the reactions with the alkaline media.
In the surroundings of limestone particles, a brighter gray tone was also noted. The results indicate that
the dissolution of the carbonate minerals released Ca2+ in a way that these had a significant effect on
the strength, in agreement with other studies (Yip et al., 2008; Cwirzen, 2012).
Overall, it seems that the incorporation of LS into MK binders brings a series of advantages, as it
participates in the reactions, LS reduces the water demand, reduces costs and emissions; moreover,
the particles could also act as a fine filler enhancing the density and creating nucleation sites leading to
higher compressive strength (Oey et al., 2013).
4.

CONCLUSIONS

The effects of the limestone, the Na/Al and the Si/Al molar ratios on the compressive strength of alkaline
activated metakaolin-limestone pastes were investigated using a factorial experimental design. The
analysis of variance indicated that all factors and their interactions influenced the compressive strength.
The weights of the effects of the independent variables on the compressive strength followed the order:
%LS>Si/Al>Na/Al>%LS*Na/Al>%LS*Na/Al*Si/Al>%LS*Si/Al>Na/Al*Si/Al.
The %LS was the most influential parameter on the strength of the binders of metakaolin-limestone;
higher %LS reduced the strength; nonetheless, according to the interactions between the factors
studied, high strength can be attained by using proper Na/Al and Si/Al molar ratios on blends with
60%LS. This also reduces costs and environmental impact of these blends.
The main reaction products from the alkaline activated metakaolin/limestone were mostly amorphous
and some mixtures showed the crystallization of zeolite A. The addition of limestone did not interfere
with the formation of zeolites, although it could induce the formation of carboaluminate phases.
The microstructures of the samples were dense and homogenous with unreacted particles of limestone
and metakaolin distributed throughout the cementitious matrix. Limestone particles were partially
dissolved under the alkaline conditions, which had a positive effect on the compressive strength.
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ABSTRACT
The potential of limestone as a precursor in alkaline cements with contents 90 to 100% of limestone
was studied. A factorial experimental design was used to prepare and characterize 16 paste
formulations; the experimental factors were: modulus of sodium silicate (Ms), percentage of sodium
oxide (% Na2O), heat treatment (Ht) and percentage of Portland cement (% CP). The pastes were dry
cured and under water. Short thermal treatments of maximum 24 hours were enough to achieve
compressive strength between 5 and 36 MPa. The presence of Portland cement was the statistically
most significant factor; small quantity of CP increased mechanical strength and underwater stability of
the formulations. Identification of Ca by scanning electron microscopy in the cementitious matrix
suggest that the mechanical strength resulted from the formation of calcium silicate hydrates (C-S-H),
as well as silica gel from the alkaline solutions. The results showed that limestone has an excellent
potential as a precursor for use in the preparation of alkaline cements.
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1.

INTRODUCTION

Alkali activated cements (AAC) are an alternative to reduce the high environmental impact of Portland
Cement (PC) (Miller et al. in press). However, one of the obstacles for their wide use is the availability
of precursors. Annually, the most used precursors like, byproducts and natural pozzolans represent less
than 30% of the global demand of PC (Scrivener et al. in press).
Limestone (LS) is an abundant and cheap mineral which also has a minimal environmental impact
(Moseson et al. 2012); it has been used advantageously both in PC and in AAC. LS has been used in
Portland cement mainly as a filler; Palm et al. (2016) concluded that 50 % of replacement of cement
with LS could result in similar properties as a reference of PC. Although less frequently, LS has also
been used in AAC, mainly as complement of other cementitious systems. Gao et al (2015) concluded
that addition of LS in slag-fly ash systems increased the workability and the quantity of chemically bound
water; while Cwirzen et al. (2014) & Avila-López et al. (2015) concluded that limestone is a source of
Ca2+ which participates in the formation of reaction products that enhance compressive strength.
The use of LS as a unique precursor (neither as a filler nor as a complement) has not been addressed
in the literature. Yin & Wen (2007) reported pastes with different kinds of limestone activated by
waterglass and curing permanently at 40 °C, other details of pastes were not reported, such as the
water/binder ratio, amount of alkali activator (neither % Na2O nor SiO2/Na2O ratio) and underwater
resistance. On the other hand, Cwirzen (2012) patented what they called concretes with limestone
contents from 40 to 100% using several activators and curing permanently at 50 °C, but the patent does
not show examples of elaborated concretes with 100% limestone as precursor. The results from these
references only included data of curing for up to 28 days.
Almost every aspect about alkali activated binders based on limestone precursors, such as mechanisms
of reaction, properties, strength, durability, etc. are open subjects of research and we consider this an
area of opportunity. This investigation focuses on the properties of alkali activated LS based cements
cured for up to 180 days in dry and underwater conditions. Pastes with LS contents, of 90 and 100%,
were characterized as a function of 4 experimental factors.
2.
2.1

EXPERIMENTAL
Materials

The main precursor was limestone sand, which was ground in a ball mill for 1 h to a Blaine surface area
6000 cm2/g). A Portland cement (30R according to Mexican standards 30MPa at 28 days) was used as
an additive. The alkaline activators were mixtures of water glass and flakes of sodium hydroxide, both
industrial grades. The chemical composition of the starting materials is shown in Table 1.
Table 1. Chemical composition of precursors, additive and alkaline activators
Precursors

CaO

SiO2

SO3

LS

56.73

1.05

0.04

PC

59.68

24.07

6.29

Sodium
silicate

29.50

Sodium
hydroxide
*Ms=modulus, molar ratio SiO2/Na2O
2.2

Al2O3

5.81

Fe2O3

K2O

P2O5

Na2O

LOI

0.05

0.63

0.04

0.05

41

2.13

0.83

0.46
14.70
77.49

Ms*

H2O

2.01

55.80
22.51

Experimental Design

A full factorial experimental design was used considering 4 factors: % CP (0 and 10%), Ms (1 and 1.5),
% Na2O (6 and 9%) and heat treatment (2 regimes described in Table 2). This led to the preparation of
16 experimental trials, listed in Table 2.
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2.3

Preparation of samples

Pastes were prepared in batches of 3000 g as follow:






Alkaline solutions were prepared using drinkable water and left at room temperature 2 h
before their use.
Alkaline solution was added to precursors and mixed for 3 minutes in a mixer with orbital
movement.
The pastes were cast into cubic molds made of polypropylene of 2.5 cm per side and vibrated
for 15 s on a vibrating table.
The molds were covered with plastic film to avoid water loss and subjected to thermal
treatment (details shown in Table 2).
Samples were stored for further curing at 20 °C in bags in dry conditions and underwater
until the testing ages.
Table 2. Nomenclature and details of pastes

No.

Nomenclature

w/b

Limestone
(%)

PC
(%)

1

100-0-1-9-1

0.22

100

0

2

90-10-1-9-1

0.22

90

10

3

100-0-1.5-9-1

0.26

100

0

4

90-10-1.5-9-1

0.26

90

10

5

100-0-1-6-1

0.22

100

0

6

90-10-1-6-1

0.22

90

10

7

100-0-1.5-6-1

0.23

100

0

8

90-10-1.5-6-1

0.24

90

10

9

100-0-1-9-2

0.22

100

0

10

90-10-1-9-2

0.22

90

10

11

100-0-1.5-9-2

0.26

100

0

12

90-10-1.5-9-2

0.26

90

10

13

100-0-1-6-2

0.22

100

0

14

90-10-1-6-2

0.22

90

10

15

100-0-1.5-6-2

0.23

100

0

16
90-10-1.5-6-2
0.24
90
*% Na2O relative to the mass of LS + PC

10

2.4

Ms

Na2O*
(%)

Heat treatment

1
9
1.5

Ht1: Molded pastes
cured at 60°C for 24
h

1
6
1.5

1
9
1.5

1
6

Ht2: Molded pastes
cured at 60°C for 20
h; after demoulding,
these were placed
into baking bags and
cured for 2 h at
100°C.

1.5

Characterization

Compressive strength of all experiments was measured on 4 specimens randomly taken from each
formulation after the ages of 1, 3, 7, 14, 28, 90 and 180 days. Fragments of tested samples and one
untested specimen were immersed in methanol for 48 h and then dried in a vacuum oven for 48 h at 40
°C. The dried fragments were milled to pass 105 microns in a planetary mill using agate media. The
untested specimen was mounted in epoxy resin, polished and coated with graphite for characterization
by scanning electron microscopy. Pastes 9 and 10 (dry cured) were selected for characterization. Details
of characterization techniques are shown in Table 3.
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Table 3. Details of characterization techniques
Characterization technique

Instrument (brand / model): operating conditions

Compressive strength (CS)

Hydraulic press (Controls / 50-C7024): Loading speed of 200
N/s and sensitivity of 0.05 kN.

X-Ray diffraction (XRD)

Diffractometer (Phillips / X´pert 3040): Cu K radiation at 40 kV
and 30 mA, the range was 10-80 °2θ, with a step of 0.03 °2θ
every 3s.

Scanning Electron Microscopy
/ Energy Dispersion
Spectrometry (SEM / EDS)

Scanning electron microscope (Phillips / XL-30 ESEM):
Micrographs were obtained in Backscattered electrons with
acceleration voltage of 25 keV and working distance of 7 to 7.5
mm. 30 Spot analysis were made in reaction products of
pastes with acceleration voltage of 20 keV and working
distance of 10 mm.

Thermogravimetry / Differential
Scanning Calorimetry
(TG/DSC)

Simultaneous thermal analyser (Linseis / STA PT 1600 TGDSC): Heating up to 1100 °C at 10 °C/min in an air
atmosphere.

3.
3.1

RESULTS
Compressive strength (CS)

Figure 1 shows compressive strength of all experiments for up to 180 days and Figure 2 shows the
statistical effect of the individual factors on the mean 28 day strength. The slope of the effect of the %
PC indicated that it was the factor with the strongest influence (Figure 2). Most of the trials with 10% PC
developed better strength and water stability compared to those with 100% LS.

Figure 1. Compressive strength of all pastes
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Higher temperatures in initial heat treatment (Regime Ht2) favoured the early strength, although the
advantage seemed to fade with time. All pastes showed a trend towards higher strengths over time,
indicating that the reactions are still under progress.

Figure 2. Effect of factors on development of compressive strength
All experiments with 100% LS and Ms=1.5 showed very low compressive strength; nonetheless, paste
100-0-1.5-9-2 dry cured showed a significant increase between 28 and 180 days, which could result
from the late formation of thermonatrite as explained later. In contrast, for Ms=1.5 the pastes with 10%
CP showed good strength development and stability underwater, these also continued to gain strength
with time.
The highest strength was from pastes with 9% Na2O and Ms=1. Experiments with 100% LS registered
better CS in dry conditions, than the corresponding pastes with 10% PC; however, the former showed
a loss in strength after 180 days. These observations could be associated to the formation of
thermonatrite (identified by XRD), which could form from the interaction between the Na2O from the
pastes with the LS and/or atmospheric CO2). This phase could have contributed to the strength
development under dry conditions. At ages of up to 90 days, thermonatrite could have contributed to
densify the matrix of reaction products, but after 180 days cracks appeared in the specimens, which
reduced the strength (Figure 3). The formation of thermonatrite did not occur under water, which would
explain in part why in the pastes of 100% LS cured underwater the CS did not increase. The referred
strength losses or cracks did not appear in pastes with 10% PC, which suggests that PC inhibited or
reduced the formation of sodium carbonates, perhaps by incorporating Na in the reaction products.

Figure 3. Cracks after 180 days in pastes with 100% LS, Na2O=9% and Ms=1
3.2

X-Ray diffraction (XRD)

Figure 4 shows XRD patterns of experiments 9 and 10 at ages of 28 and 180 days, it includes the pattern
of limestone as reference. Calcite (CaCO3 PDF 00-005-0586) was identified in all samples.
Thermonatrite (Na2CO3·H2O PDF 01-070-0845) was identified after 28 days and its reflections were
intensified after 180 days, in accordance with the results of CS, for paste 100-0-1-9-2 (100%LS). In
contrast, for paste 90-10-1-9-2 (10%PC) thermonatrite was noted only after 28 days. These results are
consistent with the strength development discussed above.
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Figure 4. XRD patterns of selected pastes
3.3

Scanning electron microscopy (SEM)

Figure 5 shows the microstructure of pastes 9 (100-0-1-9-2) and 10 (90-10-1-9-2) cured for 28 and 180
days. Two zones were identified in both samples: limestone particles and reaction products. The amount
of zones of reaction products in paste 9 seem less abundant than in the microstructure of paste 10. This
would be explained by the presence of 10% PC in the latter, which reacts more easily than LS.
Nonetheless, the 28 day strengths for both pastes were similar but after 180 days paste 9 had a higher
strength. At this point we do not have a full explanation of these differences.
Although a large amount of unreacted limestone was observed, the presence of Ca in the reaction
products, as evidenced by the EDS spectra, indicated a partial dissolution of limestone. Therefore, Ca
could interact with other species to form cementitious phases like C-S-H. The cracks observed in both
pastes could originate from the drying of silica gel, condensed from the alkaline activator solution, under
the high vacuum conditions of the microscope (Burciaga-Diaz et al. 2013). Cracks can also occur from
the heat treatment of the pastes and from the hydration of thermonatrite when the specimen samples
were immersed in methanol.
The results of EDS spot analyses from the reaction products are shown in Figure 6. The composition of
the reaction products from paste 9 showed more dispersion, which could be associated to the difficulty
to find zones of only reaction products in the microstructure. The reaction products had similar Ca/Si
ratios of 1.30 and 1.24 after 28 and 180 days, respectively.
For paste 10 the cluster of data shifted towards the Si apex after 180 days and the Ca/Si ratio decreased
from 1.03 to 0.82; this suggest that a greater amount of silicon was incorporated in the C-S-H or the CS-H was intermixed with condensed silica gel. The presence of 10% PC seem to influence the
composition and mechanism of reaction in the LS binders.
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Figure 5. Scanning electron micrographs of selected pastes

Figure 6. Chemical composition in % atomic of reaction products of selected pastes
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3.4

Thermogravimetry / Differential Scanning Calorimetry (TG/DSC)

The results of TG/DSC for pastes 9 and 10 cured for 28 and 180 days are shown in Figure 7, data from
limestone was included as reference; the weight losses are listed in Table 4. Experiments at 180 days
recorded less weight loss than at early ages, which could indicate the involvement of the LS in the
reactions. This can also be noted from the DSC peak from the decomposition of limestone, which
appeared less intense in the reacted pastes compared to the LS.

Figure 7. TG and DSC results of selected pastes
The DSC plots showed four endothermic peaks. The peak between 65 and 105 °C could be associated
to decomposition of thermonatrite, which occurs around 100°C (Bayuadri et al. 2006); this was more
intense in paste 9, in agreement with the results from XRD. The peak between 145 and 180 °C, could
be due to decomposition to hydrated products like C-S-H; for paste 9 this peak was more intense at 180
than 28 days, in accordance with the enhanced strength.
Table 4. Weight loss of selected pastes
Weight loss (%)
Paste

28 days

180 days

9 (100-0-1-9-2)

32.6

29.7

10 (90-10-1-9-2)

37.4

31.9

Limestone

44.2

The peak between 680 and 830 °C was the more intense and was associated to decomposition of
CaCO3 of unreacted limestone. The decomposition of CaCO3 occurred at lower temperatures in the
reacted pastes in relation to the reference LS. This phenomenon was also reported by Avila-Lopez et
al. (2015), who proposed that the shift towards lower temperatures was associated with the presence
of the alkalis and other carbonates. The peak between 900 and 950 °C was associated to melting of
unreacted sodium silicate, which melts at 1089 °C for Ms=1 (Nishikawa 1984); however, it is not possible
to know the Ms of sodium silicate remaining after reactions have progressed.
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4.

DISCUSSION

There are few investigations about alkali activated cements with 100% LS. The report of Yin & Wen
(2007) and the patent of Cwirzen (2012) have similar elements to this work. Table 5 shows a
comparison. It is important to specify the experimental conditions of preparation of the pastes, since the
strength can be strongly affected; for example, for a given %Na2O, changes in the Ms affect the strength.
On the other hand, the lack of examples with 100% LS in patent of Cwirzen (2012) makes a comparison
difficult.
The short heat treatments of 24 h or less at temperatures of 60-100 °C used in this work, demand less
energy compared to the permanent heat treatment at 40 and 50 °C reported by Yin & Wen (2007) and
Cwirzen (2012) respectively. Nevertheless, the use of heat treatments, short or long, limits the
applications of any cement to the manufacture of prefabricated elements.
Another relevant contribution of this work is the study of specimens for up to 180 days, (the two other
works mentioned above only reported results up to 28 days). The compressive strength of some pastes
can be reduced at late ages by the formation of sodium carbonates, specially in pastes with 9% of Na2O
and Ms=1.
Long term studies are still needed in order to better understand the reaction mechanisms and to find the
best conditions to exploit these binders; such studies are ongoing in our research group.
Table 5. Comparison between pastes from this work and Yin & Wen (2007)
Curing time (days) /
Strength (MPa)

Experimental conditions, pastes
Author

Cured conditions

Ms

%Na2O

w/b

7

14

28

180

Yin & Wen

Permanently at 40 °C

ND

ND

ND

7.59

10.23

ND

ND

This work

24 h at 60 °C, then 20 °C

1

9

0.22

10.9

12.7

14.6

17.8

This work

20 h at 60 °C, 2 h at 100
°C, then 20 °C

1

9

0.22

18.1

16.8

23.9

34.2

This work

20 h at 60 °C, 2 h at 100
°C, then 20 °C

1.5

9

0.26

2.9

2.0

1.8

16.4

ND-Non disclosed
5.

CONCLUSIONS

Limestone has a good potential for use as a precursor in alkali activated binders able to achieve
compressive strengths from 5 to 38 MPa.
The highest compressive strength was obtained using 9%Na2O and SiO2/Na2O=1. However, the Na2O
content is important, as it is needed to activate the precursors, but an excess may result in the
thermonatrite that could affect compressive strength in later ages.
A small amount of Portland cement (10 %) as an additive favours the strength and stability underwater,
it also hinders the formation of carbonates like thermonatrite.
The temperature of the thermal treatment is an important factor towards strength development; however,
short heat treatments of 24 h or less at temperatures of 60-100 °C are enough to start the reactions and
these showed to continue on further curing at room temperature.
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ABSTRACT
Ultra-fine ash sphere (UFAS) is a class of by-product collected from the combustion of coal in the
furnace with extremely high melting temperature (around 1800°C) followed by water quenching and
electrostatic adsorption classification. The obtained particles have achieve a mean particle size (D50)
of 1.89 μm and 100% spherical granulation rate. The present study investigates the rheological
performance of fly ash-slag geopolymer pastes with UFAS substitution for normal fly ash. The results
show that UFAS particles can fill in the voids between the bigger fly ash and slag particles, resulting in
denser initial packing of the solid precursors. And meanwhile the spherical shape brings “ballbearings” effect to reduce their interlocking action and agglomeration. The plastic viscosity of the
geopolymer pastes significantly decreases when UFAS is used. The substitution of UFAS for fly ash
supplies more calcium content to the geopolymers, which promotes the formation of C-A-S-H gel
phase, and a more compact structure. A series of calculations are conducted by using the commonly
employed Kreiger-Dougherty equation to correlate the apparent viscosity to the intrinsic viscosity of the
suspension. The obtained intrinsic viscosity decreases with UFAS addition, due to the changes of the
particle features in suspension. Therefore, UFAS particles could work as mineral dispersing agent to
improve workability of the geopolymer pastes.
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1.

INTRODUCTION

The highly viscous property of the alkaline silicate activators used to produce the alkali-activated
cements (AAC) affects the workability of the AAC concretes. It has become one of the critical
challenges that obstruct their wide application, especially for the pumping and onsite casting works
[1-4]. This drives an urgent demand for developing effective methods to improve the workability of the
AAC products.
It is a common practice to use a variety of water reducing admixtures or superplasticizers (vinyl
copolymers, polycarboxylates, naphthalene- and melamine-based) to improve the workability of
cement concretes [5]. These polymers adsorbed on the surface area of cement particles result in the
inter-particle electrostatic repulsion and steric hindrance, which are helpful in releasing the water
restricted in the flocs and promoting the relative movement of the particles during shearing [6]. Previous
studies assessed the effectiveness of these common superplasticizers in the AAC systems, and the
results showed that the fluidizing role clearly depends on the admixture type, activator type and
concentration [7-10]. Only the naphthalene-based superplasticizer is chemically stable and exhibits
limited effectiveness in enhancing the flowability of the NaOH-activated cements, while in the sodium
silicate-activated systems all these superplasticiser additives lose their fluidizing effect [8,11]. The
mechanisms of the incompatibility of the common superplasticizer within alkali silicate-activated
systems include two aspects: (1) the highly concentrated alkalis destroy the molecular structure of
superplasticizers through the reaction between OH- and the functional groups such as –COO- and
–R–OH, thus the steric hindrance from these additives is degraded; and (2) the concentrated colloidal
silicate species in the activating solutions extremely reduce the electrical double layer of the surface of
powder particles [12,13]. From this point of view, it is difficult, if not impossible, to improve the
workability of AAC concretes by using these common chemical additives. Alternative approaches, such
as the development of totally new superplasticizers and rheological control through physical effects,
have to be considered under this circumstance.
There is plenty of research confirming that the particle geometry, including the particle shape and size
distribution, plays a significant role in determining the rheological properties of cement pastes [14-16].
One of the well-known mechanisms is the ‘ball-bearing’ effect of spherical fly ash particles, which
improves the followability of cement paste and concrete suspensions [17]. The fly ash cenospheres
within the angular cement particle network mitigate the interparticle surface friction, and meanwhile
reduce the potential for agglomeration to release more water trapped within the flocs, than what the
superplasticizers do in the cement suspensions [16]. However, the normal coal combustion
environment and incomplete quenching process bring some undesirables in the fly ash, such as the
coarse particles consisting of a cluster of fine spheres and the unburned carbon with porous structure
[18]. The impurities with high surface area will increase the water demand during the wetting process,
affecting the fluidizing role of fly ash in the cement suspensions, especially in the AAC system with high
alkalinity and viscosity. To solve this problem, this study focuses on controlling the workability of AAC
through the ‘ball-bearing’ physical effects by introducing ultra-fine ash sphere (UFAS) in AAC. UFAS is
a class of highly spherical particles collected from fly ash with electrostatic adsorption classification
technology. The sodium silicate-activated fly ash-slag blended pastes with replacement of fly ash by
UFAS are prepared for the flowability measurements in terms of yield stress and plastic viscosity
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measurements. The interrelationship between the plastic viscosity and the geometry of UFAS particles
is discussed. The influences of UFAS on the microstructure of hardened binders are also examined.
2.

EXPERIMENTAL

2.1
2.1.1

Materials
Solid precursors

Ground granulated blast-furnace slag and class F fly ash were supplied by Xuzhou Guohua Power
Station (Xuzhou, China). Ultra-fine ash sphere (UFAS), is a by-product collected from the combustion
of coal in the furnace at around 1800°C melting temperature. This temperature is higher than that
(800-1500°C) of normal coal combustion environment, where the common Class F and C fly ashes are
collected, and is helpful to eliminate the unburned flocculent organic matters, such as the carbon
particles, sulfates and bio-contamination [19,20]. These impurities have porous structure and high
specific surface area (SSA), which require high water/cement ratio to achieve good workability [19].
The molten phases of UFAS were quenched uniformly in water to produce highly amorphous glass
spheres. An electrostatic adsorption classifier was used to screen the particles to achieve a nearly
100% granulation rate.
2.1.2

Alkaline activators

Alkaline activators were synthesized by blending sodium hydroxide pellets (≥96 wt.% purity) with
sodium silicate solution (SiO2 = 30.3 wt.%, Na2O = 12.8 wt.%,) and deionised water to reach the
desired modulus of Ms = 1.4 and 1.8 (molar ratio SiO2/Na2O) and concentration of 30 wt.% (Na2O +
SiO2). The activating solutions were equilibrated at room temperature for 24 h before using.
2.2
2.2.1

Characterization of the raw materials
Morphology

SEM images in Fig. 1 show the morphologies of the slag, fly ash and UFAS particles. The slag particles
exhibit typical angular shape. While in the fly ash, a large amount of spherical particles are observed,
including solid ash particles and cenospheres with a shell structure. The coarse particles, consisting of
a cluster of fine spheres, are formed due to the aggregation of molten glassy droplets during
quenching, and the irregular porous particles are unburned carbon. The UFAS particles exhibit smooth
surface and high sphericity.
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Fig. 1. SEM images of (a) slag, (b) fly ash and (c) UFAS.
2.2.2

Physical properties

Fig. 2 shows the particle size distribution (PSD) analysis of the solid precursors as determined by laser
diffraction based on the assumption that all particles are spherical. The particle size of slag is
comparable to the fly ash, while the UFAS particles are much finer than them. The mean particle sizes
(D50) of the slag, fly ash and UFAS are 13.79 μm, 14.20 μm and 1.89 μm, respectively.
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Fig. 2. Particle size distribution of slag, fly ash and UFAS: (a) incremental volume vs. particle size, (b)
cumulative volume vs. particle size.
The physical properties of the solid precursors are listed in Table 1, including the mean particle sizes
(D50), particle density and specific surface area (SSA). Particle density was tested using the
Archimedes method with kerosene as the liquid medium, and three replicate tests were conducted to
obtain an average value. The densities of fly ash (2.22 g/cm 3) and UFAS (2.44 g/cm 3) are very close.
The SSA (defined as the surface area per unit volume) of the solid precursors was measured by the
Brunauer-Emmett-Teller (BET) method using nitrogen adsorption techniques on a TriStar Ⅱ 3020
instrument (Micromeritics). The UFAS has a SSA of 10.42 m2/cm3. It is noted that the fly ash has double
the SSA (5.44 m2/cm3) than that of the slag (2.62 m 2/cm3), although their D50 are comparable. This
should be attributed to the much higher surface areas of the porous unburned carbonaceous particles
and other impurities [19]. This internal porosity also has a significant influence on the liquid requirement
of fly ash, so the determined SSA by the BET method is more representative in evaluating the effects of
the geometry of fly ash particles on the rheological performance of AAC pastes compared with the laser
particle tests.
Table 1 Physical properties of slag, fly ash and UFAS.
Materials

D50 (μm)

Density (g/cm3)

SSA (m2/cm3)

Slag

13.79

2.97

2.62

FA

14.20

2.22

5.44

UFAS

1.89

2.44

10.42
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2.2.3

Chemical compositions

Table 2 lists the chemical compositions of the slag, fly ash and UFAS as determined by Thermo
Scientific ARL-9800 X-ray fluorescence (XRF). All the raw materials are rich in SiO2 and Al2O3. The
UFAS contains higher concentration of CaO and lower concentration of Al2O3 than the fly ash used in
this study, which is simply because of different coals used in their production. The incorporation of
UFAS will promote the formation of C-A-S-H type gel.
Table 2 Compositions of the slag, fly ash and UFAS by XRF analysis, wt.%. LOI is loss on
ignition at 1000 ºC.
Oxide

SiO2

Al2O3

CaO

MgO

Fe2O3

K2O

TiO2

Na2O

Cl

LOI

Slag

33.3

17.5

35.6

8.1

0.7

0.5

0.8

0.4

0.03

1.7

Fly ash

53.0

30.6

4.6

1.3

3.8

1.4

1.1

0.5

0.02

2.3

UFAS

54.6

14.6

12.5

4.5

4.6

2.7

0.8

2.6

0.3

1.0

2.3

Synthesis of pastes

The solid precursor blends were formulated with constant slag content of 40 wt.%, which was designed
according to previous studies to ensure a high early strength of the AAC pastes. The rest 60 wt.% was
fly ash or fly ash with partial UFAS particles. The fly ash was replaced by the UFAS to compare their
different influences on the rheological performance of the AAC pastes. The AAC mixtures containing 0,
10, 20, 30 and 40 wt.% UFAS were denoted as AS0, AS10, AS20, AS30 and AS40, respectively. The
alkaline activating solutions (Ms = 1.4 and 1.8) were used to prepare the pastes at constant liquid to
binder mass ratio of 0.52. The AAC specimens cast into cubical 30 × 30 × 30 mm molds and cuboidal
10 × 10 × 60 mm molds were used to measure the compressive and flexural strength, respectively. The
specimens were demolded after 24 h, sealed and cured at room temperature, and then aged in an
air-conditioned fog room at 20 ± 0.5°C and RH > 95 ± 2% for 28 days.
2.4
2.4.1

Testing methods
Calculation of the particles packing parameters

To investigate the rheological performance, it is necessary to calculate and measure the particles
packing parameters of the fresh AAC pastes, including the maximum particle packing density (𝜑𝑚𝑎𝑥 ),
minimum void ratio (𝑉𝑚𝑖𝑛 ), volume ratio of excess water (𝑊𝑒 ) and water film thickness (𝑇𝑤 ).
The 𝜑𝑚𝑎𝑥 of the AAC pastes was tested using the centrifugal consolidation method introduced by
Fennis et al. [21]. Certain amount of the solid precursors blend was mixed with water in constant water
to binder ratio of 0.5. The formed paste was poured into a cylindrical test-tube to be centrifuged at 4000
rpm for ten minutes, and then the water layer on top of the compacted solid particles was removed with
a pipette. The 𝜑𝑚𝑎𝑥 obtained at the applied centrifugal consolidation energy was calculated by Eq. (1)
under the assumption that the particles absorbed no water:
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𝜑𝑚𝑎𝑥 =

𝑀𝑏 ⁄𝜌𝑏

(1)

𝑀𝑏 ⁄𝜌𝑏 +𝑀𝑤 ⁄𝜌𝑤

Where 𝑀𝑤 is mass of the water remaining in the compacted solid particles after removing the excess
water layer; 𝑀𝑏 is mass of the solid precursors blend; 𝜌𝑤 is density of the remaining water, which is
assumed to be uniform at 1 g/cm 3 under room temperature; and 𝜌𝑏 is density of the solid precursors
blend, which is calculated by Eq (2):
𝜌𝑏 = 𝑉𝑠 𝜌𝑠 + 𝑉𝑓 𝜌𝑓 + 𝑉𝑎𝑠 𝜌𝑎𝑠

(2)

Where 𝑉𝑠 , 𝑉𝑓 and 𝑉𝑎𝑠 are the volumetric ratios of slag, fly ash and UFAS to the blends, respectively;
𝜌𝑠 , 𝜌𝑓 and 𝜌𝑎𝑠 are the densities of slag, fly ash and UFAS, respectively. For the maximum particle
packing, the minimum void ratio (𝑉𝑚𝑖𝑛 ) is defined by Eq. (3):
𝑉𝑚𝑖𝑛 =

1−𝜑𝑚𝑎𝑥

(3)

𝜑𝑚𝑎𝑥

The volume ratio of excess water (𝑊𝑒 ) in the suspension can be defined as Eq. (4):
𝑊𝑒 = (𝑤 ⁄𝑠)𝑣 − 𝑉𝑚𝑖𝑛

(4)

Where ((𝑤 ⁄𝑠)𝑣 ) is the volume ratio of alkaline activator to the solid precursors blend. The water film
thickness (𝑇𝑤 ) is calculated by Eq. (5):
𝑇𝑤 =

𝑊𝑒

(5)

𝑆𝑆𝐴𝑏

Where 𝑆𝑆𝐴𝑏 is the SSA of the solid precursors blend calculated by Eq. (6), and 𝑆𝑆𝐴𝑠 , 𝑆𝑆𝐴𝑓 and
𝑆𝑆𝐴𝑎𝑠 are SSA of slag, fly ash and UFAS, respectively.
𝑆𝑆𝐴𝑏 = 𝑉𝑠 𝑆𝑆𝐴𝑠 + 𝑉𝑓 𝑆𝑆𝐴𝑓 + 𝑉𝑎𝑠 𝑆𝑆𝐴𝑎𝑠
2.4.2

(6)

Rheological measurements of the fresh pastes

The rheological performance of the fresh pastes were tested using a Model 3530 viscometer (Chandler
Engineering), which complied with API Spec 10 [22]. The viscometer was equipped with a steel bob (34
mm in diameter and 38 mm in length) and rotor (36 mm in diameter). The paste was filled in the shear
gap (around 2 mm) between the bob and rotated rotor. The operating speeds of the rotor were
3/6/10/20/30/60/100/200/300/600

rpm

to

offer

the

specified

shear

rates

of

5/10/17/34/51/102/170/341/511/1023 s-1. The testing procedure as shown in Fig. 3 consisted of a
pre-shearing cycle from 5 to 1023 s-1 lasting around 50 s to homogenize the paste, and the following
data-logging cycle from 5 to 1023 s-1 lasting around 100 s to extract the data by using the Rheo 3000
Data Acquisition software. The data were acquired until the steady state of the paste was achieved.
According to the shear stress vs. shear rate curves of the AAC pastes as shown in Fig. 4, the data were
fitted to the Bingham model as described by Eq. (7) (R2 values > 0.99) [13].
𝜏 = 𝜏0 + 𝜂𝛾

(7)
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Where 𝜏 is the shear stress, 𝛾 is the shear rate, 𝜏0 is the yield stress, defined as the critical shear
stress associated with the transition from elastic to plastic deformation, and 𝜂 is the plastic viscosity
corresponding to the resistance to continued flow.
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Fig. 3. A shearing schematic representation of the rheological measurements.

160

120

120

Shear Stress (Pa)

Shear Stress (Pa)

(a)
160

80
AS0
AS10
AS20
AS30
AS40

40

0

(b)

80
AS0
AS10
AS20
AS30
AS40

40

0
0

200

400

600

800

1000

1200

0

-1

200

400

600

800

1000

1200

-1

Shear Rate (s )

Shear Rate (s )

Fig. 4. The shear rate-shear stress relationship of the AAC pastes prepared with (a) Ms 1.4 and (b) Ms
1.8 activators. The linear fit of the data is used to fit for the Bingham model.
3.
3.1

RESULTS AND DISCUSSION
Particles packing parameters and rheological performance

The particles packing parameters of the suspensions are shown in Table 3. The incorporated UFAS
particles with the smaller particle size (D50 = 1.89 μm) work as fillers into the voids between the packing
coarser fly ash and slag particles (D50 = 14.20 μm and 13.79 μm) to increase the maximum particle
packing density (𝜑𝑚𝑎𝑥 ), so that the minimum void ratio (𝑉𝑚𝑖𝑛 ) is reduced. This agrees with the general
observation that the incorporation of finer supplementary cementitious materials could increase the
packing density of the cement pastes [23-25].
Table 3 Particles packing parameters of the suspensions.

Sample ID

Density (g/cm 3)

SSA (m2/cm3)

𝜑𝑚𝑎𝑥

𝑉𝑚𝑖𝑛

(𝑤 ⁄𝑠)𝑣

𝑊𝑒

𝑇𝑤 (μm)
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AS0

2.47

4.79

0.573

0.746

1.420

0.674

0.141

AS10

2.49

5.29

0.601

0.664

1.442

0.778

0.147

AS20

2.52

5.80

0.617

0.620

1.464

0.844

0.145

AS30

2.55

6.32

0.628

0.592

1.487

0.895

0.142

AS40

2.57

6.86

0.630

0.587

1.511

0.924

0.135

The water incorporated in the paste should be divided into two parts with different functions: the filling
water exists in the voids between the solid particles, and the other part termed as the excess water
constructs a water film on the surface area of solid particles for lubrication [26]. The replacement of fly
ash by UFAS decreases the amount of water needed to fill in the voids, so more water for the film
construction is released in the suspension, as evidenced by the increase in the volume ratio of excess
water (𝑊𝑒 ) from 0.674 to 0.924. On the other hand, the incorporation of UFAS markedly increases the
SSA of the solid precursor blends, from 4.79 to 6.86 m2/cm3. An increase in the available area where
water films may form will result in a decrease in the water film thickness (𝑇𝑤 ) at a given liquid to binder
ratio [27-30]. Thus, the increases in 𝑊𝑒 and SSA have opposite effects on the 𝑇𝑤 , which is determined
as the 𝑊𝑒 to SSA ratio. This makes the 𝑇𝑤 initially increase when the UFAS content is increased from
0% to 10% and then decrease steadily when the content is further increased.
Previous studies agree that many factors influencing the rheology of cement suspension, such as
packing density, water content and SSA should be attributed to the 𝑇𝑤 [31]. Vance et al. [31] observed
the replacement of cement by fine limestone powder increased the plastic viscosity of the ternary
cement pastes, and this could be explained as a consequence of the decreased 𝑇𝑤 . A decrease in the
interparticle spacing results in increases in the number of interparticle contacts and friction, and thus
the ability of the suspension to resist shear was increased [31]. Fung et al. [27] investigated the detailed
rheological performance of the cement mortar containing condensed silica fume as supplementary
materials and superplasticizer as dispersing agent, where the viscosity of the mortar increased with the
silica fume content even at a constant 𝑇𝑤 . They suggested that the incorporation of ultra-fine silica
fume markedly decreased the amount of adsorbed superplasticizer for the cement particles, so the
electrostatic attractive forces were improved to increase cohesiveness of the mortar [27]. This effect
could not be accurately represented only by 𝑇𝑤 . In this work, although the replacement of fly ash by
UFAS reduces the interparticle spacing of the AAC pastes, the plastic viscosity decreases sharply as
the UFAS content increases, as tabulated in Table 5. For instance, in the Ms 1.4 system, AS0, which
has a 𝑇𝑤 0.141 μm, the plastic viscosity is measure at 1.052 Pa·s, while AS40, which has a lower 𝑇𝑤
0.135 μm, has a plastic viscosity of 0.120 Pa·s, amounting to almost 90% decrease. This divergence of
the plastic viscosity with the 𝑇𝑤 indicates that the spherical nature of UFAS particles play a significant
fluidizing role in compensating against the ‘viscosity enhancing’ effect of the reducing particle spacing
[31]. There are two perspectives: the UFAS particles with spherical shape act as ‘ball-bearings’ to
overcome the internal friction among the fly ash and slag particles, including the impurities of coarse
cluster particles and porous carbon particles [16,19,24]; in addition, lubrication effects of UFAS
particles could also break the interlocking action of the numerous flocs and fragmentation to reduce the
potential for trapping the free water in the agglomeration [30-32]. A unit volume of the UFAS addition
reduces a much greater extent of the plastic viscosity in the AAC paste than an equal volume of the fly
ash addition, because the impurities with high surface area and porous structure present in fly ash
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degrade the fluidizing role of fly ash. As such, the fly ash and slag particles in the AAC paste are well
dispersed by the UFAS particles, just as what a superplasticizer does in a cement paste system.
Moreover, the UFAS particles are more effective in improving the flowability and exhibit a better
compatibility within the AAC pastes than the superplasticizer polymer. This is mainly due to the fact that
the structure of this mineral admixture is stable under the high-alkaline environment. Additionally, the
fluidizing role of the UFAS particles is mainly due to the physical separation of the solid particles, rather
than the inter-particle electrostatic repulsion caused by the superplasticizer and consequently degraded
by the concentrated colloidal silicate species present in the AAC paste.
The yield stress results of the AAC pastes are tabulated in Table 4. The influence of increasing UFAS
content on yield stress is complex. In the Ms 1.4 system, the yield stress of the AAC paste initially
increases when the UFAS content is increased from 0% to 10%, and then decreases when the UFAS
content is further increased. In comparison the yield stress of the Ms 1.8 pastes, increases steadily at
the beginning when the UFAS content is increased from 0% onwards. In theory, the yield stress is
dependent on the packing density of the AAC pastes. The incorporation of UFAS particles leads to an
increase in the packing density of the paste, which enhances the attractive forces generated between
the particle interactions to increase the yield stress [33]. However, the UFAS particles could also work
as ‘ball-bearings’ to separate the interlocking fly ash and slag particles, resulting in a reduction in the
yield stress of the AAC pastes [12]. On a whole, the yield stress of the AAC pastes is dependent on the
relative degrees of these opposite effects. The cause of the variations of the yield stress in the different
Ms 1.4 and 1.8 systems is still unclear. Prior research generally confirms that the high viscosity of
activators and the rapid alkali-activated reaction of the binders is a mixture complicating effect on the
rheological performance of the AAC suspension [16]. To improve the understanding of the influence of
UFAS on the rheological performance of the fresh paste, the microstructure of the hardened AAC
binders will be examined in more detail in the following sections.
Table 4 Yield stress and plastic viscosity of the AAC pastes.
1.4

1.8

Sample ID
Yield stress (Pa)

Plastic viscosity (Pa·s)

Yield stress (Pa)

Plastic viscosity (Pa·s)

AS0

2.512

1.052

1.424

1.363

AS10

4.466

0.660

2.358

0.569

AS20

3.144

0.282

2.684

0.264

AS30

2.930

0.165

2.660

0.170

AS40

2.352

0.110

3.036

0.105

3.2

Krieger-Dougherty (K-D) equation

To thoroughly evaluate the fluidizing role of the UFAS particles, the current research expands the
scope of Krieger-Dougherty (K-D) equation (commonly employed in the cement paste) to include the
AAC pastes, as shown in Eq. (8):
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𝜂
𝜂𝑐

= (1 −

𝜙
𝜙𝑀

)

−[𝜂]𝜙𝑀

(8)

Where 𝜂 is the measured plastic viscosity; 𝜂𝑐 is the viscosity of the sodium silicate solution, which is
20 mPa∙s and 50 mPa∙s for Ms 1.4 and Ms 1.8 activators, respectively [4]; 𝜙 is the calculated solids
volume concentration; 𝜙𝑀 is the measured maximum packing density; and [𝜂] is the intrinsic viscosity
of the suspension, which is the only value estimated from K-D equation, corresponding to the effect of
particle geometry on the measured plastic viscosity of the paste. Barnes et al. [29] reported that the
spheres had a [𝜂] near to 2.5, while the angular particles exhibited a higher [𝜂] in the range of 3-5.
Fig. 5 shows the calculated intrinsic viscosity [𝜂] of the Ms 1.4 and Ms 1.8 AAC pastes decreases from
the range of 5.4-5.5 to the range of 2.3-2.7 as the UFAS content increases. This supports the previous
speculation that the UFAS particles with high sphericity could work as rolling balls in the suspension to
overcome the internal friction resistance between the fly ash and slag particles, and meanwhile mitigate
the agglomeration of the flocs and fragmentation to release the immobilized free water. The dispersing
mechanism is described by the schematic diagrams, as shown in Fig. 15. Considering the
incompatibility of the superplasticizer polymers within the AAC paste, UFAS can be chosen as an
alternative strategy to effectively control the flowability, and the decrease in plastic viscosity could be
associated with the further improvement of the pumpability and workability of the AAC concrete. Further
study is needed to clarify the influence of a series of technological factors on the rheological
performance of the AAC products, such as the paste constituent characteristics (solid precursors,
activators characteristics) and mix proportions (liquid to solid ratio, presence of other mineral
admixtures). In addition, the electrostatic interactions between the UFAS and other solid precursors
particles in the high-alkaline suspension should also be considered.
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Fig. 5. The calculated intrinsic viscosity of the AAC pastes prepared with Ms 1.4 and 1.8 activators.
4.

CONCLUSIONS

This study investigates the influence of UFAS on the rheological performance of the alkali-activated fly
ash-slag blend pastes. Interpretations based on the Bingham model show that the plastic viscosity of
the pastes decreases sharply as the UFAS content increases. The UFAS particles with high sphericity
work as ‘ball-bearings’ in the suspension to overcome the internal friction among the fly ash and slag
particles, and meanwhile mitigate the agglomeration of the flocs and fragmentation to release the
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immobilized free water. The Krieger-Dougherty (K-D) equation is used to predict the plastic viscosity of
AAC pastes as a function of the UFAS content, and the results support the proposed ‘ball-bearings’
fluidizing role. Moreover, the UFAS particles exhibit a better compatibility within the AAC pastes than
the common superplasticizers, because the fluidizing role is mainly due to the physical separation of
the solid particles rather than the inter-particle electrostatic repulsion caused by the superplasticizer. To
facilitate this strategy to effectively control the workability of AAC products, further study is needed to
clarify the physical and electrostatic interactions between the UFAS and other solid precursor particles
under the highly-alkaline environment. When the modulus of activators varies (from 1.4 to 1.8), the
efficiency of UFAS is also affected, which deserves more effort to specify the nature of activators
(silicate polymerization status) and the interaction with UFAS.
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ABSTRACT
Magnesium-based phosphate cements are fast setting alternative binders attracting interest for their
properties. Optimization of cement formulation is largely empirical because lack of knowledge on
reaction mechanisms. Studies on these systems have been hampered by the high amounts of
amorphous in the reaction products and fast rates. We report of the investigation of the setting reaction
in K-magnesium phosphate cement with a combination of analytical techniques, including solid state
nuclear magnetic resonance, infrared spectroscopy, synchrotron X-ray diffraction, isothermal
conduction calorimetry, small angle scattering, mostly in in-situ and time-resolved fashion. A scenario,
with multi-step reactions dominated by the kinetics, in which amorphous phases are precursors of
crystalline products, crystallization likely involves non-classical mechanisms of nucleation and growth,
the transformations are driven by the mutating chemical environment and hindered by the reduced
molecular mobility as the reaction progresses, is proposed. This reaction model is consistent with the
detected microstructural evolution and the development of mechanical performance, providing a
framework for building models linking mix formulation and microstructure, and predict properties for the
design of products for applications.
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1.

INTRODUCTION

Magnesium phosphate cements (MPCs) have attracted research interest for their properties as fast
setting binders. They have been considered for applications in civil engineering and for waste
encapsulation (Walling & Provis 2016), but also as as suitable alternatives for calcium phosphate
bioceramic bone replacement materials (Kanter et al. 2018, Nabiyouni et al. 2018). Setting occurs
thanks to the reaction of MgO and an acid phosphate, usually of ammonia, sodium, or potassium, in
presence of water. When using potassium dihydrogen phosphate (KH2PO4, KDP), the reaction is
usually written as:
MgO + KH2PO4 + 5H2O = MgKPO4·6H2O (MKP)

(1)

The reaction is fast and exothermic. For practical applications, the water employed should not be in
large excess of the stoichiometric amount, that is, six times the moles of Mg or K, because, not taking
part in the reaction, it will be segregated in pores and/or give rise to bleeding. The first reaction step is
the dissolution of MgO, triggered by the low pH (around 4) reached when KDP dissolves in water.
Experimental works as well as kinetic analysis indicate that, in order to react all the acid phosphate, an
excess of MgO must be employed (Soudée & Péra 2000). Recent works have shown that in ‘dense’
systems, the reaction is more complex than it may appear from (1), and, similarly to other systems,
such as calcium carbonate and calcium phosphate, the nature and amount of reaction products are
controlled by a complex interplay between thermodynamics and kinetic factors (Viani et al. 2016a, b,
Viani et al. 2017a, b, Viani & Mácová 2018, Sotiriadis et al. 2018). The main evidence is the presence
of large amount of amorphous/poorly crystalline phase/s in the early stages of the reaction. The
picture emerging from these investigations, indicate that the kinetic control is driven by the
supersaturation conditions attained in proximity of the surface of the dissolving MgO grains; the
progressive subtraction of water (which is progressively bound into the products); the gradual increase
in pH (Viani et al. 2016a, Viani et al. 2017a, b, Taris et al. 2017, Mácová & Viani 2017). There are
evidences that a gel-like amorphous product, bounding part of the water, initially forms; crystallization
of MKP occurs from the amorphous, but evidence of a second amorphous intermediate phase,
therefore of an amorphous-amorphous transformation, was also found (Viani et al. 2017b, Viani &
Mácová 2018). The rates of these parallel reactions are influenced by the reactivity of the MgO
powder (therefore by its annealing temperature, grain size distribution), the amount of water in the mix,
the reaction temperature (Viani & Mácová 2018). These parameters also affect the crystal habit of
formed MKP, since the increase of water favors the development of platelet-like crystals against
acicular ones, as the reaction mechanism shifts from crystallization from a gel-like amorphous
precursor to a through-solution mechanism (Viani et al. 2018, Viani & Mácová 2018). It is thus
established a link between the microstructure and its time-evolution and the reaction mechanisms,
with important consequences for the cement performance. In this work, the MPC setting reaction is
investigated in-situ with a combination of analytical techniques in order to propose a unified model at
the molecular scale.
2.
2.1

EXPERIMENTAL
Cement preparation

Pharmaceutical grade MgCO3 (42% wt% MgO) and reagent grade KH2PO4 (KDP) (Sigma-Aldrich Co.)
were used as raw materials. Magnesium carbonate was calcined for 40 min in a laboratory furnace at
1550 °C to produce MgO. The obtained powder was milled for 2 min in a Mini-Mill Pulverisette 23
(Fritch) at 30 oscillations/min, resulting in a powder with BET surface area of 2.4 m2/g and mean
particle size (d50) of 4.2 μm. MPCs samples with KDP:MgO molar ratio of 1.75 were obtained by
mixing 578.84 mg of KDP with 300 mg of MgO by hand in agate mortar. The powder was then added
383.13 mg distilled water to attain the water/solid weight ratio (w/s) of 0.436, and mixed by hand for 30
s. This formulation is stoichiometric with respect to water and KDP, and 10.2 wt% in excess of MgO.
Note that working in excess of MgO is recommended, because of the onset of the diffusion limited
mechanism, which precludes MgO grains from being completely consumed (Soudée & Péra 2000). A
different formulation was used only for the isothermal conduction calorimetric (ICC) experiment: 400
mg of MgO and 341.9 mg of KDP (KDP:MgO molar ratio of 3.95) have been mixed with 1858 mg
distilled water (w/s = 2.5).
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2.2

Experimental techniques

In-situ synchrotron X-ray diffraction (XRD) experiment has been conducted in transmission geometry
by injecting the sample into a 0.7 mm glass capillary. The capillary was mounted on a goniometric
head and allowed to spin during data collection. Data have been acquired at the XRD1 beamline of
the Elettra synchrotron facility (Trieste, Italy), at wavelength 0.700 Å, calibrated at the selenium
absorption edge and using silicon NITS 640b. Sequence of single shots with exposure times 60 s
were collected in the range 152 °2θ on a Pilatus 2M detector placed at 80 mm from the sample,
starting 4 min and 15 s after mixing. All the 2D diffraction raw data were processed using the FIT2D
software to obtain 2θ vs. intensity patterns with an increment of 0.044 °2θ. Time-resolved attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy measurements were performed
at room temperature using an external module iZ10 of Nicolet iN10 spectrometer equipped with a
DTGS detector, KBr beamsplitter and smart ATR accessory with diamond crystal. The spectra were
collected in the range 650-4000 cm-1 employing a single scan with resolution of 4 cm-1 (collecting time
1.18 s). A small amount of MPC slurry was poured on the diamond crystal while starting the data
acquisition. A sequence of data collection programs lasting about 2.5 s each, started 45 s after mixing
and ended after 30 min. Measurements were performed in replicate. Spectra were baseline corrected
with the airPLS algorithm (Zhang et al. 2010), adopting a common set of parameters. Nuclear
magnetic resonance (NMR) experiments were conducted with a Bruker Avance III 400 WB NMR
spectrometer (magnetic field of 9.4 T), using a 4-mm CP/MAS probe at the Larmor frequency of
162.02 MHz for 31P nucleus. Powdered sample were loaded into a zirconia rotor of 4 mm in diameter
spinning at 12.5 kHz. The spectra were referenced to 85% H3PO4. One-pulse 31P MAS NMR spectra
were acquired at 20 °C recording 64 scans with 1.6 μs pulse length and 2 s relaxation delay. Short
delay times between the excitation cycles were used in order to optimize the signal-to-noise ratio,
considering the fast reaction rates and the long relaxation time T1. The experiments were performed at
30, 60, 150, 300 min after mixing. Component deconvolution of ATR-FTIR and solid state NMR
spectra was accomplished with PeakFit software version 4.12 (SeaSolve Software Inc.). The ICC
experiment was conducted with a TAM-Air (TA Instruments) 8-channel instrument. The powder and
the liquid were equilibrated at the measuring temperature. The experiment started with the injection of
the liquid by means of an Ad-Mix ampoule. The slurry was mixed for 30 s and the heat flow was
recorded for 12 h. According to previous results (Viani and Mácová 2018), in order to achieve a better
separation of the events of heat release, the experiment was conducted at 5 °C. The experiment was
conducted in duplicate to check for reproducibility. Small angle scattering data (SAS) have been
collected at 20 °C employing Cu K radiation ( = 1.5406 Å) with an X-ray tube operated at 40 kV and
50 mA in line-focus mode. A sequence of spectra were acquired every 1 min, starting 3.5 min after
mixing and ending 180 min. The beam has been focused on the sample injected on a quartz capillary
(1 mm diameter, 10 µm wall thickness). Source-to-sample distance was fixed to 400 mm and sampleto-detector distance to 309 mm. Beam path was kept in vacuum to minimize air scattering. Scattered
intensity was recorded on a 2084 x 2084 array CCD detector (PI-SCX, Roper Scientific, Germany) in
the range 1-100 nm. The software SAXSQuant (Anton Paar, Graz, Austria) has been used for data
acquisition and to produce the 1D scattering curves. The software SASView 4.1 has been employed
for data correction and analysis. The scattering intensity was obtained as a function of momentum
transfer Q:
Q = 4 (sin2/)

(2)

where 2 is the scattering angle. The 2D raw data have been corrected for the scattering from the
empty capillary, the electronic and background noise. After each experiment, the sample phase
composition has been checked with XRD in the laboratory. Powder diffraction data were collected with
a Bragg–Brentano θ–θ diffractometer (Bruker D8 Advance pro, Cu K  radiation, 40 kV and 40 mA) in
the angular range 10– 82° 2θ.
3.

RESULTS

The only crystalline phases detected in the samples after the in-situ XRD, ATR-FTIR, NMR, ICC and
SAS experiments, were residual MgO and MKP (Figure not reported). Figure 1 illustrates the timeevolution of the in-situ XRD signal. In the first minutes, the spectra exhibit diffraction peaks of MgO
and KDP only. The background appears highly structured, with a contribution between 10 and 15 °2
due to the diffuse scattering of water (Petkov et al. 2005). KDP diffraction peaks disappear in in few
minutes, whereas the intensity of the MgO peaks drops to reach a plateau after 30 min. In the first
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minutes, before the appearance of the diffraction peaks of MKP, the shape of the background
changes, suggesting some sort of structural rearrangement in the XRD amorphous component, which
may involve the state of water as well. It is worth noting that MKP crystallization starts when a large
part of MgO has been already dissolved.

Figure 1. Time-evolution of the X-ray diffraction intensity of MPC. Main peaks of the phases are
indicated.
The onset of MKP crystallization corresponds to an abrupt decrease in the intensity of the background
and a new change in the distribution of intensities. This the can be appreciated by observing the
profile evolution of the background in the low angle side of Figure 1 and in the ‘step’ exhibited by the
intensity of the peaks of MgO. Similar time-evolution has been reported previously (Taris et al. 2017)
and interpreted as the result of crystallization of MKP from the amorphous. No other crystalline phases
were detected until the end of the experiment.

Figure 2. ATR-FTIR spectra after 4 min (left) and 28 min (right).
The infrared signal can be separated into two spectral regions. At wavenumbers higher than 1200 cm -1
(Figure not reported), is located the stretching region of H2O (26003700 cm-1), which is characterized
by a general shift of intensities towards lower wavenumbers in time, and the water bending region
(14001900 cm-1), which exhibits an increase of the signal at higher wavenumbers. Both are pointing
to the conversion of free water into bound water in the products. Band deconvolution was prevented
by the broadening and signal overlap due to dispersion of water vibrations, characterizing crystalline
hydrates (because of crystallographically distinct water molecules) and amorphous solids. For the
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purpose of this study, the analysis has been focused on the second spectral region (6501200 cm-1),
where the main vibrations of phosphate groups are located. Figure 2, illustrates two ATR-FTIR spectra
collected after 4 min and 28 min. Component deconvolution is in agreement with previous results
(Mácová & Viani 2017, Viani & Mácová 2018). According to literature, the vibrational band at about
990 cm-1 is the sum of two bands at 973 and 1008 cm -1, corresponding to the asymmetric (P-O)
stretch (3) in MKP. Other vibrations of MKP are expected at water vibrations at 790 and 872 cm -1.
The first is visible after 28 min, whereas the second is likely hidden in the broad peak at 860 cm -1.
Vibrations at about 1150, 1073 and 940 cm -1 are attributed to the H2PO4- as in KDP (Sun et al. 2014),
whereas the bands at 1095, 1052 and 860 cm -1 are attributed to amorphous phases. The timeevolution of the infrared signal indicates the increase in the relative intensity of the component
assigned to MKP and a decrease in the components assigned to KDP or H2PO4-. The integrated area
of the components at 1095 and 1052 cm -1 increases in time with same rate, the intensity of the band at
860 cm-1 increases faster. This would suggest that they pertain to different amorphous phases. The
vibrational range is compatible with the asymmetric stretch (3) in orthophosphate hydrates (Corbridge
& Lowe 1954a, Corbridge & Lowe 1954b, Jastrzębski et al. 2011). The split into two vibrations (1073
and 1052 cm-1) indicates a geometrical distortion of the PO43− ion in orthophosphates, as observed in
zinc phosphate cements (Margerit et al. 1996). As previously discussed (Mácová and Viani 2017),
these vibrations are not compatible with those in the spectra of phosphate compounds containing OH
groups, magnesium phosphates recognised as precipitates from diluted suspensions or MPC pastes
with a high water content, pyro- and cyclo-phosphates (lack of absorption due to P–O–P linkages near
770 and 700 cm−1), and compounds containing an acid phosphate ion (HPO42−).

Figure 3. Single pulse 31P MAS NMR spectra and 1H-31P CP MAS NMR of investigated sample at
different times, as indicated. Example of component deconvolution is reported.
The single pulse 31P MAS NMR spectra, reported in Figure 3, are characterized by a marked overlap
of signals. The resonance at 6.74 ppm is attributed to the orthophosphate environment in MKP, in
agreement with the literature (Viani et al. 2017a, Lahalle et al. 2018). Two other components can be
identified: one at about 3 ppm and a broader one at about 1.8 ppm. The range of isotropic chemical
shift in inorganic phosphates is indicative of the degree of connectivity between the PO 4 structural
groups (Iuga et al. 2006). Tabulated values, as well as literature data on orthophosphate dental
materials and MPCs (Iuga et al. 2006, Scrimgeour et al. 2007), suggest that these resonances should
be assigned to two distinct amorphous orthophosphate environments. The single pulse 31P MAS NMR
spectrum quantitatively reflect the populations of P nuclei within the different environments in the
sample, whereas the line width reflects the degree of order in each phosphorous environment. The
time-evolution of the resonance corresponding to MKP, whose intensity is increasing in time, is in
agreement with expectations. The relative contribution of the other two resonances is decreasing in
time with different rates, which suggest that they likely pertain to two different amorphous phases, one
corresponding to a more disordered P environment (broad blue dotted line in Figure 3), and one
corresponding to a less disordered P environment decreasing faster (red dashed line in Figure 3). The
same components can be observed also in the 1H-31P CP spectra (Figure 3, right). Both amorphous
components show a considerably less intensity than in 31P MAS. Since efficiency of CP depends on
distances between the coupled nuclei and molecular mobility in the solid state, this might indicate
small proton concentration, large distance between H and P nuclei or less rigid framework in the
amorphous components. In any case, the presence of both resonances in the CP signal is indicating
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proximity of H and P nuclei in both amorphous components, therefore, pointing to orthophosphate
hydrates.

Figure 4. Isothermal calorimetric curve at 5 °C of the MPC sample. An attempt to signal
deconvolution with indication of events of heat release, is reported.
The calorimetric signal recorded at 5 °C and reported in Figure 4, clearly indicates that at least four
episodes of heat release are present. The first exothermic event starts immediately after mixing and is
assigned to dissolution of MgO, in agreement with other oxide dissolution experiments (Thomas et al.
2014). The other peaks are assigned to different steps of the cement reaction, namely formation of
amorphous phases and crystallization of MKP. As testified by previous in-situ experiments on similar
formulations (Viani et al. 2016b, Taris et al. 2017), and the XRD diffraction results reported here, the
only crystalline product formed during the reaction is MKP. Other results are also indicating that
crystallization of MKP occurs from the amorphous precursor, which suggests that the second peak
corresponds to amorphous formation followed by MKP crystallization (peak III). The fourth episode of
heat release must be attributed to a late amorphous-amorphous conversion, in agreement with
previous results (Viani & Mácová 2018). Since deconvolution techniques suffer from multicollinearity,
that is, parameters of the fitted functions strongly correlate, especially when the components are
strongly overlapped, a reliable kinetic analysis of each reaction step is precluded.

Figure 5. Selected time-resolved small angle scattering spectra at increasing times, as
indicated
For the interpretation of the time-evolution of the small angle scattering signal, as schematically
illustrated in Figure 5, the following considerations applies: the contrast in the sample in the first
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minutes arises from the interface solution/newly forming particles/aggregates in the reaction products;
the unreacted MgO grains are too big to be resolved, thus, they give only a Q-3 contribution to the
scattering curves (Allen et al. 1987); whereas the amorphous phase is considered to have the same
composition of MKP (a different content in water molecules is assumed to have a negligible influence
in the case of X-rays scattering). From a qualitative standpoint, after 4 min the distribution of the
scattering objects (assuming a spherical form factor) exhibits a concentration at around 0.7 nm -1,
corresponding to a diameter of the equivalent sphere of 9 nm. After 12 min, the intensity in the whole
Q range increases, indicating the appearance of a large number of scattering objects with a broader
distribution of sizes (Viswanatha et al. 2007). After this time, the SAS intensity starts to decrease, as
observed at 20 min and at 27 min. This step is interpreted as a progressive growth of the
clusters/aggregates to sizes bigger than the range covered in the experiment (1105 nm), therefore
their contribution to the scattered intensity in is not visible. At later times, only small changes are
observed. A residual concentration of scattering objects with diameter of 9 nm, can still be
distinguished.
4.

DISCUSSION

The reported results, when considered collectively, may convey important information on the early
stages of the MPC setting reaction and the underlying mechanisms, aspects which are still poorly
understood. Their investigation has been hampered by the fast kinetics, the presence of precursors,
and the transition from a liquid to dense solid. Similar difficulties have been encountered in the study
of other systems, such as calcium carbonate and calcium phosphate (Navrotsky 2004, Gower 2008).
Notably, they are all characterized by amorphous intermediate phases and by a kinetic control on the
crystallization process. In the studied MPCs, the dissolution of MgO triggers the formation of a first
amorphous precursor; both in-situ ATR-FTIR and NMR results pointed to an orthophosphate hydrate
phase, containing PO43− structural units. MKP crystallizes later, therefore indicating that this first
amorphous phase is the precursor of MKP. The driving force for the transformation could be identified
in the progressive increase in pH, which has been already found to control the crystallization of
intermediate phases in diluted MPC suspensions (Le Rouzic et al. 2017, Lahalle et al. 2018). In more
concentrated systems, higher supersaturation values are expected, therefore, crystallization is
hindered in favour of amorphous metastable intermediate phases. A similar picture has been
proposed to interpret the reaction steps in magnesium-sodium phosphate cements (Sotiriadis et al.
2018). There, the increase in pH, defining the equilibria between the four protonated forms of
phosphoric acid stable at different pH values: H3PO4 (pH 0–4), H2PO4− (pH 0–9), HPO42− (pH 4–14),
and PO43− (pH 9–14), allowed to explain the densification process as the conversion of hydrated
amorphous phases containing the H2PO4− structural group, stable in the initial acidic conditions, into
phases containing HPO42− and finally PO43−. In the MPCs, H2PO4− structural groups have been
detected with ATR-FTIR. Their contribution to the infrared signal decreases in time and could be
interpreted as the progressive dissolution of KDP, as already suggested (Mácová & Viani 2017). This
view is also supported by results of dissolution experiments of KDP (Viani & Mácová 2018), indicating
that the endothermic contribution to the ICC signal, is protracted for more than 30 min. In the cement
reaction this contribution is masked by the higher amount of heat released during the other reaction
steps. Such component has not been identified in the NMR signal. It has to be noted, however, that
the latter experiment started later, with respect to ATR-FTIR, and that a perfect time-synchronization
between the different experiments is not possible, because of the different parameters which impact
on the rates (e.g., the amount of reacting material, the control on reaction temperature). Two further
amorphous orthophosphate hydrate intermediates and MKP, have been identified with both ATR-FTIR
and NMR, in agreement with the ICC deconvolution results. The temporal sequence of the ICC events
indicates that the second amorphous, forms when MKP crystallization has already started. As recently
pointed out, this suggests an amorphous-amorphous transformation, whose extent is strongly
dependent on the conditions of the experiment (Viani & Mácová 2018). In fact, in order to allow for this
transformation, as well as for MKP crystallization, to occur (both encompassing some structural
rearrangement), a certain degree of molecular mobility is needed. It follows that the amount of water in
the mix, the reaction temperature, the rate of dissolution of MgO (function of its intrinsic reactivity), are
exerting a strong control on the process. The proposed reaction mechanism bears some resemblance
with those proposed to explain biomineralization processes of silica, Ca-phosphates, Ca-carbonates,
and in the sol-gel synthesis of ceramics (Navrotsky 2004, Gower 2008, Wang & Nancollas 2008,
Schubert 2015). Even when the final products are completely crystalline, the crystallization path may
include more than one intermediate phase, and the energetic barriers are lowered as a result of the
structural similarities between adjacent metastable phases in the sequence leading to the most stable
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one (Navrotsky 2004). Such similarities have been recognized to thermodynamically and kinetically
favor this stepwise progression (Gower 2008). Dissolution of KDP lowers the pH, MgO starts to
dissolve and Mg2+ ions enter directly the solution. The first coordination shell of Mg in solution
comprises six water molecules in the Mg(H2O)62+ octahedral arrangement (Soudée & Péra 2000). The
onset of strong concentration gradients near to the surface of the residual MgO grains, the subtraction
of water, the increase of pH and the progressive reduction in molecular mobility, drive the reaction far
from the equilibrium. Thus, the transformations become kinetically controlled, and under such
conditions, together with amorphous precursors, often nonclassical mechanisms of nucleation and
growth may be involved. With the latter, prenucleation clusters, developing amorphous precursors by
coalescence, may form. Liquid-like amorphous precursors, containing structural motifs of the parent
phases, have been observed in calcium carbonate, in calcium phosphate (the Posner clusters), and in
zinc phosphate hydrates. In this respect, Ca and Zn phosphates bear significant chemical and
structural analogies with MPCs. Therefore, structural motifs affine to those in the MKP structure,
probably present in the amorphous phases, might also be present from the very beginning in these
prenucleation clusters. The first precursor may initially form by the coalescence of clusters of Mg and
P units as an amorphous gel, thanks to concentration gradients established in proximity of the surface
of the MgO grains. This reaction steps are captured by the small angle scattering experiment (Figure
5), which indicated the early formation of nanometric scattering objects rapidly growing in time. It
plausible that Mg(H2O)62+, together with PO43− units, were present in the forming amorphous
intermediates. Notably, they are the building blocks of MKP. In fact, NMR and ATR-FTIR results
supported the view of structural similarity between the components of MPC. We can speculate that
water is initially subtracted and becomes structurally bound into the amorphous, whereas the
remaining fraction is segregated into pores, as evidenced by quasielastic neutron scattering (Viani et
al. 2017b). Eventually, densification proceeds all the way through the complete bonding of water. The
reaction scheme is illustrated in Figure 6.

Figure 6. Scheme illustrating the proposed stages of the MPC setting reaction as deduced from
the presented results.
Because of the progressive decrease in the fraction of mobile/free water, the molecular mobility rapidly
drops and the amorphous-amorphous transformation, as well as MKP crystallization, don’t go to
completion; in fact, a relevant fraction of the amorphous phase is still present after 30 days (Viani et al.
2015, Viani et al. 2016a). This process is similar to incomplete crystallization from amorphous in
polymers (Muthukumar 2007, Vyazovkin 2015), where crystallization is frustrated by relatively large
free energy barriers to the structural rearrangement necessary to establish long range order. As a
consequence, the MPC microstructure and, therefore, the cement properties, are strongly affected. It
has been showed that the cement strength results from the progressive buildup of a pervasive network
of tabular or elongated MKP crystals embedded in the amorphous matrix (Viani et al. 2016a, Viani et
al. 2018). When the water is subtracted faster, transformations are hindered earlier, and a lower
amount of MKP is formed; the resulting strength is thus lower. This occurs when the rates are higher,
as in case of highly reactive MgO, as already observed (Viani et al. 2016a). More in general, since the
performance of MPC (e.g. in vivo degradation, mechanical strength) depends on the relative amount
of MKP and amorphous phases in the cement, a link is established between reaction mechanisms,
cement formulation and properties, indicating criteria for the optimization of predictive models of
cement properties based on reaction parameters.
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5.

CONCLUSIONS

The investigation of the setting reaction of magnesium phosphate cements with a combination of insitu analytical techniques, allowed for gaining new insights into the reaction mechanisms. For the
studied formulations, the reaction resulted dominated by the kinetics, with the formation of
intermediate amorphous precursor phases and a crystalline product. The mutating chemical
environment (i.e., increase in pH) as the reaction progresses, is the driving force for the
transformations. The bonding of water molecules into the reaction products, reducing the molecular
mobility, explains the observed incomplete crystallization of MKP. A reaction model, in which nonclassical mechanisms of nucleation and growth are involved, consistent with the detected
microstructural evolution and the development of mechanical performance, is proposed. By linking mix
formulation and microstructure, this model may allow for predicting properties in view of the design of
products for applications.
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ABSTRACT
Bases of manufacture of silicate materials of non-autoclave hardening are developed, the opportunity
of realization of a complex of nanotechnological decisions on use of reserves of a structure of mineral
substances in manufacture of silicate materials of non-autoclave hardening and products on their basis
is theoretically proved and practically confirmed. The complex activation of mixture with water materials
as slip defined the transition from autoclave treatment to thermo-moisture one of silicate materials.
Developed by the authors the complex activation includes the continuous loop of the different types
and methods of activation: mechanical, chemical and thermal. Each type of activation is accompanied
by effects which create the conditions for the possibility of subsequent type of activation. The
possibility of the practical realization of reserve of structure mineral substances for the energy
consumption of production silicate materials are proved experimentally and theoretic. The optimization
of the composition and the hardening conditions in the conditions of thermo-moisture treatment on the
basis of experimentally-statistical modeling ensured the receipt of materials with the required
properties. The analysis connection between hardening conditions and contents has been fulfilled on
experimental-statistic models. The changing of properties of silicate materials under the influence of
surface of inorganic modifier, of hardening conditions and content of gypsum addition have been
estimated.
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1.

INTRODUCTION

Traditionally the silicate materials are produced by energy-intensive autoclave technology. The basis
of this technology is Michaelis W. development by patent # 14195 05.10.1880.
The technology traditionally used for over a hundred years in the silicate industry is based on the
following principles. At the autoclaves conditions there is activation of crystalline quartz, associated
with increased silica solubility. The tendency of minimizing the dissolved lime component in the binder
is observed simultaneously. These processes are determined by the peculiarities of chemical
thermodynamics of lime and quartz. With higher temperature the solubility of lime decreases, although
the rate of dissolution increases and the solubility of crystalline quartz increase (Babushkin VI et al.
1989). In this case, one of the tasks was to minimize the lime in the composition to reduce the
destructive processes. The consequence of these processes was the need to minimize the lime
content to its complete binding hydrous calcium to reduce the destructive phenomena.
A large number of research works were devoted to the creation of the desired phase composition of
hydrosilicates calcium (GSK). These research works were carried out mainly towards the synthesis of
tobermorite, which is formed by minimizing the lime content up to its full bonding. However, the
presence of some types of highly basic GSK type hillebrandite, foshagite in the material determines its
high frost, air and carbonation resistance under operating conditions (Babushkin VI et al. 1989).
The critical problem of the modern material science is the development and implementation of
alternative energy-saving composite binders on nanotechnology and description of the mechanisms of
hydration processes at different levels, including nanolevel. The first attempts, to link the mechanical
properties of materials with their crystal structure, were made by Griffiths (Rebinder PA & Uriev NB
1979).
The modern nanotechnology processes allow today to receive progressive composites on the silicate
matrix of thermal-moisture hardening according to the low-power technology. Aerated complex
activated composites on the silicate matrix are made by casting technology. A distinctive feature of
aerated composites is that their properties according to the basic physical and mechanical parameters
exceed the properties of the silicate matrix.
Many results of works in recent years have shown that for the activated lime-silica composites the
presence or absence of any mineral is not exclusive prerequisite for certain physical and mechanical
properties (Shinkevich E et al. 2006). More important factor may be the sizes of the particles of raw
mix neoplastic morphology and character of the connection between them. The reactivity mixture,
changing of temperature of polymorphic transformations, solubility and kinetics of the displacement in
the chemical balance in one direction or another are also connected with the particle size (Le
Chatelier). It was found that the properties of ultrafine particles differ in particulate chemical content
properties.
The modern nanotechnology receptions allow realizing the effects of the impact of the ultrafine fraction
particles. The complex multi-step activation of multicomponent mixtures is used in the research work.
Sufficiently extensive researches of the activation of dispersed particles show the positive effects to
the properties of various types of defects, dislocations, etc. It is thermodynamically unstable contacts
which can have high strength.
2.

NANOTECHNOLOGY RECEPTIONS OF PRODUCING OF THE COMPLEX ACTIVATED
COMPOSITES ON SILICATE MATRIX

The purpose of the study is energy saving due to the rejection of expensive processing of silicate
products in autoclaves and the transition to thermo-moisture treatment at a temperature of 40-85°C
and atmospheric pressure in steaming chambers. Energy savings in this production is 3 or more times.
In order to ensure the formation of calcium hydrosilicates in energy-saving modes, the authors applied
a set of interrelated technological methods. Such techniques make it possible to control
physicochemical phenomena and processes at the interface between solid and liquid phases in
dispersed silicate systems.
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In particular:
- a method has been developed for the preparation of silicate-concrete mixture in a high-speed mixer;
- the transition from the traditional two-component binder composition (lime and quartz sand) in the
silicate concrete mixture to a composite four-component binder;
- in the composite binder part of finely ground quartz sand is replaced by a more chemically active
tripoli with an amorphous-crystalline structure. Tripoli is able to enter into a chemical reaction with
lime at normal temperature;
- the C/S ratio was changed due to the quantitative composition of the composite binder;
- developed a kinetic-mathematical model for adjusting compositions;
- alkali-containing additives were introduced to aerated of the mixture under certain conditions;
- a transition has been made from the traditional technology of pressing silicate products to injection
technology using high-alloy mixtures.
The above technological methods ensured the achievement of the set goal and obtaining effective
high-quality products. By nanotechnological techniques, the authors understand the creation of such
conditions in which nanoscale structural elements are formed. The main role in these processes
belongs to different activation methods, which ensure the formation of structural defects by Frenkel,
Schottke, active centers of Lewis, Brandsted.
Developed by the authors the complex activation includes the continuous loop of the different types
and methods of activation: mechanical, chemical and thermal (Shynkevych E et al. 2017). Each type
of activation is accompanied by effects which create the conditions for the possibility of subsequent
type of activation.
The result of the complex activation is the formation of linear defects, dislocations and point positions
and substitutions. Furthermore, there may be angle change between the bonds and the appearance of
dangling bonds, which leads to the formation of free radicals in the crystals with covalent bonds and
the amorphization for molecular crystals.
Each type of activation will be caused by the prevalence of any type of deformations of the solid phase
structure. The differences will be responsible for the nature and kind of dislocations with allowance for
the extent and duration of external and internal influences.
Mechanical activation. Mechanical effects in the dispersion medium speed mixer activator provide
mechanochemical activation of crystalline quartz surface. The term "mechanochemical reaction" was
introduced by W.Ostwald in 1891.
Mechanochemical activation is carried out to the special properties of the newly formed surfaces,
especially changing the local chemical and phase content of solids, as well as their aggregate state of
under the influence of mechanical effects of high intensity (Butt YM et al. 1980).
As nanotechnology reception the mechanochemical activation reduces the viscosity of 3 or more
dispersed system containing lime (Shynkevych E et al. 2017, Lutskin Y & Shinkevich E 2015). This
effect of viscosity reducing was used to compensate the increased water demand of the mixture
introducing the composite porous opal-cristobalite rocks and using the activation of the binder together
with the fine aggregate.
Thermal activation. Using as a binder quick lime promotes the "inner activation" of dispersed system
under an elevated temperature T= 40÷60°C, the formation of multiple point contacts in the dislocation
fields are appeared and the conditions for the hydration hardening unrelated in hydrous calcium lime
are created.
External thermal activation occurs in conditions of thermal-moisture treatment. In such conditions at
T=85°C contradiction is canceled, which is connected with the increasing the quartz solubility and
decreasing lime solubility with increasing its dissolution. In addition, the increase of pH system causes
to create favorable conditions for longevity growths GSK during the operational phase when
11.5≤pH≤12.5.
Chemical activation. According to E. Avvakumov’s works (Avvakumov EG et al. 2001) with the
presence of water in the inorganic solid-phase system "method of soft mechanochemical synthesis" is
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happened. To obtain composite oxides from the simple oxide hydroxides are used as the starting
components one of which is characterized by acidic, the other one is characterized by basic
properties. By means of the neutralization reaction the intensification of the processes takes place. In
addition, in such system the conditions for the hydrothermal processes are created.
The acid activation occurs by introducing the amorphous-crystalline silica, alkaline activation – the
introduction of increased amounts of lime; it raises pH. The replacement of ground quartz sand in the
binder by opal-cristobalite rocks enhances to increase frost and water resistance of the silicate matrix
while reducing its density matrix to 20-25%.
Moreover, the presence of opal-cristobalite rock in the dispersion causes formation of nanoscale in the
GSK pores of these rocks; in this case they are "nanoreactor"; which walls restrict the growth of
neoplasm. Also, the presence of particles of porous rocks with different dispersion binder allows
adjusting the speed and reaction kinetics of hydration (Lutskin Y et al. 2017).
The use of quick lime determines the possibility of using high modulus liquid glass as one of the alkali
addition, so the temperature rise on the forming stage allows regulating rapid setting of such mixture.
Alkali and alkali-containing additives increase the thermodynamic instability of systems by shifting the
equilibrium caused by the formation of additional defects on the surface of silica-containing
components. Alkali-containing additives are capable to aeration of mixtures under the certain
conditions (Gluhovskij V et al. 1991, Kryvenko PV & Pushkareva EK 1993, Rakhimova NR et al.
2018).
In this work, the low-temperature aeration of concrete during introduction of the activation to the
mixture for the silicate matrix by liquid glass additives Na2O·nSiO2+mH2O and sodium hydroxide
NaOH was provided.
3.

EXPERIMENT

In this study, one of the objectives is to identify local laws of formation of structure and properties of
the aerated complex activated composites on the silicate matrix of thermal-moisture hardening in
order to establish and use in practice the most effective and cost-effective methods of nanotechnology
in the production process.
To analyze the possibilities of the regulation of the structure and properties of the aerated composites
on the silicate matrix six factorial field experiments according to the 24-point plan, such as "triangles
on the cube" type MTQ was carried out (Voznesenskiy V et al. 1989). In the plan three mixed factors
and three independent ones of the content vary simultaneously. As three mixed factors the surface
area of tripoli as the component of lime-silica binder at levels was fixed: υ1 – Ssp1=400 m2/kg, υ2 –
Ssp2=500 m2/kg, υ3 – Ssp3=600 m2/kg. As three independent factors in the experiments the content of
alkali-containing additives were varied: x4 – NaOH – (0.5÷1) %, x5 –Na2O·nSiO2+mH2O – (1÷5)% and
gypsum additives x6 – CaSO4·2H2O–(2÷4)%.
According to the experiment results ES model is calculated, which allowed to estimate the effect of
alkali-containing additives and the specific surface area of tripoli on the properties and characteristics
of the structure of aerated composites on silicate matrix.
The computation experiment has showed that the factor which has the greatest influence to the properties
is the specific surface area of tripoli. Due to the synergistic action of alkali additives and liquid glass, taken
in optimal ratios for each property and given Ssp of Tripoli, the aeration of the mixture is achieved, which
lowers the density and high values of the properties: compressive strength Rb [MPa], bending strength
Rbtb [MPa], water resistance (coefficient of softening) ks, crack resistance (critical coefficient of stress
intensity) kIc [MPa·m-0.5], heat conductivity (coefficient of heat conductivity) λ [Wt/m·К], frost resistance F
[cycles]. The introduction of additives of alkali and liquid glass increases the volume of the mixture to
1.2÷1.4 times. The density of the composite varies from 1300 to 1500 kg/m 3, which is 17÷23% lower than
the density of the matrix material and 25÷30% lower than the density of autoclaved silicate brick.
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4.

RESULTS AND DISCUSSION

According to the experimental results the experimental-statistical (ES) models were calculated. By ES
models of optimal values of quality criteria and compositions of mixtures have been installed.
Compressive strength Rb varies from 12 to 18.5 MPa, i.e. 1.5 times, and it is in the range of changing
of the matrix material strength. Maximum strength is greater than 18 MPa, it is obtained for
compositions which are contain 5% of liquid glass, 0.5% alkali, and 4% gypsum, S sp=400 m2/kg of
tripoli, the same strength of the silicate matrix is obtained on tripoli with Ssp = 500 m2/kg.
a)

b)

Figure 1. The influence of additives NaOH and liquid glass on coefficient of heat conductivity λ
(a) and softening coefficient ks (b) an for a fixed value additive of gypsum
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According to the ES model (1) the coefficient of heat conductivity λ of aerated composites under the
influence of all six factors varies, 1.9 times, from 0.28 to 0.54 Wt/m·K. The minimum value of the t heat
conductivity coefficient λ = 0.28 Wt/m·K is obtained on the contents which contain 0.5% NaOH and 1%
liquid glass, a mixture of tripoli particles with a specific surface S sp=400 and Ssp=600 m2/kg in equal
ratio and gypsum additive 4% (Figure 1a).
Softening coefficient is varied by k s 0.81÷1. The softening factor has another impact of additives. The
values kp≥0.95 were obtained with the content 0.75% NaOH and 5% liquid glass on specific surface of
tripoli Ssp=400 m2/kg and the gypsum additive content (Figure 1b).
Frost resistance of aerated materials is 25-30 cycles that is lay within the changes frost resistance of
matrix material – F25-50. The maximum value of the frost resistance of aerated composites were
obtained on Ssp=400 m2/kg, and the content of additives gypsum is 4%. The similar values of frost
resistance of silicate matrix were obtained in the mixture of tripoli particles S sp=400 and Ssp=600 m2/kg
in equal proportions and gypsum content 2.5%.
The critical coefficient of stress intensity kIc under the influence of all factors varies by 1.8 times, from
0.91 to 1.64 MPa·m -0.5. Ssp tripoli acts on kIc. According to the ES models, taking into account the
quantities of Ssp tripoli, which provide maximum and minimum values k Ic, the ratio δkIc =
kIcmax/kIcmin=1.1÷1.47 time was calculated.
The maximum values of the critical stress intensity factor k Ic=1.64 MPa·m -0.5 of aerated composites are
equal to kIc of matrix material and the minimum value k Ic = 0.91 MPa·m -0.5 of aerated composites are
twice as kIc of the matrix material (Voznesenskiy V et al. 1989). In this case, the maximum and
minimum values kIc for porous composite and the matrix material were obtained at the different values
of tripoli Ssp. Thus, maximum k Ic for aerated composites was obtained on Ssp=600 m2/kg, and for the
matrix material – on the mixture Ssp=400 and Ssp=600 m2/kg with an equal ratio, that may be
associated with different particles density in the volume and cramped conditions of aerated.
The visualization of ranges of property changes under the influence alkali-containing additives and the
specific surface area of tripoli is shown on Figure 2.

Figure 2. The relative influence of the studied factors and their interactions on the change of
properties.
Thus, changed conditions of structure formation by introducing alkali-containing additives promoting
aerated, predetermine the introduction of tripoli with a specific surface area, which may be connected,
in this case, with the formation of the matrix structure in "straitened circumstances" of interporous
partitions. For obtaining optimal compositions of porous composites, introducing alkali-containing
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additives they condition the necessitate of changes Ssp of tripoli and adjustment of the content of
gypsum additives compared with the optimal composition of the silicate matrix at constant quantitative
content of other components for the mixture and the conditions of their hardening.
This change of the properties is associated with the change of structural parameters of porous
composites under the influence of alkali-containing additives and Ssp of tripoli.
To analyze the impact of the structure characteristics on the properties the ES models of change of
total, open and closed porosity and parameters of capillary porosity: dk and αk were calculated. The
content of closed pores can be increased by reducing the content of open pores 1.7 times.
The total porosity can be increased to 30%. The average size of the capillaries d k is changed in 4.3
times, the coefficient of distribution uniformity according to their size αk – in 2.3 times.
In the next phase of research using the computational experiments (Lutskin Y et al. 2017) according to
ES models, the comparative analysis of property changes and the structure characteristics of the
silicate matrix and aerated composites based on the isoparametric conditions at the constant total
porosity Ptot=const=40% was carried out.
It was found that at the constant total porosity Ptot=const=40% the aerated composites are
characterized by kIc=1.2÷1.35 MPa·m -0.5, that 1.5÷1.7 times higher and the coefficient of heat
conductivity is 1.8÷2.8 times lower than at the matrix material, the softening coefficient is k s≥0.95.
This improvement is connected with change of the structure parameters. Thus, at the aerated
composites comparing with the silicate matrix the ratio of the open and closed pores is reduced 3.5
times, the average size of the capillaries relative dk from 1.2 to 0.35 is reduced more than 3 times.
A similar comparative analysis of property changes and structure characteristics of the silicate matrix
and aerated composites based on isoparametric conditions was carried out at R b=const =15.0 MPa.
Under these conditions, the levels of the properties and their variation intervals vary: λ is decreased 1.5÷2
times, ks=1.0, kIc=1.1÷1.45 MPa·m-0.5, it confirms the ambiguous influence Рtot on Rb; Rb is determined
not only by the total porosity, but also a variety of other characteristics of the structure.
The optimization problem was to obtain the aerated composites on the silicate matrix, which physicmechanical properties were above the properties of the silicate matrix.
The isoparametric analysis while retaining Rb=const=15MPa and Ptot=const=40% showed that the
ranges of other properties and structure parameters are significantly reduced: δλ=20%, δRbtb=18%,
δks=6%, δkIc=7%, δРtot – 10%, δαk – 5% with aerated composites simultaneously with two properties of
specified level (Rb и Рtot).
Changes of δλ, δRbtb, δks, δkIc associated with the presence of a mixture of tripoli different specific
surface of tripoli, which confirms its significant influence on the formation of the structure as a silicate
matrix and of porous composites based on it.
5.

CONCLUSION

The mechanism of formation structure and properties of complex activated lime-silica mixture,
modified by the filler in the form of tripoli on quick lime was proposed.
It is shown that the particles of tripoli contribute to seal structure of silicate matrix and the formation of
discontinuous structure of capillaries, including its own microporosity. Furthermore, due to the high
sorption capacity the tripoli pores can be the matrix from ultrafine size hydrosilicates, which properties
differ from the properties of the calcium hydrosilicates formed in the mixture free space. It contributes
to obtain the aerated composites with high physical and mechanical properties.
Thus, the structure modification of the silicate matrix by using quicklime, alkali-containing additives,
and tripoli predetermined specific surface area, allows adjusting the levels of the properties and
structure parameters of the aerated composites on silicate matrix in a wide range.
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According to the results of optimization the contents are recommended which allow to get aerated
composites on the silicate matrix given grades of strength, heat conductivity and frost resistance:
compressive strength Rb – 10 MPa, 12.5 MPa, density ρ=1300÷1400 kg/m3, frost resistance F25, heat
conductivity λ=0.30÷0.40 Wt/m·K, critical coefficient of stress intensity kIc≥1 MPa·m-0.5, coefficient of
softening ks≥0.9.
6.
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ABSTRACT
Three cements based on belite ye’elimite ferrite (BYF) clinker from industrial production trial
containing various sulphate levels (1, 4 and 10% anhydrite) have been used to design concrete of two
distinct strength levels (25-30 and 55-60 MPa). Laboratory tests were performed to assess durability
properties, while fresh and hardened properties of the concretes were monitored to assure
performance targets were achieved. The high strength concrete mixtures tend to be sticky due to low
w/c-ratio needed and extra retarder addition was needed to ensure appropriate 1-hour open time.
The results of testing show that concrete made with BYF cements has high volume stability. Both
autogeneous and drying shrinkage are 2-3 times lower than those of equivalent OPC concrete, which
makes BYF-types of cement suitable for all type of flatwork applications. This especially applies for
cements containing a higher amount of sulphate carrier that show well controlled shrinkagecompensating behaviour. Also, incorporation of 4-5% air provides excellent freeze-thaw resistance to
BYF concrete both in absence and presence of de-icing salts. The main challenge remains obtaining a
stable air void system in hardened state, but results of this study show it is possible and manageable.
The key parameters that govern the long-term performance of OPC concrete seem also to be
responsible for durability of concrete with this new type of binder. The main challenges related to
durability of concrete containing BYF cements are associated to belite reactivity and the identification
of the laboratory test methods that are of high relevance for such concrete.
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1.

INTRODUCTION

The development of low-CO2 binders is an important part of the R&D strategy of Heidelberg Cement in
response to strict environmental policies and increasing necessity to reduce CO 2 footprint. One group
of these binders are cements based on belite ye’elimite ferrite (BYF) clinkers. They offer several
environmental and economic benefits and also bridge the technology gap between calcium silicatebased (OPC) and calcium sulfoaluminate (CSA) binder types (Dienemann and Ben Haha 2018).
Performance wise, the BYF cements offer a high early strength and low shrinkage which makes them
favourable for pre-cast applications, fast repair concrete and all types of mortar formulations. Strength
development can be optimized and controlled in wide range through variations in belite to ye’elimite ratio
in clinker and the level of sulfate addition. The BYF cements are generally suitable for concrete
production using common concrete technology together with common chemical admixtures. Their early
hydration is very rapid and needs to be controlled by retarder in order to achieve a sufficient open time.
More details on each of these topics can be found in the first of two papers the authors prepared for the
conference proceedings (Skocek et al in prep.).
This study seeks to evaluate durability of concrete containing BYF-type cements with relatively low
ye’elimite content and compare it to durability of OPC concrete. There is only a limited amount of
durability data for concrete containing industrially produced BYF cements and the main goal of this study
is to generate more data and develop understanding of the key parameters that govern the long-term
performance of concrete with this new type of binder. If reasonable durability can be achieved, this could
also make a progress towards a wide spread application of these cements in structural concrete.
2.

EXPERIMENTAL PROGRAM

Three cements based on clinker from industrial production trial containing various sulfate levels (1, 4
and 10% anhydrite) and 0.5% Borax retarder have been used in this study. They are designed as BYF
1A, BYF 4A and BYF 10A respectively in the text below. More information about their properties and the
way how they were produced can be found in the first article of the series. The cements were tested
according internal procedure for testing the durability of new binders which consists of performing a
series of durability trials on concrete of two distinct strength levels (25-30 and 55-60 MPa). Six concrete
mixtures with no air and other six mixtures with air have been designed and their composition is shown
in Table 2.1 and Table 2.2. The composition of concrete mixtures with cements containing 1 and 4%
sulfate was intentionally kept identical despite small differences between two cements in terms of the
strength development in order to evaluate the impact of sulfate carrier on both hardened properties and
durability of BYF concrete. Well-graded natural Rhein 0/2 sand and 2/8 gravel were employed together
with continuously graded crushed gabbro coarse aggregate. A compatible polycarboxylate-based highrange water reducer (Melflux 2651) and air-entraining agent (MasterAir 22SB) with BYF cements were
used to adjust initial workability (target slump 150 – 180mm)
Table 2.1. Low strength concrete compositions
Material /
Mix design

Non-air entrained concrete

Air-entrained concrete

BYF 10A

BYF 4A

BYF 1A

BYF 10A

BYF 4A

BYF 1A

Cement

kg/m3

300

345

345

325

352

352

Sand 0/2

Vol. %

40

40

40

40

40

40

Gravel 2/8

Vol. %

27

27

27

27

27

27

Crushed 8/16

Vol. %

33

33

33

33

33

33

HRWR
(20% solution)

kg/m3

-

-

-

-

-

-

AEA

kg/m3

-

-

-

0.35

0.45

0.4

Water

kg/m3

180

180

180

172

173

173

w/c ratio

-

0.60

0.52

0.52

0.53

0.49

0.49
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Table 2.2. High strength concrete compositions
Material /
Mix design

Non-air entrained

Air entrained

BYF 10A

BYF 4A

BYF 1A

BYF 10A

BYF 4A

BYF 1A

Cement

kg/m3

360

415

415

435

465

465

Sand 0/2

Vol. %

40

37

37

40

37

37

Gravel 2/8

Vol. %

10

11

11

10

11

11

Crushed 8/16

Vol. %

50

52

52

50

52

52

HRWR
(20% solution)

kg/m3

1.5

1.5

1.6

1.6

2.25

2.4

AEA

kg/m3

-

-

-

2.0

3.15

2.9

Retarder

% bwoc

0.5

0.5

0.5

0.5

0.5

0.5

Water

kg/m3

156

154

154

148

147

147

w/c ratio

-

0.43

0.37

0.37

0.34

0.32

0.32

and air content (5 ± 0.5%). Also, 0.5% by weight of cement of additional borax retarder was added in
the mixing water to assure a sufficient open time for 55-60 MPa mixtures.
The concrete mixtures were prepared in accordance with internal mixing procedure which is shown in
Table 2.3. Fresh concrete properties such as slump, density and air content were tested at the end of
the mixing period and at 30, 45 and 60 minutes after water-cement contact. Samples were also cast to
measure setting time, compressive strength, freeze-thaw resistance, scaling resistance, chloride ion
permeability, carbonation resistance and drying shrinkage. Table 4 summarizes the tests that have been
conducted on both non-air and air-entrianed concrete mixtures together with relevant information about
sample preparation, curing and testing. With exception of drying shrinkage test that was performed
according to test method prescribed by German Committee for Reinforce Concrete (DafStb), allother
tests were executed according to procedures specified in standards as indicated in Table 4.
Table 2.3. Concrete mixing procedure
Non-air entrained concrete

Air-entrained concrete

Time (s)

Action

Time (s)

Action

0

Add all dry components in the mixer

0

Add all dry components in the mixer

0 - 20

Start mixing

0 - 20

Start mixing

20 - 30

Add water while mixing

20 - 30

Add water while mixing

80 - 90

If required, add HRWR while mixing

80 - 90

If required, add HRWR while mixing

210
580 - 610
620

Stop mixing

210

Stop mixing

Restart mixing, mix for 30 s

580

Restart mixing

Start fresh concrete measurements

580 - 590

Add air-entraining agent while
mixing

590 - 710

Keep mixing for 120 s

720
Before each further sampling mix for 30 s

Start fresh concrete measurements
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Drying shrinkage has been tested on two 10 x 10 x 50 cm beams which have been prepared by placing
the fresh concrete in two layers in the mold that hold properly in place a pair of gage studs. Each layer
was compacted on vibrating table for 10 sec and excess of material removed with a straight-edge. After
curing the specimens for 24 hours in the molds placed in a moist cabinet (20 °C and 90 % RH), they
have been unmolded and placed under water for 7 days. At the end of the curing period, the samples
were placed in a drying chamber at 20 °C and 65% RH. The length change was measured by digital
length comparator and the measurements were carried out after 1, 2, 7, 14 and 28 days, 8, 12, 26 and
52 weeks of drying.
Test method

Non-air
entrained
concrete

Air-entrained
concrete

Set times according to ASTM C403

X

-

Compressive strength according to EN 12390-3 at 6h, 1d, 2d, 7d,
28d, 56d and 91d (3 cubes each age)1)

X

X

Drying shrinkage according to DafStb test method (2 prisms) 2)

X

-

method3)

X

-

Frost resistance test without presence of de-icing agent (beam
test) according to CEN/TR 15177 test method

X4)

X

Frost resistance test in the presence of de-icing agent (slab test)
according to CEN/TS 12390-9

X4)

X

Natural carbonation resistance according to EN 12390-105)

X

-

Isothermal calorimetry (ICal calorimeter)6)

X

-

Chloride migration test according to NT Build 492 test

Notes:
1) 10x10x10 cm cubes. Curing: under water until testing
2) Curing: 7d under water and then drying at 20 C and 65% RH, take comparator readings after
periods of air storage after curing of 1, 7, 14 and 28 days, 8, 12, 26 and 52 weeks
3) Three 50x50 cm cylindric samples to be drilled from a 10x10x50 cm beam. Curing: 28d and 91d
under water
4) Performed only on high strength concrete mixtures
5) Curing: 7d in water. After curing, two prisms to be stored in a climate chamber at 20 C and 65%
RH and two others at outside exposure area. Perform testing on both type of samples after 28d,
56d, 91d, 182d, 364d and 728d of exposure as described in standard specification
6) Measured on <4 mm fraction of concrete that is also used for measuring set times according to
ASTM C403 standard specification

3.
3.1

RESULTS
Workability

All tested concrete mixtures having variable w/c ratio, amount of cement, aggregate gradings and air
content showed acceptable workability comparable to that of ordinary Portland cement (OPC) concrete.
High strength mixtures tend to be sticky and relatively hard to handle due to low w/c ratio needed to
achieve 55 – 60 MPa at 28 days. This specially applies for mixtures with w/c ratio of 0.4 and below.
Figure 1 shows the workability retention over time for non-air entrained low and high strength concrete
mixtures. As it can be seen, rather fast workability loss is characteristic for high strength mixtures despite
extra retarder addition beyond that already incorporated into cement to ensure a sufficient open time for
sample preparation (45 min to 1 hour). The workability retention can be conveniently extended by simply
using more retarder, but it comes with extension of set times and impact on early strength development
(see next two sections).
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Figure 1. Workability retention of tested non-air BYF concrete: (left) low strength and (right)
high strength mixtures
3.2

Hydration kinetics and set times

The impact of the binder composition on hydration kinetics was evaluated by isothermal calorimetry and
by measuring set times. The heat evolution measured over the first 24 hours of hydration for tested nonair entrained concrete mixes is shown in Figure 2. Heat flow curves differ and show a main hydration
peak and a shoulder in case of low strength mixes proportioned with BYF cement with 1 and 4% sulfate
carrier, while low strength concrete with 10% anhydrite and all high strength concrete mixes show only
a main hydration peak. It should be considered the initial reactions occurring over the first hour of
hydration or so are missing due to the external mixing and time needed for performing fresh concrete
measurements and for sample preparation. Still, the position and the height of the main peak can be
used to estimate the hydration kinetics. Our test results indicate that the onset (change of slope) and
the maximum of the main hydration peak coincide with initial and final set time, respectively. Also,
cumulative heat evolved correlates well with the compressive strength measured at early age.
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60
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BYF 4A (w/c=0.52)
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BYF 1A (w/c=0.37)
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40
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0
0

4

8
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Time (h)

16

20
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Figure 2. Isothermal heat of hydration of tested low strength (solid lines) and high strength
(doted lines) BYF concrete mixtures
Initial and final set times of tested concrete mixtures are presented in Figure 3. Set times depend on the
amount of sulfate carrier in BYF cement, with fastest set being experienced for cement with low sulfate
addition (1% anhydrite) and the slowest for cement with high sulfate addition (10% anhydrite). Also, set
times of high strength concrete mixtures are significantly extended and it’s related to addition of extra
borax retarder.
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Figure 3. Initial and final set times of tested non-air entrained BYF concrete: (left) low strength
and (right) high strength mixtures
3.3

Compressive strength development

Figure 4 presents the compressive strength of tested non-air entrained concrete mixtures cured under
water. Compressive strength development of air-entrained concretes is not shown here, but it looks
quite similar to that of non-air entrained concrete (both types of concrete were designed to reach the
same target strength). As expected, considerable strength gain is achieved after 1 day followed by
moderate strength evolution between 2 and 56 days in all cases. Some strength gain can be observed
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40
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0
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1d
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Time
Figure 4. Strength development of tested non-air entrained BYF concrete: (top) low strength
and (bottom) high strength mixtures
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after 56 days when the cement with low sulfate addition is used in low strength concrete and the cement
with moderate sulfate additions is used in high strength concrete. The use of additional retarder in high
strength concrete mixtures completely supresses early strength at 6 hours and generally slows down
the strength development regardless the amount of sulfate carrier in cement.
3.4

Drying shrinkage

The observed drying shrinkage (negative length change) in tested non-air entrained concrete mixtures
is presented in Figure 5. The shrinkage behaviour depends on both the sulfate level and on w/c ratio.
At high w/c ratio (low strength concrete), BYF cement with high amount sulfate carrier shows the
smallest and almost negligible length change over 1 year. Decreasing the w/c ratio reduces drying
shrinkage of concrete for cements with low and moderate sulfate level, but it does not seem to be a
case for cement with 10% anhydrite. In any case, the shrinkage of BYF concrete is generally low.
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Figure 5. Drying shrinkage of tested low strength (solid line) and high strength (dashed line)
non-air entrained BYF concrete mixtures
3.5

Chloride penetration resistance

Although performed, the results of chloride migration test do not seem to be reliable and thus are not
reported. The main challenge faced in determination chloride diffusion coefficients is related to the fact
that migration front can’t be reliably determined by applying a silver nitrate solution on tested concrete
sample. It is believed that reason for that he presence of chlorides in industrially produced clinker that
is spread everywhere in tested samples. This makes chloride migration test extremely hard to evaluate
as it can be seen from pictures of some test specimens shown in Figure 6.

Figure 6. Specimens of tested low and high strength concrete after applying AgNO3 solution
3.6

Freeze-thaw resistance without de-icing agent

The freeze-thaw resistance without de-icer was tested by so-called beam test in which the concrete
samples are subject to cycling freezing and thawing in water following the 7 day pre-saturation. The
results showing the internal damage measured by dynamic E-modulus as a function of number of freezethaw cycles for air-entrained concrete mixtures is presented in Figure 7. The acceptance criterion for
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concrete to be considered as frost resistant is to have 80% and higher relative dynamic modulus after
56 freeze-thaw cycles. In this sense, both low and high strength BYF concrete showed excellent freezethaw resistance, with cements containing higher amount of sulfate carrier offering better resistance than
the cement with low sulfate addition. On the other side, high strength concrete mixtures without air failed
the test (results not shown here). This outlines an importance of decent air entraining to achieve
appropriate freeze-thaw resistance of BYF concrete. Observed difference in terms of frost resistance
between low and high strength mixtures and concretes containing BYF cements with different levels of
sulfate carrier is related to the quality of air-void system in each concrete.
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Figure 7. Freeze-thaw resistance without de-icing agent of tested air-entrained BYF concrete:
(left) low strength and (right) high strength mixtures
3.7

Freeze-thaw resistance with de-icing agent

The test results summarized in Figure 8 show the performance of tested air-entrained concrete mixtures
in de-icing salt scaling test (slab test). The acceptance criterion for concrete to pass the test is to have
less than 1000 g/m2 of scaled residue after 56 freeze-thaw cycles. Although tested concrete mixtures
show a variable extent of surface scaling, they all demonstrated an appropriate scaling resistance in the
presence of de-icer. The only exception is high strength concrete produced with cement containing low
amount of sulfate carrier. Similarly to the performance without de-icer, the frost behaviour of airentrained BYF concretes in presence of de-icer depends mainly on the quality of air-void system.
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Figure 8. Freeze-thaw resistance of tested air-entrained BYF concrete in presence of de-icing
agent: (left) low strength and (right) high strength mixtures
3.8

Carbonation resistance

Figure 9 shows the progress of natural carbonation of concrete samples exposed in a climate chamber
(20 A and 65% RH) and at outside unsheltered exposure area. As it can be seen, carbonation
resistance of BYF concrete tested under laboratory conditions is generally low. The carbonation
behaviour obviously depends on concrete w/c ratio and at smaller extent on amount of sulfate carrier
present in cement. Also, it is worth mentioning that the carbonation of samples stored in outside storage
area is significantly slower than carbonation of samples stored under controlled laboratory conditions
(20 C and 65% RH).
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Figure 9. Evolution of carbonation depth over time for tested non-air entrained BYF concrete:
(top) low strength and (bottom) high strength mixtures
4.

DISCUSSION

The amount of sulfate carrier (anhydrite or gypsum) in BYF cement influences the course of hydration,
modifies hydration reactions and products and has an impact on overall cement performance in terms
of strength, porosity, volume stability and durability. Based on results of a modelling study performed on
industrially produced BYF clinker that can be also found in the conference proceedings (Skocek et al in
prep.), three levels of sulfate addition examined in this study corresponds to different hydration regimes.
At high sulfate levels (i.e. 10% anhydrite), the hydrates assemblage is dominated by ettringite. Reducing
the amount of sulfate carrier generally promotes the formation of monosulfate over ettringite, so the
amounts of monosulfate, stratlingite and ettringite are roughly comparable at intermediate sulfate level.
When no additional sulfate is added or is used in low amounts (i.e. 1% anhydrite), the hydrates
assemblage is dominated by monosulfate and stratlingite. This study tries to understand the impact of
sulfate level on long-term performance of BYF concrete.
The compressive strength development of BYF concrete is characterized by high early strengths which
is mainly the result of ye’elimite hydration. Higher sulfate level in cement results in more ettrengite over
monosulfate and faster early strength gain (Skocek et al in prep.). When equivalent strengths are
targeted as it was the case in this study, higher amount of sulfate carrier allows reaching the target
strength at higher w/c ratio and benefiting from more workable and less sticky concrete. This particularly
holds for 55-60 MPa concretes mixtures investigated in this study which almost all have w/c ratios below
0.4. On the other side, the reactivity of belite is important for late-age strength gains. In this study such
gains have been observed only in two cases after 56 days (c.f. Figure 4), which indicates rather a low
belite reactivity of the clinker. Also, low to medium sulfate contents seems to be more favourable for
long-term belite contribution to strength development.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Besides the strength gain at early ages, dimensional stability of BYF concrete is another highly desirable
feature. The results of this and other internal studies on this topic (Dienemann & Ben Haha 2018, Skocek
et al in prep.) show that autogenous and drying shrinkage of BYF concrete are roughly two to three
times lower than that of OPC concrete. Additionally, the tests performed in external laboratories as part
of EU-funded ECO-Binder project (Quillin et al. 2018) lead to similar conclusions, as it can be seen from
Figure 10 (top section) which compares drying shrinkage of three BYF (cement B, D and E) and
Portland-cement based C25 concretes. One of BYF cements assessed in ECO-Binder study is BYF 4A
cement used in this study, but the authors can’t disclose which one among three tested cements it is in
order to avoid comparison of cements and protect interests of three major cement makers who
participated in this study. In any case, BYF concrete generally shows well controlled shrinkage
behaviour and this makes it suitable for large area flatworks with reduced cracking potential.
As pointed out in accompanying paper in the proceedings (Skocek et al in prep.), the microstructure of
BYF cements refines at much slower rate and is the main reason for superior volume stability upon
drying since the pore size is inversely proportional to the capillary pressure. The BYF cement with 10%
sulfate carrier show negligible shrinkage in low strength concrete that is multiple times lower than that
of other two cements (c.f. Figure 5). This finding is not surprising and in line with lack of porosity
refinement after 1 day of hydration observed for this cement (Skocek et al, in prep.). Observed impact
of w/c ratio is much harder to explain, but ultimately related to degree of cement hydration, hydration
assemblage and concrete porosity.

Figure 10. Performance comparison of BYF (cement B, D and E) and Portland cement-based
C25 concretes: (top) drying shrinkage and (bottom) carbonation resistance of laboratory tested
and externally exposed samples (adapted from Quillin et al. 2018)
Incorporation of a good quality air-void system provides appropriate freeze-thaw resistance to BYF
concrete in both absence and presence of de-icing salts. The main issue is that stable air void system
in BYF concrete is sometimes difficult to achieve. In the study performed in the scope of ECO-Binder
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project it was shown that ettringite-like phases fill the air-voids before the concrete is subject to freezethaw and change the morphology during the freeze-thaw test (Kaasgaard & Jakobsen 2017, Quillin et
al. 2018). It was also demonstrated that the amount of these phases correlates with degree of damage
observed in BYF concrete during freeze-thaw testing. The outcome of these and our internal studies
show that obtaining a stable air void system in hardened state is challenging but possible and
manageable. The key drivers seem to be clinker chemistry and composition, chemistry of air-entraining
agent and concrete w/c ratio. More research effort is clearly needed to fully understand what it takes to
have a stable air-void system in BYF concrete on a regular basis and to go step further beyond current
trial-and-error approach.
The results of carbonation tests performed in this and ECO-Binder study (c.f. Figure 10 (bottom section))
show that BYF concretes carbonate fast when tested under laboratory/indoor conditions, but
carbonation rates for externally stored BYF concretes are comparable to equivalent Portland-composite
cement concretes (Quillin et al. 2018). Observed difference is related to belite hydration. While storage
under laboratory conditions at 65% RH effectively stops belite hydration, this phase can keep reacting
over time in BYF concrete samples stored outside and produce calcium rich hydrates responsible for
CO2 buffering capacity (Skocek et al in prep.). In this sense, the reactivity of belite seems to be the key
parameter ruling the carbonation of BYF concrete.
5.

CONCLUSIONS

This study seeks to evaluate durability of concrete containing industrially produced BYF-type cements
and to understand the key parameters that govern the long-term performance of concrete with this new
type of binder. Based on the test results and limited amount of durability data for BYF concretes based
on industrial clinkers, the following conclusions can be drawn:





Concrete made with BYF cements generally shows less autogenous shrinkage and less
shrinkage when stored in air than equivalent Portland cement-based concretes, which
makes it suitable for all type of applications where dimensional stability is an issue;
Similarly to conventional Portland cement-based concrete, the durability to freezing and
thawing cycling is a direct function of the air entrainment and quality of entrained air voids.
Introduction of 4-5% air provides excellent freeze thaw resistance both in absence and
presence of de-icing salts. The main challenge remains obtaining a stable air void system in
hardened state;
Carbonation resistance of BYF concrete is significantly lower than that of similar Portland
cement concrete when tested under laboratory conditions, but comparable to common
composite cement concretes for externally stored samples. Carbonation is directly linked to
belite reactivity.

In summary, the key parameters that govern long-term performance of OPC concrete seem to be
responsible for durability of BYF concrete. The main challenges related to durability of concrete
containing BYF cements are associated to belite reactivity, proper air entrainment and identification of
the laboratory test methods that are of high relevance for such concrete.
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ABSTRACT
Calcium sulfo-aluminate cements (CSA) are used for many applications where the performance of
Portland cement is insufficient, such as to accelerate the early strength development or to produce
expansive or shrinkage-compensating binders. CSA rich in belite and ferrite are developed as an
alternative to Portland cements with a low-environmental footprint. The early hydration of CSA is
dominated by the phases containing calcium, alumina and sulfate such as ye’elimite, calcium
aluminates and calcium sulfates. These reactions are very rapid and challenging to control, but, at the
same time, they are responsible for the unique properties of these binders mentioned above.
Contrary to the reactions of alite and belite in Portland clinker or calcium-aluminate phases in CA
cements, the reactions in CSA always involve three main elements. This makes the classical ‘solubility
lines’ in two-dimensional space inapplicable.
We studied stability fields of different hydrates present in hydrating CSA by thermodynamic modelling.
This has been performed in multi-dimensional space with variables being concentrations of Ca, Al and
S at a given alkali concentrations. By comparing the stability fields of the different potential hydrates
with experimentally determined pore solution concentrations, we demonstrated that the hydration
pathways follow the stability fields of certain hydrates. This not only proves the applicability of
thermodynamics to the early hydrating CSA cements, but also enables identifying the mechanisms
involved and leads, finally, to a predictive model for the hydration pathways depending on the initial
systems condition

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODCUTION

Calcium sulfoaluminate type cements (CSA) are use often for the special applications. CSA are use for
the production of high early strengths mortars and concrete, self-levelling screeds, dry shotcrete
applications and as the shrinkage reducing agents. Additionally, in China, these cements are
standardized and used for the structural applications (Juenger et al., 2011). There, they are known as
the “third cement series.” Recently, belite-rich CSA cements, so-called belite ye’elimite ferrite (BYF)
cements are gaining increasing attention of cement producers (Gartner & Hirao, 2015) as a low CO2
alternative to Portland cement.
The CSA cements cover a wide range of the compositions. Depending on the raw meal composition,
CSA clinkers can contain various hydraulic phases such as belite (C 2S), ye’elimite (C4A3$), calcium
aluminoferrite (C4AF), calcium aluminates (CA and C12A7) and excess anhydrite or free lime. The
clinkers may contain as well several hydraulically inactive phases. Usually, calcium sulfate is blended
or interground with the clinker in order to optimize the performance evolution of the final cement.
Ye’elmite phase is an important component of CSA type cements, independently on the overall
compositions, since the hydration of ye’elimite regulates the evolution of the early cement performance
(Juenger et al., 2011)(Skocek et al., 2015). Despite the long history of the CSA systems use in many
applications, the early hydration mechanisms of ye’elimite clinkers and/or cements are not well
understood. In general, the hydration of ye’elimite is reported in a simplified form. With water alone, the
hydration of ye’elimite results in formation of monosulfate and aluminum hydroxide (1C4A3$ + 18CH →
C4A$H12 + 2AH3). The latter being usually reported as X-ray amorphous. The addition of anhydrite
modifies the reaction to form ettringite and alumina hydroxide (1C4A3$ + 38CH +2 C$→ C6A$3H32 +
2AH3). However, many publications suggested that the reaction of ye’elimite with water is more complex
than these simplified reactions (Bullerjahn et al., 2019b) (Bullerjahn et al., 2019a) (Zajac et al., 2018).
The products of the reaction of synthetic ye’elimite in water include a substantial amount of amorphous
CAH10 phase (Bullerjahn et al., 2019b) (Bullerjahn et al., 2019a). The formation of CAH10 has also been
observed in industrial clinkers and cements (Winnefeld & Lothenbach, 2016). Moreover, aluminium
hydroxide has three forms: XRD amorphous, microcrystalline phase or crystalline gibbsite that are
presented simultaneously (Zajac et al., 2018). Moreover, the hydration kinetics of the ye’elimite depends
on its nature. Synthetic ye’elimite reacts significantly slower when compared to the ye’elimite in the
cement clinkers (Zajac et al., 2018).
A suitable way to investigate the mechanisms of hydration is to compare the evolution of the pore
solution composition resulting from the dissolution of anhydrous phases with the solubility diagrams of
hydrates that may precipitate. In the present work, we applied GEM-Selektor software to investigate the
stability of hydrates in Ca-Al-S-K-O-H system. We calculated the solubility surfaces, depending on the
Ca, Al, S and alkali concentration in the solution, for the main hydrates which may precipitate upon
ye’elimite reaction and compared them to the solution data to investigate the mechanisms of ye’elimite
hydration.
2.
2.1

METHODOLOGY
Thermodynamic modelling

Thermodynamic modelling was carried out using the geochemical modelling program GEMS (Wagner
et al., 2012) with thermodynamic data from the PSI-GEMS database (Hummel et al., 2002)
supplemented by cement specific data from the CEMDATA18 database (Lothenbach et al., 2018). The
database compiles thermodynamic data for hydrates such as ettringite, monosulfate and CAH 10. The
thermodynamic database includes also data for amorphous alumina hydroxide (Al(OH) 3(am),
microcrystalline AH3 (Al(OH)3(mic), and gibbsite.
2.2

Solubility surfaces

The solubility surfaces of main involved hydrates were obtained as follows. Concentrations of Ca, Al
and S were uniformly sampled on a log-log-log scale. For each sample, the saturation indexes of
hydrates were calculated by GEMS. The hydrates included hemihydrate, gypsum, portlandite, Ettringite,
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monosulfate, CAH10, C4AH13, C3AH6, C2AH7.5, gibbsite and amorphous and microclinic aluminium
hydroxide. The solubility surface for a given phase was found as the surface where the solubility index
is 0. This was done by finding neighbouring sampled concentrations with positive and negative
saturation indexes, respectively, and by finding the concentration corresponding to the null solubility
index by a liner interpolation in the log-log-log space along the line connecting the two neighbouring
points.
2.3

Experimental data

The experimental data are reported in the papers published by (Bullerjahn et al 2019 a) and (Bullerjahn
et al 2019b), where the ye’elimite hydration has been investigated at w/b = 100.
3.

RESULTS

3.1

Hydration of ye’elimite

In this section, the hydration of the pure ye’elimite is presented shorty, based on earlier publication.
Figure 1 shows the evolution of the phase assemblage during the hydration of ye’elimite focussing on
early age. In these experiments, pure lab-synthesized ye’elimite and pure water were used, such that
very low alkali concentration of lower than 1 mM was present. Initially, ye’elimite reacts slowly,
particularly up to about 200 minutes. During this period, the main hydration products are ettringite and
an XRD amorphous phase. The reaction of Ye’elimite accelerates at about 500 minutes, the main
hydration products observed are monosulfate and XRD amorphous phase. Ye’elimite is fully hydrated
at about 700 minutes. More detailed description of the hydration process of ye’elimite is summarised
e.g. in (Bullerjahn et al 2019a) and further extended in (Bullerjahn et al 2019b).
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Figure 1 Evolution of the content of chosen phases during hydration of synthetic ye’elimite.
Data replotted from (Bullerjahn et al 2019a)
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Figure 2 shows the measured concentrations in the pore solution and calculated saturation indexes.
The Ca, Al and sulphur concentrations increase in parallel up to about 90 minutes. During this period,
little ye’elemite reaction is observed. Between 90 minutes and 400 minutes, the solution changes with
strongly increasing Al concentration and a drop in sulphur. Finally, the concentrations decrease. The
saturation indexes confirm that the main hydration products are ettringite and monosulfate. Additionally,
they suggest that the amorphous phase is composed of alumina hydroxide and/or CAH 10 phase
(Bullerjahn et al 2019a).
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Figure 2 Pore solution concentrations measured during the reaction of ye’elimite at w/s = 40
in pure water. Data from (Bullerjahn et al 2019a)

3.2

Solubility surfaces: general overview

Knowledge of the solubility product of the anhydrous and hydrated phase allows for the calculation of
the solubility and phase diagrams. This in turns enables the analysis of the experimental results and
correlation between the pore solution data and measured phase assemblage (Damidot et al., 2011).
Traditionally, the solubility curves of the hydrated phases in the CaO–Al2O3–H2O and the CaO–SiO2–
H2O system is used to investigated the hydration of the calcium alumina and calcium silicate phases,
respectively (Scrivener & Nonat, 2011). The solubility diagram CaO–Al2O3–H2O was used to explain the
early hydration of the calcium alumina cement, and particularly the effect of C12A7 on the acceleration
of the hydration of the CA phase and on the resulting phase assemblage (Le Saout, 2016). Principally
this kind of graph can be used for the analysis of the hydration of the ye’elimite phase since it enables
plotting the solubility curves of the hydrates involved including; ettringite (Et), monosulfate (MS), AH 3,
CAH10, C2AH7.5, C3AH6 and C4AH14, at a given sulfur concentration. However, this type of graph does
not capture the effect of the sulfate. The effect of sulfur concentration is obvious for the Et and MS
phases since they contain sulfate. However, the same effect is observed for the other phases because
of the complex interactions within the pore solution.
The dissolving ye’elimite produces the three variable elements in the solution; Ca, Al and S
characterized by the different ionic speciation, whose concentrations increase during the dissolution
process. The three-dimensional diagram Ca-Al-S-H2O is shown in Figure 3 in the range of 0.01 to 100
mMol/l of each component.
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Figure 3 Left: Solubility surfaces for the system Ca-Al-S-H2O. K concentration is 1 mMol/l.
The red line shows the change of the concentrations as a resuls of ye’elimite congruent
dissolution. Right: Solubility surface of ettringite compared to the theoretical dissolution
line of ye’elimite (red) and measured concentrations of Ca, Al and S during the reaction
ye’elimite at w/c = 100 (blue points from (Bullerjahn et al., 2019a)). The first measurement pint
is after 30 seconds. The arrows indicate the time evolution of the pore solution.

The surfaces for the phases Et, AH 3 (gibbsite), CAH10, C2AH7.5, and C4AH14 are shown as well as the
theoretical dissolution line of ye’elimite. It is noticeable that solubility surfaces of Et, C 2AH7.5, and C4AH14
are close to each other (note however the logarithmic scale) and their mutual distance as well as their
crossings are varying depending on the elemental composition of the pore solution. Additionally, Figure
3 shows that during the dissolution of the ye’elimite, the solution is oversaturated with respect to AH3,
CAH10 and ettringite. Thought, during the further dissolution of ye’elimite the calculated pore solution
stays close to the surface of ettringite and other hydrates.
It is noticeable that the first experimental data gained during the hydration of the pure ye’elimite (~ 30
seconds at w/c = 100), (Bullerjahn et al., 2019a) are located at the vicinity of the intersection of the
ettringite solubility surface with the dissolution line of ye’elimite. This supports the validity of the
approach developed to study the early stage reaction of ye’elimite. Consequently, in the next section of
the paper we will investigated more in detail the pure dissolution of ye’elimite against the stable hydrates
and how this is affected by the changing Ca, Al and alkali concentration.
3.3

Dissolution of ye’elimite

Instead of the analysing the 3D graph, the intersections of surfaces from Figure 3 with different sulphur
levels are analysed as shown in Figure 4.
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Figure 4 Intersections of surfaces from Figure 1 at different S concentrations: CAH - CAH10,
C2AH – C2AH7.5, C3AH – C3AH6, C4AH – C4AH13, MS – monosulfate, Et – Ettringite, Gb – gibbsite,
Mic – alumina hydroxide microcrystalline, am - alumina hydroxide amorphous. The straight
dotted line shows the theoretical dissolution of ye’elimite. The circle depicts the Ca and Al
concentration corresponding to the corresponding concentration of the sulphur.

This is done in order to facilitate the discussion of the results. Additionally this enables the plotting data
for the more involved hydrates, e.g. three version of the alumina hydroxide (Figure 4). It is noticeable
that the shape of the surfaces varies with the increasing sulphur concentration. This is mainly related to
the fact that sulfate has a strong pronounced impact on the pH of the solution and this in turn has a
significant impact on the speciation of Al in the solution.
When ye’elimite dissolves, the concentration of Al, Ca and S increase continuously. Firstly, the
theoretical dissolution line crosses the solubility of gibbsite; however it is known that this phase does
not precipitate. Consequently, the solubility of the microcrystalline and amorphous form of alumina
hydroxide is crossed. It is noticeable that the further increase of the solution concentrations does not
result in significant increase of the supersaturation against the AH 3. The slope of the surface of AH3 is
similar to the dissolution curve of ye’elimite. The theoretical dissolution line of ye’elimite crosses the
solubility of ettringite followed by CAH10 phase. It is noticeable that further dissolution of the ye’elimite
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results in continuous increases of the supersaturation against the CAH 10, but this increases slower
because of the shape of the solubility surface of the ettringite. This is important because the experiments
with a pure ye’elimite demonstrate that ettringite is strongly supersaturated (Bullerjahn et al., 2019a).
Finally, at later stages of the dissolution reaction, monosulfate becomes oversaturated.
This analysis explains well the slow reaction of the synthetic neat ye’elimite (Bullerjahn et al., 2019a).
The shape of the solubility surfaces of the main hydrates is so that the continuous increase of the Al,
Ca and S results in a relatively small increase of the supersaturation against the main hydrated phases.
Additionally, the slow precipitation of the alumina hydroxide and CH 10 phases contribute to this
phenomenon. A massive precipitation of these phases would deplete Al from the solution and the
dissolution line would follow the hydrates surfaces instead of the congruent dissolution line in Figure 3.
This would lead to an earlier nucleation and precipitation compared to the stoichiometric ye’elimite
dissolution. In fact, the plot of the experimental data and the congruent solubility curve illustrates that a
small quantity of aluminium rich-hydrates has precipitated (Bullerjahn et al., 2019a) during the early
hydration. This lowers slightly the aluminium concentrations.
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Figure 5 Intersections of surfaces of CAH - CAH10, MS – monosulfate, Ett – Ettringite, and
AHam - alumina hydroxide amorphous at 1 and 4 mM sulphur concentrations. The straight red
dotted line shows the projection of theoretical dissolution line of ye’elimite on the Ca – Al
plane. The blue points show the measured pore solution centration evolution during the first
100 minutes. Point B shown the measured concentrations rat the highest sulphur level (~ 4 mM
S) while point A represents the theoretical Ca and Al concentration assuming no precipitation.
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4. CONCLUSIONS
Thermodynamic modelling is a powerful tool to determine the variation of the system in presence of
solutions having known compositions. A knowledge of the equilibrium diagram is important even if the
system is dynamic (not at equilibrium) as occurs at the beginning of hydration.
Contrary to previous studies on calcium alumina cements and calcium silicates – the speciation model
for high ionic strength solutions enabled us to study the Ca-Al-S-K-H2O system accounting for complex
interactions in the pore solution. By comparing the solubility surfaces with experimentally determined
pore solution concentrations, it is demonstrated that the hydration pathways follow the stability fields of
certain hydrates.
For hydration of stoichiometric synthetic ye’elimite, the evolution of the pore solution concentrations
observed could be explained. During the initial dormant period, the saturation with respect to calcium
bearing hydrates changes significantly less than the changes of the concentrations would suggest. This
is caused by the interactions among the sulphur-bearing ionic species with alumina and calcium-bearing
ones, making the saturation surfaces almost parallel to the congruent dissolution line of ye’elimite. Once
hydrates start to precipitate, their supersaturation does not change as dramatically as the pore solution
concentration. Again, this is caused by the specific impact of the pore solution composition on the
solubility of the involved phases.
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ABSTRACT
Nanostructural development of synthetic alkali-activated cements containing biphasic, isotopically
enriched C-(N)-A-S-H/N-A-S-H gels is explored through application of 17O, 23Na and 27Al triple
quantum magic angle spinning (3QMAS) solid state nuclear magnetic resonance (NMR) spectroscopy.
The main reaction product is a chain-structured C-(N)-A-S-H type gel, with an additional disordered
framework-structured N-A-S-(H) type gel forming in the presence of higher Al and alkali content.
Reaction mixture composition is shown to dictate gel nanostructure. Increased Ca content promotes
formation of low-Al, high-Ca C-S-H type products with substantial nanostructural ordering, low levels of
chain crosslinking, predominant Ca coordination of non-bridging oxygen atoms, and an increase in
proton association with CaO layers to form Ca-OH sites. Increased Al content promotes increased Al
substitution into C-S-H, an increased proportion of chain crosslinking, and increased gel disorder. The
large increase in AlIV substitution for SiIV in the aluminosilicate chains of C-S-H drives an increase in
the amounts of Na+ and AlV species charge-balancing AlO4- tetrahedra, and increased formation of
the additional N-A-S-(H) phase. This study reveals new insight into the molecular interactions
governing alkali-activated cement nanostructure, which are crucial for controlling the material
properties and durability of modern sustainable cements which gain strength and durability from these
gels.
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1.

INTRODUCTION

Cements containing mixtures of calcium-(alkali)-aluminosilicate (C-(N,K)-A-S-H) and alkali
aluminosilicate hydrate ((N,K)-A-S-H) gels, sometimes called ‘geopolymer’ or ‘alkali-activated’ cements
(Provis & Bernal 2014, Provis et al. 2015), have received significant interest in recent years due to their
broad technological potential. Understanding the chemical and physical parameters governing the
nanostructure of these materials remains an important challenge. In particular, the role of Al in forming
and promoting crosslinking sites within C-(N)-A-S-H has been a key focal point. The presence of high
Al content has been shown to greatly influence the gel nanostructure (Myers et al. 2015, Walkley et al.
2016), dictating the formation and structural evolution of C-(N)-A-S-H and N-A-S-H gels as well as
various additional reaction products, including hydrocalumite-like (AFm-structured) layered double
hydroxides, which have significant implications for material strength and durability (Bernal et al. 2014,
Walkley et al. 2017).
The multi-phase nature of these crystallographically disordered systems has caused significant difficulty
in gaining detailed information regarding the atomic structure of C-(N)-A-S-H, C-A-S-H and N-A-S-H
gels. Solid state magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy
investigations probing 27Al, 29Si and 23Na nuclei in these materials have provided information about the
coordination and connectivity of these atoms (Wang & Scrivener 2003, Richardson 2008, Bernal et al.
2013). Few studies, however, have probed the hydrous gel structures using 17O nuclei, in part because
of the need for isotopic enrichment of samples (Cong & Kirkpatrick 1993, Cong & Kirkpatrick 1996,
Duxson 2006, Gehman & Provis 2009) due to the very low natural abundance (0.037%) of the NMRactive 17O nucleus. Multiple quantum magic angle spinning (MQMAS) spectroscopy (Frydman &
Harwood 1995, Medek et al. 1995) probing 17O, 23Na, and 27Al nuclei has been used to obtain high
resolution NMR spectra of alkali aluminosilicate gels (Faucon et al. 1998, Duxson 2006, Rowles et al.
2007, Gehman & Provis 2009, Brus et al. 2012, Walkley et al. 2018), related reaction products (Faucon
et al. 1998, Sideris et al. 2012), and precursors from which these cements can be synthesised (Shimoda
et al. 2008). MQMAS achieves high resolution by removing anisotropic second-order broadening from
the multiple quantum dimension, leaving a spectrum which is dominated by the chemical shift. This
enables chemical species with similar local structures and coordination environments, which would
otherwise result in overlapping resonances in single pulse 1D MAS NMR spectra, to be resolved
(Frydman & Harwood 1995, Medek et al. 1995).
Solid state MQMAS NMR has recently been used to probe 27Al, 23Na and 17O nuclei within phase pure
N-A-S-H and to develop a new molecular model describing the its structure (Walkley et al. 2018),
providing an important platform from which to understand interactions within, and between, C-(N)-A-SH, C-A-S-H and N-A-S-H gel frameworks. Therefore, here we use 17O and 27Al MAS and 3QMAS NMR
spectroscopy to examine the nanostructure in a newly-validated class of stoichiometrically controlled
multiphase C-(N)-A-S-H, C-A-S-H and N-A-S-H gels (Walkley et al. 2015, Walkley et al. 2016, Walkley
et al. 2016). The key motifs which assemble to form the C-(N)-A-S-H, C-A-S-H and N-A-S-H gel
frameworks are identified, and a detailed molecular description of the structure of these gels is
developed. This structural description establishes a new depth of understanding of the molecular
interactions governing the nanostructure of these gels, and how these interactions are controlled by
precursor composition and mix formulation.
2.

EXPERIMENTAL

Synthetic gels were produced by reaction of a sodium silicate solution with synthetic precursor powders,
which had been previously synthesised using an organic steric entrapment solution-polymerisation
method (Walkley et al. 2016, Walkley et al. 2016). The sodium silicate solution was prepared by
dissolution of sodium metasilicate powder (Na2SiO3, Sigma Aldrich) in water to obtain cation ratios as
outlined in Table 1.
All MAS and 3QMAS data were obtained at 14.1 T using a Bruker Avance II+ spectrometer operating at
Larmor frequencies of 156.2 MHz and 81.26 MHz for 17O and 27Al, respectively, and a Bruker 3.2 mm
double air-bearing probe calibrated to yield a MAS frequency of 20 kHz for each experiment. 27Al MAS
spectra were acquired using a 1 μs selective (π/9) excitation pulse, a measured 1 s relaxation delay and
a total of 4096 transients, while 27Al 3QMAS experiments were acquired using a 4.5 μs non-selective
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triple quantum excitation pulse followed by a 1.5 μs non-selective conversion pulse and a selective 20
μs z-filter pulse. All 27Al MAS and 3QMAS spectra are referenced to the secondary reference yttrium
aluminium garnet (δiso(AlO6) = 0.7 ppm with respect to 1.1 M Al(NO 3)3 (aq) = 0 ppm). 17O MAS spectra
were acquired using a 1.75 μs non-selective (π/2) excitation pulse, a measured 1 s relaxation delay and
a total of 2048 transients, while 17O 3QMAS experiments were conducted using a 7.0 μs non-selective
triple quantum excitation pulse followed by a 2.0 μs non-selective conversion pulse and a selective 17.5
μs z-filter pulse. All 17O MAS and 3QMAS spectra are referenced to H 217O at 0 ppm.
All 3QMAS spectra were processed using the TopSpin software, by performing 2D Fourier
transformations and shearing in the (δ3Q, δ1Q) axes by a factor of (-k, 0) to give 2D spectra with an
isotropic component along the δ3Q (F1) axis and an anisotropic component along the δ1Q (F2) axis
(Massiot et al. 1996). For a 3QMAS experiment for spin I = 5/2 nuclei (as is the case for 27Al and 17O),
k = -19/12 and p = 3. Anisotropic slices of each 3QMAS spectrum were taken at the centre of gravity of
each resonance, and simulated using DMFit (Massiot et al. 2002, Neuville et al. 2004) and the Czjzek
Gaussian isotropic model (d’Espinose de Lacaillerie et al. 2008) to obtain the δiso and CQ. These
parameters were then used to simulate the 1D MAS spectra and obtain the δiso and CQ for each
resonance.
Table 1. Elemental molar ratios for each sample.

3.

Ca/(Al+Si)

Al/Si

Na/Al

A

0.67

0.15

0.50

B

1.00

0.15

0.50

C

0.67

0.05

0.50

D

1.00

0.05

0.50

RESULTS AND DISCUSSION

The 27Al 3QMAS spectra for the gel reaction products, along with projections along the δ1Q and δ3Q axes,
are presented in Figure 1. A broad resonance is observed in the 27Al 3QMAS spectra of all gel samples
centred at approximately (61 ppm, 65 ppm) in the (δ3Q, δ1Q) dimensions. This resonance is attributed to
tetrahedral Al linked to tetrahedral Si via oxygen bridges (i.e. SiIV-O-AlIV) within the disordered
aluminosilicate chains of a C-A-S-H gel identified previously by XRD (Bonk et al. 2003, Le Saoût et al.
2011, Bernal et al. 2013), as well as Al(OSi)4 species from remnant precursor particles. A narrow
resonance at approximately (9.5 ppm, 11 ppm) in the (δ3Q, δ1Q) dimensions in the 3QMAS spectra for
gels A, B and D is assigned to octahedral Al within AFm-type layered double hydroxide reaction products
(Faucon et al. 1998, Andersen et al. 2003, Bonk et al. 2003, Walkley et al. 2016).
The lineshape of the broad resonance assigned to AlIV environments in the 27Al 3QMAS NMR spectra
of each (calcium,alkali)-aluminosilicate gel suggests that it may contain contributions from both AlIV in
bridging tetrahedra (q2(B)) and Al in crosslinking tetrahedra (q3) within C-A-S-H (Faucon et al. 1998,
Houston et al. 2009, Pardal et al. 2012, Myers et al. 2015). The shoulder identified at (77.4 ppm, 73.0
ppm) in the (δ3Q, δ1Q) dimensions suggests the presence of an additional Al environment which may
potentially, and tentatively, be assigned to AlIV in pairing tetrahedra (q2(P)). This can be visualised more
clearly in isotropic slices through the main AlIV resonance in the 27Al 3QMAS NMR, extracted from
biaxially Q-sheared 27Al 3QMAS NMR spectra (Figure 1).
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Figure 1: 27Al 3QMAS NMR spectra for samples A - D as marked. The chemical shift (CS) and
quadrupolar induced shift (QIS) axes are indicated by dotted and dashed lines, respectively. The inset
in each 3QMAS spectra shows 27Al isotropic slices (taken through the centre of gravity of each Al IV
resonance) extracted from the biaxial Q-sheared 27Al 3QMAS NMR spectra for each sample.
Simulations of anisotropic slices through each resonance in the 27Al 3QMAS NMR spectra, and of single
pulse 27Al MAS NMR spectra for the same samples, show that the site tentatively identified as q2(P)
(pairing) Al species exhibits CQ values that are half that of those for the q2(B) (bridging) Al species,
indicating a higher degree of EFG symmetry. This suggests that this site is closely linked to lower
valence charge-balancing species (i.e. H+ or Na+) (Katada et al. 2005, Malicki et al. 2010), while the
lower EFG symmetry for the q2(B) Al species suggest that this species is closely linked with higher
valence charge-balancing species (i.e. Ca2+) (Katada et al. 2005, Malicki et al. 2010). CQ values for the
q3 (crosslinking) species (4.0 MHz) indicate significant perturbation of the EFG and a high degree of
structural asymmetry, consistent with the large distribution of δiso values and disorder observed for these
environments within the C-A-S-H gel. SiIV-O-AlIV sites charge-balanced by Na+ within the N-A-S-H gel,
which were observed in these samples previously by 29Si and 27Al MAS NMR, are also expected to
resonate at approximately δiso ≈ 61 ppm and will contribute in this region of each (calcium,alkali)aluminosilicate gel 27Al MAS and 3QMAS spectrum where the gels co-exist (Walkley et al. 2018).
In each (calcium,alkali)-aluminosilicate gel, an asymmetric (CQ = 7.0 MHz) AlV environment is identified,
with a lineshape that is consistent across all samples. This environment is attributed to charge-balancing
AlV within C-A-S-H gel interlayers (Myers et al. 2015). Five-coordinated Al has been predicted to exist
within the C-A-S-H gel interlayer (Faucon et al. 1999, Andersen et al. 2006, Sun et al. 2006), however
this species is not included in current structural descriptions of C-A-S-H gels (Myers et al. 2013). The
relative amount of this AlV environment within the C-A-S-H gel increases with increasing Al content, and
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this is likely to be a result of structural limitations on the amount of Al substitution into tetrahedral sites
within the aluminosilicate chains of the C-A-S-H gel (Myers et al. 2013). Increased Al content beyond
this limitation will result in increased charge-balancing AlV species, and thus the increasing relative
intensity of the AlV resonance within the spectra presented here.
AlVI environments attributed to Al in hemicarbonate AFm (Hc), monocarbonate AFm (Mc) and hydroxyAFm (C4AH13) layered double hydroxide reaction products are identified in the (calcium,alkali)aluminosilicate gel for each sample (Faucon et al. 1998, Andersen et al. 2003, Bonk et al. 2003, Walkley
et al. 2016). An additional resonance is observed at δiso = 4.5 ppm in the deconvoluted 27Al MAS NMR
spectra for (calcium,alkali)-aluminosilicate gel samples B and D. This resonance is observed as a low
intensity shoulder on the main high intensity Al VI resonance at δiso = 9.25 ppm (which is due to Al in Hc
and Mc), and is attributed to the ‘third aluminate hydrate’ (TAH), an amorphous nanoscale aluminate
hydrate phase that precipitates on the surface of the C-S-H type gels (Andersen et al. 2003, Andersen
et al. 2006, Taylor et al. 2010, Walkley et al. 2016), and which has also been noted in alkali-activated
slags (Wang & Scrivener 1995, Bonk et al. 2003, Bernal et al. 2013). The presence of TAH in samples
B and D (Ca/Si = 1.00) is consistent with stoichiometric arguments and thermodynamic modelling which
suggest that the presence of TAH is likely to be linked to high concentrations of available Ca and Al
(Wang & Scrivener 2003, Lothenbach & Gruskovnjak 2007, Provis & van Deventer 2014).
The 17O 3QMAS spectra, along with projections along the δ1Q and δ3Q axes, for (calcium,alkali)aluminosilicate gel samples A, B and D, are presented in Figure 2. It was not possible to obtain a suitable
17O 3QMAS spectrum for (calcium,alkali)-aluminosilicate gel C due to the very low signal/noise ratio
attained for this mix, indicating a low degree of isotopic enrichment.

Figure 2: 17O 3QMAS NMR spectra for samples A, B and D as marked. The chemical shift (CS) and
quadrupolar induced shift (QIS) axes are indicated by dotted and dashed lines, respectively.
Two distinct resonances are resolved in the iso-sheared 17O 3QMAS spectra for each (calcium,alkali)aluminosilicate gel. A high intensity broad resonance centred at approximately (106 ppm, 114 ppm) in
the (δ1Q, δ3Q) dimensions, attributed to non-bridging oxygen associated with Ca atoms, is observed in
all spectra (Cong & Kirkpatrick 1996). This resonance is primarily broadened along the CS axis in all
spectra indicating a large distribution in δiso with a much narrower distribution in quadrupolar parameters.
A resonance with much lower intensity is also observed, centred at approximately (50 ppm, 79 ppm) in
the δ1Q, δ3Q dimensions and attributed to bridging oxygen in SiIV-O-SiIV (Lin et al. 2015). A third low
intensity resonance is also observed in the spectrum for sample A at (55 ppm, 42 ppm) ppm in the δ1Q,
δ3Q dimensions and is attributed to SiIV-O-AlIV linkages, consistent with the higher Al content in this
sample. These low intensity resonances are both broadened equally in the CS and Q IS axes, indicating
significant distributions of δiso and quadrupolar parameters.
4.

CONCLUSIONS

The key structural sites which comprise the C-(N)-A-S-H, C-A-S-H and N-A-S-H gels are revealed by
analysis of multiphase 17O enriched calcium-(alkali)-aluminosilicate gels with 27Al and 17O 3QMAS NMR
spectroscopy. The gels were produced via alkali-activation of high-purity synthetic aluminosilicate
precursor powders synthesised using an organic steric entrapment solution-polymerisation method.
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In all samples the main reaction product was a mixed crosslinked/non-crosslinked tobermorite-like C(N)-A-S-H gel containing varying levels of Al and Na. N-A-S-H, monocarbonate AFm, hemicarbonate
AFm, hydroxy-AFm (C4AH13), and the ‘third aluminate hydrate’ were also observed as additional reaction
products. AlIV within the C-(N)-A-S-H gel substitutes for bridging SiIV primarily in q3 crosslinking and q2(B)
bridging sites, but is also observed in smaller quantities in an additional site with lower electric field
gradient which is tentatively identified as a q2(P) pairing site. Both AlV species and Na+ cations are found
in the gel interlayer, charge-balancing the AlO4− tetrahedra. Na+ cations are also found sorbed to the gel
surface.
Increased Ca content promotes formation of low-Al, high-Ca C-S-H type products with substantial
nanostructural ordering, low levels of chain crosslinking, predominant Ca coordination of non-bridging
oxygen atoms, and an increase in proton association with CaO layers to form Ca-OH sites. Increased
Al content promotes increased Al substitution into C-S-H, an increased proportion of chain crosslinking,
and increased gel disorder. The large increase in AlIV substitution for SiIV in the aluminosilicate chains
of C-S-H drives an increase in the amounts of Na+ and AlV species charge-balancing AlO4- tetrahedra,
and increased formation of the additional N-A-S-(H) phase.
This study reveals new insight into the molecular interactions governing alkali-activated cement
nanostructure, which are crucial for controlling the material properties and durability of modern
sustainable cements which gain strength and durability from these gels.
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ABSTRACT
It is admitted that the cement industry contributes for about 5-7% of the total man-made CO2
emissions. A possible way for decreasing these CO2 emissions is the development of alternative
clinkers with lower proportion of limestone in the raw materials. Calcium sulfoaluminate cements
(CSA) are regarded as a promising low CO2 alternative to Portland cements. Generally, with a
sufficient amount of calcium sulfates, the main hydration product of these cements is ettringite, which
strongly affects the workability of CSA pastes. Polycarboxylate superplasticizers (PCE), combined with
retarders, can be used with the aim to decrease the yield stress and the viscosity of this type of
pastes. However, the multitude of components of these cements makes it difficult to understand the
effect of these additives on the hydration process and on the properties of pastes.
The aim of this work is to provide a better understanding of the: (i) effect of the molecular structure and
the dosage of PCE on the hydration and rheology of CSA (ii) effect of citric acid on the dispersing
effectiveness of PCE . Three PCEs, with the same chemical structure but different molecular structure,
were investigated. Vicat tests and isothermal calorimetry were used to describe the hydration process.
While, Rheological properties were characterized with mini-cone tests. Adsorption measurements
were carried out with Total Organic Carbon analyzer and ion chromatography. The results reveal a
competitive adsorption between citric acid and PCEs, which decreases the dispersing effectiveness of
the latter.
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1.

INTRODUCTION

Since the 19th century, ordinary Portland cement (OPC) has become the most used material in the
world. Annual worldwide Portland cement production is approaching 5.9 Mdt/year (William 2018).
Unfortunately, the production of Portland cement accounts for about 5-7% of the total man-made CO2
emissions (Damtoft et al. 2008). One of the low CO2 alternatives to Portland cement is calcium
sulfoaluminate cement (CSA) mainly composed of ye’elimite (C 4A3$), belite (C2S) and anhydrite (C$).
Thanks to its high early strength and fast setting, CSA has been used in fast construction engineering
(Qian et al. 2014), offshore and corrosion resistance engineering and emergency repairs (Guo et al.
2012). Smaller amount of limestone in the raw materials (Scrivener et al. 2018), lower calcination
temperature and the ease of grinding (Glasser & Zhang 2001) make CSA much greener than OPC
and thus a potential alternative to OPC.
The mechanism of CSA hydration depends on the cement clinker composition (Sahu et al. 1991) and
particularly on the amount and reactivity of calcium sulfate they contain. The main hydrated phase of
CSA is ettringite (C6A3$H32), which results from dissolution and precipitation processes of anhydrite
and ye’elimite phases. Generally, the hydration process of CSA is described by the following reactions
(Zhang 2000):
C$ + 2H  C$H2

(1)

C4A3$ + 2C$H2 + 34H  C6A3$H32 + 2AH3

(2)

CSA are known for their poor workability and short setting time (Tan et al. 2017), which requires the
use of superplasticizers and retarders. Polycarboxylate ether (PCE) superplasticizers, known as highrange water reducers, are one of the most used admixtures in concrete. They adsorb onto particles
surface inducing their dispersion thanks to steric hindrance (Flatt et al. 2009). Garcia-Maté et al.
(2012) studied the interaction of a commercial PCE superplasticizer with CSA. They found a very
strong increase of workability at a dosage of 0,1% of PCE. Sun et al. (2011) and Chang et al. (2009)
investigated the influence of synthesized PCE superplasticizers on the rheology and hydration of a
commercial CSA. At low PCE dosages, a strong increase of workability was observed. However, a
quick loss of workability of CSA-PCE system was seen over time (Winnefeld 2012). Retarders, such
as citrate, gluconate, tartrate, sodium, borax, can be used to improve the fluidizing effect of PCE on
CSA paste because these retarders delay the formation of hydration products and thus reduce the
consumption of free water and PCE (Tan et al. 2017).
It is well known that the use of several admixtures in concrete can cause undesired interactions. In
PCE-citric acid system, competitive adsorption risk may occur between highly charged citrate and
PCE. Plank & Winter (2008) investigated the competitive adsorption between polycarboxylate
superplasticizers and retarders in cementitious self-levelling underlayments based on ordinary
Portland cement (OPC), calcium aluminate cement (CAC) and anhydrite. They found that citric acid,
which is highly charged, prevents the adsorption of PCE and hence affects workability. The aim of this
work is to investigate the effect of the combination of citric acid and PCE on rheology and early age
hydration of CSA.
2.
2.1

MATERIALS AND METHODS
Binder

A commercial calcium sulfoaluminate-belite cement (CSA), provided by Italcementi Group, was
investigated. The chemical composition of the cement was obtained by X-Ray fluorescence (XRF),
while phase composition was determined by X-Ray diffraction and quantified using Rietveld algorithm,
as shown in table 1.
2.2

Admixtures

Three comb-type polycarboxylate superplasticizers (PCE1, PCE2 and PCE3), provided by Chryso,
were used for this study. All the polymers have the same chemical structure, i.e. polymethacrylic acid
backbone and grafted side chain of polyethylene oxide (Figure 1a). On the contrary, they have a
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different molecular structure. Main characteristics of the PCEs, given by the manufacturer, are listed in
Table 2. The charge density of PCEs was measured experimentally by conductimetric titration with
NaOH. A schematic illustration of the molecular structure of PCEs, obtained from structural data of the
Table 2, is given in Figure 1b.
In order to delay the hydration of CSA, a commercial citric acid (99.5% Honeywell) was used. In this
paper citric acid will be noted as CA.
Table 1. Properties of CSA cement
Chemical
composition
(%)

O

Ca

Al

S

Si

F

Mg

Fe

K

Cl

43.4

27.3

12.3

7.8

3

1.8

1.5

0.8

0.4

0.1

Phase
composition
(%)

C4A3$

C2S

C$

Other

49.4

8

21.9

20.7

Figure 1. (a) Chemical structure of PCE1, PCE2 and PCE3 (b) Schematic illustration of the
molecular structure of PCE1, PCE2 and PCE3 based on data given in Table 2
Table 2. Main characteristics of PCE1, PCE2 and PCE3
Solid
content (%)

Mw (g/mol)

Charge density
(mmol/g)

P

N
(=a+b)

n

Backbone
conformation

PCE1

20

48300

0,79

45

5

12

FBW

PCE2

25

138600

0,3

114

5

15

FBW

PCE3

30

119000

0,96

17

2,5

115

SBW

FBW = Flexible Backbone Warm; SBW = Stretch Backbone Warm according to Gay & Raphael (2001)
2.3

Paste preparation

For all tests, cement pastes were prepared with Millipore water at a fixed water-to-cement ratio (W/C)
of 0.4. PCE dosage intended was 0.05% and from 0.1% to 0.4% by weight of cement at 0.1%
increment. The added amount of citric acid was 0.2%, 0.4% and 0.6% by weight of cement. Pastes
were mixed according to the standard NF EN 196-1 except pastes prepared for calorimetry tests.
2.4

Hydration

2.4.1 Setting measurements
Initial and final setting time are useful to understand the effect of admixtures on the hydration of
cement paste. In our study, Vicat test was used to determine the setting time. The test was conducted
with an auto-Vicat (Ibertest) according to EN 196-3 standard.
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2.4.2 Heat release measurements
The heat evolution during cement hydration was measured using an isothermal heat flow calorimeter
(Calvet calorimeter C 80, SETARAM) at a constant temperature of 25°C. The paste was prepared by
mixing cement, admixtures and water, for 30 seconds by hand, then for 1 min at 500 rpm. A small
stirrer carried out the mixing. Samples of 1.5g approximately were placed into the calorimeter. The
heat flow was recorded for 48 hours.
2.5

Rheology

The plastic yield stress  0 is an important parameter to describe the rheological behaviour of cement
paste. One cheap and fast method to assess the value of yield stress is the mini-cone test. The test
consists of measuring the spread flow of the cement paste using a mini-slump-cone (40 mm in height,
66 mm in top diameter, and 74.3 mm in bottom diameter). Once prepared, the cement paste was
poured into the cone, and the cone was vertically removed. The spread flow of the paste was
considered to be the diameter of the spread paste. The measurements were realised each 10 min,
from 8 min until there was no spread. The paste was mechanically mixed for 30 seconds, at 140 rpm,
before each measurement.
The spread flow of the paste can be linked to the yield stress according to (3) (Zimmerman et al.
2009).

0 
Where

225 gV 2
R²

225
V
128 2 R5 (1 
3VR 3 )
128

(3)

 0 is the yield stress, 𝜌 = paste density, V = volume of the cone, R = radius of the paste spread

and  is a constant linked to the liquid vapour interfacial energy and the wetting angle on the plate. In
this paper,  is fixed at 0.003 (Dallas et al. 2015).
2.6

Adsorption

The adsorption amount of polymer on cement was measured according to the depletion method. The
quantification was done by calculating the difference of concentrations of the polymer in the initial
solution and in the interstitial solution. The interstitial solution was extracted by double centrifugation of
the cement paste at 8 min, 18 min and 38 min after the start of mixing. The first centrifugal separation
was carried out at 5000 rpm for 10 min using the Multifuge 3SR+ centrifuge (Thermofischer) and the
second one was set out at 14500 rpm using the miniSpin plus centrifuge (Eppendorf) for 5 min. When
citric acid was combined with PCE, the interstitial solution was extracted at 8 min, 18min, 38min, 78
min and 118 min.
When the PCE was introduced alone, the non-adsorbed polymer remaining within the interstitial
solution was quantified by means of Total Organic Carbon (TOC) measurements (Vario-TOC Cube
Elementar). Once obtained, the supernatant was diluted 10 times by adding 0.1 mol/l HCL solution in
order to remove inorganic carbon (carbonates) from the samples. The adsorbed amount of
superplasticizer was calculated from reference measurements of aqueous polymer solutions.
When combining citric acid with PCE, quantitative analysis of non-adsorbed citrate remaining in the
interstitial solution was performed by ion chromatography (IC) (DIONEX ICS 5000+, column CS12A,
conductimetric detector). A gradient of KOH concentration was used as eluent. The samples were
prepared by diluting the supernatant 100 times using 0.01mol/l HCL solution. Quantification of PCE
adsorption was deduced by subtracting the IC results out of the TOC ones. In order to validate IC
measurements, adsorption of only citric acid was quantified by, IC and TOC measurements. A good
correlation between both methods was found.
The Langmuir model was used for the characterization of adsorption curves. According to the
Langmuir model, the adsorption equilibrium can be expressed as follow:

   max

K .c
1  K .c

(4)
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Where

 is the amount of admixture adsorbed (mg/g),  max is maximum amount adsorbed (mg/g), K is

the Langmuir constant (l/g) and c is the concentration of admixture in the interstitial solution (g/l).
3.
3.1

RESULTS
Hydration

3.1.1 Setting time
The initial and final setting times of CSA with and without admixtures (PCE1, PCE2, PCE3 and CA)
are presented in figure 2a as a function of admixture dosage. The initial and final setting time of CSA
paste without admixtures is around 40 min and 50 min respectively, indicating the fast setting of CSA.
Additionally, with the incorporation of admixtures, the initial and final setting times increase with the
dosage. Compared to reference sample, and at dosage of 0.2 wt%, PCE1, PCE2 and PCE3 delayed
the initial (final) setting time by 68%, 46% and 41% (67%, 37% and 41%) respectively. According to
these results, PCE1 is more efficient than PCE2 and PCE3, and it is even clear with a dosage of 0.4
wt% (initial setting time is delayed by 146%, 69% and 52% when PCE1, PCE2 and PCE3 are
introduced respectively). Moreover, the setting kinetics of cement paste change with the dosage in
PCE. At a dosage of 0.2 wt% and 0.4 wt%, the setting duration of PCE1 based paste is 16 min and 98
min respectively. Citric acid has a significant effect on initial and final setting time. At a dosage of 0.2
wt% citric acid delayed, both, the initial and final setting time by almost 200%. However, setting
kinetics do not change with the citric acid dosage. Results are discussed in the discussion section.
In order to investigate the combined effect of citric acid and PCE, a dosage of 0.2 wt% of citric acid
was combined with 0.2 wt% of PCE1 or PCE2. Figure 2b shows that initial and final setting times are
about 4 times more than the reference sample. Moreover, the sum of the delay induced by PCE1
(PCE2) in 0.2PCE1 (0.2PCE2) and by CA in 0.2CA is different than the delay induced by their
combination in 0.2CA+0.2PCE1 (0.2CA+0.2PCE2). This shows the non-additivity of the effect of citric
acid and PCE on setting times, implying interactions between citric acid, PCE and CSA.

Figure 2. (a) Initial and final setting times of CSA in a function of the dosage of PCEs and CA
(b) Initial and final setting times of CSA in presence of CA and PCE1 (PCE2) at a dosage of
0.2wt%
3.1.2 Calorimetry
The hydration kinetics of CSA in presence of PCE and/or citric acid was investigated by isothermal
calorimetry. The curves were shifted to the right when increasing the dosage in admixtures. Therefore,
only heat flow curves obtained with dosage in admixtures of 0.2 wt% are plotted in Figure 3a. The
initial peak refers to the rapid initial dissolution of CSA phases. Because of the external mixing and the
sensitivity of the calorimeter, the initial peak can be misinterpreted. For this reason, the initial peak
was not considered in this study. After the induction period, all samples present a main hydration peak
related to the formation of ettringite (Winnefeld, 2012). The reference sample presents a very short
induction period around 40 min of hydration, while addition of admixtures delays the hydration of the
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paste. At 0.2 wt%, citric acid increases the induction period by 2h. This show the hydration retardation
effect of citric acid. Additionally, PCE1, PCE2 and PCE3 increases induction period by 40 min, 36 min
and 20 min respectively. The combination of citric acid with PCE1 at a dosage of 0.2 wt% each,
increases the induction period by 2.2 hours. This result confirms the non-additivity of hydration delay
of citric acid and PCE. A slight difference is seen between the effect of PCE1 and PCE2 when citric
acid is present.
The cumulative heat curves for samples at dosage of 0.2 wt% are plotted in figure 3b. In general, the
cumulative heat of CSA is believed to be proportional to its hydration degree, since the hydration of
CSA is dominated by ye’elimite dissolution and precipitation of ettringite and Al(OH)3 (Zajac et al.
2016). The hydration of CSA progresses slowly in the first 40min and then accelerates between 40min
and 8h. PCEs and/or CA slow down the hydration of CSA pastes. Additionally, the slope of the 0.2CA
curve is similar to that of CSA curve, which means that citric acid stops the hydration for a while, and
then starts again in the same way as the reference sample. The opposite trend was observed when
PCEs are used. PCEs delay hydration of CSA by slowing down its hydration process.
(a)

40

Heat flow (mW / g of binder)

(b)

30

20

400

CSA

CSA
0,2PCE1
0,2PCE2
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0.2CA+0.2PCE3

0,2PCE1
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0
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Figure 3. (a) Heat flow of CSA in presence of PCE and CA during 8 hours of hydration, (b)
Cumulative heat of CSA in presence of PCE and CA during 48h hours of hydration
3.2

Rheology

Yield stress of the cement paste (W/C=0.4) with various dosages of PCE (0.05, 0.1, 0.2, 0.3 and 0,4
wt%) at 8min of hydration time are depicted in figure 4a. The yield stress of CSA paste without
admixture reaches values higher than 200 Pa after 8min of hydration, which explains the necessity of
using superplasticizers with this type of cement. The yield stress decreases with the increasing
dosage in PCE. At 0.05 wt%, only PCE1 reduces the yield stress from 200 Pa to 20 Pa. At 0.1%, both
PCE1 and PCE2 reduce significantly the yield stress from 200 Pa to less than 10 Pa, while 0.4 wt% of
PCE3 is needed to reduce yield stress to less than 10 Pa. According to these results, small amount of
PCE1 and PCE2 is needed for the improvement of CSA paste workability, while more than 0.4 wt% of
PCE3 is required to have significant improvement. In addition to that, PCE1 has the greatest
dispersing effectiveness.
Figure 4b, shows the evolution of yield stress within time for the different admixtures used with dosage
of 0.2 wt%. As noted above, the use of PCE1 and PCE2 decreases significantly the initial yield stress
of the paste. However, a fast slump loss with time, characterised by an increase in yield stress, was
remarked when PCEs are used alone. When citric acid is introduced alone in the cement paste, a
slight decrease in the initial yield stress was noticed. In addition, citric acid slowed down the increase
of yield stress within time. The combination of citric acid (0.2 wt%) with PCE1 (PCE2) (0.2 wt%)
decreases the initial yield stress compared to CSA. The yield stress then decreased throughout time
to reach a minimum equal to the initial yield stress obtained when PCE1 (PCE2) was introduced
alone. Additionally, the combination of citric acid with PCE slows down the slump loss with time. It
should be noted that the effect on yield stress induced by the combination of citric acid and PCE is not
additive.
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Figure 4. (a) Yield stress as a function of PCE dosage (b) Yield stress as a function of Time
3.3

Adsorption

Adsorption isotherms were used to explain the differences in dispersing effectiveness of admixtures.
The results are displayed in figure 5. The Langmuir model correctly represented the isotherms
obtained experimentally. At 8min of hydration time, the maximum amount of PCE1 adsorbed was
higher (0.91 mg/g of cement) than that of PCE2 (0.67mg/g of cement) and PCE3 (0.89 mg/g of
cement). However, the maximum amount of PCE3 adsorbed tended to be higher than that of PCE2,
while the affinity to CSA (the slope of the linear part of the curve) of PCE2 (1.77) was much higher
than that of PCE3 (0.27).
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Figure 5. Adsorption isotherms of PCE1, PCE2 and PCE3 obtained at 8min
Figure 6 shows the evolution within time of the percentage in admixture adsorbed for PCE1, PCE2
and citric acid initially introduced at dosage of 0.2wt% in PCE-system, CA-system and PCE+CAsystem. The percentages of PCE1 and PCE2 adsorbed at 8 min were around 35% and 29%
respectively. Additional 16% of PCE2 adsorbs on the CSA based systems between 8 min and 38 min,
whereas only additional 8% of PCE1 was adsorbed during the same time. This shows the faster
consumption of PCE2 compared to that of PCE1. At 8min of hydration, citric acid adsorbed almost
completely (97%). However, its adsorption decreased to 87% in PCE1+CA-system. Additionally, the
adsorption of PCE1 decreases from 35%, in PCE1-system, to 10% in PCE1+CA-system. These
results show that a competitive adsorption between citric acid and PCE1 occurred. In PCE2+CAsystem, citric acid was adsorbed almost completely since the beginning of hydration, and then
hindered almost completely the adsorption of PCE2 (only 4% of PCE2 was adsorbed at 8min of
hydration).
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Figure 6. Adsorption of PCE1, PCE2 and CA in PCE-system, CA-system and PCE+CA-system
4.

DISCUSSION

In CSA paste, PCEs affect the rheology and the hydration of the paste. On one hand, PCE decreases
the yield stress. However, the yield stress increases quickly with time. Additionally, the dispersing
effectiveness was higher for PCE1, followed by PCE2 and finally PCE3. On the other hand, PCE
delays the hydration of the paste. The hydration retardation is higher for PCE3, followed by PCE1 and
then PCE2. The reason of these effects can be summarized as follow:
According to Flatt & Houst (2001), PCE, added to a cement suspension, may be divided into three
parts. The first part is consumed by co-precipitation, intercalation or micellization to form an organomineral phase (OMP). This part is considered as lost and is no longer available for dispersing cement
particles. The second part is adsorbed onto the surface of cement particles and hydrates due to
electrostatic interactions, and then side chains reduce inter-particle attractive forces (Van Der Waals)
through steric hindrance. The last part consists of the PCE remaining in the supernatant. Only the
adsorbed part of PCE reduces particles agglomeration, which decreases the yield stress of the paste.
Tan et al. (2017), proposed a dispersion model describing the action mechanism of PCE on CSA
paste. They suggested that, during hydration, ettringite would be formed and covered gradually the
side chains of PCE, which decreases the dispersive effect of PCE within time until its disappearance
when hydration layers cover all the side chains. Taking into account the high reactivity of CSA, the
yield stress would increase quickly with time.
Quantifying the dispersing effectiveness of PCE is a difficult task and is further complicated by the
hydration reactions of CSA. To overcome this difficulty, some authors have worked on inert systems.
Dalas et al (2015) have studied the fluidizing efficiency of PCEs adsorbed on inert calcite
suspensions, and at low adsorption amount. They found that the mass of adsorbed PCE was the best
parameter to predict the fluidizing efficiency regardless of the PCE structure. Flatt et al. (2009) have
studied the interactions of PCE with calcium silicate hydrates and found that, at high adsorption
amount, dispersing effectiveness relies on layer thickness of adsorbed PCE, on backbone charge
density and on surface coverage. In this case the increase of the side chain length leads to thicken the
adsorbed layer rising the dispersing effectiveness. Based on this, the best dispersing effectiveness of
PCE1 could be explained by its high adsorbed mass compared to PCE2 and PCE3. Additionally, it
was found that PCE1 and PCE2 exhibit the same dispersing effectiveness at 8min of hydration time
for the same adsorbed mass corresponding to 0.1 wt% of PCE1 and 0.2 wt% of PCE2. However, at
high dosage (0.4%) PCE3 tends to adsorb more than PCE2, while its efficiency is lower than that of
PCE2. This comes to the fact that PCE3 exhibited the shortest side chains, which explains its lower
dispersing effectiveness.
Based on experimental results obtained, discussion above and taking into account the reactivity of
CSA, dispersing effectiveness could be related to several parameters including the adsorbed amount,
the layer thickness of adsorbed PCE, the surface coverage and also the quantity of OMP formed and
PCE remaining in supernatant. The following interpretation can help in understanding the differences
in dispersing effectiveness of these three PCEs. In CSA pastes, at the beginning, PCE adsorbs onto
cement grains and first hydrates (ettringite) inducing dispersion. At same amount adsorbed, the longer
the side chains are, the better the dispersing effectiveness. When hydration progresses, massive
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precipitation of ettringite would occur and the effective side chains would be converted gradually to
ineffective side chains. Dispersion effectiveness at a given time lies on effective side chains
uncovered by CSA hydrates. Based on this, the small size of side chains of PCE1, compared to
PCE2, is compensated by a slower hydration and thus a slower recovery of its side chains.
In presence of citric acid with PCE, the yield stress of CSA paste was lower compared to the reference
sample. The Yield stress continues to decrease over time to reach a minimum, and then it starts to
increase slowly over time. The presence of citric acid with PCE allows the retention of yield stress over
time.
According to Plank & Winter (2008), citric acid forms highly negatively charged complex with Ca 2+ and
adsorb onto the surface of the cement grains. The layer formed is responsible for the hydration delay.
In CSA when citric acid and PCE are present at the same time, highly charged complex of citrate
compared to PCE, adsorbs almost completely at early age and partly hinder the adsorption of PCE.
This can explain the higher initial yield stress of paste containing PCE and citric acid compared to the
one containing PCE alone. As hydration progresses, more adsorption sites are available for adsorbing
more PCE molecules, which explains the decrease in yield stress. Additionally, citrate complex delays
hydration and then reduces the amount of hydrates formed. Consequently, the coverage rate of the
side chains by hydrates is decreased, resulting in the retention of yield stress over time. Tan et al
(2017) investigated the effect of borax on the dispersing effectiveness of PCE in CSA paste. They
found that, depending on the dosage, borax can increase or decrease the dispersing effectiveness of
PCE. Small amount of borax can decrease the amount of hydrates formed resulting in an increase of
the dispersion, while great amount of borax generates competitive adsorption resulting in a decrease
of the dispersion.
5.

CONCLUSION

The effect of three different PCE on the hydration and rheology of CSA was investigated. PCE adsorb
onto the surface of cement grains inducing their dispersion by steric hindrance. PCE1 exhibit the
highest dispersing effectiveness compared to PCE2 and PCE3. In a reactive system, the dispersing
effectiveness of PCE that have the same chemical structure relies on adsorbed amount of PCE, the
length of their side chains and the hydration delay they induce. At equal adsorbed mass, the longer
the effective side chains are the better the dispersing effectiveness. Additionally, the effect of citric
acid on dispersion of PCE in CSA was also investigated. Citric acid, which forms highly charged
complex compared to PCE, adsorbs almost completely and partly hinders the adsorption of PCE,
which decreases the dispersion effectiveness of PCE at early age. However, citric acid delays
hydration and then decreases the amount of hydrates formed over time. This leads to retain dispersion
effectiveness over time.
6.
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ABSTRACT
The cement industry is responsible for around 7% of all man-made global carbon emissions, mainly
related to Portland clinker production. Recent research is facing this problem by considering different
strategies, i.e. the production of innovative and Portland-alternative clinkers. The production of these
types of clinker is more sustainable thanks to lower temperatures needed in the kiln and to different
raw materials used, resulting in 20% less CO2 emissions.
The use of CSA cement in structural concrete is not considered in standards and codes, and there are
some concerns about its usage due to higher carbonation rates, lower pH of the pore solution, and
less effectiveness in steel rebar protection, especially with chloride penetration.
This study aims to propose and validate a new technology based on the combination of a highperformance concrete produced with a sulfoaluminate binder and a non-corrosive reinforcement.
Glass Fiber-Reinforced Polymers (GFRP) bars are a promising alternative to traditional steel
reinforcement thanks to the fact that they do not corrode. In addition, they show good durability and
high mechanical performance.
Furthermore, the deployment of non-corrosive reinforcement allows the use of recycled materials
(such as concrete or asphalt as aggregates) or materials available in large quantities (for example
seawater), even if contaminated by chlorides. This improves the sustainability of the proposed
solution.
This paper presents the results of a laboratory investigation performed to prove the good mechanical
and durability performance of the aforementioned solution, even when seawater is used for concrete
mixing.
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1.

INTRODUCTION

During the past few decades, the cement and concrete industry had to face two main challenges,
namely the sustainability of cement production and the durability of the final concrete structures. Both
challenges are strongly linked to each other and make necessary to consider both the
cement/concrete side and the reinforcement side.
Many strategies could be adopted to pursue sustainability in the cement industry, for example:
-

direct actions in cement plants to achieve lower CO2 emissions and higher social acceptance
of the whole process;
reduction of the clinker factor in cement by using alternative raw materials and fuels;
development of novel cementitious binders through the use of resource efficient clinkers or the
addition of different Supplementary Cementitious Materials (SCMs);
improvement of the knowledge in the field of concrete durability;
collaboration with standardization bodies with the aim of opening the door to the
standardization of new cement;
development of strategies for Carbon Capture and Storage (CCS) (Canonico, 2018, Schneider
et al., 2011, UN Environment et al., 2018).

Durability is a quite recent concept. In Italy, it was integrated into standards and codes just after 2001
thanks to UNI EN 206-1, through the introduction of the exposure classes which represent the first
step in considering the interaction between the environment, the concrete and the entire structure.
Corrosion of steel reinforcement is the primary cause of durability problems in Reinforced Concrete
(RC) structures (Bertolini et al., 2013). Traditionally, solutions to this problem lie in finding ways to
protect steel (e.g. designing concrete mixes with limited permeability and superior durability
characteristics). Nevertheless, the maintenance costs of preventing steel reinforcement corrosion, and
the huge cost of repair or replacement of concrete structures, deteriorated due to corrosion, have
fostered a worldwide interest in finding alternative materials for RC structures. In the past few years
many research projects have been funded with the aim of developing concrete high aggressive
environments resistant. SEACON project developed a solution with innovative reinforcing bars, while
LORCENIS project approached several high aggressive scenarios as well as innovative solutions to
improve concrete durability, such as special cements, corrosion inhibitors, superabsorbent polymers or
self-healing additions.
The main goal of this paper is to propose and describe four innovative and promising technologies to
obtain sustainable, durable and high-performance RC structures; two in the field of binders and the
others on the reinforcement side. In particular, calcium sulfoaluminate (CSA) cements and composite
binders are considered due to their high mechanical properties, excellent durability, good performance
in aggressive environments, and reduced CO 2 emissions (Telesca et al., 2014 and 2016). Glass Fiber
Reinforced Polymers (GFRP) and Stainless Steel (SS), namely competitive alternatives to traditional
Carbon Steel (CS) reinforcement, have also been taken into consideration thanks to their excellent
behavior against corrosion. A general review of the four innovative materials is proposed and
supported by scientific experimental data. In addition, selected results of an extensive research
program, that involved the combination of CSA-based concretes and GFRP bars as internal
reinforcement, are presented.
2.

CALCIUM SULFOALUMINATE CEMENT

CSA cement is a hydraulic binder alternative to Ordinary Portland Cement (OPC). It is produced from
limestone, bauxite and calcium sulfate (gypsum or anhydrite), and ye’elimite (C4 A3 S̅, 30-70%) is its
main mineral phase. CSA clinker production delivers significantly less CO 2 emissions compared to
OPC, thanks to both the reduced amount of limestone in the raw meal formulation and to lower
burning temperature of the clinker (1250°-1350°C) (Aranda and De la Torre, 2013). Moreover, CSA
cements require a high amount of sulfate carrier in order to promote the cement hydration (15-25% vs
5% in OPC as set regulator), resulting in a substantial dilution of the clinker factor.
CSA cements are high-performance binders characterized by fast setting and rapid hardening, as well
as high chemical resistance and reduced shrinkage, thanks to a shrinkage compensation effect. When
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CSA clinker/cement is blended with OPC various engineering features can be obtained, such as high
early strength, manageable workability time depending on the use of different retarders, high frost
resistance, and limited shrinkage. CSA-based binders generally allow achievement of a cement matrix
characterized by a reduced porosity if compared with OPC systems (Aranda and De la Torre, 2013):
this distinguishing feature makes CSA cement less sensitive to possible interaction with external
agents and, therefore, able to confer higher durability to concrete structures (Gastaldi et al., 2011).
Despite the many attractive aspects described above, there are some concerns about the usage of
blended binders due to the high carbonation rates, the high chloride migration coefficient, the low pH
of the pure CSA binders solution, and reduced effectiveness in steel rebar protection.
In 2013, Buzzi Unicem obtained a CE certification based on an ETA (European Technical Approval)
procedure, issued by DIBt (Deutsches Institut für Bautechnik) for one type of CSA cement and two
blended cements based on the combination of CSA cement with Portland cement and with limestone
Portland cement (respectively ETA 13/0417, 13/0418 and 13/0409, 2013). This approval allows for the
use of the three products in concrete structural applications.
Table 1 reports the composition and properties (physical, mechanical and durability) related to one of
the two commercially available ternary systems (Next Binder SL05, ETA 13/0419, 2013) produced by
Buzzi Unicem and made up of a blend of 30% sulfoaluminate clinker, 60% Portland cement (CEM II/ALL 42.5R according to the UNI EN 197-1) and 10% anhydrite. All the data collected in Table 1 have
been determined through laboratory tests performed at the Buzzi Unicem plant in Trino (IT).
Table 1. Composition and properties of the CSA-based binder produced by Buzzi Unicem
Physical properties of the binder
Blaine

cm2/g

4000

g/cm3

Density

3.0

Mineralogical composition (XRD - Rietveld)

Chemical composition (XRF)

C4A3$

%

16

CaO

%

54.6

C2S

%

34

Al2O3

%

10.6

C3S

%

10

SO3

%

10.5

C3A+C4AF

%

8

SiO2

%

13.6

Fe2O3

%

2.7

Physical tests on std mortars
Loss of workabilitya

min

45

Initial setting timea

min

105

8h

24h

28d

90d

Final setting timea

min

175

15.0 MPa

30.6 MPa

65.0 MPa

74.5 MPa

Compressive strength (UNI EN 196-1)

Durability tests
Shrinkage after 90 days (UNI 6687-73)
Sulfate resistance after 90 days (SVA flat Prism Method)

Carbonation depth (140 d of exposure)
pH
Chloride migration resistance (NT Build 292)

-250 µm/m
5°C

20°C

<0.1 mm/m

<0.6 mm/m

7db

28db

12 mm

6 mm
12.3
17x10-12 m2/s

Scaling Freeze–Thaw test (CDF test)

<1.0 kg/m2

CO2 emissions (Paris et al., 2016)

717 kg/ton

a
b

evaluated by means of a penetration test apparatus on std mortar (Italian Patent No. 561944, 1989)
water-curing before exposure
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The data shown in Table 1 give an overview on the technical performance of an industrially produced
CSA-based binder. It shows a very good dimensional stability, thanks to the formation of a high
amount of ettringite in the system, and a very high sulfate resistance, compared to an OPC.
Conversely, its carbonation resistance is quite low and comparable to a limestone Portland cement;
this is related to the lower buffering potential of CSA binders, and it is worth noticing that the watercuring period before exposition strongly affects the trend of the penetration depth of CO2 (Gastaldi et
al., 2018). The pH of CSA-based binders is lower compared to that of OPC.
Generally, the chloride migration resistance is lower in CSA pure cement than in OPC; however,
blends of CSA and Portland cements show a good chloride migration resistance, attributable to the
mechanism of Friedel’s salt formation. In fact, the ettringite formed in pure CSA systems is
mineralogically very stable and does not react with chloride ions; conversely, when CSA is blended
with OPC, monosulfate (AFm) is also formed; and supplies an autogenous protection against chloride
ions, storing them in its interlayers and converting into Friedel’s salt (Paul et al., 2015).
Blends of CSA and OPC behave better than pure CSA cements with respect to freeze and thaw
resistance. This effect can be related to the binding ability of chloride ions and to the partial dissolution
of the not fully reacted sulfates, which makes the ionic solution used in the freeze and thaw test much
more aggressive.
In addition, it has been shown recently that SCMs, particularly slag, can be added to blends of CSA
and OPC in order to obtain high strengths and to compete with composite EN-197 cements (Bertola et
al., 2018).
3.

BINDER ALTERNATIVE TO UNI EN 197-1 CEMENTS

The use of SCMs, such as blast-furnace slag, a by-product of pig-iron production, or fly ash from coal
combustion, represents a viable solution to decrease the Portland clinker content in cement. The use
of such materials, where no additional clinkering process is involved, leads to a significant reduction in
CO2 emissions per ton of cementitious material, and to a decrease in virgin resources consumption.
Many different composite cements are already included in UNI EN 197-1, but much research is in
progress in this field to improve their use and types, with particular attention to the durability issues. In
fact, the current cement standard (UNI EN 197-1) is going to be enlarged and is expected to be
published by the European Commission in 2020. New cements (CEM II/C and CEM VI) with three
components will be covered, also considering, besides clinker, fly ash/pozzolans, slag or limestone
(Schneider, 2018).
Cements with both a high limestone and a low clinker contents (for instance CEM II/B-LL) have
already been extensively studied and verified in concrete applications. These types of cements have
been admitted by the UNI EN 197-1 and authorized within Europe. However, their structural
application is still limited in some countries due to concerns regarding the high carbonation rate and
the low freeze and thaw resistance when deicing salts are present.
Recently, mechanical and durability studies have been conducted on cements based on the
combination of limestone, slag and Portland clinker. Using different UNI EN 197-1 cements as
reference (CEM I 42.5N, CEM III/A 42.5N and CEM II/A-LL 32.5R), while compressive strengths are
comparable or even higher, carbonation depths can be sharply decreased, improving the carbonation
resistances, as shown in Table 2 (Neufert, 2017; Müller, 2018).
Pozzolanic cements (containing up to 35% pozzolan) are also used extensively in some countries; in
Italy, for instance, they account for 11.4% of the entire cement consumption, thanks to the local
availability of very good quality raw materials and their relatively low price (about 4 €/t). They are often
used for infrastructure work thanks to the excellent performance of the resulting concrete against
chemical attack (particularly sulfate attack).
Calcined clays are also a valid SCM, authorized by EN 197-1 as a pozzolanic material up to 35% (if
reactive SiO2 content is higher than 25%). Many studies support their use, describing good
mechanical and durability performance. For example, their use in combination with limestone was
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proven to allow the offset of the calcination cost and achievement of good mechanical performance,
comparable to those of OPC (Scrivener, 2018). However, due to the need of an industrial process to
activate the clay hydraulicity, their use can be convenient only for countries with low availability of
more traditional additions and an abundance of clays, such as India or Cuba.
Table 2. Properties of composite cements
Time

CEM I
42.5N

CEM III/A
42.5N

CEM II/ALL 32.5R

CEM 50K,
30S, 20LL

2d

28 MPa

20 MPa

25 MPa

20 MPa

7d

60 MPa

55 MPa

43 MPa

62 MPa

28d

70 MPa

77 MPa

52 MPa

75 MPa

Shrinkage (UNI 6687-73)

90d

300 µm/m

150 µm/m

320 µm/m

210 µm/m

Carbonation depth
(140d of exposure)

7da

0.3 mm

3 mm

3.5 mm

1.75 mm

28da

0.25 mm

2.5 mm

3 mm

1.5 mm

Test

Compressive strength
(UNI EN 196-1)

Scaling Freeze–Thaw test (CDF test)
awater-curing

4.

56d

<0.5

kg/m2

<0.5

kg/m2

<0.5

kg/m2

<0.5 kg/m2

before exposure

FRP REINFORCEMENTS

Fiber Reinforced Polymers (FRP) represent a viable non-corrosive alternative to traditional steel in
rehabilitation and new constructions. Their most important feature is therefore related to their
corrosion-free nature; but they are also characterized by high tensile strength and modulus, lightness,
and transparency to magnetic fields (Micelli and Nanni, 2004).
FRP are composite materials consisting of longitudinal high-strength fibers embedded in a resin
matrix. The fibers are the main load-carrying element, and exhibit very high strength and stiffness
when pulled in tension. The polymeric resin has the role of bonding and protecting the fibers from the
environment and of transferring loads from fiber to fiber through shear stresses. Commercially
available solutions include Glass FRP (GFRP), Carbon FRP (CFRP), and Basalt FRP (BFRP) bars.
The most commonly used in the construction industry are CFRP for their stiffness and durability
properties, and GFRP for their balance between performance and cost (Nanni, 1999).
FRP rebars are manufactured using the “pultrusion” process; fibers are pulled from creels through a
resin bath via forming guides, and shaped in heated dies, tapered to achieve compaction and cure.
The produced rebars are characterized by the type of their finished surfaces, which can improve their
bond properties to the concrete. Some of the bar types used are: ribbed bars, obtained by combining
pultrusion and compression molding, sand-blasted bars, sand-blasted after the pultrusion process to
enhance the bond characteristics, and spirally wound and sand-coated bars, spirally wound with a
fiber tow and covered with sand after the pultrusion process.
The main properties of traditional steel (Grade 60), GFRP and CFRP reinforcements are shown in
Table 3. FRP are brittle composite materials, linear elastic until failure (no yielding), stronger, but less
stiff with respect to steel. The brittleness of FRP reinforcements can be addressed by using higher
safety coefficients during design and by improving concrete ductility through confinement. The lower
stiffness of GFRP results in deflections and crack-widths of RC members that are larger than those of
conventional steel-RC members. Consequently, GFRP-RC design is typically influenced by service
considerations. The high variability in the ultimate tensile strength values, particularly for GFRP rebars,
is due to the use of different constituents and finishing processes and the shear-lag (size) effect
(Sheikh and Kharal, 2018).
The bond behavior of FRP rebars and the surrounding concrete is a critical aspect and may be
different from that of conventional steel. Bond is ensured by propagation of stresses whose values
depend on bar geometry, chemical and physical characteristics of the bar surface, as well as concrete
compressive strength. Differences in FRP products make bond characteristics quite variable.
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Determining the bond characteristics of non-standardized commercial rebars is a fundamental
requirement for their practical use, as this influences the mechanism of load transfer between
reinforcement and concrete.
Table 3. Comparison between steel, GFRP and CFRP properties
Properties

Grade 60 steel

GFRP

CFRP

Yielding (Ductile)

Linear (Brittle)

Linear (Brittle)

Strain at failure

Highest

Higher

Lower

Shear strength and stiffness

Higher

Lower

Lower

420 MPa at yielding

550-1500 MPa

2050-2900 MPa

200 GPa

40-60 GPa

150 GPa

~10%

~1.20-3.30%

~1.50-1.90%

~7500-8000 kg/m3

~2100 kg/m3

~1500 kg/m3

Mechanical behavior

Ultimate tensile strength
Elastic modulus
Rupture strain
Density

Economic studies on FRP-RC suggest significant long-term cost savings to compensate the relatively
high initial cost of FRP reinforcement (Eamon et al., 2012; Younis et al., 2018). However, the
economic advantage in the use of such materials exists only for applications where durability is a
concern (Nanni, 1999). A practical example was provided by the SEACON Project (http://seacon.umsml.com/), a research project funded by Infravation and coordinated by the University of Miami. GFRP
reinforcement was proved to be a more sustainable and cost-effective solution for concrete exposed to
very aggressive environments, also allowing the use seawater to mix the concrete without affecting
the final performance (Redaelli et al., 2018). Results (or findings) of the SECON Project were exploited
within the framework of the LORCENIS project (http://www.lorcenis-eu.com/) also dealing with durable
concrete structures operated in harsh environment.
Despite the many attractive aspects described above, the use of FRP technology in civil construction
remains limited due to the limited availability of design guidelines and test standardization in Europe.
Nevertheless, FRP reinforcements are becoming an alternative solution for niche and specific
applications, such as those located in aggressive environments (coastal areas in sub-tropical regions,
cold weather regions where de-icing salts are used and freeze-thaw cycles occur, geotechnical
applications where reinforcement is exposed to moist and contaminated soil) or where corrosion
caused by stray currents is a risk (Bakis et al., 2002; Arduini & Balconi, 2018).
5.

STAINLESS STEEL

Stainless steel (SS) is an extended family of steel types with a wide variety of characteristics with
regard to physical and mechanical properties, cost, and corrosion resistance. It has a much higher
corrosion resistance than carbon steel, which derives from a chromium-rich passive film present on its
surface. SS rebars can be used as a preventive technique for structures exposed to aggressive
environments, especially in the presence of chlorides (Bertolini et al., 2013).
SS can be divided into four categories, based on its microstructure: ferritic, austenitic, martensitic and
austenic-ferritic (duplex). Only specific grades of austenic and duplex SS are currently used in
concrete; in particular steel bars of austenic grades 304L and 316L and duplex 22-05 (according to the
designation of the European Standard EN 10088-1) have been extensively studied during the last 50
years. In recent years, the fluctuation and increase in the cost of nickel has led to an increment in the
cost of traditional austenic SS. As a consequence, new austenic or duplex SS with low nickel and
molybdenum contents have been proposed for reinforcing bars, possibly adding manganese to
promote the formation of austenite.
Over time, the concrete, which was alkaline at the beginning, can lose its alkalinity due to carbonation
processes and this can cause a change in the corrosion resistance of SS reinforcement. Although all
types of SS are passive in carbonated concrete, their use is normally associated with chloride-bearing
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environments. In fact, for structures subjected only to carbonation, unless an extremely long service
life is required, prevention of steel corrosion can be achieved with a proper design of the concrete mix
and the concrete cover or, if necessary, by using less-expensive additional protective measures (such
as galvanized steel rebars).
Because of the higher stability of the passive film of SS compared to carbon steel (CS), its resistance
to pitting corrosion is remarkably higher, due to the formation of chromium and nickel oxyhydroxides in
contact with the alkaline pore solution. As a result, SS bars have a much higher chloride threshold
level compared to conventional CS rebars, much higher than the chloride content that is normally
found in the vicinity of the steel reinforcement even in structures exposed to marine environment or
deicing salts. The various grades of SS commercially available have significantly different corrosion
performance; they offer designers a wide range of possibilities, in terms of both corrosion resistance
and cost.
The corrosion resistance of SS reinforcement is much higher compared to traditional steel, even when
embedded in concrete contaminated by chloride. For instance, when seawater is used as mixing water
and SS is used as reinforcement, after more than one year, no corrosion is evident. On the contrary,
when CS is considered, signals of incipient corrosion initiation are detectable (Redaelli et al., 2018).
Only some types of SS reinforcement are suitable for use in the presence of chlorides, it is necessary
to choose the right type through laboratory tests or models that allow evaluation of their performance
(Lollini et al., 2016).
Preliminary LCA and LCC studies performed on the use of non-corrosive reinforcement, SS and
GFRP, have shown successful results in terms of environmental and economic impact (Redaelli et al.,
2018). In particular, the calculated Global Warming and the Water Consumption factors are valid
considering both the Cradle-to-Gate and the Cradle-to-Grave scenarios of the two different solutions.
Economically, SS is more expensive at the gate, but the higher costs are amply compensated by the
longer service life, entailing less maintenance and delayed reconstruction, while GFRP seems to be
significantly less expensive.
6.

EXPERIMENTAL TEST

An extensive campaign of experimental tests was carried out to prove the successful feasibility in the
combination of high-performance concretes based on CSA binder with GFRP rebars as internal
reinforcement, for the production of sustainable, high-performance and corrosion-free structures.
Hereinafter, the investigation on the bond behavior of GFRP bars with the surrounding concrete is
presented. The interface between concrete and rebar was observed first through the use of an optical
microscope and Scanning Electron Microscopy (SEM). Subsequently, pull-out tests were conducted in
order to evaluate the bond-to-concrete behavior of GFRP bars with particular attention to the effect of
the construction characteristics variation (diameter and surface profile) has on the bond.
6.1

Materials and Methods

Table 4 shows the mix design considered during the experimental campaign and the fresh and
hardened properties resulting. The blend cement, Next Binder SL05, was used as binder and dosed at
400 kg/m3 in order to obtain high compressive strengths. Two ordinary siliceous aggregates, a sand
and a gravel, were used and a dedicated superplasticizer was added to the mixture.
GFRP rebars were used; to improve the adhesion between the surface of the rebar and the concrete,
a black textile band was wrapped along the bar and a coat of quartz sand was applied to the surface.
In particular, a glasspree rod (Type 1) with standard diameter db=12.7 mm and standard cross section
of 127 mm2 and two glasspree rods (Type 2 and 3) with standard diameters db=15.9 mm and standard
cross sections of 199 mm 2 (according to ASTM D7957, 2017) were used. Type 2 rebars differ from
Type 3 by their more accentuated ribbed surface profile.
The pullout tests were performed according to ASTM D7913 (2014). Cubic molds of 20 x 20 x 20 cm
were used to manufacture the pullout specimens. The embedment length of the bars (𝑙𝑏 = 5𝑑𝑏 ) was
properly assured using a bond breaker, and the bars were placed in the middle of the concrete cubes.
After being cast and cured, covered with a plastic sheet, in an indoor environment for 7d (𝑇 = 15 ÷
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20°𝐶), the specimens were demoulded and cured in outdoor conditions for a month until being tested.
Figure 1 shows the test setup used; an LVDT was installed at the free end-slip to measure the
movement of the rod during the pullout test, and to guarantee full contact on the loading plat soft
capping material was used. Force versus free-end LVDT was recorded.
Table 1. Mix design, fresh and hardened properties
Mix design

Properties

Next Binder SL05

400 kg/m3

Slump t0a

Sand 0-10 mm

1230 kg/m3

Void contentb

1.8%

Gravel 8-20 mm

490 kg/m3

Fresh densityc

2297 kg/m3

Superplasticizer

0.85%

Hardened
densityd

2348 kg/m3

Water
aUNI

185

l/m3

240 mm

Compressive
strengthe

3d

7d

28d

90d

30.3 MPa

33.4 MPa

56.0 MPa

63.8 MPa

EN 12350-2, bUNI EN 12350-7, cUNI EN 12350-6, dUNI EN 12390-3, eUNI EN 12390-3

Figure 1. Pullout test setup
6.2

Results

The microscopic investigation (some pictures are reported in Fig. 2a and 2b) revealed that there is
good contact at the interface between the GFRP rebar and the CSA-based concrete. Some
microcracks were observed at the interface and along the sand grains, however, they are probably
due to drying induced by the high vacuum applied during sample preparation. Moreover, it seems that
the covering sand gives the highest contribution to the adhesion.
The bond-slip relationship was recorded and analyzed; the average bond strength was calculated
according to the following equation:
𝜏=

𝐹
𝐹
=
𝜋𝑑𝑏 𝑙𝑏 5𝜋𝑑𝑏 2

where 𝜏 is the average bond strength (MPa), 𝐹 is the tensile force (N), 𝑑𝑏 is the standard diameter
(mm) and 𝑙𝑏 is the bonded length (mm).
The bond-slip graph in Figure 3 suggests that bond-to-concrete behavior varied from rebar type to
rebar type, being affected by the rebar diameter and the ribbed surface profile. In particular, it is worth
noting that emphasizing the ribbed surface profile (GFRP Type 2) leads to a net increase of the
maximum bond strength, reaching an undesirable overstated value (24.0 MPa) and sharpening the
brittle behavior characterized by a sudden-slip failure of the bond surface. Conversely, GFRP rebars
Type 1 and 3 show an initial linear slope in the bond-slip curve, achieving reasonable maximum bond
strength values, similar to that of reference steel (12-15 MPa compared to 14 MPa of steel rebar) and
exhibiting little slippage at peak load. Once the maximum bond stress is attained, a softening behavior
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can be detected during the gradual rebar debonding. The influence of the bar diameter is more
marked when the post-peak behavior is considered.
There is also a difference in the first loading branch between the bond-slip law of steel rebars
compared to that of GFRP rebars, since there is a higher stiffness in steel rebars, compared to GFRP
rebars to concrete connection.

a)

b)

Figure 2. Optical microscopy (a) and SEM (b) images of the interface concrete/GFRP rebar

Figure 3. Representative bond-slip curves for GFRP rebars and steel as reference
7.

CONCLUSIONS

This paper was written with the aim of highlighting different innovative materials useful for producing
sustainable and durable reinforced concretes. In addition, the experimental work described above
intends to open the route to the use of low-pH or chloride-contaminated binders in combination with
non-corrosive reinforcements.
However, an important point to consider is represented by the high variability that many factors,
including rebar surface and rebar diameter of GFRP, can cause in structural performance of the
reinforced concrete. As suggested by the experimental data, different bond behavior exist for different
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GFRP rebars. Differences in GFRP reinforcing products make bond characteristics quite variable. In
some cases, the bond strength is comparable or greater than that in steel reinforcement, while other
products exhibit less bond strength. Due to an increased material demand, the number of FRP rebar
manufacturers grew in recent decades, but each manufacturer started to develop proprietary products,
with wide ranging properties. As a consequence, the FRP rebar market appears dispersed and
fragmented with high variability throughout the different material characteristics of the globally
available FRP rods. A general need for a recognized FRP rebar specification exists to ensure
equivalence and consistency throughout the industry. Improved standardization is expected to
enhance the implementation of FRP rebars for concrete structures because it has the potential to
steamline the technology through the reduction of variance in material characteristics (Ruiz
Emparanza et al., 2017). Nevertheless, it is proper to underline that considerable progress was made
in the past two decades resulting in several design recommendations and guidelines for designing
FRP reinforced concrete members, including ACI 440.1R-15 and the second edition of AASHTO
LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete (Rossini et al., 2018).
However, most designers are still reluctant to replace steel with FRP as the main reinforcement in
reinforced concrete members, due primarily to a lack of data and analytical procedures in this field
compared to those available for conventional steel-reinforced structures (Sheikh and Kharal, 2018).
In conclusion, CSA binders are showing promising features and are validated for structural
deployment in Europe. Conversely, GFRP technology does not yet seem ready for massive use in the
civil construction industry in Europe due to some important limits, such as few quality controls during
production, and insufficient precision in the dedicated Italian standards. Therefore, this technology has
to be taken into consideration for those applications where its unique properties are crucially needed.
8.
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ABSTRACT
Calcium sulfoaluminate (CSA) cement has been proposed as a more environmental friendly alternative
to Portland cement because of its potentially lower CO2 emissions. Although many studies related to
synthesis and hydration of CSA cement have been carried out, still little is known about how doping
ions alter the cement’s principal phase ye’elimite, Ca4Al6SO16. Thus pure ye’elimite and ye’elimite
doped with Na and Fe with targeted compositions Ca4Al5.8Fe0.2SO16 and Ca3.9Na0.2Al6SO16,
respectively, were synthesized in a static furnace at 1250°C and characterized by XRF, XRD/Rietveld
and SEM/EDS. Hydration experiments were carried out with the ground clinkers with and without the
addition of a micronized anhydrite at an anhydrite/ye’elimite molar ratio of 1. Isothermal conduction
calorimetry as well as XRD and TGA at various hydration times were carried out to assess hydration
kinetics and hydration products.
It was found that Na and Fe are not fully homogeneously distributed in the clinker, but are enriched in
some of the larger grains. A part of the Na is also present as Na2SO4 on the surface of some clinker
particles. Hydration kinetics of pure and Fe-doped ye’elimite is quite slow with a long induction period
of approximately 12 h and is accelerated when anhydrite is added. Na-doped ye’elimite reacts much
faster, which might also be due to the presence of Na2SO4 and possibly also of the small amount of
C12A7 present. Without addition of anhydrite, monosulfate and aluminium hydroxide are the dominant
hydration products; whereas ettringite is the main product when anhydrite is present.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cement has been proposed as a more environmental friendly
alternative to Portland cement because of its potentially lower CO 2 emissions (Gartner 2004, Juenger
et al. 2011, Gartner & Sui 2019). Ye’elimite (Ca4Al6SO16 = C4A3s), the principal phase of CSA
cements, has a sodalite crystal structure. Sodalites have the general formula M8(T12O24)X2, where M is
a relatively low charge caged cation (Na+, K+, Ca2+, Sr2+, etc.), T (usually Si4+ or Al3+) is tetrahedrally
coordinated with oxygen to form the framework, and X is the caged anion (either a single atom anion
such as Cl- or a tetrahedrally shaped oxyanion XO42-) (Depmeier 1988). In ye’elimite, the chemical
formula denoting the aluminate sodalite structure is Ca8(Al12O24)(SO4)2.
The best crystal structure determination for pure ye’elimite indicates an orthorhombic Pcc2 space
group (Calos et al. 1995, Hargis et al. 2014, Cuesta et al. 2013, Pedersen et al. 2016). Due to the
incorporation of foreign ions such as Na+, Sr2+, Ba2+, Ga3+, Fe3+, Si4+, P5+, and F- (Andac & Glasser
1995, Idrissi et al. 2010, Touzo et al. 2013, Cuesta et al. 2014, Bullerjahn et al. 2015, Chang et al.
2016, Huang et al. 2016, Zhao & Chang 2017, Zhang et al. 2018, Liu et al. 2018) the structure
changes to a pseudocubic one with space group I4̅3m (Saalfeld & Depmeier 1973, Cuesta et al.
2014).
The hydration of ye’elimite yields monosulfate and aluminium hydroxide, see Eq. (1), whereas in the
presence of anhydrite ettringite is formed according to Eq. (2) instead of monosulfate (Zhang &
Glasser 2002, Winnefeld & Lothenbach 2011). The so-called “M-value” designates the molar ratio of
calcium sulfate to ye’elimite (Zhang, 2000), where the maximum amount of ettringite is formed at M =
2 according to Eq. (2).
C4A3s + 18 H → C3A·Cs·H12 + 2 AH3

(1)

C4A3s + 2 Cs + 38 H → C3A·3Cs·H32 + 2 AH3

(2)

While natural ye’elimite contains only low amounts of Fe and is free of Na (Andac & Glasser 1995),
ye’elimite present in CSA cements may contain significant amounts of foreign elements such as Fe,
Na or Si resulting in a mixture of orthorhombic and cubic polymorphs in the clinker (Álvarez-Pinazo et
al. 2010, Touzo et al. 2013, Cuesta et al. 2014, Bullerjahn et al. 2014, Chitvoranund et al. 2017).
Although many studies related to synthesis and hydration of CSA cement have been carried out, still
little is known about how doping ions alter the ye’elimite phase. Cubic ye’elimite, which was made by
Fe-doping or a combined doping with Fe, Si and Na, was found to hydrate faster than orthorhombic
ye’elimite when hydrated without the addition of calcium sulfate (Cuesta et al. 2014, Bullerjahn et al.
2015, Jansen et al. 2017). With added calcium sulfate the orthorhombic phase hydrated faster than
the cubic ones. In the case of doping with F and P, the doped ye’elimite hydrated in the absence of
calcium sulfate faster than the pure phase (Huang et al. 2016).
In this study, pure ye’elimite (Ye) and ye’elimite doped with Fe and Na with targeted compositions
Ca4Al5.8Fe0.2SO16 (Fe-Ye) and Ca3.9Na0.2Al6SO16 (Na-Ye), respectively, were synthesized in a static
furnace at 1250°C and characterized by XRF, XRD/Rietveld and SEM/EDS. Hydration experiments
were carried out with the ground clinkers with and without the addition of anhydrite at an M-value of 1.
Isothermal conduction calorimetry as well as XRD and TGA at various hydration times were carried
out to assess hydration kinetics and hydration products.
2.
2.1

MATERIALS AND METHODS
Synthesis and characterization of ye’elimite

The ye’elimite samples were synthesized using analytical grade chemicals. CaO was obtained by
firing CaCO3 in a static furnace at 900°C for 12 h. Al2O3, Fe2O3 and CaSO4 were fired at 300°C until
constant mass, and Na2CO3 was dried at 105°C until constant mass. The raw materials were
combined together to achieve the targeted composition, homogenized and pressed into a pellet. The
pellets were fired in a platinum crucible at a ramp rate of 5°C/min with a 4 hour soak at 1250°C
followed by rapid cooling. Purity was checked by quantitative X-ray diffraction analysis (QXRD). Due to
sulfate loss, traces of calcium aluminate (CA) and/or mayenite (C12A7) could be identified in the fired
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products. This was compensated by adding additional CaSO 4, and firing again under the same
conditions. This was repeated several times until a purity of >99% was reached. The fired products
were gently ground by hand in an agate mortar to pass a 63 µm sieve.
Loss on ignition (L.O.I.) and X-ray fluorescence analysis (XRF) using fused beads were performed
according to EN 196-2. Quantitative X-ray diffraction analyses (XRD) of the synthesized ye’elimites
were performed with a Panalytical XPert Pro in a Θ-Θ configuration using CoKα-radition and the
X’Celerator detector. Rietveld refinement of the XRD patterns was performed using X’Pert Highscore
plus V. 4.8 using the crystal structures suggested by Snellings (2015) with the exception that recently
published structures for orthorhombic and cubic ye’elimite (Cuesta et al. 2013, 2014) were applied.
Polished sections of the synthesized ye’elimite samples, impregnated with epoxy resin and carboncoated, were investigated by a scanning electron microscopy. A Nova NanoSEM 230 FEI was used in
the high vacuum mode with an acceleration voltage of 12 kV, a spot size of 4.5 and a beam current of
90-100 μA. An Oxford SSD detector and INCA Energy software with ZAF correction were used for the
EDS analyses.
2.2

Paste mix design

The hydration of six samples was examined. Besides the three plain ye’elimites (M=0, samples YeM0, Fe-Ye-M0, Na-Ye-M0), each ye’elimite was as well blended with analytical grade anhydrite at a
molar ratio of M=1 (samples Ye-M1, Fe-Ye-M1, Na-Ye-M1). All experiments were performed at 20°C
using a water/solid ratio of 2.
2.3

Isothermal calorimetry

For isothermal calorimetry a Thermometric TAM Air equipped with admix ampoules, which allow
capturing the initial heat event (Wadsö 2005), was utilized. After thermal equilibration, 1.00 g of binder
was mixed in-situ with 2.00 g water and stirred for 1 minute.
2.4

X-ray diffraction and thermogravimetry on hydrated samples

For each hydration step (6 h, 1 d, 7 d, 28 d) a few grams of paste were mixed manually and stored in
in a sealed PE container at 20°C until testing. Hydration was stopped by solvent exchange using first
isopropanol, and then diethyl ether. Then the samples were dried for 8-10 minutes at 40 °C and, if
necessary, stored in a desiccator under N2 atmosphere to avoid carbonation prior to analysis.
Qualitative X-ray diffraction (XRD) was performed with the same machine and the same conditions as
described in 2.1.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/SDTA 851e under
nitrogen atmosphere. Weight changes were measured while heating about 50 mg samples from 30980° C with a heating rate of 20°C per minute in 150 μl alumina crucibles. Phase identification was
performed according to the reference data provided in (Lothenbach et al. 2015).
3.
3.1

RESULTS AND DISCUSSION
Characterization of pure and doped ye’elimite

The comparison of the chemical analyses of the synthesized ye’elimites shows that the results agree
quite well with the targeted values in the cases of pure ye’elimite and Fe-doped ye’elimite (Table 1).
For Na-doped ye’elimite the agreement is less good; this is probably due to the fact that a higher
amount of anhydrite in the firing process had to be added to compensate for SO3 loss (5.48 g
anhydrite compared to 1.48 g for pure ye’elimite and 1.33 g for Fe-doped ye’elimite; all values
referring to 100 g solid).
Quantitative X-ray diffraction proved that all samples are of very high purity. The pure ye’elimite
contained 99.9 mass-% of the orthorhombic phase and traces of C3A. The X-ray patterns of the doped
ye’elimites were refined as mixtures of orthorhombic and cubic phase (roughly 55:45 for both
samples). The Fe-doped sample contained 0.4 mass-% of CA, and the Na-doped sample 0.4 mass-%
CA and 0.5 mass-% C12A7 as impurities.
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The EDS analyses gave a composition of the obtained pure ye’elimite of Ca3.87(±0.08)Na0.02(±0.02)
K0.01(±0.01)Al5.95(±0.08)Fe0.01(±0.01)Si0.01(±0.01)S1.05(±0.04)O16, which is very close to the theoretical value.
Furthermore EDS confirmed the presence of traces of CA and C3A. For the doped samples it was
found that Fe and Al are not fully homogeneously distributed in the clinker, but are enriched in some of
the larger grains. For the Fe-doped ye’elimite a composition of Ca3.85(±0.10)Na0.03(±0.02)K0.01(±0.01)Al5.81(±0.08)
Fe0.20(±0.03)Si0.02(±0.02)S1.02(±0.04)O16 was derived, which is very close to the targeted composition as well.
As minor phases traces of CA and C4AF could be identified. For the Na-doped ye’elimite a
composition of Ca3.80(±0.15)Na0.12(±0.12)K0.01(±0.01)Al5.75(±0.21)Fe0.02(±0.02)Si0.03(±0.02)S1.14(±0.13)O16 was determined. Compared to the other two samples, the standard deviation of the composition is higher.
Furthermore it seems that only half of the Na2O is incorporated in the ye’elimite phase. This is
confirmed by the presence of Na2SO4, on the surface of some clinker particles, C12A7 with
incorporated Na, and another Na-rich phase, with a composition not far away from ye’elimite, but with
higher SO3 and lower CaO content. The latter phase could be a mixed analysis between ye’elimite and
Na2SO4.

Table 1. Chemical analyses of the ye’elimite samples in mass-% (exp.) compared to the
theoretical compositions (th.)
Phase

CaO

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

SO3

L.O.I.

Ye (exp.)

36.94

0.16

49.23

0.05

0.08

<0.04

<0.02

13.14

0.28

Ye (th.)

36.76

-

50.12

-

-

-

-

13.12

-

Fe-Ye (exp.)

36.50

0.12

47.76

2.60

0.07

<0.04

<0.02

12.46

0.39

Fe-Ye (th.)

36.41

-

48.00

2.59

-

-

-

13.00

-

Na-Ye (exp.)

35.98

0.19

47.68

0.08

0.09

0.98

<0.02

14.16

0.77

Na-Ye (th.)

35.80

-

50.07

-

-

1.01

-

13.11

-

3.2

Isothermal calorimetry

Pure ye’elimite shows a very long induction period and a main hydration peak with a maximum after
16 h (Figure 1) in agreement with previous findings (Winnefeld & Barlag 2010, Bullerjahn et al. 2015,
Jansen et al. 2017). The Fe-doped ye’elimite shows slower hydration kinetics than the plain ye’elimite
as reported previously for low-Fe substituted ye’elimites (Bullerjahn et al. 2015). The Na-substituted
ye’elimite reacts much faster than the pure ye’elimite, which might be partly due to its content of free
Na2SO4 as alkali and sulfate ions accelerate ye’elimite hydration (Winnefeld & Barlag 2010). Also the
presence of a small amount of C12A7 has been found to accelerate nucleation and setting strongly as
C12A7 reacts rapidly during the first minutes of the cement hydration and provides additional CaO to
precipitate hydrates (Bullerjahn et al., 2019). However the amount of C12A7 present in the Nasubstituted ye’elimite (0.5%) is lower than in the Fe-doped ye’elimite examined by Bullerjahn et al.,
2019 (1.0%).
The addition of anhydrite accelerates the hydration of all three ye’elimites (Figure 2) in agreement with
e.g. Winnefeld & Barlag 2010, Bullerjahn et al. 2015, Jansen et al. 2017. The order of reactivity is the
same as for the samples without anhydrite addition (Na-Ye-M1 > Ye-M1 > Fe-Ye-M1).
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Figure 2. Isothermal calorimetry of Ye-M1, FeYe-M1 and Na-Ye-M1

X-ray diffraction and thermogravimetry of hydrated pastes

The hydration of pure ye’elimite without anhydrite leads to the formation of monosulfate and
microcrystalline aluminium hydroxide (Figure 3 and Figure 4). Some ettringite forms as well, as
monosulfate may incorporate some hydroxide and thus allowing sulfate ions to form ettringite
(Winnefeld & Barlag 2010). Furthermore ettringite may be formed via an alternative reaction path
involving the formation of CAH10 (Winnefeld & Lothenbach 2016). The latter phase is not identified, but
its quantity and/or crystallinity might be too low to detect by XRD.
The addition of anhydrite yields a mixture of ettringite and monosulfate besides microcrystalline
aluminium hydroxide (Figure 5 and Figure 6) as expected for an intermediate M-value of 1 (Winnefeld
& Barlag 2010).
Fe-doped ye’elimite gives similar hydration products as pure ye’elimite (Figure 7 and Figure 8), but its
hydration kinetics are slower in agreement with the calorimetric data.
When anhydrite is added the Fe-doped ye’elimite, it behaves similar to the pure ye’elimite at M=1
(Figure 9 and Figure 10), but again its kinetics are slightly slower.
The Na-doped ye’elimite hydrates much faster than the other two ye’elimite samples. After 6 h already
significant amounts of ettringite can be identified by XRD and TGA (Figure 11 and Figure 12), which
might form due to the availability of soluble sulfates. The intensities of the monosulfate reflections are
lower than in the case of the other two ye’elimite samples, which might be due to lower quantity and/or
lower crystallinity.
When the Na-doped ye’elimite hydrates in the presence of anhydrite, a similar hydrate assemblage is
formed as in the case of the other two ye’elimite samples at M=1 (Figure 13 and Figure 14). As a
tendency, slightly higher ettringite contents can be seen by TGA in Na-Ye-M1 compared to Ye-M1 and
Fe-Ye-M1 which might be due to the presence of Na2SO4.
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CONCLUSIONS

Stoichiometric ye’elimite and ye’elimite either doped with Fe or Na were synthesized in a laboratory
furnace at 1250°C. The samples were obtained with a high purity of >99%. The compositions of the
stoichiometric and Fe-doped ye’elimite and are very close to the theoretical values, while in the case
of the Na-doped ye’elimite only 50% of the Na is incorporated in ye’elimite. It was found that Na and
Fe are not fully homogeneously distributed in the clinker, but are enriched in minor phases present in
some of the larger grains. A part of the Na is also present as Na 2SO4 on the surface of some clinker
particles.
Hydration kinetics of pure and Fe-doped ye’elimite is quite slow with a long induction period of
approximately 12 h and is accelerated when anhydrite is added. Fe-ye’elimite reacts slightly slower

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
than pure ye’elimite without and with the addition of anhydrite. Na-doped ye’elimite reacts much faster
than pure ye’elimite, which might also be due to the presence of Na 2SO4 or due to the presence of
some mayenite, which is known to accelerate ye’elemite reaction as it provides additional CaO. Also in
the presence of anhydrite its hydration kinetics are faster than for pure ye’elimite. Without the addition
of anhydrite, monosulfate and aluminium hydroxide are the dominant hydration products in the case of
all three samples, whereas ettringite is the main product when anhydrite is present.
The results show that doped ye’elimites show different reactivities (either without or with the addition
of anhydrite) than stoichiometric ye’elimite.
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ABSTRACT
The cements of alkali activated waste silica soda lime glass (WGC) can develop good compressive
strength; nonetheless, their main reaction is a silica gel possibly accompanied by some C–S-H, which
is regarded as soluble in water, making them useless when exposed to water. Laboratory tests have
shown that when the WGC are used as binders in concretes and mortars with limestone aggregates,
the stability underwater is attained. This research compares the properties and molecular structures by
29Si NMR of 2 WGC formulations in pastes and mortars. The first with 8% Na2O (Using NaOH) and
the second with 15% CaO and 6% Na2O:NH. Both formulations increased their compressive strength
and stability underwater for up to 28 days of curing in pastes and mortars, indicating an involvement of
the limestone in the reactions. The SEM and EDS analysis denoted an increase of the Ca/Si ratio in
the matrix of cementitious products when fine and coarse limestone aggregates were used. The 29Si
NMR studies showed a slight increment of the Q1 and Q2 signals which were of shorter silicate
chains. Therefore, the limestone aggregates modified the molecular structure of the waste glass
alkaline activated cement, by means of a modification and/or a contribution of Ca to the silica gel and
C-S-H formed.
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1.

INTRODUCTION

The production of the most used binder, Portland cement, has high emissions of CO2 of about 2.66 Gt
of CO2 worldwide in 2015(Ali et al. 2011; Pour-Ghaz 2013; Summerbell et al. 2016; U.S. Geological
Survey 2015; Van Vliet et al. 2012); thus, the development of alternative binders with lower carbon
footprints is crucial.
Alkali-activated cements (AAC) based on waste glass (WG) are promising binders that take advantage
of an abundant and readily available urban waste, such as silica-soda-lime glass, which is the most
produced type of glass in the world. The WG has an amorphous structure which consists of a threedimensional framework of SiO4- tetrahedra, with calcium and sodium ions as network modifiers (Jones
et al. 2001; Shi & Zheng 2007). Recent studies have reported WG alkaline binders with good mechanical
strengths up to 54 MPa at 28 days in pastes (Avila-López et al. 2015; Martinez-Lopez & EscalanteGarcia 2016).
The activation of WG requires a source of OH- ions that interact with the bridging oxygen in the SiO4chains, dissolving the three-dimensional structure (Dimas et al. 2009; Navarro 2013); this releases SiO4species into solution, which can re-condensate into cementitious products. The most common activators
are NaOH, Na2CO3, and waterglass; without an additional source of CaO and Al 2O3, the dissolution of
glass leads to the condensation of mostly silica gel. Despite the good mechanical properties promoted
by the silica gel, it is soluble in water (Avila-López et al. 2015; Dimas et al. 2009; Puertas et al. 2015;
Redden & Neithalath 2014), which limits the stability of the binders in water. When WG is activated with
additional sources of Al2O3 or CaO, hydraulic reaction products such as C-A-S-H and C-S-H can be
obtained (Avila-López et al. 2015; Bădănoiu et al. 2015; Martinez-Lopez & Escalante-Garcia 2016).
Considering the above, CaO can be a promising activator for AAC since it hydrates and can provide
OH- ions that promote the dissolution of the amorphous structure of the WG and provides of Ca2+ ions
to promote the formation of C-S-H.
On the other hand, limestone aggregates are commonly considered as inert; however, some reports
support the idea that limestone can have chemical activity in alkaline binders. When is used as a fine
powder (passing mesh #50), limestone can be physical and chemically active (Avila-López et al. 2015;
Moseson et al.2012; Ramezanianpour et al.2009; Voglis et al. 2005). Avila-Lopez et al. (2015), reported
the possible dissolution of the limestone in alkali-activated cements based on WG. Moreover, in
laboratory tests, mortars using limestone sand and a binder of 100% waste glass have shown hydraulic
properties.
This research aims to study the effect of the limestone aggregate in the hydraulic stability and molecular
structure of binders based on precursors of 100% waste glass, activated with NaOH and CaO. The
investigation was carried out in pastes and mortars and the chemical composition and molecular
structure of the reaction products was studied by scanning electron microscopy (SEM) and nuclear
magnetic resonance (29Si NMR).
2.

EXPERIMENTAL PROCEDURE

The pastes and mortars were elaborated with 2 formulations. The first using only 8 wt.% Na2O in the
form of NaOH, aiming to obtain silica gel as the main reaction product. The second formulation contained
15 wt.% CaO and 6 wt.% Na2O (using NaOH) as activators, aiming to obtain a C-S-H and silica gel as
the reaction products; all the wt.% were relative to the WG powder.
2.1

Raw materials

Waste silica-soda-lime glass (WG) from a local production plant was used; it was dried, and ball milled
to a specific surface area of 600 m 2/kg. Powdered CaO (quicklime) and pellets of NaOH of industrial
grade were used as alkaline activators. The chemical compositions of the WG and CaO obtained by Xray fluorescence (XRF) are shown in Table 1. The mortars were prepared using a mass aggretate:binder
of 3:1 using a limestone aggregate of a grain size smaller than 4 mm.
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Table 1 Chemical composition (wt. %) of waste silica soda lime glass and CaO obtained by XRay fluorescence.
Wt%

2.2

Compound

SiO2

Na2O

CaO

MgO

Al2O3

Fe2O3

PPI

WG

67.37

14.26

11.16

3.71

1.11

0.848

-

CaO

0.24

-

85.42

0.3

0.08

-

13.5

Preparation of specimens

Pastes and mortars were prepared for the characterization of microstructures, chemical composition
and structure of the hydration products. The procedure started with the mixing of the dry WG and CaO
powders in a blender with the planetary movement for 5 mins, then, the alkaline solutions and the
needed water were then mixed in for 5 min. For the mortars the sand was previously saturated in water,
so it would not absorb the alkaline solution. The water/binder ratio was of 0.4 for pastes and 0.42 for
mortars.
The pastes and mortars were cast in cubic polypropylene molds of 2.5cm per side, vibration was applied
to eliminate air entrapped and the filled molds were covered with a plastic film to prevent water
evaporation. After 24 hours of curing at 60±3 ºC, the specimens were demolded and randomly separated
in two groups. For the dry during conditions, the specimens were placed in open plastic bags, while
other specimens were submerged in water in plastic containers filled with drinkable water; both were
stored in a room at 20±3°C.
The underwater stability index (u.i.) was used to contrast the mechanical properties at a certain age
between underwater and dry curing conditions, using the following equation (1):
𝑢. 𝑖. =
2.3

𝑢𝑛𝑑𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
𝑑𝑟𝑦 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

(1)

Characterization

The compressive strength (CS) for pastes and mortars was measured as the mean of 4 cubes randomly
selected at the ages of 1, 7 and 28 days of curing in dry conditions; the stability under water was
measured after 28 days. Pieces of mechanically tested cubes of pastes were submerged in methanol
for 72 h and then dried in a vacuum oven at 35°C for 72 h to stop the hydration reactions.
Dry powders of pastes passing the #140 sieve of selected formulations of pastes cured for 28 days were
characterized by nuclear magnetic resonance (MAS-NMR, Bruker Avance-II 300 spectrometer). For the
mortars were previously processed in order to eliminate the limestone aggregate as much as possible;
the pieces were crushed and sieved using the sieves #20, 50 and 140, discarding the fraction of
limestone aggregate retained in the sieves. The 29Si Magic Angle spinning spectra in solid state were
acquired with a 59.9 MHz frequency, using a CP-MAS 4mm probe with a rotation speed of 6.5 kHz. The
chemical shift is reported relative to tetramethylsilane [Si(CH3)4]. The spectra deconvolutions were
carried out using the freeware DMFIT with Gauss-Lorentz curve, attaining the best fit for every spectrum
analysed (Massiot et al. 2002 ).
Fragments of the selected formulations of pastes and mortars were mounted in epoxy resin, ground
using SiC sand paper and the polished using diamond pastes from 3 to 0.25 µm. These were further
coated with copper for observation under a SEM operated at 25 KeV, in which the microstructures were
analysed using backscattered electron images and the chemical composition of the matrix of reaction
products was characterized by spot analyses using energy dispersive spectroscopy (EDS).
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3.

RESULTS AND DISCUSSIONS

3.1

Compressive strength

The table 2 shows that the formulation of 100%WG (PF1) activated with only NaOH had higher strength
than the one that included CaO (PF2); this is because the main reaction product of 100% WG is a silica
gel, which had higher intrinsic mechanical properties than C-S-H. Nonetheless, paste PF1 had an u.i.
of 0.17 at 28 days, meaning a loss of 83% of strength underwater, making it non-hydraulic. In contrast,
paste PF2 had an u.i at 28 days of 0.7, indicating stability underwater, therefore, it was regarded as
hydraulic. The reaction products and their association to this behaviour is discussed below.
The u.i. was greatly improved in mortars. At 28 days, it increased from 0.17 (for PF1) to 0.77 in the
mortar MF1; on the other hand, it increased from It increased from 0.7 (for PF2) to 0.92 in the mortar
MF2. This suggests that the limestone aggregate was chemically involved in the reactions towards the
formation of stable cementitious products. It is noteworthy that although the limestone sand may be
diluting the binder, the strength was not drastically reduced in comparison with the corresponding
pastes.
Table 2 Compressive strength from 1 to 28 days of curing in dry conditions.
Paste PF1

Mortar MF1

Paste PF2

Mortar MF2

100% WG
8 wt.% Na2O

100% WG
8 wt.% Na2O

100% WG
6 wt.% Na2O
15 wt.% CaO

100% WG
6 wt.% Na2O
15 wt.% CaO

1 day

24.6 MPa

10.4 MPa

17.5 MPa

19.1 MPa

7 days

26.5 MPa

21 MPa

19.3 MPa

15 MPa

28 days

29 MPa

24.8 MPa

18 MPa

16.1 MPa

Underwater stability
index (u.i.)

0.17

0.77

0.7

0.92

3.2

Microstructure and chemical compositions of reaction products.

The chemical composition of the reaction products is shown in figure 1, 30 microanalyses were taken
for each sample only from the matrix of reaction products, avoiding unreacted glass or aggregate
particles; the microstructures are shown in Figure 2. The PF1 showed a dense matrix of reaction
products with a dark grey tone and a high content of Si. The unreacted WG particles were
heterogeneously distributed throughout the matrix without any pattern. Paste PF1 showed a lot of macro
cracks and micro cracks, which probably resulted from the water loss of the condensed silica gel during
the preparation and characterization (drying) of the samples. The mortar MF1 showed a matrix less
dense than PF1; it appears that even the coarse aggregates particles (larger than 200 µm) reacted as
they were disintegrated in their periphery. The average atomic Ca/Si ratio changed from 0.14 for PF1
to a Ca/Si 0.23 for the mortar MF1.
Regarding the paste of PF2, the matrix appeared less dense than PF1, but with brighter tones of grey,
due to the relatively high content of CaO in the matrix; the Ca/Si ratio in PF2 was of 0.45 and it increased
in mortars to 0.62. The microstructure of PF2 showed less cracks, which contributed to the strength and
better stability underwater. The microstructure of the mortar MF2 was similar to the paste PF2, showing
a smooth interfacial zone between the aggregates and the matrix of reaction products. The
microstructures showed high densification; however, this did not necessarily reflect in very high
strengths, which could be associated to the intrinsic strength of the reaction products formed and to the
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influence of the higher degree of polymerization of the C-S-H (longer chains) from this binders compared
to that of Pórtland cement, as discussed below.

Figure 1 Ca-Si-Na ternary diagrams of the pastes and mortars of F1 and F2 and the Ca/Si ratios
The ternary diagrams showed that the chemical composition of PF1 and MF1 clustered near the Si apex,
while the PF2 and MF2 (15% CaO), showed a relative displacement towards the Ca apex; a slight
shifting was denoted by the Ca/Si ratio among PF1 and MF1. Such shifting of the chemical composition
is associated to a better stability under water and also suggests the formation of C-S-H and silica gel in
the matrix of reaction products (see the u.i. Table 2)
These results indicate that the limestone aggregated participated chemically and physically in the
cementitious microstructure and its chemical composition. The limestone aggregate benefits the
underwater stability acting as a filler and as a source of Ca2+ to stabilize the silica gel. Nonetheless, the
formation of C-S-H from limestone aggregate is still unclear.
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Figure 2 Microstructure of pastes (top) and mortars (bottom) without CaO (red outline) and using
CaO (blue outline) in dry curing conditions at 28 days using 1000x and 25 kV. It can be observed
that the periphery of the coarse aggregates is disintegrating towards the matrix in both
formulations.
3.3

29

Si MAS nuclear magnetic resonance

Figure 3 and 4 show the spectra of the 29Si MAS RMN of unreacted WG and those of the pastes and
mortars; table 3 includes the contribution of the various signals after the deconvolution. All spectra had
broad peaks and intense overlapping of the chemical shifts of Q n signals; which is due to a greater range
of bond angles and bond lengths product of the different chemical environments (Jones et al. 2001) and
the structural disorder.
The unreacted WG showed a predominance of signals Q3(-93.6 to -101 ppm), Q2 (-84.6 to -91.2 ppm)
and Q4 (-103.7 to -117 ppm), which corroborates the three-dimensional framework with Ca2+ and Na+
as network modifiers (Jones et al. 2001; Shi & Zheng 2007). The PF1 (No CaO) showed a predominance
of Q2 (-85.4 to -92.4 ppm) and Q3 (-94 to -101 ppm) signals, which were considered as silicate sheets
crosslinked in a semi-three-dimensional structure (Dimas et al. 2009). The PF2 showed predominance
of Q2 (-85.7 to -92.4 ppm), Q1(-79.4 to -84.4 ppm) and Q3 (-94.1 to -101.6 ppm) signals; PF2 had a
notable peak of Q1 , which together with the high u.i=0.7, indicates the formation of C-S-H of long chains
(Beaudoin et al. 2009; Mendoza et al. 2015; Wang & Scrivener 2003, Sevelsted & Skibsted 2015)
intermixed with silica gel. Therefore, the molecular structure of PF2 might consist of C-S-H sheets
intermixed in a semi-three-dimensional structure with silica gel; further research is currently under
progress to dilucidate this. Nonetheless, unreacted WG particles contributing with Q2, Q3 and Q4 signals
must be also considered.
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Figure 3 29Si RMN spectra of the unreacted WG (dotted line), F1 paste (top) and mortar (bottom)
The photographs of a paste and mortar cube cured for 28 days in underwater conditions are
also included.
The molecular structure of the WG was destroyed under the alkaline attack and the dissolution products
condensed into cementitious compounds (see Figure 3 and 4). For PF1, the main reaction product was
a silica gel and its molecular structure was modified by the presence of the limestone aggregate. The
spectrum of MF1 showed notable narrower Q1(in -80 ppm) and Q2 (in -87.2 ppm) peaks; the change in
the spectra from paste to mortar involved increased Q1 signals from 1.98% to 2.8% and decreased Q2
from 55.6% to 47.65%, so the Q2/Q1 signal ratio decreased from 28 to 17 (see Table 3), which suggests
shorter SiO4- chains as the Ca2+ could be incorporated in the structure (Manzano et al. 2008; Sevelsted
& Skibsted 2015). This might explain the improved water stability of MF1 (see u.i. data) and the better
aesthetics. Nonetheless, the formation of C-S-H is not clear as the Q1 signal is still low, with a
contribution to the spectrum of less than 3%; it could be possible that the silica gel was modified by the
Ca2+ ions from the limestone, which greatly contributed to improve the underwater stability, but it did not
form C-S-H.
On the other hand, PF2 (with CaO) had a drastic modification of the molecular structure relative to PF1.
The formation of C-S-H was confirmed by the predominance of the signals Q1 and Q2 (Beaudoin et al.
2009; Mendoza et al. 2015; Wang & Scrivener 2003); the presence of Q3 and Q4 indicated a possible
crosslinking of the C-S-H with the silica gel, improving the stability underwater and aesthetics in pastes
and mortars (see Figure 4). However, the influence of the limestone sand in the molecular structure was
not so evident as in the PF1. The contribution of Qn signals was similar among pastes and mortars,
which could suggest that the needed Ca2+ was provided in sufficient amounts by the CaO. In contrast
to the transition PF1/MF1, for the PF2/MF2, the Q2/Q1 signal ratio slightly increased from 2.9 in pastes
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to 3.8 in mortars (see Table 3). The peaks from the mortar MF2 were broader, especially the hump at
Q2 at -82.2 ppm (as a small peak in PF2) and the peaks near -92 ppm which were broader than the
peaks in PF2, which could be the result of a larger range of bonds angles and lengths; which in turn
may indicate a superficial chemical bonding of the limestone aggregate with the cementitious molecular
structure of the reaction products (as can be noted from the microstructures). Nonetheless, other
physical factors must be considered, such a denser microstructure in mortars (which was observed in
MEB) and nucleation sites for the reaction products (Gao, Yu &Brouwers 2015; Moseson et al. 2012).

Figure 4 29Si RMN spectra of the unreacted WG (dotted line), F2 paste (top)and mortar (bottom)
The photographs of a paste and mortar cube cured for 28 days in underwater conditions are
also included.
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Table 3 Qn signal contribution to the 29Si NMR MAS spectra and Q2/Q1 ratios of unreacted WG,
F1 and F2 pastes and mortars.

Q1

Q2

Q3

Q4

Q2/Q1

(%)

(%)

(%)

(%)

(%)

m2/kg)

0

0.52

27.45

52.87

19.17

52.8

Paste F1 100% WG, 8%Na2O

0

1.98

55.59

31.45

10.96

28.1

Mortar F1 100% WG, 8%Na2O

0

2.8

47.65

34.5

15.05

17

Paste F2 100% WG, 6%Na2O, 15%CaO

0

14.84

43.42

27.11

14.64

2.9

Mortar F2 100% WG, 6%Na2O, 15%CaO

0

11.42

42.9

26.16

19.53

3.8

Unreacted WG (600

4.

Q0

CONCLUSIONS

The limestone aggregate is physically and chemically active in alkali activated waste glass binders; it
contributes with Ca2+ ions to the binder, increasing the Ca/Si ratio of the mortar matrix.
The limestone aggregate modified the molecular structure of formulations of waste glass activated with
only NaOH, improving the hydraulic behaviour; the underwater stability index augmented from paste to
mortars from 0.17 to 0.7.
For waste glass activated with CaO and NaOH, the limestone aggregate also had a favourable effect
and the underwater stability index augmented from paste to mortars from 0.77 to 0.92
Further work is needed to elucidate the dissolution mechanics of the fine and coarse limestone particles
and to better understand the interaction of the limestone with the reaction products.
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ABSTRACT
Total world cement manufacture is estimated at 4.65 billion tons in 2016 and the annual CO2
emissions from cement plants reach almost 2.8 billion metric tons, representing about 7% of the global
anthropogenic emissions. The use of alternative cements and supplementary cementitious materials
(SCMs) represents a powerful tool for both reducing the CO2 footprint related to cement industry and
producing more durable environmentally friendly materials.
Calcium sulfoaluminate (CSA) cements are special hydraulic binders obtained from non-Portland
clinkers; they are very interesting under both technical and environmental point of view.
Pulverized coal fly ashes and blast-furnace slag are the major sources of SCMs which also include
natural pozzolans, silica fume, rice husk ash and metakaolin. The efficiency of SCMs depends on their
chemical composition, fineness and amount of amorphous phases.
In this paper, it is investigated the possibility of using clay reservoir sediments (CCRS), calcined at
750°C, as SCMs in blended CSA cements; these binders were subjected to physico-mechanical and
hydration tests for curing times ranging from 4 hours to 56 days. X-ray fluorescence and diffraction,
differential thermal–thermogravimetric analyses and scanning electron microscopy were employed as
characterization techniques. It has been found that CCRS are very interesting since their utilization as
SCMs allows a clinker dilution, thus implying both a decrease of CO2 emissions and a reduction of
costs related to CSA cement production; moreover the hydration behaviour and the physicalmechanical properties of CSA blended cements were positively affected by the addition of CCRS.
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1.

INTRODUCTION

The cement manufacturing process is one of the largest consumers of fuel and raw materials; it is also
one of the main industries responsible for producing CO 2 emissions. In 2016 World cement production
was estimated at 4.65 billion tons (Activity Report 2017) and the total CO2 generated from cement plants
was equal to approximately 2.8 billion metric tons, representing about 7% of global anthropogenic
carbon dioxide emissions (Global Carbon project 2017, Shen et al. 2015). Nowadays the main challenge
for the cement industry is to reduce the carbon footprint to 1.55 billion metric tons per year by 2050
(Barcelo et al. 2014). As such, both the cement industry and the research community have been pushing
to develop hydraulic binders manufactured to reduce CO2 emissions (low-CO2 cements, (Tregambi et
al. 2018, Gartner & Hirao 2015, Gartner & Macphee 2011; Juenger et al. 2011)). Low-CO2 cements can
be obtained using three different approaches, namely: 1) the use of a non-carbonated CaO source
instead of limestone as a constituent of Portland clinker-generating raw mix; 2) the increased production
of blended cements, obtained by mixing ordinary Portland cement (OPC) with significant amounts of
supplementary cementitious materials (SCMs); and 3) a larger use of special cements (SCs), namely
hydraulic binders obtained from non-Portland clinkers (Telesca et al. 2016).
Compared to OPC, SCs display distinctive technical properties useful in specific fields of application;
furthermore, their peculiar composition can be exploited to provide a more environmentally friendly
feature to their production process. As a result, there has been an increased interest in calcium
sulfoaluminate (CSA) cements which have stimulated the attention of the international cement research
community for both their valuable technical properties and environmentally friendly features (Telesca et
al. 2015, Valenti et al. 2012, Marroccoli et al. 2010a, Bernardo et al. 2006). CSA cements contain C4A3$
as main component and, depending on the synthesis temperature as well as type and proportion of raw
materials (limestone, bauxite and gypsum), calcium sulfates, C 2S, C4AF, C5S2$ and various calcium
aluminates. The technical performances of CSA cements (e.g. shrinkage compensation/self-stressing
behaviour, good dimensional stability, high impermeability, rapid hardening) are mainly related to the
generation of ettringite (C6A$3H32) from the hydration of calcium sulfate (belonging and/or added to CSA
clinker) with C4A3$ (Telesca et al. 2014).
In addition, as opposed to OPC manufacture, CSA cements are characterized by the following
environmentally friendly characteristics: a) lower synthesis temperatures (<1350°C); b) reduced
limestone requirement (usually <35%) in the clinker-generating raw mix; c) lower grinding energy
required by the cement milling; and d) larger utilization of industrial wastes especially as kiln feed
components (Shen et al. 2014, Telesca et al. 2013, Chen & Juenger 2012, Pace et al. 2011, Wu et al.
2011, Buzzi et al. 2010, Marroccoli et al. 2010b, c, Marroccoli et al. 2009). In order to further decrease
the generation of CO2 and cut the high costs (mainly related to the use of bauxite in the clinker generating
raw mix), CSA cements can be blended with SCMs (Lukas et al. 2017, Hargis et al. 2014, Martin et al.
2015, Garcia-Mate et al. 2013, Pelletier-Chaignat et al. 2012).
Water reservoirs are used for various purposes such as power source, irrigation and storage of drinking
water. Whatever their use, they are subject to a silting up phenomena leading to the reduction of dam
capacity. Dredging operations, carried out in order to restore the original reservoir capacity, generate
high quantities of sediments for which suitable applications, alternative to landfilling, need to be
researched. Up to now, the use of dredging sediments as raw material has been explored for the
production of bricks, lightweight aggregates, stabilized road-base, Portland clinker and as SCM for
blended cements (Anger et al. 2017, Faure et al. 2017, Snellings et al., 2016).
This paper investigates the possibility of using thermally treated (TT) clayish reservoir sediments (CRSs)
as SCMs in CSA-blended cements; thanks to thermal treatment, crystalline clay phases are transformed
in a predominantly amorphous state (dehydroxylation process). The optimal treatment temperature is
the one ensuring a total sample dehydroxylation (Mohammed 2017); differential thermalthermogravimetric (DT-TG) analysis is generally utilized to determine this value.
Three TTCRSs-based CSA binders were submitted to physical-mechanical and hydration tests for
curing times ranging from 4 hours to 56 days. A pure CSA cement was employed as a reference term.
The effect of TTCRSs on both hydration properties and technical behaviour of blended cements was
investigated by using DT-TG and X-ray diffraction (XRD) analyses, mercury intrusion porosimetry (MIP),
shrinkage/expansion and compressive strength measurements.
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2.

EXPERIMENTAL

2.1 Materials
The industrial CSA cement used in this investigation was kindly supplied by an Italian cement
manufacturer. CRSs came from the “Camastra” reservoir located in Basilicata (ITALY), a region rich in
water resources. Six sediments samples were drawn from different points inside the bottom of the
reservoir. Each sample was dried in an electric oven at 90°C until a constant mass value was reached;
afterwards, the samples were first carefully homogenised and then finely ground in a Fritsch Pulverisette
6 (FP6) laboratory planetary mill to pass the 90 m sieve.
CRSs were finally heated for two hours in an electric oven at 750°C, namely the optimal treatment
temperature for its total dehydroxylation (Private report 2017); TTCRSs were finely pestled in order to
pass again the 90 m sieve.
The chemical composition of both CSA cement and TTCRSs, evaluated by means of X-ray fluorescence
apparatus (BRUKER Explorer S4), is reported in Table 1; a BRUKER D2 PHASER diffractometer (CuKα
radiation and 0.02°2θ s−1 scanning rate) was employed for the identification of the main CSA cement
phases which were quantitatively estimated through the Rietveld refinement (Table 1).
Table 1. Chemical and mineralogical (only for CSA cement) composition of the used binder
components, wt%
Chemical composition
CSA cement TTCRSs
CaO
44.58
10.10
SiO2
8.95
58.11
Al2O3
22.42
15.26
Fe2O3
1.86
5.10
TiO2
1.10
0.76
K2O
0.30
1.94
MnO
0.08
0.17
Na2O
0.08
0.90
MgO
0.94
2.26
Cl
0.07
SO3
16.85
0.46
P2O5
0.05
0.18
l.o.i*
2.16
3.70
Total
99.44
98.94

Mineralogical phase composition
CSA cement
ICDD ref. number
Ye’elimite
30-0256
43.0
33-0302
21.7
-belite
Celite
38-1429
3.8
Anhydrite
37-1496
19.1
Calcite
05-0586
1.1
Brownmillerite
30-0256
4.5
Gehlenite
73-2041
1.6
Others
5.2

Total

100.0

* l.o.i=loss on ignition measured at 950°±10°C

Four CSA binders were investigated: a pure CSA cement, used as a reference term (CSAR) and three
blended cements, respectively containing TTCRSs as partial substitutes for CSA cement in
concentrations equal to 15%, 25% and 35% by mass (CSAS15, CSAS25 and CSAS35).
2.2 Measurements on mortars
Mortar prisms were prepared according to the European Standard EN 196-1 and cured after demoulding
under water at 20°±1°C; they were submitted to compressive strength measurements at curing periods
ranging from 4 hours to 56 days.
2.3 Measurements on pastes
Cement pastes were prepared with a 0.50 water/solid mass ratio, then cast into small plastic cylindrical
moulds and finally placed inside a thermostatic bath at 20°C. At the end of each aging period, the
cylinders were broken in half: one part was submitted to MIP measurements, the other pulverized (grain
size <63m) for DT-TG (NetzchTasc TG/SDTA 414/3 apparatus operating in the temperature ranges
20°–1000°C, with a heating rate of 10°C/min) and XRD analyses. Specimens were treated with acetone
(to stop hydration) and diethyl ether (to remove water); they were subsequently stored in a desiccator
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containing silica gel-soda lime (to ensure protection against H2O and CO2). DT-TG and XRD tests were
carried out on samples cured from 4 hours up to 56 days.
The MIP (Thermo-Finnigan Pascal 240 and 140 Series porosimeters) measurements were conducted
on samples cured from 24 hours up to 56 days.
For the expansion–shrinkage measurements, sixteen paste samples, shaped as small prisms
(15X15X78 mm), were air cured at 20°C for 4 hours and then demoulded. One set of samples was then
aged at 20°C under tap water, the other stored in a humidity chamber at 70% R.H. and 20°C. The length
changes were determined as average values of two measurements taken with a caliper accurate to
±1m; the reference length for them was that evaluated just after demoulding (Telesca et al. 2014,
Valenti et al. 2012).
3.

RESULTS AND DISCUSSION

CSA cement contained ye’elimite (43.0 mass-%), belite, brownmillerite, celite and gehlenite;
furthermore, CaSO4, mainly from the addition of natural anhydrite, was also present.
The TTCRSs chemical composition data revealed that SiO 2 (58.11 mass-%) and Al2O3 (15.26 mass-%)
were the main oxides; CaO (10.10 mass-%) and Fe2O3 (5.10 mass-%) were present as secondary
components while fairly low amounts of MgO, K2O and Na2O were determined.
The specific surfaces for both CSA and TTCRS (measured according to EN 196-6) were equal to
4500±50 and 4100±50 cm 2/g, respectively.
Table 2 reports the compressive strength values of CSA-based mortars at different curing times; the
CSAR compressive strength values were higher than those of the three blended cements at all the
investigated curing periods.
Table 2. Results of compressive strength values of CSAR, CSAS15, CSAS25 and CSAS35 at
different curing times, MPa
Days
0.17
1
2
7
14
28
56

CSAR
28.10.2
45.70.4
52.10.3
57.40.2
58.90.1
60.60.5
62.40.7

CSAS15
23.20.2
37.50.3
44.10.5
52.70.5
55.60.8
52.80.7
53.50.8

CSAS25
17.60.2
29.50.4
41.90.3
45.40.3
46.40.6
47.10.7
47.80.5

CSAS35
11.50.3
20.40.3
31.10.5
38.90.4
39.40.5
39.80.6
40.20.6

As the amount of TTCRSs in the blends increases, the compressive strength values decreases, thus
revealing an almost inert behaviour of the reservoir sediments; this phenomenon was most probably
due to the lack of a lime source able to react with TTCRSs amorphous silica and alumina in the cement
pastes. The results of the expansion–shrinkage tests are illustrated in Figure 1.

Length change, %

0,2

0,1
CSAR air cured
CSAS15 air cured
CSAS25 air cured
CSAS35 air cured
CSAR water cured
CSAS15 water cured
CSAS25 water cured
CSAS35 water cured

0,0

-0,1

-0,2
0

10

20

30

40

50

Curing time, days

Figure 1. Dimensional stability curves for CSA-based cements (air and water cured)
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They indicate that CSAS15, CSAS25 and CSAS35 differed very little from CSAR, both when submerged
under water and cured in air. In particular, the maximum expansion values under water, reached after
about 15-20 days of curing, are comprised in the narrow range of 0.06-0.19%. When cured in the air,
the investigated pastes show a continuous shrinkage until about 14 days when a minimum length
change was reached (-0.18%, -0.13%, -0.08% and -0.07% for CSAR, CSAS15, CSAS25 and CSAS35,
respectively); since that period the values have remained constant for the four investigated systems.
Figure 2 shows the DT results for CSAR, CSAS15, CSAS25 and CSAS35 cured at 4 hours and 1, 28
and 56 days. On the basis of data from scientific literature (Taylor 1997), the following phases (in the
order of increasing temperature of the related endothermal effect) were attributed to ettringite (E) and
aluminium hydroxide (AH).

(a)

(b)

(c)

(d)

Figure 2. DT results for CSAR (a), CSAS15 (b), CSAS25 (c) and CSAS35 (d) hydrated for 4 hours
and 1, 28, 56 days. Legend to symbols: E=ettringite; AH=aluminium hydroxide
With the exception of the peak related to CaCO3, no significant exo-/endo-thermal effects were recorded
above 500°C; for all the systems the endothermal dehydration peaks attributed to E and AH, already
detectable after four hours of hydration, were respectively observed at 164°±5°C and 287°±4°C. On the
whole, the DT-TG results indicate that the hydration behaviour of the investigated systems is basically
regulated by the ye’elimite reaction with calcium sulfate alone.
XRD results (Figure 3) almost confirm the indications obtained from DT-TG analyses; in fact, as far as
the hydration products are concerned, C4A3$ and anhydrite quickly reacted and ettringite concentration
increased up to 28 days of curing; the aluminium hydroxide main peak was also found in all the hydrated
systems.
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(a)

(c)

(b)

(d)

Figure 3. XRD patterns for CSAR (a), CSAS15 (b), CSAS25 (c) and CSAS35 (d) hydrated for 4
hours and 2 and 56 days. Legend to symbols: E=C6A$3H32, Y=C4A3$, A=C$, G=AH3, Q=S
Furthermore, belite (whose signals were not detectable) was virtually not involved in the hydration
process, owing to both the fast reaction kinetics of calcium sulfoaluminate and the related rapid water
consumption. Quartz signals, already present in the TTCRSs samples, were detected in all the
investigated CSA-blended cements.
Figure 4 reports the porosimetric curves for the pastes of the four investigated binders; in particular, the
left and the right part of the Figure respectively show the cumulative and derivative plots for the intruded
Hg volume of CSA-based systems vs. pore radius at various curing times (16 hours and 2, 28, 56 days).
As already established, increased curing time give rise to both lower total porosity and threshold pore
width (Bernardo et al. 2006).
For CSAR (Figure 4 (a)), all the differential curves are characterized by a sharp peak, indicating a
unimodal pore size distribution centred on the threshold width of pore necks connecting a continuous
system (Telesca et al. 2014). In particular, as curing time increases, both cumulative pore volume and
threshold pore radius slightly decrease from 142 to 123 mm 3/g and from about 25 to 16 nm, respectively.
Compared to the reference system, the TTCRSs-based cements display a similar behaviour; in fact, a
unimodal pore size distribution is observed at all the investigated curing times. Moreover, for CSAS15,
the cumulative pore volume reduces of about 30% (from 201 to 140 mm 3/g) from 1 to 2 days, while at
longer curing times it further reduces (about 100 mm3/g after 56 days of hydration); likewise, at the
earliest and longest curing times, the pore width ranges from 274 to 120 nm. For CSAS25 and CSAS35,
the cumulative pore volume respectively reduces of about 40% and 16% (from 207 to 118 mm 3/g and
from 190 to 160 mm 3/g, respectively) from 1 to 56 days; compared to CSAS15, CSAS25 and CSAS35
exhibited a pore size distribution oriented toward higher radii at all the investigated curing times; typical
ranges of critical pore radii were 315-160 nm and 400-240 nm for CSAS25 and CSAS35, respectively.
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Figure 4. Cumulative (left) and derivative (right) Hg volume vs. pore radius for CSAR (a),
CSAS15 (b), CSAS25 (c) and CSAS35 (d) hydrated for 16 hours and 2, 28, 56 days
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Due to the fast formation of hydration products in CSAR cement (revealed by both XRD and DT-TG
analyses), a prevailing region of lower porosity is quickly established; therefore, the hydration products
are able to reduce and isolate the interior space. At longer curing times, the evolution of porosity
proceeds very slowly because the hydration has almost stopped. Due to the very low reactivity of
TTCRS, the investigated blended cements, in comparison with CSAR, displayed a higher pore size
distribution at all the investigated curing periods.
4.

CONCLUSIONS

This paper evaluates the possibility of using clayish reservoir sediments (CRSs) as alternative
supplementary cementitious materials in calcium sulfoaluminate (CSA)-blended cements. CRSs were
thermally treated (TT) at 700°C with the aim of dehydroxylating the silico-aluminate crystalline phases
in benefit of an amorphous state; TTCRSs are very interesting since their utilization as secondary
cementitious components, in addition to the saving of raw materials and waste landfilling, allows a CSA
clinker dilution which implies a decreased emission of CO2 as well as a noticeable energy saving per
unit mass of cement.
When compared to plain CSA cement pastes and mortars, those based on blended cements show an
increased pore size distribution as evidenced by mercury intrusion investigations and thus a strength
reduction with increasing TTCRSs replacement levels. In addition, DT-TG and XRD results show that
the presence of thermally treated clayish reservoir sediments does not affect the formation of CSA
hydration products as well as the dimensional stability of cement pastes (both cured in water and in air).
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ABSTRACT
Belite Portland Cements (BPC) and calcium sulfoaluminate cements (CSA) are considered as
environmentally friendly cements due to their lower CO2 emissions. These ecocements (BPC and
CSA) emit about 0.03 and 0.18less tons of carbon dioxide from raw materials, respectively, than
Ordinary Portland Cement (OPC).. However, BPCs have a technological disadvantage, due to the
slow kinetic of hydration of belite (their main phase), causing low mechanical strengths at early ages.
On the other hand, CSA cements are more expensive due their high alumina content, but they develop
high mechanical strengths since early ages. Those are the main reasons why it is essential to develop
strategies that could reduce their cost with competitive mechanical strengths.
A CSA clinker (ye’elimite as main phase) and a BPC (belite as main phase), have been mixed with the
objective of producing a cheaper ecocement, labelled B#, that releases less CO2 than OPC and with
competitive mechanical strengths. Cements with 83 wt%, 75 wt% and 65 wt% of BPC with CSA have
been prepared. Moreover, anhydrite has been added as set regulator. Pastes with water/cement ratio
of 0.4 have been prepared. The hydration of these pastes have been characterized by laboratory X-ray
powder diffraction, using Rietveld methodology and thermogravimetric analysis, to obtain
mineralogical phase assemblage as a function of time during a year, including amorphous content and
free water. Mineralogical phase assemblage has been correlated to compressive strengths, porosity
and dimensional stability of mortars.
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1.

INTRODUCTION

Great efforts have been directed to reduce energy consumption in Portland cement (PC) industry, in the
last decades. PC production is a high energy demanding process, mainly due to fuel and electricity
consumption. It is well stablished that cement industry contributes around 6% of all CO 2 anthropogenic
emissions and consequently approximately 4% of the global warming of the planet (Barcelo et al., 2014).
Reducing these emissions can be achieved by several approaches (Monteiro et al., 2017) and the
production of low calcite demanding cements is one of them. On the one hand, the production of Belite
Portland Cements (BPC), where belite (C2S) is the main phase, releases ~12-15% less CO2 into
atmosphere, due to less need of calcite and lower clinkering temperature. However, their slow reactivity
leads to low mechanical strengths at early ages (Morsli et al., 2007). On the other hand, Calcium
Sulfoaluminate cements (CSA), in which ye’elimite (C4A3S̅) is the main phase, are binders most
commonly used in China. They develop high mechanical strengths at early-ages and their production
releases up to 40% less emissions than that of PC (Aranda & De la Torre, 2013). The main drawbacks
of CSA cements are the variety of compositions, which causes a lack on normative for structural
applications, and the high cost of raw materials.
Portland cement (PC) blended with additions based on calcium sulfoaluminate (CSA) are used in
increasing amounts as special application mortars or concretes (Le Saoût et al., 2013). CSA are mainly
added to provoke rapid setting cement with high early strengths or as a shrinkage compensator
(Chaunsali & Mondal, 2016; Khalil et al., 2017; Sakai et al., 2004).
The main aim of this study is to obtain a low-CO2 binder with competitive early and later mechanical
strengths by blending BPC and CSA.
2.

EXPERIMENTAL SECTION

2.1

Cement preparation.

A BPC clinker, supplied by Buzzi-Unicem (Italy), and a CSA clinker, manufactured in China and
marketed in Europe by BELITH S.P.R.L. (Belgium) were mixed to prepared the blended cements.
Moreover, anhydrite, prepared by heating (700°C for 60 min) commercial autoclaved alpha bassanite
from BELITH S.P.R.L. (Belgium), was added as setting regulator. Table 1 gives the elemental
composition determined by XRF for both BPC and CSA clinkers.

Table 1. Elemental compositions, expressed in weigh percentage of oxides excluding water
and CO2, of BPC and CSA clinkers.
Oxide

CaO

SiO2

Al2O3

Fe2O3

SO3

K2O

Na2O

MgO

TiO2

BPC /
wt%

59.7

22.9

5.2

2.1

5.4

1.1

0.3

2.9

-

CSA* /
wt%

42.0

8.2

33.8

2.4

8.8

0.25

<0.08

2.7

1.5

* Also contains 0.15 wt% of SrO, 0.13 wt% of P2O5, 0.07 wt% of ZrO2, 0.02 wt% of Cr2O3 and 0.01 wt%
of MnO.
Three mixtures were prepared with BPC/CSA mass ratio of 83/17, 75/25 and 65/35, hereafter named
as B83, B75 and B65, respectively. Table 2 gives the weight percentage of each component to prepared
the cements. The calculated total CO2 emissions due to clinkering of both components (considering
calcite as calcium source) are 0.47, 0.45 and 0.42 T/T clinker produced for B83, B75 and B65
respectively.
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Table 2. Weight percentages of each component of the cements.

2.2

Cement

BPC/ wt%

CSA/ wt%

Anhydrite/ wt%

B83

77.2

15.8

7

B75

68.3

22.7

9

B65

57.9

31.3

11

Paste preparation.

Cement pastes were prepared with deionized water using a water-to-cement (w/c) mass ratio of 0.4
following UNE-EN 196-3 standard. Superplasticizer (SP) (polycarboxylate-based, Floadis 1623, with 25
wt% of active matter, Adex Polymer S.L., Madrid, Spain) was added to the pastes to ensure
homogeneity. The optimized amount of SP, active matter, was 0.4 wt% referred to cement for B83 and
B75 and 0.5 wt% for B65. Pastes were poured into hermetically closed cylinders of
polytetrafluoroethylene (PTFE), and were rotated during the first 24 h (16 rpm) at 20±1ºC. After that, all
samples were kept under water at 20 ± 1ºC for 1, 7, 28 and 90 days. Prior to Laboratory X-Ray Powder
Diffraction (LXRPD) and Differential ThermoAnalysis and ThermoGravimetric analysis (DTA-TG)
characterization, the hydration of the cement pastes was arrested; for that, samples were firstly manually
grinded, and then, the powder was washed and filtered twice with isopropanol, and once with diethyl
ether.
2.3

Mortars preparation.

Mortars were prepared according to UNE-EN196-1 at cement/sand and w/c mass ratios of 1/3 and 0.4,
respectively, and adding 0.4 and 0.5 wt% referred to blended cement of SP. CEN EN196-1 standard
sand was used. Mortar cubes (3 × 3 × 3 cm 3) were cast and cured at 20±1°C and 99% relative humidity
(RH) for 24 h. The cubes were demolded and kept in a water bath (20±1°C) until mechanical strength
characterization (compression) was performed at 1, 7, 28 and 90 days.
2.4

Rheological characterization.

The amount of the superplasticiser was determined with a viscometer (Model VT550, Thermo Haake,
Karlsruhe, Germany) with a serrated coaxial cylinder sensor, SV2P, provided with a lid to reduce
evaporation. Flow curves were recorded using ramp times of 6 s in the shear rate range between 2 and
100 s-1, for a total of 12 ramps. A further decrease from 100 to 2 s -1 shear rate was performed by following
the same ramp times.
2.5

Mercury intrusion porosimetry (MIP)

MIP was carried out into cylindrical pieces (15 mm length and 10 mm diameter) of ~3 g mass which
were first immersed in isopropanol for 72 h, and then dried at 40 ºC until their weight was stable. The
surface of the cylinders was physically removed prior to the analysis. Micromeritics AutoPore IV 9500
porosimeter (Micromeritics Instrument Corporation, Norcross- GA, US) was used, which is capable of
measuring porosity in the range from 1 mm down to 2 nm. The pressure applied by the intrusion
porosimetry ranged from 0 to 300 MPa. A constant contact angle θ of 130° was assumed for data
evaluation.
2.6

Mechanical strengths.

The compressive strengths of mortars were measured at 1, 7, 28 and 90 days and the reported value is
the average of three measurements under the compression machine (Model Autotest 200/10 W,
Ibertest, Madrid, Spain). The measured compressive strength values were corrected by the geometrical
factor of 1.78 in order to obtain values comparable to those determined on using standard prisms
(40x40x160 mm3).
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2.7

Laboratory X-ray Powder diffraction (LXRPD): data collection and analysis.

XRPD powder patterns were collected in flat transmission geometry (θ/θ), with the sample placed
between two Kapton foils, in constant irradiated volume mode, on a D8 ADVANCE DaVinci (Bruker AXS,
Germany) diffractometer. The diffractometer has a strictly monochromatic MoKα 1 radiation, λ=0.7093 Å
obtained with a Johansson Ge (111) primary monochromator. The X-ray tube worked at 50 kV and 50
mA. The optics configuration was a 0.1º fixed divergence slit, and a 9 mm fixed diffracted anti-scatter
slit. The energy-dispersive linear detector LYNXEYE XE 500 μm, optimized for high energy radiation,
was used with the maximum opening angle. Using these conditions, the samples were measured
between 3-35º (2θ) with a step size of 0.02º and with a total measurement time of 1 hour and 27 minutes
by spinning the sample at 10 rpm.
All samples (anhydrous and hydrated) were mixed with ~20 wt% of SiO2 as internal standard to
determine the Amorphous and non-Crystalline content, ACn (De la Torre et al., 2001).
2.8

Differential thermoanalysis and thermogravimetric analysis (DTA-TGA).

DTA-TGA were performed in a SDTQ600 analyzer (TA instrument, New Castle, DE) for every paste
after the hydration was arrested. The measurements were carried out on ~30 mg of sample by heating
up to 1000ºC at a heating rate of 10 ºC/min, in an open platinum crucible under air flow. The weight loss
from RT to 600 ºC was computed to be chemically bounded water (used to calculate the free water, FW,
content of the pastes as detailed in Zea-Garcia et al., 2019), and that from 600 to 1000ºC was
considered as CO2. Derivative thermogravimetric (DTG) analysis will be plotted.
3.

RESULTS

3.1

Rheological studies and mechanical strengths.

The amount of SP in every system was optimized through the rheological behavior of the corresponding
pastes. Figure 1a shows selected flow curves for the three pastes prepared with different SP contents.
In general, the viscosity of the pastes decrease by increasing the amounts of SP. Figure 1b shows the
deflocculation curves of the three families at the shear rate of 50 s-1, where the optimum value was
achieved when 0.4 wt% SP was added to B83 and B75, while 0.5 wt% of SP was added to B65. Values
were taken from the up-curves.
Figure 2 shows mechanical strengths up to 90 days of mortars prepared with the previous optimized SP
content for each cement. BPC (data from internal communication) and CSA (García-Maté et al., 2015)
mortars with w/c of 0.5 are included. As expected BPC mortars with higher w/c ratio developed lower
mechanical strengths at all studied ages than blended mortars.
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Figure 1. (a) Flow curves of B83, B75 and B65 pastes with different superplasticizer contents
(water/cement ratio of 0.4). (b) Deflocculation curve of all the pastes prepared at a w/c ratio of
0.4 and different SP contents at the shear rate of 50 s-1 (values taken from the up-curves).
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Figure 2. Compressive strengths for all the cements up to 90 days.
3.2

Laboratory X-ray powder diffraction results.

The hydration behaviour of all cement pastes, after stopping hydration as described in the experimental
section, was studied at different curing ages. Figure 3 shows, as an example, raw LXRPD powder
patterns as a function of time of hydration for B83 pastes, with main peaks due to a given phase labelled.
Figure 4 gives the Rietveld plots of B65 anhydrous and at 90 days of hydration paste, as a representative
example. Table 3 gives, as an example, the RQPA results of B83 pastes hydrated at 1, 7, 28 and 90,
including ACn and FW contents. C3S, C3A, C4A3S̅ and CS̅ reacts from 1 day of hydration. However, C2S
C or AFt [C6AS̅3H32] and
is almost constant up to 28 days, Table 3. Main hydration products are ettringite
C [C4AS̅H12] and Fe–Al
stratlingite [C2ASH8], and in minor quantities of monosulfoaluminate or AFm
C
siliceous hydrogarnet [C3(A,F)SH4].
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Figure 3. Raw LXRPD powder patterns of anhydrous B83 and the corresponding pastes for 1, 7
and 90 days of hydration, with main diffraction peaks due to a given phase labelled.
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Figure 4. Rietveld LXRPD plots for anhydrous (bottom) and at 90 days of hydration paste (top)
of B65, as a representative example, where red crosses are the experimental data, green line is
the calculated pattern and purple line at the bottom is the different curve.
3.3

Porosimetry.

Figure 5 shows the average pore diameter determined by MIP for every paste as a function of hydration
time.
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Figure 5. Average pore diameter determined by MIP for all the pastes.
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Table 3. Full phase assemblage, determined by RQPA including ACn and FW, of B85 pastes.
Phases

t0

1d

7d

28d

90d

C3S

8.9

4.8

2.3

2.5

2.0

C2S

29.0

32.9

34.0

34.5

25.5

C3 A

0.7

0.7

0.0

C4AF

5.4

3.5

3.6

2.9

1.7

C4A3𝐒̅

7.1

1.4

-

-

-

MgO

1.6

1.5

1.5

1.4

1.2

C𝐒̅

4.9

-

-

-

-

AFt

-

20.4

20.3

20.3

18.5

Stratlingite

-

4.3

9.7

3.7

6.0

C3(A,F)SH4

-

-

-

-

1.0

AFm

-

-

-

-

0.8

ACn

13.8

19.1

20.2

25.7

37.6

FW

28.6

11.5

8.3

9.0

5.6

-
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4.

DISCUSSION

Reaction mechanism of plain CSA is very quick, i.e. first hours of hydration, and is dominated by the
amount of ye’elimite and anhydrite by reaction (1), in which ettringite and amorphous AH3 are formed.
C4A3𝑆̅+ 2 CS̅ + 38 H → C6AS̅3H32 + 2 AH3

(1)

Moreover, one of the main phases of BPC, C3S, reacts in the first hours of hydration to produce C-S-H
gel and CH, reaction (2) (Cuesta et al., 2018).
C3S+ 5.3 H → C1.8SH4 + 1.2 CH

(2)

When PC is blended with CSA the mechanism of hydration at first hours is according to reaction (3)
(Chaunsali & Mondal, 2016):
C4A3𝑆̅+ 8 CS̅ + 6 CH + 76 H → 3 C6AS̅3H32

(3)

As observed in Table 3, AFt is formed in great quantities since 1 day of hydration, and after this time is
almost constant in all the cements. The precipitation of large amounts of AFt at early ages is highly
favourable and desirable as at this time the pastes show a higher plasticity which can better
accommodate the precipitation of ettringite (García-Maté et al., 2015). Figure 6a shows the amount of
AFt formed by each blended cement with hydration time. It can be observed that after one day the
cement with higher amounts of AFt at all hydrating ages is B65, as expected, as it contains more CSA.
Furthermore, it can also be observed that the amount of AFt slightly decreases at 90 days of hydration
in B85 and B75 cements. This is due to due to the reactivity of C3S and C2S which create a rich siliceous
environment and yield to the instability of AFt (Chitvoranund et al., 2016; Londono-Zuluaga et al., 2017;
Rolland et al., 2014). Ettringite is, therefore, partly descomposed and AFm is formed.
On the other hand, stratlingite, C2ASH8 can be formed by the reaction of belite (and/or alite) with
amorphous AH3, reactions (4) and (5), respectively.
C2S + AH3 + 5H→ C2(A,S)H8

(4)

C3S + AH3 + 6H→ C2ASH8 + CH

(5)

Stratlingite is also formed at low quantities since 1 day of hydration, Figure 6a, and in great quantities
in B85, up to 7 days. However, after 90 days, B65 is the cement with higher amounts of stratlingite due
to reaction (4). We can conclude that the presence of CSA has yielded higher quantities of aluminium
hydroxide which has enhanced the formation of stratlingite. This has decreased the medium pore size
diameter, Figure 5, and increase mechanical strengths, Figure 2.
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Figure 6. (a) Weight percentage of AFt (circles) and stratlingite (triangles) as a function of time
for all the blended cements. (b) Free water at all hydration times for all the blended cements
(squares).
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The presence of stratlingite, which is a highly disordered phase and difficult to quantify by RQPA
(Santacruz et al., 2016), was also proved by DTG-TG, see Figure 7. In this figure the two signals
associated to the decomposition of stratlingite are larger for B65 than for the other binders. Moreover,
Figure 7 also shows the absence of portlandite in these pastes, due to the lack of a signal at ~450ºC.
This phase was mainly formed from reaction (4), although some authors stated that stratlingite is formed
from the reaction between C-S-H gel and AH3 as secondary reaction (Palou et al., 2005)
T (ºC)
0

100

200

300

400

500

600

700

800

900

1000

0

0.05

0.1

D(wt%/dT), %/ºC

stratlingite

B85
B75
B83B65
- 90d
B65 - 90d
B75 - 90d

0.15

0.2

0.25

0.3

0.35

Figure 7. Derivative TG curves for 90 day pastes of the three blended cement studied.
B65 paste after 28 days of hydration is the one with less amount of free water (FW), Figure 6b. Moreover,
the average pore diameter of B65 decreases at a higher pace from 28 days of hydration than the other
pastes, Figure 5. Consequently, the higher amount of stratlingite and AFt (with the corresponding lower
amount of FW) causes the diminution of pore diameter and justify the higher mechanical strengths
developed by B65 mortars at 28 and 90 days of hydration, Figure 2.
5.

CONCLUSIONS

This work indicates that BPC blended with higher amounts of CSA increase not only early age
mechanical strengths of but also later age ones, i.e. 28 days. All mixtures have developed higher
mechanical strengths than plain BPC (although this result has to be taken with caution since mortars
with different w/c ratio have been compared). At 1 day of hydration, the mixture with 25 wt% of CSA,
B75, has developed the highest mechanical strengths. B65 cement developed lower mechanical
strengths at 1 day of hydration, in spite of having higher amounts of ettringite, due to the higher pore
diameter size. However, B65 cement has developed the highest (of the three studied cements)
mechanical strengths at 28 and 90 days, 51.5 MPa and 67.9 MPa, respectively. These mechanical
strength increase is justified by higher amounts of stratlingite at these ages in B65. This phase is formed
by the reaction of belite with water in the presence of aluminium hydroxide, the later coming from
ettringite formation reaction. Moreover, ettringite is more stable in cements with poorer silicate rich
environment, i.e. B65.
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ABSTRACT
One alternative to decrease CO2 emissions from ordinary Portland Cement (OPC) production consists
on the development of a new kind of eco-cements composed by less calcite demanding phases. That is
the case of Belite-Ye’elimite-Ferrite (BYF) cements, which have β-belite as a main phase and ye’elimite
as a secondary phase. But the low reactivity of β-belite is well known, consequently these materials
develop low mechanical strengths at early/intermediate hydration ages. A possible solution proposed to
solve this problem consists on the production of cements which contain belite, alite and ye'elimite
together, known as Belite-Alite-Ye’elimite (BAY) cements. Consequently, the reaction of alite and
ye'elimite with water would develop cements with higher mechanical strengths at early ages, while βbelite will contribute to later ages.
The main objective of this work is to better understand the hydration behavior of monoclinic alite in
presence of ye’elimite (both stoichiometric and pseudo-cubic polymorphs), in order to be compared with
a BAY eco-cement systems. The hydration of systems with selected alite/ye’elimite ratios were studied
for the first 24 hours. The main techniques used for this study were in-situ synchrotron X-ray powder
diffraction combined with Rietveld methodology and isothermal calorimetry.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cements are more environmentally friendly materials than Portland
cement (PC) and are characterized by low CO2 emissions, low alkalinity, good early strength, good
dimensional stability, and good durability. In the past few decades, many types of CSA cements have
been developed for a wide range of applications (Bullerjahn, Boehm-Courjault, Zajac, Ben Haha, &
Scrivener, 2019; Chen & Juenger, 2011; Gartner, 2004; Gartner & Sui, 2017; Péra & Ambroise, 2004;
Winnefeld & Barlag, 2010). Moreover some fundamental studies for calcium sulfoaluminate phase
(C4A3$ or ye’elimite), which is the dominant mineral in CSA cement clinker, have been reported (Cuesta,
Álvarez-Pinazo, et al., 2014; Hargis, Telesca, & Monteiro, 2014; Jansen, Spies, Neubauer, Ectors, &
Goetz-Neunhoeffer, 2017; Khessaimi et al., 2018; Puertas, Blanco-Varela, & Giménez-Molina, 1995;
Zhao & Chang, 2017). However, its production is considered expensive due to the need of high purity
bauxite as a rich-source of Al2O3 (Angeles G. De la Torre et al., 2018; June et al., 2010; Ludwig & Zhang,
2015; Scrivener, John, & Gartner, 2018).
In recent studies, Belite-Ye'elimite-Ferrite (BYF) cements, have been thought as the potential substitute
of PC at large scales (Cuberos et al., 2010; Koga, Albert, Roche, & Pereira Nogueira, 2018; X. Lu et al.,
2018; Senff, Castela, Hajjaji, Hotza, & Labrincha, 2011). Nevertheless, the mechanical strength of
mortar shows a slow increase owing to the low reactivity of C 2S at medium hydration ages (between 7
d and 28 d). On the other hand, C3S is responsible for early and medium mechanical strengths in
Portland cements. Hence, a possible approach is to bring in C3S minerals in the production of the CSA
clinker. Recently, extensive researches on the formation and coexistence of C 4A3$ and C3S minerals
with doping minor elements has been carried out, which could lower the viscosity and the formation
temperature of liquid phase, and promote the formation of C 3S (Chitvoranund, Lothenbach, Winnefeld,
& Hargis, 2017; Duvallet, Zhou, Robl, & Andrews, 2014; Hu et al., 2018; Li, Xu, Wang, Tang, & Shen,
2014; Liu, Li, Qi, Liu, & Li, 2009; Londono-Zuluaga, Tobon, Aranda, Santacruz, & De la Torre, 2017; L.
Lu, Chang, Cheng, Liu, & Yuan, 2005; Pérez-Bravo et al., 2014). However, its hydration mechanism
and mineralogy are strictly dependent on C 3S and C4A3$ ratio. Thus, the main objective of this study is
focused on the interactions that occur between C3S and different polymorph of C4A3$ during early
hydration.
2.
2.1

MATERIALS AND METHODS
Materials

Alite was supplied by Sarl Mineral Research Processing (France). C4A3$ samples were synthesized
following the methodology reported by Cuesta et al (Cuesta et al., 2013; Cuesta, De la Torre, Losilla,
Santacruz, & Aranda, 2014). The orthorhombic phase, oC4A3$ was obtained by heating a stoichiometric
blend of finely-ground reagent grade of Al2O3 (99.997%, AlfaAesar), CaCO3 (99.95%, AlfaAesar) and
Gypsum (98%, Sigma-Aldrich) in an electric furnace at 1300 °C for 4 h. While the pseudo-cubic phase,
cC4A3$, was synthesized by heating the same reagent grade blend with additional Fe2O3 (99.945%,
AlfaAesar), SiO2 (99.5%, AlfaAesar) and Na2CO3 (99.999%, Sigma-Aldrich) at 1250 °C for 4h. After
cooling, both samples were ground in a microdeval ball mill to pass a 75 μm (#200) mesh sieve. Finally,
anhydrite (C$) was previously prepared following the methodology reported by Londono-Zuluaga et al
(Londono-Zuluaga et al., 2017) by heating a commercial micronized gypsum (C$H2), marketed by
BELITH S.P.R.L. (Belgium), at 700 °C for 60 min. Their particle size distribution were measured in an
isopropyl alcohol suspension using a MALVERN MASTERSIZER S Laser Diffraction Particle Size
Distribution Analyzer. The Dv,50 were 13.8, 9.0, 5.6, and 8.9 μm for C3S, oC4A3$, cC4A3$ and C$
respectively, as can be seen in Figure 1.
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Figure 1. Particle size distribution of cC4A3$, oC4A3$, C$ and C3S.
The mix designs of the investigated systems are given in Table 1, including water/binder (w/b) ratio.
Freshly twice-boiled deionized water was mixed with all blended samples at room temperature for 2 min
to make the pastes used for Synchrotron X-ray Powder Diffraction (SXRPD) and Isothermal Calorimetry
(IC) in-situ studies.
Table 1. Paste compositions, in weight percentages (wt%).
Mixture nomenclature

oC4A3$

cC4A3$

C3S

C$

w/s

o2.74_0.59*

23.9

-

65.4

10.7

0.59

o2.74_1.19

23.9

-

65.4

10.7

1.19

c2.74_0.59

-

23.9

65.4

10.7

0.59

c2.74_1.19

-

23.9

65.4

10.7

1.19

* The nomenclature of the mixtures is referred to C3S/C4A3$=2.74 and the second number is the w/s
ratio.
2.2

Methods

In-situ SXRPD investigations on the pastes were carried out at the Materials Science and Powder
Diffraction (MSPD) beamline in the Spanish Synchrotron Light Source - ALBA at Barcelona (Spain). All
patterns were collected in Debye-Scherrer (transmission) mode, utilizing a wavelength of 0.61878(3) Å
selected with a doble-crystal Si(111) monochromator. The diffractometer is equipped with a MYTHEN
detector especially suited for time-resolved experiments. Previously, all the anhydrous mixtures were
mixed with ~20 wt% SiO2 (99.5%, AlfaAesar) as an internal standard, and powder diffraction data were
collected to obtain the initial phase assemblage (t0), including amorphous and non-crystalline (ACn)
content (A.G. De la Torre, Bruque, & Aranda, 2001). Pastes were ex-situ prepared (mixing with fresh
twice-boiled water by hand for 2 min) and immediately poured into glass capillaries of 0.7 mm of diameter
with a syringe. Afterward, they were sealed with grease to avoid any water loss. The capillaries were
rotated during data collection to improve diffracting particle statistics. The data acquisition time was ~6
min per pattern to attain very good signal-to-noise ratio over the angular range 2–40° (2θ), with the aim
to follow the hydration products formation.
For in-situ IC, two grams of mixture with its corresponding mix water/solid ratio (Table 1) were prepared
by internal mixing for 2 min using an Admix automatic device. The pastes were tested for heat evolution
using a Thermometric TAM Air® 8 (TA Instruments) during 72 hours at 25 °C. The heat flow of three
separate runs for each paste was recorded following ASTM C1679 – 13 methodology. No significant
differences were observed between the three runs and the arithmetic mean was used.
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3.

RESULTS AND DISCUSSION

The hydration mechanism of mixtures of pure phases was studied during the first 24 hours. The effect
of w/s ratio and ye’elimite polymorphism jointly with anhydrite on the alite hydration were studied. Figure
2 depicts the raw SXRPD patterns at different times of hydration of c2.74_1.19 mixtures. Figure 3 shows
Rietveld plots of c1.37_1.32 and o1.37_1.32 mixtures after 24 hours of hydration, as representative
examples.
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Figure 2. In-situ SXRPD hydration evolution of c2.74_1.19. 1 (Quartz as internal standard), 2
(ettringite), 3 (pseudocubic ye’elimite), 4 (alite) and 5 (anhydrite).
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Figure 3. Rietveld plots of (a) c2.74_1.19 and (b) o2.74_1.19 at 24 hours of hydration. 1 (Quartz as
internal standard), 2 (ettringite), 4 (alite), 6 (stratlingite) and 7 (monosulfoaluminate).
Table 2, Table 3, Table 4 and Table 5 give RQPA including the ACn and free water (FW) contents
determined by internal standard methodology. Figure 4 provides the full phase content evolution and
heat flow curves of c2.74 and o2.74 at different w/b ratios. From all these Figures and Tables, two
phenomena can be clearly described. On the one hand, the orthorhombic ye’elimite mixture has totally
reacted at 5 hours of hydration independently of w/b ratio. While in pastes prepared with the pseudocubic ye’elimite has only partially reacted during the same time. This is in agreement with Cuesta et al
(Cuesta, Álvarez-Pinazo, et al., 2014) and Jansen et al (Jansen et al., 2017) where orthorhombic
ye’elimite with gypsum or anhydrite reacted at a higher speed than cubic one. On the other hand, alite
did not start to react until ye’elimite was completely consumed, independently of the polymorphism. The
main crystalline hydration products of these systems were AFt, monosulfoaluminate and stratlingite.
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Moreover, the phase assemblage was not strongly affected by water-to-solid ratio or polymorphism of
ye’elimite.
Table 2. RQPA results (wt%) of the in-situ hydration study of c2.74_0.59.
Phases

C4A3$

C$

AFt

C2ASH8

C3S

ACn+FW

0

15.8

6.8

-

-

38.1

39.3

1

13.9

6.3

2.2

-

38.1

39.5

2

13.3

6.2

2.7

-

38.1

39.6

3

12.4

6.2

3.4

-

38.1

39.9

4

11.1

6.0

4.5

-

38.0

40.3

6

8.4

5.4

7.8

0.4

38.0

40.1

8

4.2

3.9

14.1

0.4

38.0

39.3

10

1.7

2.4

18.4

0.5

38.0

39.1

14

1.0

2.0

20.6

0.6

37.7

38.1

18

0.1

1.0

24.1

0.7

35.8

38.3

24
47

-

0.2
-

26.8
27.8

1.1
1.8

33.6
31.3

38.3
38.9

Age (h)

Table 3. RQPA results (wt%) of the in-situ hydration study of c2.74_1.19.
Phases

C4A3$

C$

AFt

AFm

C2ASH8

C3S

ACn+FW

0

11.4

5.0

-

-

-

27.6

55.9

1

10.2

4.6

1.7

-

-

27.6

55.9

2

9.5

4.5

2.1

-

-

27.6

56.2

3

9.1

4.5

2.4

-

-

27.6

56.4

4

8.9

4.5

2.7

-

-

27.6

56.3

6

8.4

4.5

2.9

-

-

27.6

56.6

8

7.3

4.3

4.1

-

-

27.6

56.8

10

3.5

2.9

9.6

-

-

27.6

56.4

14

0.3

0.9

15.9

0.2

0.2

27.1

55.3

18

-

0.3

18.7

0.3

0.2

26.7

53.8

24
47

-

0.2
-

19.7
19.2

0.3
0.3

0.3
5.2

24.5
21.9

54.9
52.9

Age (h)
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Table 4. RQPA results (wt%) of the in-situ hydration study of o2.74_0.59.
Phases

C4A3$

C$

AFt

AFm

C2ASH8

C3S

ACn+FW

0

13.3

6.6

-

-

-

37.6

42.5

1

13.0

6.5

2.5

-

-

37.6

40.5

2

12.4

6.5

3.1

-

-

37.6

40.4

3

12.2

6.4

3.2

-

-

37.5

40.6

4

12.1

6.4

3.4

-

-

37.5

40.7

7

1.2

4.9

10.6

5.5

-

36.7

41.0

10

0.9

3.3

10.6

6.0

5.6

33.8

40.5

12

-

3.2

10.7

6.7

5.8

33.8

40.2

16

-

3.1

10.8

7.4

6.1

33.0

39.6

24
47

-

2.5
1.0

10.9
13.1

8.3
10.8

6.5
7.4

32.6
27.1

39.2
40.6

Age (h)

Table 5. RQPA results (wt%) of the in-situ hydration study of o2.74_1.19.
Phases

C4A3$

C$

AFt

AFm

C2ASH8

C3S

ACn+FW

0

9.7

4.8

-

-

-

27.3

58.2

1.5

8.9

4.6

0.9

-

-

27.3

58.2

3

8.7

4.6

1.1

-

-

27.3

58.3

4

6.6

4.4

1.9

1.6

-

27.3

58.2

5

1.4

3.6

5.4

4.0

-

27.3

58.3

7

-

2.8

6.8

5.2

3.4

26.0

55.8

10

-

2.8

6.8

5.2

4.1

25.1

55.9

12

-

2.8

7.0

5.4

4.6

25.1

55.1

16

-

2.3

8.4

6.0

4.8

25.1

53.3

24
47

-

2.0
0.6

8.8
11.7

6.5
8.7

5.1
8.0

24.3
17.2

52.3
53.8

Age (h)
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Figure 4. Heat flow and mineralogical in-situ hydration evolution of (a and c) c2.74 and (b and d)
o2.74. In each plot, the left-hand vertical axis shows the rate of heat release, and the right-hand
vertical axis shows the weight percent amount of the phases. Black line: Heat flow, blue diamond:
C4A3$, yellow triangle: C$, red square: C3S, purple asterisk: ettringite, light blue circle:
monosulfoaluminate and green cruise: C2ASH8.
The isothermal calorimetric curves, Figure 4 (black line), present a strong peak within the first 25 minutes
(0.4 hours) since mixing, known as the induction period. This peak is clearly associated with the
dissolution (heat of wetting of the cement), and hydration of ye’elimite to form ettringite (purple asterisk)
(Cuesta, Álvarez-Pinazo, et al., 2014; Jansen et al., 2017). The hydration of orthorhombic and pseudocubic ye’elimite was published elsewhere (Cuesta, Álvarez-Pinazo, et al., 2014) and the total heat
evolved after 7 days was ~570 and ~550 J/g, respectively. The higher amount of heat released by the
samples with the orthorhombic polymorph at 25 minutes corroborates the quicker reactivity of that phase
when compared with the samples pseudo-cubic polymorph in spite of the amount of water. At 15 h,
when both ye’elimites have completely reacted, the total heat released for c2.74 and o2.74 were ~70
and ~200 J/g respectively, Figure 5. While independently of the w/b used, the cumulative heat displayed
after 48 hours, were about ~200 and ~230 J/g by c2.74 and o2.74 respectively.
During the induction peak a small amount of AFt crystallized without the dissolution of anhydrite, as
previously reported (Cuesta, Álvarez-Pinazo, et al., 2014; Jansen et al., 2017; Pelletier-Chaignat et al.,
2011). Monosulfoaluminate was not detected in the pseudo-cubic ye’elimite mixtures. However, in o2.74
mixtures, the precipitation of AFt increased considerably jointly with monosulfoaluminate coprecipitation, Figure 4 (Table 2, Table 3, Table 4 and Table 5).The raise of water/binder ratio from 0.59
to 1.19 did not affected the mixtures with orthorhombic ye’elimite. However, in the mixture with the
pseudo-cubic form, both alite dissolution and precipitation of stratlingite are enhanced, were larger
amounts of stratlingite were precipitated. This may be justified by the availability of water.
It is noticeable that crystalline portlandite and gibbsite were not detected in the first 48 h of hydration in
any system (c2.74 and o2.74). The lack of precipitation of CH was expected and it is associated to the
enhanced hydration of C4A3$ that favors the early-ettringite formation (Hargis, Kirchheim, Monteiro, &
Gartner, 2013; Péra & Ambroise, 2004; Winnefeld & Barlag, 2009). Moreover, the lack of crystalline AH3
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is associated with the formation of stratlingite (1) (Trauchessec, Mechling, Lecomte, Roux, & Le Rolland,
2015; Winnefeld & Lothenbach, 2016).
C3S + AH3 + 6H

→

C2ASH8 + CH

(1)

250

Heat, J/g

200
150
100

o274_059
o274_119

50

c274_059
c274_119

0
0

10

20

30

40

50

60

70

Time, h
Figure 5. Total heat (cumulative) release curves of c2.74 and o2.74.
The pseudo-cubic ye'elimite mixtures produced higher amounts of ettringite than orthorhombic ye'elimite
samples, under similar hydrating conditions. This is due to orthorhombic ye’elimite presents a higher
kinetic of hydration than pseudo-cubic ye’elimite, consequently when orthorhombic ye’elimite reacts with
the anhydrite, which is slowly dissolved, favors the jointly formation of AFt and monosulfoaluminate.
4.

CONCLUSIONS

C3S hydration was influenced by the kinetic of ye'elimite dissolution and reaction, and it began to react
after ye’elimite reacted completely. In mixtures with orthorhombic and pseudo-cubic ye’elimite, alite
depletion started after 10 and 20 hours respectively, since orthorhombic ye’elimite reacts faster than the
pseudo-cubic polymorph. The main products from alite reaction were stratlingite and C-S-H gel. The
formation of calcium hydroxide (as portlandite or amorphous) was not detected, as expected. The
increase of w/s ratio also affected the kinetic of hydration of alite. The mixtures with orthorhombic
ye’elimite and higher w/s ratio presented, after 48 hours, a higher hydration degree. Consequently,
higher amounts of C-S-H (as amorphous phase) and stratlingite were obtained. The mixtures with
pseudo-cubic ye’elimite, even after 48 hours of hydration, presented high amounts of non-reacted C3S.
Moreover, the main hydration product from the reaction of alite is stratlingite, while in the orthorhombic
ye’elimite mixtures, the main phase is also amorphous C-S-H gel.
5.
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ABSTRACT
A quasi-amorphous hydraulic binder with an overall CaO/SiO2 (C/S) molar ratio of 1.1 was produced
by the complete melting and cooling of a mixture of typical raw materials (limestone, sand, fly ash and
electric furnace slag). This binder material was then hydrated with aqueous solutions containing 3%wt
alkalis. These solutions contained NaOH, Na2CO3 and Na2SiO3. The evolution of the hydration
processes of the samples was monitored by compressive strength testing, XRD, FTIR, 29Si and 27Al
MAS NMR, isothermal calorimetry and TGA. Upon hydration, it was found that the nearly exclusive
hydration product formed was a C-S-H phase with a semi-crystalline structure. More importantly, the
paste prepared with the Na2SiO3 solution developed compressive strength values similar to those of
OPC with faster early age kinetics. In addition, the isothermal calorimetry results indicated that these
newly developed hydraulic binders presented much lower heat of hydration values compared to a
traditional OPC. The results presented here open the possibility of producing cement with a
compressive strength comparable to that of OPC but with lower CO2 emissions during the production
process and with lower hydration heat related problems during the production of concrete structures.
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1

INTRODUCTION

The production of ordinary Portland cement (OPC) is a process that involves high energy resources as
well as the emission of high volumes of greenhouse gases, namely CO2 which has its main sources in
the calcination of limestone and fuel burning, reaching up to approximately 870 kg of CO2 per ton of
clinker produced (WBCSD-CSI 2016). In this way, the reduction of cement-related CO2 emissions has
been a topic of great attention and recently, in 2015, the Paris Agreement also imposed a goal to reduce
the anthropogenic CO2 emissions, of which the cement industry represents 7% worldwide (see,
e.g.,(WBCSD & IEA 2018)). Therefore, it is not surprising that there has been much work targeted at
the development of alternatives for OPC.
One method that has gained much attention in the literature is the alkaline activation of cementitious
materials, which has been widely studied in the last few decades. This extensive literature has focused
mainly on improving the reactivity of typical industrial slags, such as iron blast-furnace slag, steelmaking
slag, copper slag, phosphorus slag or even fly ash (Richardson et al. 1994; Palomo et al. 1999; Puertas
et al. 2000; Shi & Qian 2000; Sukmak et al. 2013; Puertas & Torres-Carrasco 2014). The use of alkaline
activators triggers hydraulic reactions and the formation of hydration products, which would not be
formed without their presence or would only occur at much later ages, leading to the rapid development
of strength of the mixtures prepared from these materials (Palomo et al. 2014). A simple addition of
water to GGBFS is not sufficient to induce a hydraulic reaction rapid enough for application as
construction material. Therefore, hydraulic properties are only presented when suitably activated, and
for that reason, GGBFS is currently used as a partial replacement of OPC (CEN 2011). In this case,
OPC acts as a basic component to increase the pH to a level high enough to trigger the hydraulic activity
of the slag (Murgier et al. 2004). For fly ash, the pH value needed to initiate the hydraulic reaction is
even higher, which is attributed to the chemical composition and glass structure features (Li et al. 2002).
The reactivity of these industrial secondary products also shows a direct relationship with the glass
content, as this is usually the active part of the material (Li et al. 2002). Thus, crystallized blast-furnace
slag has little or no value as a cementing component (Shi & Qian 2000). Moreover, it was reported that
the solubility of Ca and Si species are sensitive to the degree of crystallinity of the networks to which
they belong, revealing higher solubility in more disordered environments (Wolff-Boenisch et al. 2006).
Furthermore, the Si-O bond is the strongest and slowest to break during dissolution, thus serving as the
rate limiting step in the dissolution of silicate minerals and glasses with a molar Si/O ratio above 0.28
(Oelkers 2001). Therefore, glasses present in more disordered arrangements of Si-O bonds are more
prone to dissolution than their corresponding minerals. In addition, amorphous materials, such as slag
or fly ash, show preferred behaviours when alkali activated as cementitious materials and provide
favourable characteristics to compete with OPC as standard hydraulic binders in the future (Li et al.
2002). This type of material, especially slag, has already shown to develop similar or improved strength
performance. Additionally, they may provide very good long-term durability when compared to OPC
(Provis et al. 2015). However, this type of supplementary cementitious material lacks availability. Indeed,
although slag can substitute the clinker up to 90%, the worldwide available amount of slag represents
only approximately 5% of the clinker globally produced (Scrivener 2014).
Recently, the authors proposed a method for the production of a new type of hydraulically active calciumsilicate (CS) binder, which contains 33% less CaO in the raw mix than typical Portland clinker
formulations. This hydraulic binder, due to its lower calcium content, opens the possibility of reducing
the CO2 emissions during cement production. However, as it was shown at the time, the maximum
compressive strength of the pastes prepared with this binder reached 45 MPa at 90 days of hydration
(Santos et al. 2016), which is roughly half of the compressive strength of OPC pastes produced under
similar conditions. In this work, we go further on the characterization of the performance of this new
hydraulic binder, by testing the effect of alkaline activation (using Na 2CO3 and a mixture of NaOH and
Na2SiO3) on the mechanical strength and structural characteristics of the pastes and by the analysis of
the heat released during the setting reaction.
2
2.1

EXPERIMENTAL
Materials and processing conditions

The hydraulic binding material studied in this work was obtained according to the procedure described
in a recent paper (Santos et al. 2016), which essentially consists in the melting and quenching of the
raw mix containing fly-ash, sand, limestone and slag. Table 1 indicates the chemical composition of the

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
amorphous binder obtained (1.1 Binder) as well as of all the raw materials used in its preparation. After
cooling, the amorphous binders were removed from the Pt crucibles and then characterized by XRD,
with its Rietveld analysis indicating the presence of less than 13.5% of pseudowollastonite (PsWoll)
within an amorphous matrix. A powder of this material was obtained by grinding bulk pieces in a ring
mill until 99.5% of the particles pass the 45µm sieve, as measured in a Hosokawa Alpine air jet sieve
equipment. Pastes were produced from these powders by mixing it with water (non-activated pastes) or
alkaline activators (activated pastes with Na2CO3 and Na2SiO3) with a constant water/binder weight ratio
of 0.375. In the case of the alkali-activated samples, the amount of activator added, in the form of an
aqueous solution, corresponded to a total Na2O content of 3 wt%. Furthermore, the Na2SiO3 commercial
solution used was corrected with the addition of NaOH to obtain a Si/Na molar ratio of 1.2. The pastes
produced were poured in prismatic moulds with dimensions of 20x20x40 mm 3 and cured in a moist
cabinet at 95% humidity. The prisms were demoulded at the 7th day of hydration, right before the first
compressive strength measurement. Additionally, pastes of an OPC clinker mixed with ~5%wt gypsum
were also produced under the same conditions in order to be used as a comparison for the mechanical
performances of the alkali-activated and non-activated amorphous hydraulic binders. This OPC clinker
was ground to a Blaine fineness of approximately 350 m 2/kg and its main phases quantitatively assessed
by X-ray diffraction (XRD) using the Rietveld method, resulting in the following values: C 3S~78%,
C2S~5%, C3A~3% and C4AF~14%. The pastes were characterized at 7, 28 and 90 days by means of
XRD-Rietveld, TGA, 29Si MAS-NMR and compressive strength measurements. Additionally, the heats
of hydration of the OPC pastes and the non-activated and waterglass-activated pastes were measured
over the first 8 days of hydration.
Table 1. OPC clinker, 1.1 Binder and Raw material compositions and raw-mix combination used
for the production of the 1.1 Binder.
Composition (wt%)
Fe2O3 CaO
MgO

Raw materials/
binders

Raw mix
wt%

LOI

SiO2

Al2O3

Fly- Ash

2,28

4,54

54,48

22,82

8,29

3,78

Sand

32,93

0,37

97,30

1,29

0,16

Limestone

62,67

43,34

0,92

0,17

SO3

K2O

Na2O

1,49

0,11

1,76

0,59

0,00

0,02

0,00

0,52

0,11

0,13

54,83

0,22

0,01

0,01

0,07

Slag

2,12

0

13,90

8,26

43,54

21,18

6,06

0,40

0,00

0,00

1.1 Binder

100

---

46,85

1,70

1,75

48,03

0,43

0,02

0,30

0,13

OPC clinker

100

0,93

19,97

5,39

3,56

63,61

1,79

2,92

0,98

0,12

2.2
2.2.1

Characterization methods
Compressive strength tests

The compressive strength tests of the paste prisms with dimensions of 20x20x40 mm 3 were performed
at 7, 28 and 90 days of hydration in an Ibertest Autotest 400/10 instrument using a constant force rate
of 2,4 kN/s during the test. Three tests were made at each age. The material resultant from the
compressive strength test was then characterized by means of the techniques referred in the previous
section, being this material ground by hand in an agate mortar and then dried at 105°C to ensure that
all the evaporable water was removed. Afterwards, the samples were vacuum-sealed for further
utilization in other characterization procedures.
2.2.2

XRD/Rietveld analysis

X-ray diffraction tests were performed using an X’Pert Pro (PANalytical) diffractometer operating under
the conditions specified in previous papers from these authors (Santos et al. 2015; Santos et al. 2016).
Rietveld refinement was performed with the software Highscore Plus from PANalytical, following the
procedure described in a previous paper (Santos et al. 2016).
2.2.3

29

Si MAS NMR

Anhydrous material powders and the corresponding dried pastes after 28 days of hydration were
analysed by solid-state NMR analysis using a TecMag (Redstone)/Bruker 300 “wide bore” spectrometer
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with a 7 mm solid-state probe operating at 59.595 MHz for 29Si. Only the samples hydrated for 28 days
were chosen for NMR analysis due to the limited time of access to the NMR facilities. Samples of
approximately 200 mg were packed into 7 mm o.d. cylindrical zirconia rotors. The chemical shifts were
referenced to external samples of tetrakis(trimethylsilyl)silane (trimethylsilyl groups, Si(CH 3)3, δ= -9.8
ppm). More than 2000 scans were accumulated during NMR experiments, being these spectra collected
under magic-angle spinning (MAS) with a rate of approximately 3.3 kHz. A pulse length of 2.5 μs,
corresponding to a 50° magnetization flip angle, and a recycling time delay of 20 s were selected. The
acquisition of the NMR spectra was performed by using either the ground powders of the anhydrous
material or using the vacuum-sealed paste samples (referred to in section 2.2.1). The nonlinear least
squares fitting procedure followed an iterative mode using the analysis function available in the
OriginPro 8® software.
2.2.4

Thermogravimetric analysis (TGA)

TGA experiments were conducted in an ELTRA instrument. Starting from room temperature, a heating
rate of 4°C/min was applied until the temperature reaches 105 oC, then a heating rate of 10°C/min was
used as the temperature increased to 250oC. For the two last steps (from 250°C to 500°C and from
500°C to 950°C) a heating rate of 15oC/min was applied. The amount of C-S-H bound-water was
calculated by using the values determined by TGA from the weight loss in the range from 105 to 500°C.
2.2.5

Isothermal calorimetry

Isothermal calorimetry experiments were conducted in a TAM Air instrument. Pastes were prepared ex
situ with either milliQ quality water or the waterglass solution (Na 2SiO3/NaOH) and placed into glass
vials, maintaining a constant water/binder (in weight) ratio of 0.375. The experiments were then ran at
a constant chamber temperature of 20°C. Calorimetry signal was only considered real and valid for
integration after 45 min from the mixing step.
3

RESULTS

3.1

Compressive strength

Figure 1 shows the development of the compressive strength for the pastes activated with Na 2SiO3 and
Na2CO3 as well as for the non-activated one. For comparison, Figure 1 also depicts the values obtained
for the reference OPC clinker.

Figure 1. Comparison of the compressive strength developments over time obtained for the
non-activated paste and for the alkali-activated samples (with Na2SiO3 and with Na2CO3).
Values from OPC are also shown. The dashed lines are guides for the observed trends.
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The values of compressive strength obtained for the non-activated sample show an increase from
approximately 7 MPa at 7 days to over 45 MPa at 90 days, in close agreement to previous results
obtained for this type of binder (Santos et al. 2016). However, the alkali-activated samples displayed a
faster strength evolution, especially for the sample activated with Na2SiO3 whose strength rapidly
achieved a maximum plateau of 77 MPa at 28 days, surpassing the value typically obtained for an OPC
clinker paste.
3.2

XRD – Rietveld analysis

Table 2 shows the results obtained by quantitative XRD-Rietveld analysis for the content in weight % of
each phase present in the pastes produced, as well as for the content in the precursor anhydrous
hydraulic binder. The precursor anhydrous hydraulic binder contained nearly 13.5% PsWoll, which
resulted from the thermal process used to produce the binder. Tobermorite-like phases were present in
all the pastes, increasing its proportion with the duration of the reaction. Peaks related to the presence
of calcite were observed only in the paste activated with Na 2CO3. No portlandite peaks were observed
in any of the hydrated samples. For the Rietveld fitting, the following phases were used: tobermorite
(ref. code 87690), clinotobermorite (ref. code 403090), pseudowollastonite (ref. code 87716), aluminum
oxide (ref. code 75559) and calcite (ref. code 40112 from the ICSD database).
Table 2. Quantitative results obtained by XRD-Rietveld analysis for the weight percentages of
the phases present in the hydraulic binder produced and in the pastes prepared from it, with
and without activation.
Non-activated
Phase wt%

3.3

Na2CO3

Na2SiO3

Anhydrous
7d

28 d

90 d

7d

28 d

90 d

7d

28 d

90 d

Amorphous

86.9

78.6

76.7

70.9

76

72.3

69.5

70.4

67.6

64.9

PsWoll

13.1

10.4

8.1

8.5

7.6

7.5

7

6.2

6.2

6.7

Calcite

---

---

---

---

2.9

4.9

5.2

---

---

---

Tobermorite

---

11.1

15.1

20.5

13.5

15.3

18.3

23.5

26.2

28.3

29

Si MAS NMR

The 29Si MAS NMR experiments were performed on the pastes hydrated for 28 days and on the
corresponding precursor materials to collect details on the local environments of the Si atoms and to
assess the structural changes occurring due to hydration, i.e., the consumption of Q 0 and Q1 units and
the formation of further-polymerized silicate units assigned to the hydration products.
Figure 2 shows the 29Si NMR spectra of the pastes hydrated for 28 days prepared with and without
alkaline activators (b, c and d) and the corresponding spectrum of the anhydrous hydraulic binder (a).
The latter spectrum is simply characterized by two distinct signals, a broader one, corresponding to the
amorphous component of the sample, with chemical shifts spanning from -65 to -95 ppm and a narrow
feature at approximately -83.5 ppm, which is assigned to the presence of PsWoll (α-Ca3Si3O9) (Hansen
et al. 2003). The amorphous spectral component of the anhydrous sample has a Q n structural unit
distribution typical of calcium metasilicate glasses, ranging from Q 0 to Q3 groups and a negligible or nonexistent amount of Q4 units (Zhang et al. 1997; Lin et al. 2015).
For the deconvolution procedure shown in Figure 2, pure Lorentzian shapes were considered for the
semi-crystalline C-S-H phase (Schneider et al. 2001; Le Saoût et al. 2011) and for the PsWoll phase,
while a Gaussian curve shape was found to be more adequate for the deconvolution of the unhydrated
amorphous calcium-silicate component (Schneider et al. 2001; MacKenzie & Smith 2002), following the
criteria applied in a recent report (Santos et al. 2015), where maximum FWHM (Full Width at Half
Maximum) values of 3 and 10 ppm were considered for the crystalline and amorphous features,
respectively, to achieve a meaningful deconvolution result.
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The chemical shifts of the bands contributing to the amorphous component of the hydraulic binder were
in agreement with the values previously reported (Zhang et al. 1997) for the Qn units that compose the
structures of amorphous calcium-silicate materials. The Qn distribution values obtained after the
deconvolution of the 29Si MAS NMR spectra are shown in Table 3.
0
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Figure 2. Deconvoluted 29Si MAS NMR spectra of the anhydrous sample (a), the Na2CO3activated paste (b), the Na2SiO3-activated paste (c) and the non-activated paste (d) after 28
days of hydration.

It was also assumed that no Q2(1Al) units were present in the calcium-silicate hydrate structure, since
the amount of alumina in our amorphous hydraulic binder was very low (see Table 1), and any
contribution to the 29Si MAS NMR spectra was considered negligible for the sake of simplifying the
deconvolution process. The NMR results indicate that the Q0 units in the amorphous anhydrous material
dissolves preferentially during the hydraulic reactions, resulting in C-S-H structures predominantly
formed by Si with Q1 and Q2 connections.
The total amount of C-S-H obtained by deconvolution of the NMR spectra is also indicated in Table 3.
However, previously presented results show that the total amount of C-S-H can be significantly superior,
due to the contribution of the amorphous regions and that a better estimative can be made by using
TGA technique (Santos et al. 2016).
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Table 3. 29Si MAS NMR spectra deconvolution results and total C-S-H values.

Q1

Si molar %
(peak center)
FWHM
Q2

Q2

Q2

Q3

S-H

amorphous

PsWoll

C-S-H

amorphous

amorphous

5.2
(-79.0)
3.0
4.8
(-79.1)
3.0
11.2
(-78.6)
2.3

29.2
(-74.9)
8.7
26.4
(-74.6)
9.0
17.5
(-75.0)
8.0
12.3
(-75.0)
7.0

12.5
(-83.5)
1.0
15.2
(-83.5)
1.3
13.8
(-83.4)
1.3
14.6
(-83.5)
1.2

5.2
(-85.3)
1.6
13.4
(-85.4)
2.3
18.0
(-85.2)
1.6

38.0
(-81.3)
9.0
37.9
(-82.2)
8.4
41.0
(-82.4)
9.0
37.3
(-82.3)
7.0

11.2
(-89.6)
9.0
6.8
(-89.1)
7.7
6.8
(-90.2)
8.3
5.2
(-88.8)
7.0

Sample
Q0

Q1

amorphous

Anhydrous
Nonactivated
Na2CO3

Na2SiO3

3.4

9.0
(-67.6)
9.0
3.3
(-68.6)
9.0
2.6
(-67.6)
8.5
1.4
(-68.1)
7.0

C-

C-S-H Total
(Si molar%)

R2

(Q1+Q2)
99.7
10.4

99.7

18.2

98.9

29.2

99.6

Thermogravimetric analysis

The pastes activated with Na2CO3 and waterglass and the non-activated paste were analysed via
thermogravimetry to determine the amount of bound-water in the hydrated phases. As shown in the
previously presented results, no considerable phases other than semi-crystalline C-S-H appeared to
form upon hydration, allowing us to consider that the total amount of weight loss in the temperature
range from 105°C to 500°C is a very good estimation of the total amount of C-S-H bound-water in the
pastes. The bound-water wt% shown in Figure 3 was normalized to the initial mass of fresh paste. This
temperature range falls within the region in which water loss from the C-S-H groups is expected to occur,
in agreement with other thermogravimetric studies of several cement types, including alkali-activated
pastes (Vedalakshmi et al. 2003; Alarcon-Ruiz et al. 2005; Palacios & Puertas 2006; Esteves 2011;
Ismail et al. 2013; Morandeau et al. 2013).

6
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Figure 3. Comparison between the amount of bound-water evolved for the pastes prepared in
this study and for two other pastes prepared in a previous report (Santos et al. 2016).
Figure 3 presents the values of the bound-water in the pastes, as determined by TGA, after hydrating
for 28 and 90 days. Figure 3 also depicts the amounts of bound-water obtained in a previous report
(Santos et al. 2016) for non-activated pastes prepared from a similar amorphous hydraulic binder
precursor. It can be observed that the alkali-activated samples present higher amounts of bound-water
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when compared to the non-activated samples, which appears to be related to the strength development
expressed in these cementitious systems.
3.5

Isothermal calorimetry

The hydration heat evolutions of the three different samples are given in Figure 4. Apart from the
absence of the initial reaction peak, the reference OPC sample presented a typical isothermal
calorimetry profile, displaying acceleration and deceleration periods corresponding to the nucleation and
growth of the hydration products, with the maximum of this peak occurring at approximately 8 hours of
hydration. For the non-activated sample, a dormant period lasted for approximately 24 hours until some
heat activity was observed (see inset in Figure 4). Then, an increase in the heat release occurred until
it reaches its maximum at approximately 46 hours of hydration. From this point on, a decrease in the
heat flow was observed, continuing to slowly reduce until the 8th day. It is interesting to note that this
behaviour is similar to those observed in combined systems of water and slag using slags characterized
by C/S molar ratios comparable with the ones used in this study (Shi & Day 1995; Hubler et al. 2011;
Gebregziabiher et al. 2015). However, the activated sample presented very different hydration
behaviour, starting from the presence of an initial reaction peak that overlapped with a broader signal
with a maximum at approximately 20 hours of hydration, followed by a period of slowly decreasing heat
flow.

Figure 4. Comparison of the isothermal calorimetry curves obtained for the reference
cement sample and the amorphous samples with sodium silicate activation and without
activation. The inset shows the details of the Na2SiO3-activated and non-activated
samples, rescaled to better observe the phenomena occurring during the early stages of
hydration in these two samples.

4

DISCUSSION

In this paper, it was shown that the alkaline activators played a very important role in the strength
development at early age of low-calcium silicate hydraulic binders with C/S=1.1 (Figure 1). The aqueous
solution prepared with commercial sodium silicate and sodium hydroxide had a more effective impact
on the strength development of this amorphous hydraulic binders compared to the aqueous solution
with sodium carbonate. Additionally, it was observed that, while the paste activated with waterglass
showed very fast compressive strength growth, with a stabilized value of approximately 77 MPa after
28 days, the paste activated with sodium carbonate showed a continuous compressive strength
improvement over time, reaching 60 MPa after 90 days.
The values of compressive strength obtained in this study for the activated samples are within the values
presented in the literature for alkali-activated slag pastes, but the values obtained for the non-activated
pastes were found to be higher than the ones presented in other works for non-activated slag pastes
with similar water/solid ratios (Gruskovnjak et al. 2006; Jin et al. 2015). This behaviour may be attributed
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to a higher intrinsic hydraulic reactivity of the binder described in this work when compared to typical
blast-furnace slags, as this effect is dissipated by the presence of an alkaline activator that rapidly
triggers dissolution, nucleation and growth in these systems.
The compressive strength evolution for all the pastes appears to be correlated with the phase
development identified by the Rietveld analysis, i.e., with the formation of the C-S-H phase with regions
containing crystalline tobermorite-like structures. This observation is in agreement with published
literature (Richardson et al. 1994), which showed that a synthesized glassy material with a similar
GGBFS composition (with a Ca/Si = 1.1) led to a hydrated paste containing a C-S-H type I phase (i.e.,
Tobermorite-like structure) with a Ca/Si ratio very similar to the precursor glassy material, as well as a
hydrocalcite phase, but no AFm phase was present. The XRD results showed that the C-SH/Tobermorite-like phase was formed by consuming the anhydrous amorphous phase and part of the
PsWoll phase.
The results obtained by 29Si MAS NMR showed a decrease in the amounts of Q0 and Q1 units upon
hydration in the pastes, revealing that these are the preferential units to form the C-S-H/tobermorite
reaction products. This phenomena was previously observed by our group (Santos et al. 2016).
However, under activation with alkaline solutions, the consumptions of the Q 0 and Q1 units occur much
faster, giving rise to the formation of a larger quantity of hydration products, as can be seen particularly
in the pastes produced with waterglass.
The isothermal calorimetry results suggested different kinetics in the formation of the C-S-H species
between the waterglass-activated and the non-activated samples. A slow increase in the pH of the
solution is believed to occur due to the absorption of H + by the Si-rich framework, thus resulting in an
increase of the OH- concentration that, when reaching a sufficiently high value, may start breaking Si-O
bonds, forming [SiO4]4- (or, eventually, other SiO x species) available to react with Ca2+ (or, eventually,
with CaOH+ species) in solution and forming C-S-H species (Shi & Day 1995; Shi et al. 2006; BurciagaDíaz & Escalante-García 2013). The isothermal calorimetry profile observed for the non-activated
amorphous binder is different from those reported for mixtures of blast-furnace slag and water, showing
evidence of its hydraulic behaviour in contrast to the pozzolanic nature of typical slag.
5

CONCLUSIONS

Alkali-activated pastes of amorphous calcium-silicate hydraulic binders were produced and found to
present improved mechanical properties at all ages when compared to pastes prepared with water. The
alkaline solutions increased the kinetics of the amorphous binder reaction, allowing for the development
of initial strengths competitive with that of typical OPC and even exceeding this at 7 and 28 days.
The hydration evolution of these pastes show that a C-S-H type phase with a semi-crystalline nature is
the main hydration product, with the crystalline part of this hydration product resembling a tobermoritelike structure. In addition, the development of this phase during hydration was found to be responsible
for the mechanical properties in all the pastes prepared, with and without alkaline activation.
Regarding the isothermal calorimetry experiments, it was observed that these amorphous hydraulic
binders presented a much lower heat of hydration than a traditional type I OPC, with their cumulative
amounts of heat released during the first 7 days of hydration reaching only one seventh of the value
determined for an OPC. In addition, it was observed that, even under alkaline activation conditions with
waterglass, for the same period of hydration, the heat released by these pastes represented only one
third of that observed for a commercial type I OPC, despite the higher compressive strength values
recorded by the alkali-activated pastes after 7 days of hydration.
These results open the possibility of producing cement with a compressive strength comparable to that
of OPC but with lower CO2 emissions during its production process, due to its lower calcium content,
and with lower hydration heat related problems during the production of large concrete structures.
ACKNOWLEDGEMENTS
The authors would like to acknowledge CIMPOR - Cimentos de Portugal, SGPS S.A. for financial
support (Industrial Contract CIMPOR/ADIST Nanocement 2012/2020).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
6

REFERENCES

Alarcon-Ruiz L, Platret G, Massieu E & Ehrlacher A (2005) The use of thermal analysis in assessing the
effect of temperature on a cement paste. Cement and Concrete Research 35, 3, 609-613.
Burciaga-Díaz O & Escalante-García JI (2013) Structure, Mechanisms of Reaction, and Strength of an
Alkali-Activated Blast-Furnace Slag. Journal of the American Ceramic Society 96, 12, 39393948.
CEN (2011) Cement - Part 1: Composition, specifications and conformity criteria for common cements.
Esteves LP (2011) On the hydration of water-entrained cement–silica systems: Combined SEM, XRD
and thermal analysis in cement pastes. Thermochimica Acta 518, 1–2, 27-35.
Gebregziabiher BS, Thomas R & Peethamparan S (2015) Very early-age reaction kinetics and
microstructural development in alkali-activated slag. Cement and Concrete Composites 55, 91102.
Gruskovnjak A, Lothenbach B, Holzer L, Figi R & Winnefeld F (2006) Hydration of alkali-activated slag:
comparison with ordinary Portland cement. Advances in Cement Research 18, 3, 119-128.
Hansen MR, Jakobsen HJ & Skibsted J (2003) 29Si chemical shift anisotropies in calcium silicates from
high-field 29Si MAS NMR spectroscopy. Inorganic chemistry 42, 7, 2368.
Hubler MH, Thomas JJ & Jennings HM (2011) Influence of nucleation seeding on the hydration kinetics
and compressive strength of alkali activated slag paste.
Ismail I, Bernal S, Provis J, Hamdan S & van Deventer JJ (2013) Drying-induced changes in the structure
of alkali-activated pastes. Journal of Materials Science 48, 9, 3566-3577.
Jin F, Gu K & Al-Tabbaa A (2015) Strength and hydration properties of reactive MgO-activated ground
granulated blastfurnace slag paste. Cement and Concrete Composites 57, 8-16.
Le Saoût G, Ben Haha M, Winnefeld F & Lothenbach B (2011) Hydration Degree of Alkali-Activated
Slags: A 29Si NMR Study. Journal of the American Ceramic Society 94, 12, 4541-4547.
Li D, Xu Z, Luo Z, Pan Z & Cheng L (2002) The activation and hydration of glassy cementitious materials.
Cement and Concrete Research 32, 7, 1145-1152.
Lin C-C, Leung K, Shen P & Chen S-F (2015) Elasticity and structure of the compounds in the
wollastonite (CaSiO3)–Na2SiO3 system: from amorphous to crystalline state. Journal of
Materials Science: Materials in Medicine 26, 1, 1-14.
MacKenzie KJD & Smith ME (2002) Multinuclear Solid-State Nuclear Magnetic Resonance of Inorganic
Materials: Elsevier Science.
Morandeau A, Thiéry M & Dangla P (2013) Investigation of the carbonation mechanism of CH and C-SH in terms of kinetics, microstructure changes and moisture properties. Cement and Concrete
Research 56, 153-170.
Murgier S, Zanni H & Gouvenot D (2004) Blast furnace slag cement: a 29Si and 27Al NMR study.
Comptes Rendus Chimie 7, 3–4, 389-394.
Oelkers EH (2001) General kinetic description of multioxide silicate mineral and glass dissolution.
Geochimica et Cosmochimica Acta 65, 21, 3703-3719.
Palacios M & Puertas F (2006) Effect of Carbonation on Alkali-Activated Slag Paste. Journal of the
American Ceramic Society 89, 10, 3211-3221.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Palomo A, Grutzeck MW & Blanco MT (1999) Alkali-activated fly ashes: A cement for the future. Cement
and Concrete Research 29, 8, 1323-1329.
Palomo A, Krivenko P, Garcia-Lodeiro I, Kavalerova E, Maltseva O & Fernández-Jiménez A (2014) A
review on alkaline activation: new analytical perspectives. Materiales de Construccion 64, 315.
Provis JL, Palomo A & Shi C (2015) Advances in understanding alkali-activated materials. Cement and
Concrete Research 78, Part A, 110-125.
Puertas F, Martı́nez-Ramı́rez S, Alonso S & Vázquez T (2000) Alkali-activated fly ash/slag cements:
Strength behaviour and hydration products. Cement and Concrete Research 30, 10, 1625-1632.
Puertas F & Torres-Carrasco M (2014) Use of glass waste as an activator in the preparation of alkaliactivated slag. Mechanical strength and paste characterisation. Cement and Concrete
Research 57, 0, 95-104.
Richardson IG, Brough AR, Groves GW & Dobson CM (1994) The characterization of hardened alkaliactivated blast-furnace slag pastes and the nature of the calcium silicate hydrate (C-S-H) phase.
Cement and Concrete Research 24, 5, 813-829.
Santos RL, Horta RB, Pereira J et al. (2015) Microstructural control and hydration of novel microdendritic clinkers with CaO-SiO2=1.4. Cement and Concrete Research 76, 0, 212-221.
Santos RL, Horta RB, Pereira J et al. (2016) Novel high-resistance clinkers with 1.10 < CaO/SiO2 < 1.25:
production route and preliminary hydration characterization. Cement and Concrete Research
85, 39-47.
Schneider J, Cincotto MA & Panepucci H (2001) 29Si and 27Al high-resolution NMR characterization of
calcium silicate hydrate phases in activated blast-furnace slag pastes. Cement and Concrete
Research 31, 7, 993-1001.
Scrivener KL (2014) Options for the future of cement. The Indian Concrete Journal 88, 7, 11-21.
Shi C & Day RL (1995) A calorimetric study of early hydration of alkali-slag cements. Cement and
Concrete Research 25, 6, 1333-1346.
Shi C & Qian J (2000) High performance cementing materials from industrial slags — a review.
Resources, Conservation and Recycling 29, 3, 195-207.
Shi C, Roy D & Krivenko P (2006) Alkali-Activated Cements and Concretes: Taylor & Francis.
Sukmak P, Horpibulsuk S, Shen S-L, Chindaprasirt P & Suksiripattanapong C (2013) Factors influencing
strength development in clay–fly ash geopolymer. Construction and Building Materials 47, 11251136.
Vedalakshmi R, Sundara Raj A, Srinivasan S & Ganesh Babu K (2003) Quantification of hydrated
cement products of blended cements in low and medium strength concrete using TG and DTA
technique. Thermochimica Acta 407, 1–2, 49-60.
WBCSD-CSI (2016) Getting the Numbers Right Project.
WBCSD & IEA (2018) Technology Roadmap - Low-Carbon Transition in the Cement Industry.
Wolff-Boenisch D, Gislason SR & Oelkers EH (2006) The effect of crystallinity on dissolution rates and
CO2 consumption capacity of silicates. Geochimica et Cosmochimica Acta 70, 4, 858-870.
Zhang P, Grandinetti PJ & Stebbins JF (1997) Anionic Species Determination in CaSiO3 Glass Using
Two-Dimensional 29Si NMR. The Journal of Physical Chemistry B 101, 20, 4004-4008.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Development of a novel process for the production of calcium
sulfoaluminate
Ammar Elhoweris1,2,a, Yousef Alhorr1,b, José Luis Gálvez Martos 3,c,
Marcus Campbell Bannerman2,d
1Gulf Organisation for Research and Development, Doha, Qatar
2University of Aberdeen, Aberdeen, United Kingdom
3Systems Analysis Unit, IMDEA Energy, Mostoles, Spain
aa.elhoweris@gord.qa
balhorr@gord.qa
c joseluis.galvez@imdea.org
dm.campbellbannerman@abdn.ac.uk

ABSTRACT
In an industrial climate where the reduction of carbon emissions is paramount to meeting industry
standards for a sustainable future, the cement industry is looking for alternative and creative solutions
to reduce its carbon footprint and energy consumption. A collaboration between the Gulf Organisation
for Research and Development, GORD, and a research group at the University of Aberdeen has
sought to develop a novel process for the production of calcium sulfoaluminate (CSA) cement, a
material produced in the Chinese construction industry for use as a rapid hardening binder for 5
decades, but now undergoing rapid development into wider applications.
Among other improvements, the novelty of the process lies partly in its source of sulfur. Typically,
sulfur is supplied by anhydrite or gypsum in conventional raw feeds, the novel process instead
sequesters sulfur into the cement solids through the combustion of elemental sulfur. This combustion
event, in turn, contributes towards the calorific value required to heat and maintain kiln temperatures
by burning fossil fuel, e.g. natural gas, but without emitting CO2. The combustion of sulfur also
provides added benefits. The resultant sulfur-containing atmosphere in the kiln provides a protective
environment which represses sulfur volatilisation at the operating temperatures used for CSA
production, ca 1300°C. Several regimes of sulfur and oxygen partial pressures can be attained and
help control clinker mineralogy. Control of the atmosphere enables preservation to ambient of belite in
its reactive alpha phase which, in turn, enables bulk alumina contents of raw meals to be decreased.
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INTRODUCTION
1.1

An industry focused on carbon emission reductions

In recent decades, climate change has become an issue of global importance and its mitigation has
become a major focus across all industry sectors. The cement industry has been no exception as it is
responsible for the generation of 8% of the world’s anthropogenic carbon emissions (The World
Business Council for Sustainable Development, 2007). The Global Commission on the Economy and
Climate projected that the global investment into infrastructure would reach 90 trillion USD by 2030 and
that the emissions arising from production of the required building materials alone would reach 470 Giga
Tonnes of CO2 by 2050 (IPCC, 2014).
In an attempt to build organised global impetus towards a “greener” industry, the cement sustainability
initiative was established (World Business Council for Sustainable Development, 2002). This global
consortium was led by 25 of the industry’s major cement producers, representing over half of the world’s
cement production outside of China. This has led to different approaches being taken to achieve CO 2
emissions reductions such as optimisation of fuel efficiency and the use of supplementary cementitious
materials to offset the carbon emissions caused by the decarbonation of limestone and combustion of
hydrocarbon fuels. Good progress has been made to improve the industry emissions somewhat;
however, more ambition is needed in order to meet the lofty targets of the Paris Agreement (Walenta et
al., 15AD; UNFCC, 2015).
Against this backdrop, there has been a substantial increase in research towards the introduction of
alternative cement formulations. Of all the alternatives to Portland cement (PC), Calcium Sulfoaluminate
(CŠA) cement is one of the most promising and has been found to perform equally well or even to
exceed the performance of PC in many applications. The primary difference between CŠA cement and
PC is that the former is based on a different clinker mineralogy, containing ye’elimite (Ca 4Al6SO16) rather
than alite (Ca3SiO5) as a major constituent. Belite (Ca2SiO4) and ferrite (Ca2(AlxFe1-x)2O5) are common
to both PC and CŠA cements (Hanein, Galvez-Martos and Bannerman, 2018).
1.2

Calcium Sulfoaluminate (CSA) as an Alternative Low Carbon Cement

Calcium sulfoaluminate (CSA) cements are not new to the cement industry. The first mention of the use
of CSA as a cementitious phase in literature dates back to the early 1960s. Klein (Klein, 1964) filed a
patent which described the use of a calcium sulfoaluminate cement as an expansive alternative to
Portland cement or as an addition to produce a cement composition with little to no net shrinkage. This
calcium sulfoaluminate portion of the proposed cement was thereby named “Klein’s Salt”. However, it
was not until the 1970s that CSA saw the majority of its development when it was introduced into the
Chinese construction industry. Known as the “third series cement”, CSA was developed by the China
Building Materials Academy who defined two types of CSA compositions, sulfoaluminate, containing
ye’elimite and belite as major constituents, and ferroaluminate clinker which consisted of a greater
portion of ferrite, Ca2(Al,Fe)2O5, in addition to ye’elimite and belite. The third cement series was
introduced into the Chinese construction industry as a high-performance cement with rapid, high early
age strength development (Zhang, Su & Wang, 1999).
In the European construction industry as well as in cement research, there was limited attention given
to CSA based cements until recent decades. The increased attention on CSA cements was due to CSA
being a low CO2 alternative to Portland cement in an industry in which there was a new global initiative
to lower carbon emissions (The World Business Council for Sustainable Development, 2007). Its
resultant popularity has led to great strides in its development. Various research groups studied the
influence of the formation of CSA clinker in air and the performance of the resultant cement. The
formation of CSA clinker was studied with respect to the influence of factors such as raw mix design and
clinker cooling rates (Ali, Gopal & Handoo, 1994, Arjunan, Silsbee & Della M. Roy, 1999, Bullerjahn,
Schmitt & Ben Haha, 2014, Martín-Sedeño et al., 2010). Authors also reported that CSA clinker could
be synthesised from a range of waste materials and industrial by-products such as blast furnace slag,
fly ash, kiln dust, etc. (Arjunan, Silsbee & Della M. Roy, 1999).
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Consequent to the cement research conducted, CSA proves to be a very promising low carbon
alternative to PC (Gartner, 2004); However, whereas Portland cement compositions are well known and
covered by codes and standards to provide a quality assurance of PC products, there is no
compositional framework equivalent for CSA outside of China. One of the reasons could be attributed
to the volatility of SO3 in sulfate cement phases such as ye’elimite and anhydrite at the high kiln
temperatures. This leads to an uncertainty when predicting clinker compositions compared to the more
kinetically stable calcium silicates and calcium aluminates present in Portland cement. This loss of sulfur
at high temperature is also an issue when considering that its loss leads to lower ye’elimite yields in
clinkers resulting in lower early age strengths than could potentially be achieved without SO 3 losses.
While this could potentially be compensated, there is a general loss of control over clinker mineralogy.
Other major challenges of introducing an alternative cement, such as CSA, to market lies within the
development of the production process, ensuring the chemical and physical performance, and
establishing standards; However, of all the alternatives to PC, CSA cement is among the most promising
and has been found to perform equally well or even exceed performance of PC in many applications.
1.3

A Novel Process for the Production of CSA

In a joint collaboration between the Gulf Organisation for Research and Development and the University
of Aberdeen, a novel process was developed for the production of CSA to improve its viability as a PC
alternative (Galan et al., 2017a, Hanein et al., 2016). The novelty of the developed process lies within
the reversal of the direction of sulfur transfer i.e. sulfur is transferred from the gas to the solid phase.
This would be achieved by the combustion of elemental sulfur whereby it is passed through the gas
burner with the natural gas flow. A reactive sulfur-containing atmosphere has been found to provide
many benefits and solutions to problems encountered in Chinese CSA production in previous decades.
Sulfur losses are virtually non-existent with the proposed modification due to the rapid sulfur uptake of
solid raw materials from the reactive atmosphere. Consequent to this rapid sulfur uptake, the sulfur
containing atmosphere behaves as a protective environment for sulfur containing solids which ensures
higher yields of cementitious phases (Galan et al., 2017a).
2.
2.1

DEVELOPMENT OF A NOVEL CSA PROCESS
Compatibility

Prior to the study of multiphase formation of clinker assemblages in the reactive sulfur-containing
atmosphere, steps were initially taken to evaluate the relations of phases at the conditions studied. Initial
experiments were focused on the compatibility of binary phase pairs in the C-S-A-F-Š system in air.
These were conducted by firing different combination of phase pairs in a chamber furnace which, in
combination with thermodynamic modelling, confirmed a phase pair’s compatibility. The phase relations
of each binary phase system were then collated and presented in ternary isothermal phase diagrams
(as shown in Figure 1). The experimental analyses of the binary relationships of the studied phases
were used to validate compatibility predictions calculated by a thermodynamic Gibbs Energy
minimisation model, developed by Hanein et al. (Hanein, Glasser & Bannerman, October 2015, Hanein
et al., 2015), in tandem with these tests. Once fully validated, the Hanein et al. model proved useful for
the prediction of SO2 partial pressure ranges for the studied phase relationships at constant
temperatures and O2 partial pressures (Table 1). These partial pressure ranges were checked against
experiments conducted in sulfur containing conditions.
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Figure 1: isothermal ternary phase diagrams for the systems C-A-Š and C-S-Š.

Table 1: Compatibility matrix showing the SO2 partial pressure (v/v) stability ranges of each
binary phase relationship at a constant O2 partial pressure of 21% (v/v) as reported by Galan et
al. (Galan et al., 2017b).
The resultant matrices of the phase compatibilities in air and oxidised sulfur-containing conditions can
be used to predict and understand the reaction paths required to achieve target phase compositions.
Additionally, the understanding of binary phase relationships has also been used to determine all the
potential clinker assemblages possible at the studied conditions. The reported compatibility matrices
certainly have the potential to be used as a tool for the design of novel clinker compositions and is further
discussed by Galan et al. (Galan et al., 2017b).
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2.2

Clinkering Studies

With the aid of the binary phase relations data, the influence of sulfur-containing conditions on clinker
syntheses was investigated. Initial experiments included the study of sulfate phase formation in sulfurcontaining conditions. These experiments were vital for the understanding and deconvolution of multiphase clinker formation kinetics. The overall aim was to conduct lab scale trials using a modified
electrically heated tube furnace configuration (Figure 2) which could then be scaled to a gas heated
rotary kiln. The clinkering studies are further discussed by Galan et al. (Galan et al., 2017a). The
experiments showed that sulfur dioxide and oxygen readily transferred to calcium aluminates and
silicates, thereby combining much of the sulfur dioxide from the atmosphere into the produced solid
phases. Understanding the physical chemistry of the process then enabled control over clinker phase
equilibria and avoided the production of free lime arising from the decomposition of anhydrite and
ye’elimite. The experiments conducted showed mass gains as opposed to the more usual mass losses
attributed to SO3 volatilisation.

Figure 2: The modified furnace set up used for laboratory scale trials. The entire unit was
housed in a ventilated enclosure (Galan et al., 2017a).
Initial clinker syntheses were conducted using raw material mixes targeting high ye’elimite, high belite
product compositions and an assemblage targeting the formation of ternesite. Thermodynamic
calculations were used to predict the operating window for the combustion atmosphere and temperature.
As Figure 3 shows, ye’elimite was only stable at high temperature above a minimum SO 2 partial
pressure. It should be noted that, at high temperatures, SO3 is unstable and breaks down to SO2, thus
both are used interchangeably here provided that the kiln contains sufficient oxygen partial pressures.
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Figure 3: Ye’elimite stability as a function of temperature and SO2 partial pressure as predicted
by thermodynamic calculation, at a fixed O2 partial pressure of % v/v.
2.3

Pilot Scale Trials

After the laboratory scale studies, trials were conducted at pilot scale at the IBU-Tec Research and
Development site in Weimar, Germany. A rotary kiln (Figure 4) was used for the operation of 3 sets of
trials. The kiln configuration consisted of a kiln tube, a gravimetric screw feeder to transport raw material
into the kiln tube, a cyclonic kiln dust separator, a fabric dust/bag filter, an exhaust gas extractor fan, a
gas burner, and a gravimetric sulfur burner. The fuels used were a combination of elemental sulfur in
powder form and natural gas. The elemental sulfur was combusted at the natural gas burner providing
additional combustion energy to the process. The rate of sulfur uptake by the precursor was evaluated
by quantitative analyses of the product clinker mineralogies via XRD.
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Figure 4: Process Flow Diagram of the kiln configuration used for the pilot scale trials
conducted.
The trials demonstrated that the sequestration of sulfur from kiln combustion gas into clinker is feasible
in a rotary kiln at temperatures in excess of 1200°C. It was also shown that all of the sulfur required for
the formation of ye’elimite-containing cement clinker can be delivered via the combustion of sulfurcontaining fuel. What is crucial is the role that vapour–solid equilibria play during clinkering and this
statement applies to clinkering Portland cement as well as various CSA cements. As it has been shown,
sulfur can be added to the batch by vapour–solid reactions but the reverse – the evolution of sulfur from
solids can also occur, depending on the SOx partial pressure in the kiln atmosphere. The balance of
this has a role in controlling the clinkering of Portland cement, especially when sulfur-containing fuels
are used, as well as in CŠA clinkering where sulfur that is not retained in the clinker may impose a
burden on scrubbers or environmental emissions. Despite the short residence time (30 - 60 mins in kiln
hot zone) and the fluctuating sulfur dioxide partial pressure in the clinkering zone of the kiln used in the
trial, the results demonstrated the successful use of sulfur as both a source of energy and a source of
sulfur trioxide in clinker. Hanein et al. discussed the findings of the pilot scale trials further (Hanein et
al., 2016). The series of pilot scale studies were concluded with a final trial series in August 2018 and
the average results of the analyses are given in Table 2.

Ca4Al6SO16 Ca2SiO4 Ca5Si2SO12 Ca2Al2SiO7 CaSO4 Ferrite
Average
42.53
41.53
0.52
7.66
3.15
0
(40.00)
(48.88)
(0)
(0)
(0)
(11.13)
Table 2: Average clinker composition for samples that were “in spec” with the target values
from thermodynamic predictions in parenthesis for the final pilot trials. Ferrite did not show up
in XRD analysis thus all compositions may be overestimations up to the predicted ferrite
content.
The presence of gehlenite (Ca2Al2SiO7) and CaSO4 indicated both an over and under sulfation of the
batch which could be down to issues in the homogenisation of the raw feed batches or perhaps the error
in the calculation of the target formulation due to substitution of iron into ye’elimite leading to excess
alumina. The process had thus been successfully demonstrated in a rotary kiln designed for PC
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production, indicating that existing plant technology could be utilised. However, an unforeseen result of
the pilot scale trials was the presence of stabilised alpha prime belite, a more reactive polymorph of the
belite phase ever-present in conventional CSA and PC. This led to the consequent investigations of the
stabilisation of alpha prime in a CSA clinker assemblage in sulfur-containing conditions. This would
potentially provide the opportunity for the production of CSA clinker with reduced ye’elimite thereby
improving its economic viability.
2.4

Sulfur utilisation

This section presents the analysis of the utilization of sulfur in the final product. Ye’elemite is 5.25% w/w
sulfur and CaO4 is 23.5% w/w sulfur thus the final trial product is ≅3% w/w sulfur. While this is not a
particularly large fraction of the produced mass, the clinker will be blended with gypsum (18.5% w/w
sulfur) to control setting time and to increase the compressive strength and this presents an additional
opportunity to maximise the thermal offset sulfur combustion presents by scrubbing with limestone to
produce gypsum. Hydration studies were carried out to better understand the utilisation of gypsum in
the final product. The clinker was ground by ball mill to a particle size of 4000 kg/m3 and the fineness
of the material was determined in accordance with ASTM 204. Cement mortar preparations were
achieved by blending the reagent grade gypsum and sand (conforming with specification requirements
of C778) with the anhydrous cement prior to mixing with distilled water in a stand mixer with the
composition outlined in Table 3. Samples were cast and vibrated into ASTM standard moulds for setting
time and compressive strength investigations.
Weight in
mixture (g)
Clinker

350 - 425

Water

250

Sand

1375

Gypsum

0 - 150

Table 3: The mix design of the investigated cement formulation. A range is provided for
gypsum as its content was initially varied to ascertain the optimum gypsum content for setting
control.

Figure 5: The strength development of cement mortar formulations from the pilot trial
containing varying gypsum content after 24 hours curing.
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Optimal strength was achieved at 26% gypsum which resulted in an initial setting time of 60 minutes
and a final setting time of 110 minutes. 28 day strengths reached 40MPa with very little change over the
first seven days from the 24 hour value. This fraction of gypsum addition allows for cements which are
≅6.8% sulfur thus there is significant opportunity for additional sulfur combustion to offset fuel
requirements using a gypsum producing scrubber; however, further economic analysis is required to
determine what cost implications this has on production.
2.5

An α’ bearing CSA cement formulation

An extensive series of experiments were conducted to elucidate the mechanism by which alpha prime
belite was stabilised in the pilot scale trials. Literature reported that it was possible to produce an alpha
prime-bearing CSA clinker in air with the aid of rapid cooling and substituted impurities (Gies, Knöfel,
1986, Jelenić, Bezjak & Bujan, 1978, Kim, Hong, 2004, Morsli et al., 2007). Thus, experiments were
conducted in sulfur-containing conditions with a combination of impurities and rapid cooling to attempt
the stabilisation of alpha prime dicalcium silicate. Stabilisation experiments were conducted using
laboratory grade as well as commercial grade materials doped with analytical grade impurities. The
stabilisation of alpha prime belite was eventually achieved with a composition doped with P 2O5 and
K2O/Na2O cooled rapidly from reaction temperature. It was also observed that the rapid cooling also
improved the yields of desirable phases in produced clinkers. Alpha prime-bearing clinker were
synthesised with preserved yields of alpha prime far surpassing the amounts achieved in the first pilot
scale trials. Studies also proved that the presence of oxidised sulfur-containing conditions further
promoted the stabilisation of alpha prime belite providing increased preservation yields. These studies
could be followed further in the study reported by Elhoweris et al. (Elhoweris, Galan & Glasser, 2018).
Sulfur Source

C4A3Š

β C2S

α' C2S

C4AF

CŠ

% of α' in
Belite

SO2

48

18

30

-

4

62%

33

40

13

7

7

24%

-

41

7

8

46

14%

Solid gypsum
in feed
No Sulfur
Source

Table 4: Quantitative phase analysis showing the influence of sulfur on the stabilisation of α’
belite (Elhoweris, Galan & Glasser, 2018).
2.6

Environmental and economic analysis

A preliminary assessment of the carbon footprint and process economics of CSA clinker production
(Hanein et al., 2018) showed that a 35% reduction of emissions associated to Portland cement
emissions could be achieved; however, production costs increases by 20 - 40%, mainly due to the extra
source of aluminium oxide or bauxite required in the raw feed.
A further refinement of the techno-economic assessment of CSA clinker production is being completed,
with a specific focus on the role of the source of aluminium oxide and the impact derived from the use
of sulfur in comparison to the more conventional use of calcium sulfate for CSA production. The
economic and environmental analysis shows a crucial dependency of the availability of a source of
aluminium oxide. More sustainable options are always related to the lowest content of bauxite and the
closest sources of bauxite; for example, in the case of Qatar, which sources most of its bauxite from
Australia, Brazil and India; the results for this last source are shown in Figure 6. As observed, sulfur
burning would have a positive effect on emissions and the lowest associated costs if compared to CSA
from gypsum or in comparison to Portland cement.
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(a)

(b)

Figure 6: Relative carbon footprint (a) and production costs (b) of CSA making with sulfur
burning in relation to CSA made from gypsum, and Portland cement
The fact that the CSA production costs are, in many of the modelled scenarios, higher than those from
Portland cement clinker production, and that, at the same time, the environmental performance is
invariably better for CSA, new techno-economic indicators are being proposed to evaluate the
performance of sulfur burning and CSA production. As an example, the cost of CO2 avoidance, in USD
per tonne of CO2, produced in the shift from Portland to CSA, has been calculated using a life cycle
approach. The calculated values for the sulfur-burning cases of Figure 6 are between 30 and 50 USD
per tonne of CO2, which is significantly lower than the cost of any carbon capture and storage technology
in cement kilns.
3.

CONCLUDING REMARKS

The potential benefits of this novel production process have been detailed in this article and the cited
publications (Galan et al., 2017a, Hanein et al., 2016, Hanein, Glasser & Bannerman, October 2015,
Hanein et al., 2015, Galan et al., 2017b, Elhoweris, Galan & Glasser, 2018, Hanein, Galvez-Martos &
Bannerman, 2018). Table 3 summarizes and compares the benefits of the developed process relative
to that of conventional CSA. However, the introduction of a novel low carbon cement to the wider cement
production industry, as an alternative to Portland cement, is not an easy task. Adoption of this novel
process by the industry will depend on its success at an industrial scale and the development of
standards.
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Conventional CSA

Novel CSA

√ Low carbon cement

√ Carbon footprint further reduced due to offset
resultant from sulfur combustion

√ known for properties such as rapid setting, nonshrinkage and high early strength

√ rapid setting, non-shrinkage, high early strength
properties not compromised

X ca 15% of less desirable compounds expected per
unit weight

√ very effective mineralogical control

X effluent sulfur has to be neutralised

√ effluent sulfur can be recycled for reuse

X high raw material costs

√ lower raw material costs with novel compositions

X sulfur source requires the mining/production of
gypsum

√ Use of an inexpensive natural gas industry by
product, i.e. elemental sulfur or H2S

Table 5: The benefits of utilising the novel CSA production process over its conventional
Chinese counterpart
The potential adoption of this process in a nation such as Qatar would provide many benefits due to its
abundance of elemental sulfur as a by-product of the Claus process in its natural gas industry. The
carbon savings provided by the CSA production process would also be in line with the sustainability
initiatives driving the region. Furthermore, the abundance of bauxite mines present in the Gulf Region
also provides the nation with the necessary aluminous resources it needs for the process raw materials.
With the planned upscale of this novel process in Qatar, it could serve as a success story for other
markets as a viable alternative for use in structural concrete. With regards to cement research, the
studies reported also open new avenues for the development of novel cement series with mineralogical
assemblages currently unavailable in the market.
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ABSTRACT
Two amorphous hydraulic binders with low calcium content were produced, according to the
procedure proposed in a recent publication by Santos et al., but with different quenching rates,
comprising water-immersion and non-forced air cooling conditions. Each binder was assessed during
the early age of hydration by a systematic procedure involving the characterization by
Thermogravimetry Analysis (TGA), Fourier Transform Infrared Spectroscopy with Total Attenuated
Reflectance (FTIR-ATR), X-Ray Diffraction (XRD), Compressive Strength (CS) and Isothermal
Calorimetry (IC). Higher hydration kinetics and compressive strength development were observed in
the water quenched sample, allowing to infer about the optimum operational production conditions.
Furthermore, Scanning Electron Microscopy (SEM) observation revealed the presence of a lamellar
hydration product consistent with previously reported structures of low C/S ratio C-S-H. Remarkably
the formation of these hydrated structures occurs without precipitation of Portlandite, as determined by
XRD and FTIR-ATR analysis. In addition, these results revealed some hints on the mechanisms
underlying the hydration phenomena occurring in these novel low calcium hydraulic binders,
suggesting a rearrangement of Q0, Q1 and Q3 units into chains of Q2 silicates, by means of a process
characterized by its very low heat of hydration.
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1

INTRODUCTION

According to the global cement database, the production of cement has been increasing over the
years reaching a production intensity of more than 4000 million tons of cement per year in 2014. This
trend is expected to continue, making the sustainability of this material a very important issue in
modern society. Portland cement is the most used type of cement. Nevertheless, its production is
associated with the release of approximately 850 kg of CO2 per ton of clinker (WBCSD & IEA 2018),
making the reduction of this emissions an important and difficult challenge, because of the need to
align the social-economic development with the objectives for the reduction of greenhouse gases.
Since most of the CO2 released in the Portland cement’s production comes from the decarbonation of
limestone (~60%), with the rest of the emissions being attributed to fuel burning, mining and
transportation, the reduction of limestone content on the clinkers has been a major goal in recent
years, but reducing calcium incorporation leads to progressively less reactive calcium silicate phases.
In a recent publication from the same project in which this research is inserted (Santos et al. 2016), a
decrease in C/S (CaO/SiO2) ratio with a full amorphization of the material was proposed. This
approach revealed itself successful both in decreasing CO 2 emissions and in producing a hydraulic
binder. In the present work, the influence of cooling rate from melting on the hydration mechanisms of
a newly developed amorphous hydraulic binder with a C/S ratio of 1.1 at early ages were studied.
2

EXPERIMENTAL DETAILS

2.1

Materials Synthesis

The amorphous hydraulic binder used in this work was produced using a combination of common raw
materials in the cement industry. Table 1 presents the composition of each raw material used to make
the binder with an overall C/S molar ratio of 1.1. After mixing the raw materials, 250 g of that mixture
was pressed into a disc of 10 cm diameter and approximately 3 cm height with a force of around 100
kN. The disc was then broken into pieces and placed in a platinum crucible and following into the
electric furnace. The production process consisted on the following steps:




heating the material at a rate of 25 ºC/min until T=1550 ºC;
maintaining the 1550 ºC for 60 minutes to ensure total mixture fusion and homogenization;
cooling.

In the present work, the last stage of cooling was done by one of two ways: air cooling at room
temperature by pouring the melt onto a stainless-steel plate (samples A), and water cooling by
pouring the melt into a tank of water at ambient temperature (samples B). After water cooling, the
material obtained was placed in an oven at 105 ºC to dry for approximately 30 minutes to ensure the
removal of all free water. The dried amorphous material was then ground in a ring mill with propanol,
followed by a drying step in a stove at 50 ºC for 30 minutes. The water/binder weight ratio used was
0.375. The pastes were poured into plastic bags with approximately 10 g each that were then vacuum
sealed. All the samples were cured in a moisture-controlled environment with a relative humidity of
95% and a temperature of 20 ºC.
Table 1 Raw materials composition and its combination used to produce the amorphous
hydraulic binders of C/S=1.1.
Composition (wt. %)
Raw
Materials

Wt.
%

Loss on
ignition

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

Fly-Ash

2.28

4.54

54.48

22.82

8.29

3.78

1.49

0.11

1.76

0.59

Sand

33.58

0.37

96.94

1.29

0.16

0.00

0.02

0.00

0.52

0.11

Slag

2.11

0.00

13.90

8.26

43.54

21.18

6.06

0.40

0.00

0.00

Limestone

62.02

43.9

0.11

0.09

0.08

55.6

0.17

0.02

0.01

0.02

C/S=1.1

100

--

33.97

1.01

0.29

34.57

0.15

0.01

0.22

0.06
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2.2

Characterization methods

The early age evolution of the pastes was followed by TGA, FTIR-ATR, and XRD analysis after 1, 5,
13 17, 20, 30 and 86 hours.
2.2.1 Isothermal calorimetry
The samples hydration was followed in a continuous manner by isothermal calorimetry. A TAM Air
instrument was used, at a constant temperature of 25 °C. The pastes were prepared ex situ using
milliQ water.
2.2.2

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was made using an ELTRA equipment. Constant heating rates
between stages in which the temperature was kept constant until the mass stabilized were applied. In
the first stage from room temperature until 105 ºC the heating rate applied was 4 ºC/min, in the second
stage from 105 ºC until 250 ºC the heating rate was 10 ºC/min, while in the last two stages between
250 ºC and 500 ºC and between 500 ºC and 900º, the heating rate was 15 ºC/min. All the unbound
water was considered to be lost until 105 ºC while the mass lost between 105 ºC and 500 ºC would
account for the loss of all structural water in the sample.
2.2.3

FTIR-ATR spectroscopy

FTIR-ATR spectroscopy was performed in both anhydrous powders and in dried pastes. The
anhydrous powders were used neat and the dried pastes were ground by hand. The FTIR spectra was
obtained with a Bruker Alpha Platinum-ATR spectrometer. The spectra were collected in the medium
IR range from 400 to 4000 cm-1, with a 4 cm-1 resolution and 24 accumulations.
2.2.4

X-ray diffraction

X-ray diffraction was performed on powder samples with a PANalytical X’Pert Pro diffractometer using
a monochromatic CuKα1 radiation of 𝜆 = 1.54059 Å, in a θ/2θ configuration. Data from the samples
was collected between 5 and 70 (2θ) with a X’Celerator RTMS (Real-Time Multiple Strip) detector
while the sample were rotated at 16 rpm to enhance particle statics. A fixed divergence slip of 0,5 º, a
fixed anti-scatter slit for the incident beam of 1º and a fixed anti-scatter slit for the diffracted beam of
0,5 º were used. The X-ray tube worked at 45kV and 40mA.For the quantification of the amorphous
content in the samples, 20% in weight of aluminium oxide (99.9% α-Al2O3 da Alfa Aesar) was added
to each one. Phase quantification was then performed by Rietveld analysis using PANalytical
HighScore Plus software. For the Rietveld fitting the following phases were used: wollastonite with the
reference code ICDD 96-900-5778; Pseudowollastonite with the reference code ICDD 96-900-2180;
Tobermorite 9Å with the reference code ICSD 87689; and aluminium oxide with the reference code
ICDD 96-100-0060 all from the COD database.
2.2.5

Scanning electron microscopy

Sample A and sample B were observed, as freshly fractured surfaces, through SEM imaging, using a
FEG-SEM JEOL 7001F equipment, at a voltage of 15 kV.

3
3.1

RESULTS AND DISCUSSION
Isothermal Calorimetry

The heat of hydration of sample A (air-cooled), and sample B (water-cooled), was followed by
isothermal calorimetry measurements. The obtained results are plotted in Figure 1. It can be observed
that, both samples A and B showed heat flow curves similar to the hydration of alite phase (Taylor
1997, Bullard et al. 2011). Even though they share similar shapes, both the heat released by the
samples and the hydration time at which the peak of hydration occurs, are very different within each
other and when compared to alite’s literature values (Taylor 1997, Bullard et al. 2011). Alite’s
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hydration peak occurs approximately at 9 hours of hydration and has a maximum heat release at that
point of 4mW/g. Samples A and B on the other hand have their peaks at 48 and 16 hours,
respectively, and maximum heat releases of 70 and 180μW/g.

Figure 1. Heat flow and cumulative heat curves for both types of samples. Curves in red
correspond to Sample A and curves in black to Sample B.

3.2

XRD/Rietveld

Table 2 and Table 3 show the Rietveld analysis results of samples A and B at all hydration times,
respectively. These results showed that both samples are almost fully amorphous. Sample A presents
a lower amount of amorphous content than sample B, due to the lower cooling rate associated with
the production protocol of sample A, resulting in the formation of higher amounts of crystalline phases.
Upon hydration, no Portlandite is formed in neither sample. However, there is evidence of the
presence of an increasingly higher content of semi-crystalline tobermorite-like structures (C-S-H),
falling in agreement with Santos et al. 2016. As hydration proceeds, there is an apparent consumption
of wollastonite and pseudowollastonite crystalline phases occurring in both samples A and B. This
might be a result of the carbonation of the wollastonite type phases (Bensted & Barnes 2002, Yu et al.
1999). There is also a slight increase in the amount of tobermorite 9Å as hydration proceeds but,
however, still within the error associated with the technique (Handke, Sitarz & Moxgawa 1998).
Besides the error associated with the technique there is also a problem concerning the identification of
this phase: the area where its main peaks are located is the same where the ones from wollastonite
are located. Notwithstanding this it must be pointed out that all the variations are in the same direction.
Table 2. Rietveld analysis of sample A at different hydration times
Age (hours)
Anhydrous
1
5
8
13
17
21
30
40
44
49

Amorphous
90.3
89.7
91.3
89.5
89.9
92.3
89.2
90.9
90.9
89.9
89.7

Phases (wt.%)
Wollastonite Pseudowollastonite Tobermorite 9Å
2.7
7.0
3.0
7.3
0.1
2.4
6.0
0.3
2.9
7.6
0.0
2.9
7.1
0.2
2.1
5.4
0.2
2.9
7.5
0.5
2.4
6.2
0.4
2.4
6.4
0.3
2.7
6.7
0.6
2.4
6.4
1.5
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53
68
76
87
96

90.4
91.2
91.0
91.1
92.3

2.3
2.1
2.2
2.0
2.1

6.0
5.5
6.2
5.4
5.2

1.3
1.2
0.6
1.5
0.4

Table 3. Rietveld analysis of sample B at different hydration times
Age (hours)
Anhydrous
1
5
9
13
17
21
31
86

3.3

Amorphous
98.7
97.7
97.9
97.7
98.4
98.4
98.0
98.6
98.2

Phases (wt.%)
Wollastonite Tobermorite 𝟗Å
1.3
1.2
1.1
1.2
0.9
1.1
1.2
0.9
0.7
0.7
1.0
1.0
1.0
0.8
0.6
0.9
0.9

FTIR-ATR

Figure 2 shows the FTIR spectrum of the anhydrous Samples A and B. These spectra are dominated
by four main regions between 400-600 cm-1, 600-775 cm-1 and 780-1200 cm-1. In the region between
780-1200 cm-1 three distinct bands are shown (i), (ii) and (iii), and are dominated by the stretching
modes of the non-bridging oxygens in the Si-O bond for Q1 (900 cm-1 ) and Q2 (950 cm-1 ) units
(Garcia-Lodeiro et al 2008, Paluszkiewicz et al. 2008, Lecomte et al. 2006, De Sousa Meneses, Malki
& Echegut 2011, MacDonald et al. 2000). The bands (i) and (ii) are more intense in sample A and
have been associated to the stretching of the non-bridging oxygen bonds of Si-O in Wollastonite
structures (De Sousa Meneses, Malki & Echegut 2011). The fact that band (ii) is wider is due to the
additional contribution at this wave number of the stretching modes of the Si-O bond in Q2 units. Band
(iii) has been associated with the stretching vibrations of the Si-O in Q0 and Q1 units. In the region
between 600-775 cm-1 two bands were identified: one band (iv) that is more evident in sample A and
that has been attributed to the stretching modes of Si-O-Si in three-membered ring structures
(Paluszkiewicz et al. 2008, De Sousa Meneses, Malki & Echegut 2011); and band (v) attributed to SiO-Si bond vibrations in SiO4 tetrahedra (Husung & Doremus 1990). Finally, in the region between 400600cm-1 the band (vi) is assigned to the asymmetric bending of Si-O-Si in SiO4 tetrahedra (Bhat &
Debnath 2011, Ylmén R et al. 2009).
Figure 3 and Figure 4 show the FTIR spectra of samples A and B with different hydration times and
the concurrent changes in the spectra namely the shift towards lower wave numbers of band (vi) (450
cm-1) as hydration proceeds, indicating the formation of C-S-H structures like tobermorite by the inplane bending of the Si-O bond (García-Lodeiro et al. 2008, Lecomte et al. 2006, Hewlett 2004). This
observation also suggests a more organized environment when compared to the anhydrous sample.
In Figure 4 it can also be seen the attenuation of the (i) band associated to structures like Wollastonite
indicating a consumption of this phase as hydration proceeds, confirming the results obtained by
XRD/Rietveld. Also, concerning sample A, a narrowing and intensification of the band (ii) indicating a
higher quantity of 𝑄2 units in the structure. In Figure 4, in addition to the observations made for Figure
3, the growth of the band approximately at 670 cm-1 reinforces the evidences of the formation of C-S-H
structures, as it has been attributed to de bending of the Si-O-Si in these structures (García-Lodeiro et
al. 2008, Hewlett 2004). Finally, there is also a wide band between 1400-1500 cm-1 associated with
the asymmetric stretching of CO3 2- , and two bands (~1640 and 3540 cm-1 ) associated with the
stretching vibrations of O-H in H2O (Handke, Sitarz & Mozgawa 1998, Lecomte et al. 2006, De Sousa
Meneses, Malki & Echegut 2011, MacDonald et al. 2000, Ylmén et al. 2009).
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Figure 2. FTIR-ATR spectrum of both A and B anhydrous samples.

Figure 3. FTIR-ATR spectrum of sample A anhydrous, and with 17 and 87 hours of hydration.

Figure 4. FTIR-ATR spectrum of sample A anhydrous, and with 17 and 87 hours of hydration.
3.4

Scanning electron microscopy

Figure 5 and Figure 6 show the anhydrous and hydrated samples A and B at two different
magnifications, respectively. Figure 5 a) and Figure 6 a) show the surfaces of the anhydrous samples,
at a magnification of 5000X, smooth and with almost no roughness indicating that the roughness seen
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in the images of the hydrated samples is a result of the hydration process. This characteristic is quite
important because when in contact with water this allows for a higher contact promoting higher degree
of hydration. The hydrated samples A and B have 71 and 91 days of hydration, respectively. In Figure
5 b) and Figure 6 b) hydration of the sample has occurred leading to the formation of a threedimensional network of C-S-H lamellae replacing almost completely the smooth anhydrous surfaces.
These lamellas form and grow at the expense of anhydrous particles.

Figure 5. SEM images of sample A: a) anhydrous at a magnification of 5000x, b)71 days
hydrated at a magnification of 30 000x.

Figure 6. SEM images of sample A: a) anhydrous at a magnification of 5000x, b)71 days
hydrated at a magnification of 30 000x.
3.5

Thermogravimetric analysis (TGA)

Figure 7 shows the TGA results and the cumulative heat curves plot against time for both samples A
(on the left) and B (on the right). In both cases the evolution of the structural water in the samples
follows the heat released from the sample indicating that those two measurements are interconnected.
Also, the fact that both samples follow this trend suggests that the mechanism by which they both
hydrate is the same, diverging in the initial capacity of retaining water and in the hydration kinetics.
Considering the results obtained by Santos 2016, for samples equivalent to the samples A, FTIR and
XRD results of those samples show equivalent behavior when compared to samples A both when
anhydrous and when hydrated allowing for a parallel to be made. The results obtained by Santos
2016, for the RMN 29Si MAS technique would therefore be expected to be very close to the ones that
would be obtained if we were to apply this technique to Sample A. In that sense, those results will be
used in this is discussion as if they correspond to the samples studied here.
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Figure 7. Relationship between the cumulative heat curve and the percentage of structural
water for sample A (on the left) and B (on the right).
Table 4 shows the results for the distribution of Q n units for the deconvolution of RMN 29 Si MAS
spectra of anhydrous and 28 days hydrated samples. Nevertheless, it can also be seen that in either
case there is a reduction of the Q0 and Q1 units from amorphous material and a formation of Q 1 and
Q2 units of C-S-H. This strongly suggests a higher degree of polymerization with the evolution of
hydration and a tendency to form a more ordered structure with exclusively Q2 units. There is also
indication that the degree of instability in these amorphous hydraulic binders favours this
rearrangement. It is known that structures like rankinite and wollastonite do not react when hydrated,
contrarily to structures like alite and belite, so comparing the characteristics of their structures, a
hypothesis for why structures like wollastonite and rankinite do not hydrate was created. It may be
assumed that they do not hydrate because their stable and ordered crystalline structure composed of
Q0 units when in contact with water and/or water and an activator cannot be sufficiently destabilized to
allow for rearrangement and hydration of the sample. To try to prove this hypothesis a sample of
almost fully crystalline wollastonite was produced and hydrated with the addition of an activator
(Na2SiO3), and its hydration was followed by isothermal calorimetry. The results showed that no heat
was released from the sample and no setting or hardening happened up to 28 days of hydration. This
confirms the hypothesis that wollastonite has a stable enough structure to withstand hydration with
water or with water and Na2SiO3 and not be destabilized by it. This result may also be assumed to
occur when hydrating a sample fully formed by rankinite phase in the same conditions. Consequently,
it can be concluded that the mechanism that allows for these amorphous hydraulic binders to hydrate
is the rearrangement of the Q n units in the anhydrous sample (Q0, Q1 and Q3) triggered by the
structure’s metastable state. This rearrangement will lead to the formation of Q 2 hydrated units
(amorphous C-S-H and tobermorite). This reaction can be enhanced by the addition of an activator
like Na2SiO3 that will increase the pH of the solution promoting the dissolution of calcium ions and will
also add to the mixture Q0 units that will improve the reactivity, accelerating the hydration process.
This mechanism is thought to happen in both samples A and B given that they have identical
behaviors upon hydration. Finally, it can be concluded that water cooling is the procedure that allows
for the best mechanical response upon hydration and the one that produces the material with higher
amorphous content.
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Table 4. Distribution of Qn units obtained by deconvolution of RMN 29Si MAS spectra for
samples similar to sample A: anhydrous, not activated and activated with Na 2SiO3 with 28 days
of hydration (Santos 2016).
Molar % of Si
Sample
Anhydrous
Not
activated
Na2SiO3
4

𝑸

𝟎
𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔

𝑸

𝟏
𝑪-𝑺-𝑯

𝑸

𝟏

𝟐
𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔𝑸 𝑷𝒔𝒆𝒖𝒅𝒐𝒘𝒐𝒍𝒍𝒂𝒔𝒕𝒐𝒏𝒊𝒕𝒆𝑸 𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔
𝟐

𝑸𝟐 𝑪-𝑺-𝑯

𝑸𝟑 𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔

8.98

---

29.23

12.51

38.04

---

11.23

3.33

5.23

26.38

15.18

37.90

5.23

6.75

1.42

11.21

12.25

14.58

37.34

18.01

5.18

CONCLUSIONS

Two amorphous hydraulic binders were synthesized with different cooling conditions: air- and watercooling. In both cases a material constituted by more than 90% of an amorphous phase was obtained.
Through the combination of various techniques, it could be concluded that the mechanism by which
the present amorphous hydraulic binders hydrate is through the rearrangement of the Qn units present
in the anhydrous samples (Q0 , Q1 and Q3 ) induced by their metastability. This rearrangement leads to
the formation of Q2 hydrated units (amorphous C-S-H and tobermorite). Because samples A and B
have identical behavior upon hydration, it can be said that the mechanism by which they both hydrate
is the same. Also through this study it can be concluded that water cooling is the procedure that allows
for the best mechanical performance upon hydration and the one that produces the material with
higher amorphous (~98 wt. %) content and higher instability.
5
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ABSTRACT
The aim of this study is to investigate the behavior of sulfoaluminate cement (CSA) blended with
different supplementary cementitious materials (SCMs), alone or in mixture with Ordinary Portland
Cement (OPC).
Sulfoaluminate cement is a well-known binder alternative to OPC characterized by fast setting, high
early mechanical strength and good features for what concerns durability issues. Nevertheless, its high
cost of production, mainly related to the raw material supplying, makes its spread difficult in most of
the sectors where cement is used. The replacement of quotes of CSA with some of the SCMs
conventionally used in the cement industries, such as fly ash, slags, etc…, allows the development of
a new series of binder characterized by: 1) reduced embedded CO2 thanks to the simultaneous
presence of a reduced CO2 clinker, CSA, and SCMs; 2) compressive strength comparable to that of
an ordinary cement, mainly related to the presence of high performance CSA binder; 3) improved
durability according to the presence of SCMs.
The paper presents some preliminary results focused on the best performing mixtures: parallel to the
mechanical performances, the hydration behavior has been studied by a multi-technique approach
based on X-Ray diffraction, Solid State Nuclear Magnetic Resonance and Thermogravimetric
Analyses.
Interestingly, the behavior of blended CSA cements revealed to be significantly different depending on
the presence of Portland clinker in the mixture.
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1.

INTRODUCTION

Cement industry currently generates about 7% of the global carbon dioxide (CO2) manmade
emissions; it is the third-largest industrial energy consumer, depleting the 7% of the global industrial
energy. Due to the increasing global population and the improvement urbanisation patterns, coupled
with infrastructure development needs, global cement production is expected to increase by 12‑23%
from the current level by 2050 (IEA & WBCSD’s CSI 2018).
A significant contribution to the increase of the sustainability of cementitious materials can be supplied
by the use of blended cements or the production of alternative binders (Gartner 2004, Gartner & Hirao
2015). In blended cements, the reduction of the clinker to cement ratio (clinker factor – CF) by
replacement with supplementary cementitious materials (SCMs) results in the decrease of the cement
embedded CO2. Limestone, granulated blast furnace slag, fly ash from coal power plants, and natural
pozzolans are well-known SCMs offering additional benefits in cement performances.
Nowadays calcium sulfoaluminate (CSA) clinkers represent one of the most appealing alternatives to
Portland clinkers (Gartner & Sui 2017). Their use has been strongly limited due to the lack of
national/international regulations in the different countries. Recently, three sulfoaluminate based
binders, commercially available, have been addressed by European Technical Approvals allowing
their use for structural application (Next SR03, Next SL05 NF and Next SL05 produced by Buzzi
Unicem S.p.A., respectively ETA 13/0417, ETA 13/0418 and ETA 13/0419) (DIBt 2013a, b, c).
Ye’elimite is the main hydraulic phase in CSA clinkers; it is also known as Klein’s salt, a tetracalcium
trialuminate sulfate (𝐶4 𝐴3 𝑆̅); together with 𝐶4 𝐴3 𝑆̅, belite (𝐶2 𝑆), anhydrite (𝐶𝑆̅), tricalcium aluminate
(𝐶3 𝐴), tetracalcium alumino-ferrite (𝐶4 𝐴𝐹), gehlenite (𝐶2 𝐴𝑆) and minor aluminate are usually also
present (Sharp et al. 1999). Hydration of ye’elimite generally involves calcium sulfate (as anhydrite or
gypsum) and gives rise to ettringite (𝐶6 𝐴𝑆3̅ 𝐻32 ) and aluminium hydroxide (𝐴𝐻3 ), according to reaction
(I). When calcium sulfate is not present, ye’elimite can hydrate as shown in (II):
𝐶4 𝐴3 𝑆̅ + 2 𝐶𝑆̅ + 38 𝐻 → 𝐶6 𝐴𝑆3̅ 𝐻32 + 2𝐴𝐻3
𝐶4 𝐴3 𝑆̅ + 20 𝐻 → 𝐶4 𝐴𝑆̅𝐻14 + 2𝐴𝐻3

(I)

(II)

𝐶4 𝐴𝑆̅𝐻14 , known as monosulfate or monosulfoaluminate (Ms), belongs to the family of “AFm-phases”,
hydrated calcium aluminates based on a layered structure in which positively charged main layers
contain [Ca2Al(OH)6]+ units and negatively charged interlayers host the X - anions. AFm phases in
cement pastes are characterized by a variable degree of disorder and water content (Matschei et al.
2007, Baquerizo et al. 2014), influencing their crystallinity degree; nevertheless, AFm phases play a
fundamental role in the hydration behavior of CSA cements (Gastaldi et al. 2016); moreover, their
importance in durability features is also well known (Paul et al. 2015, Gastaldi et al. 2018).
Concerning the hydration of the silicate component, due to the aluminium-rich environment, C2S can
promote the formation of strätlingite (C2ASH8) (Aranda & De la Torre 2013):
𝐶2 𝑆 + 𝐴𝐻3 + 5𝐻 → 𝐶2 𝐴𝑆𝐻8

(III)

In few cases, the use of CSA cement in combination with ordinary Portland cement has been
proposed with the aim of improving the early-age performance of the latter; in such systems, a
different reaction for the formation of ettringite has been observed (Aranda & De la Torre 2013):
𝐶4 𝐴3 𝑆̅ + 8 𝐶𝑆̅ + 6 𝐶𝐻 + 90 𝐻 → 3 𝐶6 𝐴𝑆3̅ 𝐻32

(IV)

The use of alternative clinkers is not sufficient to produce cements with a significantly improved
environmental sustainability; additional benefits would be gained by coupling them with SCMs with the
double aim of decreasing the clinker factor and improving the durability of concrete structures (GarciaMate et al 2013, Iannou et al 2014, Iannou et al 2015, Hargis et al 2017).
This paper offers an overview of the hydration behavior of sulfoaluminate cement (alone or in mixture
with Portland clinker) blended with different SCMs.
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2.

MATERIALS AND METHODS

The materials used during the investigation were:







CSA: binder based on sulfoaluminate clinker and anhydrite (Next SR03);
OPc: Ordinary Portland clinker;
Limestone (LL): natural limestone from Buzzi Unicem plant in Robilante (IT);
Slag (S): ground granulated blast furnace slag from Dyckerhoff plant in Lengerich (DE);
Fly ash (V): coal fly ash from electric power plant in La Spezia (IT);
Pozzolan (P): natural pozzolan from Buzzi Unicem plant in Trino (IT).

The chemical composition of the materials was determined by chemical analyses performed by
dispersive X-ray fluorescence (XRF), using a Panalytical Axios spectrometer on fused bead.
Specimens were prepared with a Breithländer autofluxer mixing 0.9 g of calcined sample with Litethraborate in a 1:10 ratio. The data treatment was performed with the IQ+ semi-quantitative
software, which allows for the determination of the element content expressed as a percentage in
weight of the corresponding metal oxide.
Mortar samples were prepared in accordance with UNI EN 196-11.
Cement pastes for laboratory investigation were prepared using a 0.5 water-to-cement ratio (40 g of
powder and 20 g of water). According to an internally developed method (Ardizzone 2007-2008), TiO2
anatase was added, as internal standard, for XRD studies in an amount of 4%. The samples were
sealed and stored for 4 and 24 hours, 7 and 28 days. At the desired aging time, the pastes were
removed from the plastic holder and crushed in a laboratory jaw crusher (8, 5 and 2 mm), then put in a
desiccator under nitrogen placed in an oven at 40°C overnight. Mineralogical analyses were
performed by means of X-Ray Diffraction (XRD) on powdered samples; a Bruker D4 Endeavor X-ray
diffractometer working in Bragg-Brentano geometry, equipped with a ceramic X-ray tube KFF (CuKα
radiation) and a “Link Eye” dispersive detector was used. The acquisition of diffraction patterns was
performed in the 8-55° 2θ range at 0.02° 2θ step size and 0.5 s time/step; during the acquisition, the
sample was continuously spun at 30 rpm. The mineral phase identification was carried out using the
EVA software, while the refinement for semi-quantitative mineralogical analysis was performed by the
Rietveld method using the Topas 2.0 software package (both softwares were commercially supplied
by Bruker AXS). Rwp (Residual weighted profile) value of refinements was less than 8% and the
estimated average error of refinement was less than 2%.
Thermogravimetric/Differential Scanning Calorimetric (TG/DSC) measurements were directly
performed on paste fragments by means of a Mettler Toledo TG/DSC 1: the thermal ramp was set
from 35 to 950°C at 20°C/min in 80 ml/min air flow; 90 µl alumina pans were used. The amount of
bound water has been deduced from the weight loss measured between 35 and 600°C, and has been
expressed as the fraction of water retained from the sample with respect to the amount of water used
for mixing the paste according to:
Bound water (%) = (Weight loss / Initial water amount2) * 100
3.

(V)

RESULTS AND DISCUSSION

In Table 1 and 2 the chemical and mineralogical composition of the used materials are reported.
Blaine values are 5500 ± 500 cm 2/g and 3700 ± 300 cm 2/g for CSA and OPc respectively. A list of the
investigated mixtures is supplied in Table 3: based on previous investigation (Bertola et al, 2018)
binary mixtures were prepared using a CSA-SCM ratio equal to 65:35, while ternary mixtures were
prepared using a CSA-OPc-SCM ratio of 32.5:32.5:35.

1

In order to front the rapid loss of workability and short setting times of CSA cement, a faster mixing
program was necessarily used.
2 Using a water-to-cement ratio of 0.5, the initial amount of water is 33.3%.
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Table 1. Chemical composition of the materials (wt%) (LOI: Loss on ignition; as minor elements
SrO, BaO and Cl were found).
Element oxide

CSA

OPc

LL

S

V

P

LOI

2.7

1.5

39.1

--

3.5

8.9

CaO

44.1

63.8

49.3

40.4

5.5

10.0

SiO2

7.9

20.4

6.5

37.2

54.7

43.0

Al2O3

22.8

5.3

2.3

12.4

21.8

16.2

Fe2O3

1.1

4.1

1.0

0.5

7.6

9.7

SO3

18.3

1.3

0.2

0.7

0.3

0.5

MgO

1.4

1.5

0.7

6.2

1.5

3.5

K2O

0.2

1.1

0.6

0.7

1.8

4.2

TiO2

1.1

0.2

0.1

0.9

1.0

0.9

MnO

--

0.1

--

0.3

0.1

0.2

Table 2. Mineralogical composition of the CSA binder and of the Portland clinker (wt%)
Element
oxide

CSA

OPc

C4 A3 S̅

44.0

--

CS̅

20.1

--

C3S

--

66.1

C2S

26.8

12.8

C3A

5.1

6.9

C4AF

2.0

13.4

CaO

0.3

--

MgO

1.4

0.7

SiO2

0.2

--

Table 3. Composition of the investigated mixtures (wt%)
Classification
Binary
mixtures
(CF ~ 50%)

Ternary
mixtures
(CF ~ 58%)

Name

CSA

OPc

LL

S

V

P

B-LL

65

--

35

--

--

--

B-S

65

--

--

35

--

--

B-V

65

--

--

--

35

--

B-P

65

--

--

--

--

35

T-LL

32.5

32.5

35

--

--

--

T-S

32.5

32.5

--

35

--

--

T-V

32.5

32.5

--

--

35

--

T-P

32.5

32.5

--

--

--

35
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3.1

Binary systems

In Figure 1 the mechanical performance of the different binary systems are reported. Assuming that
limestone is just a filler and does not contribute to the performance of the mixture, B-LL sample can be
used as reference. At 24 hours, only the system containing fly ash reaches compressive strength
higher than the reference sample (B-LL). System B-P is the most performing one from 7 days on,
while B-S and B-V samples reach similar strength after 28 and 90 days, both slightly higher than B-LL.
As a general consideration, all the binary mixtures corresponds to the strength class 32.5.
In Figure 2, the evolution of DSC patterns of the four systems is shown; in all of them two endothermal
peaks are observed below 500°C: the well-defined peak at 155-160°C is due to the water loss from
ettringite, while the large peak partially overlapped to the first one and centered at 295-300°C arises
from the dehydration of aluminium hydroxide. Both phases are already formed after few hours from
the hydration and their amount increases up to 28 days. In B-LL sample the huge peak around 800°C
is due to decarbonation of limestone.

Figure 1. Compressive strength of binary systems

Figure 2. DSC patterns of binary systems from 4 hours to 28 days (E: ettringite; AH 3: aluminium
hydroxide; Ca: calcite)
In Figure 3, XRD investigation confirms that ettringite is already present in all the four systems in a
significant amount after few hours of hydration. No evidences about a possible reaction of any of the
SCMs with sulfoaluminate cement have been found.
In Figure 4, the mineralogical composition of the four pastes after 28 days of hydration is compared.
The amorphous phase amount is lower in B-LL, where calcite is used as SCM (in Figure 4 calcite is
grouped together with “Other” phases), and higher in B-S, being slag almost completely amorphous.
Fly ash and pozzolan are partly crystalline and partly amorphous: crystalline components of each
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SCMs are included under the label “Other”. The higher amount of ettringite is found in sample B-LL
(32,0% w/w), while sample B-V has the lower (28,3% w/w). B-P has the lower amount of residual C2S.
The amount of bound water (Figure 5) shows that after 28 days B-P retains more water than the other
samples, confirming its higher reaction degree. It is worth noting that the use of slag or fly ash results
in an inhibition of early hydration with respect to the reference, being the amount of bound water after
1 day 18.9, 14.0 and 17.5% in B-LL, B-S and B-V respectively.

Figure 3. Evolution of the XRD patterns of binary systems (E: ettringite; T: anatase; A:
anhydrite; Y: ye’elimite; Ca: calcite; Do: dolomite Q: quartz; L: leucite; D:diopside)

Figure 4. Phase distribution of binary systems 28-days aged
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Figure 5. Amount of bound water derived from thermogravimetric analysis
3.2

Ternary systems

Early compressive strength in ternary systems (Figure 6) are much lower than those in binary ones,
being comprised between 8.5 (sample T-P) and 13.7 MPa (sample T-V) after 1 day. In the reference
sample (T-LL) the strength increase is gradual between 1 and 90 days, in T-S and T-P a consistent
improvement of performance is observed between 7 and 28 days, trend confirmed up to 90 days. For
T-V a peculiar behavior is observed: strength development is inhibited up to 28 days, while after 90
days this sample reaches the same strength as one containing limestone.

Figure 6. Compressive strength of ternary systems

Figure 7. DSC patterns of the four ternary systems from 4 hours to 28 days
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In Figure 7, the evolution of DSC patterns of the four ternary systems is shown: the shape of the
dehydration peak, between 35 and 300°C, is large and asymmetrical revealing a complex distribution
of water among different hydrated phases. Ettringite can be detected through its main peak at 130140°C: its position is shifted to a temperature value lower than that in binary mixtures, suggesting a
lower amount of this phase. A second peak between 190 and 210°C can be generally ascribed to AFm
phases (monocarbonate and/or monosulfate), while aluminium hydroxide is only observed at the
beginning of hydration: its signal, if present, is diluted by the dehydration of other phases forming
beyond 1 day. The huge enlargement of the dehydration band between 1 and 28 days suggests the
formation of calcium silicate hydrate (C-S-H) in all the mixtures, even if no characteristic peaks are
observed. In sample B-LL the band around 800°C is due to limestone decarbonation.

Figure 8. Evolution of the XRD patterns of ternary systems (Mc: monocarbonate; Hc:
hemicarbonate; Tb: tobermorite; Htc: hydrotalcite; Ms: monosulfate).
In Figure 8, XRD investigation confirms that ettringite is already formed in all the four mixtures after 4
hours of hydration, but its amount significantly decreases between 1 and 7-28 days, being converted
into AFm phases: mono-/hemi-carbonate in T-LL, monosulfate in T-S, monosulfate and, at a minor
extent, monocarbonate in T-V and T-P. Between 1 and 7 days a significant change in the XRD
patterns is also observed in the region of silicate, 27-37 °2ϴ. All the samples show a decrease of C3S
and C2S; in T-S and T-V this is associated to the comparison of a wide signal around 30 °2ϴ
attributable to the formation of tobermoreite (crystalline C-S-H). Finally, it is worth noting that in T-S
some hydrotalcite is formed after 28 days.
A comparison among the mineralogical composition of the samples after 28 days of hydration is
shown in Figure 9. The huge differences in the amount of amorphous phase have already been
explained for binary systems. The amount of ettringite is lower than 10% in all the mixtures, while the
mass of AFm is much lower in T-S (2.5%) than in other samples; residual silicates are similar in
amount, tobermoreite is observed in T-S and T-V (8.3 and 8.4% respectively). Despite the different
mineralogical composition, the amount of bound water (Figure 10) shows only slight differences in
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amount, while the trend confirms an increment of hydrated phases between 7 and 28 days in all the
systems except for T-V.

Figure 9. Phase distribution of ternary systems 28-days aged

Figure 10. Amount of bound water in ternary systems derived from thermogravimetric analysis
3.3

Discussion

Higher early strengths are gained in binary systems with respect to ternary ones regardless of the
SCM which is used, and similar considerations can be done for late strengths, except for the slag
containing binder (after 90 days T-S reaches 61.6 MPa against 41.3 in B-S).
In binary samples, ettringite is the main hydration product and aluminium hydroxide (mainly in the
amorphous state) is formed as by-product according to reaction (I): no evidence of interaction of any
SCM with CSA cement has been found from the mineralogical point of view. At the beginning of
hydration (1 day), B-V takes advantage from the presence of fly ash: this can be ascribed to a
nucleation effect (faster growth of hydration products on the surface of fly ash particles) or, more likely,
to a filler effect which leads to the development of a more densely packed paste. The higher late
strength of B-P (49.0 MPa after 90 days) are not related to the amount of ettringite developed during
the hydration, which is almost the same in all the samples (comprised between 28 and 32 MPa), but
rather to the reaction of the silicate component, as suggested by the lower amount of residual C2S
after 28 days (Figure 4).
In ternary systems, a much more complex hydrated phase assemblage is attested both by XRD and
DSC investigation. Early strength of T-S and T-P are slightly penalized with respect to the reference
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sample T-LL, while T-V behaves better (similarly to what observed for B-V). At the beginning of
hydration, ettringite is the main hydration product together with minor amount of aluminium hydroxide.
A change in the mineralogical composition occurs between 1 and 7 days, without any significant boost
to the performance: on one hand, ettringite is partially replaced by AFm phases, on the other hand, the
formation of disordered C-S-H (namely tobermoreite) in T-S and T-V is observed. The conversion of
ettringite to monosulfate in blends of Portland cement and sulfoaluminate clinker has been previously
described in the literature (Gastaldi et al 2016), and is related to the abundance of calcium ions
deriving from the hydration of C3S. It is worth noting that, differently from what expected, limestone in
T-LL takes part to the hydration: the replacement of sulfate ions by carbonate ions in the AFm
interlayer in CO2 rich environment leads to the formation of carboaluminate and hemicarbonate
instead of monosulfate (Figure 8). As a general feature, the conversion of ettringite to AFm between 1
and 7 days probably inhibits the strength development in this time frame.
Compressive strengths grow slightly but continuously in T-LL, but they just reach about 30MPa after
28 days. T-S and T-P strongly improve their strength between 7 and 28 days reaching respectively
42.5 and 32.5 strength class; the trend is also confirmed between 28 and 90 days. Peculiarly, fly ash
penalizes the strength development up to 28 days: despite a phase evolution similar to the other
mixtures, no increase of bound water is actually observed between 7 and 28 days. In all the samples,
the main structural modification observed between 7 and 28 days consists in the reduction of silicates:
calcium hydroxide subsequently generated contributes to the formation of a more basic environment,
favourable to the activation of slag and to the reaction of pozzolan. The enlargement of DSC band in
the 35-300°C temperature region, observed in T-S and T-P (Figure 7), demonstrates that the amount
of hydrated phases is growing from 7 to 28 days, the lack of clear evidences in the XRD patterns
suggests that amorphous hydrated phases are forming. The reaction of slag is also attested by the
formation of hydrotalcite (Figure 8), as already reported elsewhere (Bertola et al 2018). For what
concerns T-V, the high water demand of fly ash containing cement in concrete is a well-known issue:
the limited strength development observed up to 28 days can likely be ascribed to a lower amount of
water available for the reaction with clinker phases.
4.

CONCLUSIONS

The use of SCMs in association with calcium sulfoaluminate (CSA) cements allows to obtain binders
with very high early mechanical compressive strengths, namely about 25-30 MPa after only 1 day.
SCMs do not have any negative influence towards hydration mechanisms of CSA cements, which
have been found to be similar despite the different types of SCM. When slag or pozzolan are added to
a mixture of Portland and CSA cements, early mechanical compressive strengths are not affected,
while long term performances take a great advantage from the late reactivity of these two materials:
the higher pH established by the presence of Portland cement favours the reaction of slag and
pozzolan with a significant improvement of strength between 7 and 28 days and a further increase up
to 90 days.
The experimental findings described in this paper open the route towards the development of a “new
generation” of blended binders based on CSA cements. Depending on the required features, many
recipes could be settled in order to obtain tailored binders with high early strengths, high long-term
strength improvement, enhanced durability and environmental sustainability.
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ABSTRACT
Under harsh conditions (less than minus 20 ℃), magnesium phosphate cement (MPC) has poor early
mechanical properties if no use of anti-freezing agent and auxiliary curing measures. The use of
phosphoric acid and boric acid as well as early hydration heat of MPC could support normal hydration
and hardening of MPC at minus 20 ℃. With the increase of the content of Phosphoric acid and Borax,
2-hour compressive strength of MPC could reach to 20MPa, and 1-day compressive strength can be
higher than 30MPa under the harsh conditions of minus 20 ℃ and without auxiliary curing measures.
Potassium phosphate, in adequate dosage, has a positive effect on the early hydration and hardening
of MPC. It was shown in XRD of MPC samples that the crystallinity of struvite formed at low
temperatures was lower than at normal environment.
Key words: Harsh conditions; Magnesium Phosphate Cement (MPC); Anti-freezing agent; Struvite;
Crystallinity; Curing conditions;
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1.

GENERAL INTRODUCTIONS
It is very important to recover the functionality of infrastructure quickly for protecting the

people in the disaster area once encountering the extreme weather and natural disasters. Under
the harsh environment, such as the temperature is less than minus 20℃, how to repair and
recover the usage function of infrastructure is an extremely complex technical problem. In the
past decades, many new cementitious materials have been developed for the rush-repair
engineering at normal temperature due to the relatively slow reaction rate of ordinary Portland
cement, such as magnesium phosphate cement (MPC) [1-5], alkali activated cement [6],
sulphoaluminate cement [7], rapid-hardening Portland cement, etc .
However, the early strength of above-mentioned cementitious materials still can not meet
the requirements of urgent repair engineering in the harsh environment [8]. Compared with
other cementitious materials, magnesium phosphate cement (MPC) with higher early strength
is considered to be the most potential repair material for urgent repair engineering under the
harsh conditions [9].
MPC is a typical acid-base cement, which is prepared by dead-burned MgO, soluble
phosphate and retarder. MPC has higher early strength, 2-hour compressive strength of MPC
usually exceeds 20 MPa at room temperature [10], so it has been widely used to repair the
concrete pavement and reinforce the concrete structure [11]. The ambient temperature has
significant effects on the strength of MPC [8,12], especially in the low temperature
environment. In the negative temperature environment, the early strength of MPC reduced
remarkably, usually less than 10MPa [8,13], which can not meet the requirements of rapid
repair engineering in the environment with low temperature .
Early strength agents and antifreeze agents are often used to improve the early strength
of cement based materials, such as nitrite, chloride salt, triethanolamine and ethylene glycol.
However, the reaction mechanism of MPC is completely different from that of Portland
cement, the early strength of MPC will be notably reduced if above-mentioned early strength
agents are added to MPC.
The early compressive strength of repair materials is very important to emergency repair
engineering, especially at the negative temperature environment. In order to improve the early
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strength of MPC at the negative temperature environment (-10℃ and -20℃), especially the 1hour or 2-hour compressive strength, Wang added sodium chloride, potassium carbonate,
sodium nitrite and ammonia water [8]. The experimental results showed that the ammonia
water could improve the early strength of MPC. The freezing point of water will decrease
significantly when the ammonia water was used as antifreeze additive, so the reaction of MPC
mixture can continue at negative temperature environment until MPC was completely frozen.
The early strength of MPC will be improved when the ammonia water was used as antifreeze
additive, however the later strength of MPC will decrease significantly due to a large number
of pores existed in MPC matrix after ammonia volatilization. At same time, ammonia water
releases irritating ammonia, which has adverse effects on human health and the environment.
Other antifreeze agents, such as ethylene glycol and triethanolamine, will result in a
significant reduction in the compressive strength of MPC. So far, the existing antifreeze
components still can not significantly improve the early strength of MPC in the harsh
environment. In order to prepare the MPC with high early strength in severe cold environment,
phosphoric acid and potassium phosphate were used as antifreezing agent to promote the early
reaction of MPC. With above-mentioned measures, the 2-hour compressive strength of MPC
may exceed 20 MPa even 30 MPa at -20℃, which can meet the early strength requirements of
emergency repair construction. The experimental results and theoretical analysis may provide
valuable references for MPC used as fast repair material under the harsh conditions.
2.
2.1

MATERIALS AND METHODS
Materials
Dead-burned magnesium oxide (M) was provided by Chongqing Guolian refractory

building materials Co., Ltd., the calcination temperature is 1700 ℃ and the specific surface
area is 230 m2/kg,.and the chemical components of MgO as given in Table 1. Borax
(produced by the Tibet Shigatse Bordo Boron Industry Co., Ltd) was used with a purity of
99%. Ammonium dihydrogen phosphate (ADP, industrial grade) was used with a purity of
99%. Phosphoric acid (PA, industrial grade) was used with a concentration of 85%. Potassium
phosphate heptahydrate (K3PO4, analytical purity) was used with a purity of 99%. Mixing
water is tap water.
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Table.1 Chemical component of dead-burned magnesia (identified by XRF)

component

MgO

Si2O3

CaO

Al2O3

Fe2O3

SO3

P2O5

MnO

K2O

Content/%

90.78

5.74

2.05

0.65

0.34

0.25

0.05

0.02

0.02

2.2

Specimen preparation
The raw materials used in the experiment were weighed and stored in a refrigerator for 1

day, and the temperature of refrigerator was -20℃, which was the same as the curing
temperature of specimens. The ratio of MgO and ADP is 4 to 1. The ratio of water and
cementitious materials is 0.12. The range of borax content is 4%~7% of the MgO mass. The
amount of PA and K3PO4 are calculated by the mass of mixing water. The raw materials were
stirred for 4 mins at the temperature of -5 ℃ to -10 ℃, and then the paste was cast into rubber
mould immediately. The specimens were 40 mm × 40 mm × 40 mm, which were cured in a
refrigerator with the temperature of -20 °C, until the test time.

Fig.1. The preparation of MPC under severe cold environment
2.3

Experimental methods
In order to maintain the temperature stability of specimens, the specimens were stored in

the incubator after they were released from rubber mould. The determination of condensation
time and reaction temperature rise of MPC are both measured in outdoor environment. The
mechanical properties of the MPC were measured by using a universal testing machine and
following the Method of Testing Cements-Determination of Strength (ISO679:1989). RC
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temperature rise tester was used to test the center temperature of specimens.
X-ray diffractometer (XRD) was used to determine the phase compositions of hydrated
MPC samples with different reaction age. The XRD patterns were obtained by X-ray
diffractometer (Rigaku D/MAX-IIIC) with Cu-kα radiation. Step scans were performed over
the range between 5°and 65° 2θ at a stepping size of 0.02° and a scanning rate of 2.0° 2θ per
minute.
3.

RESULTS AND DISCUSSION

3.1

Preparation of mixing water
The antifreeze agent is usually used to reduce the freezing point of water. However, the

commonly used antifreeze will lead to a significant reduction in the compressive strength of
MPC. According to the comparative study of the effect of antifreeze on the compressive
strength of MPC, phosphoric acid was selected as antifreeze agent. The effect of the content
of phosphoric acid on the freezing point of mixing water is shown in Fig.2.
As shown in Fig.2, the freezing point decreased gradually with the increasing of the
content of PA. When the content of PA is great than 20%, the freezing point of mixing water
is less than minus 20 degrees Celsius. Therefore, the content of PA in the mixing water is
20% in the subsequent experiments. The phosphoric acid solution at minus 20 degrees Celsius
is shown in Fig.3.

Fig.2 The effect of phosphoric acid
content on freezing point of mixing water

Fig.3 Phosphoric acid solution at - 20 ℃
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3.2

Fluidity of MPC
According to the existing research, the main factors that affect the fluidity of MPC

include water consumption, the content of borax and the specific surface area of MgO [14-16].
The effect of the content of borax and K3PO4 on the Fluidity of MPC were studied at the
temperature of minus 20 ℃ (shown in Fig.4).
As shown in Fig.4, the fluidity of MPC reaches the optimum when the content of borax
in the range of 4% to 5%. In addition, the content of K3PO4 also has a significant effect on the
fluidity of MPC. When the content of borax is 4%~5%, the content of K3PO4 increases from 0
to 7.5%, the fluidity of MPC increases by 15%~20%.
3.3

Setting time
The content of borax and ambient temperature are generally considered to be the most

important factors affecting the setting time of MPC. The effect of the content of borax and
K3PO4 on the setting time of MPC at the temperature of minus 20℃ is shown in Fig.5.
Borax is usually considered as the most suitable retarder for MPC. As shown in Fig.5,
borax is still the decisive factor for the setting time of MPC, while K3PO4 has not significant
effect on the setting time of MPC. Considering the experimental results of Fig. 3 and Fig. 4,
the optimum dosage of borax is 4%~5%, and the optimum dosage of K3PO4 is 7.5%.
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Fig.4 The effect of the content of borax

Fig.5. The effect of the content of borax

and K3PO4 on the Fluidity of MPC

and K3PO4 on the setting time of MPC
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3.4

Temperature rise of reaction
MgO is soluble in acid and ammonium salt solution. PA can accelerate the dissolution of

dead burnt magnesia, so it can accelerate the reaction speed of MPC at early age. The ambient
temperature has a significant effect on the reaction temperature of MPC. For example, if M/P
is equal to 4 and the borax content is equal to 6%, when the ambient temperature is 20~30℃,
the peak temperature of reaction temperature curve of MPC reaches 60 ℃. However, when the
ambient temperature is minus 20 ℃, the peak temperature of reaction temperature curve of
MPC is less than 40 ℃. The peak temperature of reaction temperature curve of MPC increases
significantly if the PA is mixed into the mixing water. When the concentration of PA in the
mixing water is equal to 20%, the peak temperature of reaction temperature curve of MPC
reaches 80 ℃ even if the ambient temperature is minus 20 ℃ (Fig. 6). When the reaction time
exceeds 1.5 h, the temperature of MPC matrix is closed to 0 ℃, and then the reaction rate of
MPC decreases gradually.
3.5

Compressive strength
Retarder and phosphate content are the most important factors affecting the early

strength of MPC [17,18] The effect of the content of borax and K3PO4 on the compressive
strength of MPC at the temperature of minus 20 ℃ is shown in Fig.7.
PA not only reduces the freezing point of mixing water, but also accelerates the
dissolution of MgO. Meanwhile, the solubility of K3PO4 is higher than KH2PO4 or NH4H2PO4
at same temperature, therefore the rapid dissolution of K3PO4 significantly increase the
concentration of phosphate ions in MPC paste and accelerated the early reaction of MPC. The
early reaction rate increases with the increase of concentration of Mg2+ and PO43- in the MPC
paste, so the reaction temperature of MPC increases significantly in the initial setting stage
(Fig.6).
Higher reaction heat was produced in the initial reaction stage of MPC used mixing
water with PA in severe cold environment, and the reaction heat ensured the normal reaction
of MPC at Initial stage of reaction. Higher reaction heat has positive effect on the
development of early compressive strength of MPC under the harsh environment, and the 2hour compressive strength of MPC is greater than 30MPa when the borax content is not
greater than 6% (Fig.7). The reaction rate of MPC is still very fast even in the severe cold
environment. Therefore, appropriate borax is very important to ensure the fluidity and early
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strength of MPC. When the borax and K3PO4 content vary from 4% to 7% and 0 to 7.5%,
respectively, the 2-hour compressive strength of MPC increases gradually.
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Fig.6. The effect of borax content on

Fig.7.The effect of the borax and

the temperature rise of reaction

K3PO4 content on compressive strength
of MPC

3.6

XRD
Environmental temperature has significant influence on the reaction of MPC, the

reaction rate of MPC decreases significantly with the decrease of environmental temperature,
especially in the negative temperature environment. In addition, the reaction process of
cement will be altered due to the addition of phosphoric acid, thus affecting the formation of
reaction products. The types of reaction products of 2-hour and 1-day samples of MPC at
different temperatures were analyzed by X-ray diffraction, which were shown in Fig.8.
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(a)XRD of MPC at 2 hour

(b ) XRD of MPC at 1day

Fig.8 XRD of MPC at different temperatures
P1—Contrast sample of MPC paste，borax content is 7%，cures at minus 20℃.
P2—Blank sample of MPC paste，borax content is 7%，cures at 20℃.
P3—Mix with the solution of PA，borax content is 7%，cures at minus 20℃.
P4—Mix with the solution of PA，borax content is 4%，cures at minus 20℃.
The reaction reactions of MPC prepared by the antifreeze solution of phosphoric acid at
minus temperature (-20 C) are mainly concentrated in the early stage, especially before 2
hours. By the comparasion between the Fig.8(a) and Fig.8(b), the production of MPC at 1 day
does not increase significantly compared with that at 2 hours. Under the negative temperature
condition, the internal temperature of MPC decreases rapidly to the negative temperature of
external environment (Fig.6), which resulting in a significant decrease of the crystallinity of
struvite and reaction rate of MPC. In addition, because of excessive magnesium oxide exists
in the MPC, phosphoric acid will be consumed quickly in the reaction process. According to
Fig.8, the main phases of MPC is struvite and MgO, which also also shows that magnesium
oxide is excessive. Therefore, The alkalinity of hardened MPC matrix is still alkaline, and the
pH value is about 10-10.5, this alkalinity ensures the stable existence of struvite [19,20].
4.

CONCLUSIONS
MPC is very suitable for emergency repair and construction in severe cold environment.

Taking advantage of the high heat release from reaction of MPC, the reaction speed of MPC
is accelerated in severe cold environment due to the phosphoric acid solution is used as
antifreeze agent, which ensures the matrix temperature of MPC is greater than zero degrees
Celsius for 2 or 3 hours in severe cold environment. The early reaction rate increases with the
increase of concentration of Mg2+ and PO43- in the MPC paste, so the reaction temperature of
MPC increases significantly in the initial setting stage. Higher reaction heat has positive effect
on the development of early compressive strength of MPC under the harsh environment, and
then the 2-hour compressive strength of MPC is greater than 30MPa when the borax content
is not greater than 6%.
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ABSTRACT
Deterioration of cement/formation adhesion in geothermal wellbores can result in unwanted and
potentially harmful leakage with the potential of serious repair costs. In this work, we report the use of
previously developed self-healing polymer-cement composites for temperatures of up to 300 °C to
bring about self-readhering (to formation rock represented by granite) properties to the composite.
Polymer-cement composite 1 developed for temperatures up to 200 °C showed lower initial adhesive
strength respect to base (unmodified) cement H but significantly higher percentages of adhesion
recovery post-shear tests. Polymer-modified cement composites 2 and 3 developed for geothermal
temperatures of up to 300 °C showed higher adhesive strength to granite and statistically similar
adhesion strength values after re-adhesion respect to base cement H or Thermal Shock Resistant
Cement (TSRC). All composites were also subjected to thermal and chemical stresses. The
introduction of self-healing polymers in conventional wellbore cement generally maintain or improves
the adhesion and re-adhesion (healing) to granite with the added capability of self-repairing behavior at
the cement bulk matrix as previously reported.
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1.

INTRODUCTION

Boreholes in the petroleum and geothermal industry are designed to be a channel to produce
hydrocarbons or geothermal steam from the reservoir to surface. The structural integrity of a wellbore is
one of the most important tasks in an oil or geothermal well since the borehole is a pressure containment
vessel, which has to withstand deformation, fatigue, fracturing and corrosion. During wellbore
construction, cement is injected into the annulus between the geologic formation and the wellbore casing
to hydraulically isolate production zones from overlying aquifers(E. B. Nelson 2006). In geothermal
wellbores, temperature changes vary by hundreds of degrees Celsius. In addition, formation pressure
changes linked with vibrational forces from drilling or hydraulic fracturing operations combined with
chemical stresses such as naturally occurring CO 2 or H2S brines all contribute to the weakening of the
borehole sealing. Even though a large number of reserves of geothermal energy exist in the United
States and around the globe(Shortall, Davidsdottir et al. 2015), the potential for short life of wells and
expensive remediation costs hinders its development. A study of over 380,000 geothermal wells
worldwide found that nearly 7% of wells experience wellbore failure with the main reasons being the
high temperature (up to 400 °C), thermal cycles, and chemically corrosive environments(Kiran, Teodoriu
et al. 2017).
A failed cement job, and loss of zonal isolation, can manifest itself at three locations: at the cementformation interface, in the bulk cement or at the casing-cement interface. The quality of the cementformation bonding is dependent upon several factors, such as the type of formation, properties of the
cement including shrinkage of the slurry, improper removal of drilling mud, and type of fluid used during
drilling(Radonjic and Ayibo 2014). Drilling mud alters the properties of the formation and can also
contaminate the cement slurry. Therefore, it is important to properly remove the drilling mud before the
cementing job takes place. The filtrate from the drilling mud penetrates into the formation, leaving small
solid particles at the formation interface, this so-called filter cake impedes a strong bond between the
cement slurry and the rock formation(Radonjic and Ayibo 2014). Shrinkage of cement slurry is another
serious issue during cementing and can be caused by the lost circulation zones and the fact that when
the cement slurry cures its volume generally decreases. This is mainly because the cement hydration
products have lower volumes than the reactants. The mineralogy and behaviour of the rock formations
has always been complex and also influence the cement-rock interfacial bonding. As a result, cement
bonding at the formation interface end up being less than optimal.
Despite the relevance that this topic has in industry, there is little published work on the effect of the
interfacial properties of cement and rock formation(Evans and Carter 1962, Ladva, Craster et al. 2005).
Moreover, the few existing publications are related to oil and gas wellbore environments and not to the
more aggressive geothermal settings(Opedal, Todorovic et al. 2014). Detailed insight of the cementformation bonding is of great practical importance with regard to the success of zonal isolation and well
integrity.
To improve wellbore cement integrity the authors have been developing a self-healing polymer cement
composite which has already demonstrated promise to heal fractures and openings in cement of up to
0.5 mm in aperture(Childers, Nguyen et al. 2017, Nguyen, Wang et al. 2018). Figure 1 shows unmodified
cement H, and polymer-modified cement composites 1 and 2 with self-repairing capability developed by
these authors. The polymer is distributed throughout the cured cement. In the presence of a crack, the
polymer flows into the fracture interface strongly but reversibly anchoring to the fracture walls and
sealing the fracture. The mechanism responsible for this autonomous healing behaviour include
hydrogen bonding and ionic Ca−O bonds. It was also found that the polymer S−S groups undergo
reversible debonding. These polymer-cement and polymer-polymer reversible and dynamic interactions
can occur multiple times and make these composite materials an important alternative to conventional
wellbore cement(Nguyen, Wang et al. 2018).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 1. Representative photographs of cylindrical cement monoliths to which a longitudinal
fracture was created to measure permeability pre- and post-healing. Left: base cement H : silica
flour 70:30, w/c ratio. Middle and right: composite 2 and composite 1 showing the sealed fracture
post-healing. Formulations of these composites are provided in the next section.
The objective of this paper is to provide an insight into the adhesive properties, including adhesion
recovery, of two self-healing polymer-cement composites with a representative formation rock. To do
so, analysis of adhesive strength (Carpenter, Brady et al. 1992, Zhao, Guan et al. 2015) and its
relationship to cement morphology, mineralogy, and elemental composition was studied. In addition,
similar tests were conducted after exposing cement samples to relevant geothermal conditions including
thermal shock cycles, carbonation and mineral acid attack at the cement-rock interface. Better
understanding of this subject offers the possibility to improve the design of cement formulations to
minimize the risk of poor cement-formation bonding and loss of well integrity.
2.

METHODS AND MATERIALS

Class H cement was supplied by LaFarge from the Joppa Plant. Silica flour (200 mesh) was obtained
courtesy of U.S. Silica. Thioplast EPS 25 (EPS 25) (640 g/1 equivalent epoxide) was supplied by Akzo
Nobel, and 4-dimethylaminopyridine (DMAP), poly(ethylene glycol) diglycidyl ether (PEO) (250 g/1
equivalent epoxide), pentaerythritol tetrakis(3-mercaptopropionate) (4SH), Poly(ethylene-co-acrylic
acid) zinc salt powder (Zn-salt), Bisphenol A diglycidyl ether (BPA) purchased from Sigma-Aldrich, N,NDimethylethylenediamine (NND), Ethylenediamine (ED) were purchased from Sigma-Aldrich. Calcium
aluminate was obtained from Arizona Whole Sale Building Products, class F fly ash was obtained from
Boral America, carbon microfiber was obtained from Asbury Carbons, and sodium metasilicate was
purchased from Sigma-Aldrich. All materials were used as received.
Base cement samples were synthesized by mixing the class H cement powder (157.5 g) and silica flour
(67.5 g) in a 600 ml poly(propylene) beaker, then adding 85.5 g of DI H2O and mixing to obtain a
homogeneous cement slurry. Cement was mixed with a Caframo overhead mixer with a 2-inch blade 4x
impeller for a total of 15 minutes. Thermal Shock Resistant Cement (TSRC) developed by Pyatina et
al(Pyatina and Sugama 2016) was prepared by mixing calcium aluminate (53.5 wt.%), class F fly ash
(35.5 wt.%), carbon microfiber (6 wt.%), and sodium metasilicate (5 wt.%). Water was then added to
this solid solution to generate a slurry with a water to cement ratio of 0.43.
Fit-for-purpose polymer-cement composites were synthesized for application at two different
representative geothermal temperatures, 200 °C and 300 °C. Polymer-cement “composite 1” samples
formulated for geothermal wellbore applications up to 200 °C were synthesized by mixing the polymer
precursors (8.4 g EPS 25, 8.4 g PEO, 5.7 g 4SH) in an Al pan, followed by adding the homogeneous
organic solution to the cement slurry prepared as described above but using 112.5g of water instead of
85.5g.
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Polymer-cement “composite 2” samples formulated for geothermal wellbore applications up to 300 °C
were synthesized by mixing monomers (BPA 4.8 g, PEO 4.8 g, NND 1.5 g, ED 0.2 g) in an Al pan until
homogeneous. Separately, Zn-salt powder (22.5 g) was added to the cement dry mix (consisting in class
H cement powder, 157.5 g; and silica flour, 67.5 g) and mixed with 85.5g of water to make the slurry.
After the first 10 minutes of mixing the Zn-salt modified cement slurry, the mixture of BPA, PEO, NND,
and ED monomers were added to the slurry to generate composite 2. For comparison purposes,
polymer-cement “composite 3” samples also formulated for geothermal wellbore applications up to 300
°C were synthesized with the same polymer system composition but replacing cement H by Thermal
Shock Resistant Cement (TSRC). However, during this work one of the TSRC precursors was out of
stock to prepare more samples for testing and only six additional polymer-TSRC samples were
prepared. Table 1 shows the composite formulations including the percentage of each polymer
precursor and wt.% of monomers. The corresponding base (unmodified) cement formulations are also
detailed in this Table.

2.1

Composite ID

Water: cement H
Water: TSRC

Cement H : silica
flour

Polymer (in dry
mixture)

Cement H Base

0.54

70:30

N/A

Composite 1

0.71

70:30

10 wt. % EPS25 (EPS
25, PEO, 4SH; mass
ratio 1:1:0.68)

Composite 2

0.54

70:30

10 wt.% Zn Salt + 5
wt.% BPA (BPA,
PEO, NND, ED;
mass ratio 1: 1: 0.32:
0.038)

TSRC Base

0.43

N/A

N/A

Composite 3

0.43

N/A

10 wt.% Zn Salt + 5
wt.% BPA (BPA,
PEO, NND, ED;
mass ratio 1: 1: 0.32:
0.038)

X-ray Diffraction

Powder X-ray diffraction (XRD) analysis of the cement and polymer-cement composites was conducted
with a Bruker D8 Discover (Bruker AXS Inc., Madison, WI), equipped with a rotating Cu anode (Kα λ =
1.5418 Å), capable of producing an intensely focused 0.5 mm beam. Samples (~10 mg) were lightly
pressed into a vertically-oriented stainless-steel sample holder, mounted in the XRD on a custom-built
programmable XYZ stage, and positioned using a laser-video alignment system. A Vantec 500 area
detector system positioned at 22 and 40 °2θ with a measured sample-detector distance of 15 cm was
used to capture diffraction images with a range of 10-54 °2θ. Collection of individual XRD tracings
required 200 seconds with power settings of 50 kV and 25 mA and a vertical sample oscillation of 1.0
mm. Initially, images were processed with Bruker-AXS GADDS software before importing into MDI JADE
XRD software to obtain peak positions and intensities and identify minerals using the International
Centre for Diffraction Data (ICDD) powder diffraction file (PDF) database. Reported phases are identified
below with their ICDD PDF# specified in parentheses. More information about the XRD methods,
including sample loading, data acquisition, and data analysis can be found in Miller et al(Miller, Kaszuba
et al. 2015, Miller, Schaef et al. 2018).
2.2

Formation-Cement Shear Test

Adhesion and re-adhesion to formation, represented by granite samples, were tested in triplicate using
a confined method similar to previously performed tests(Carpenter, Brady et al. 1992, Zhao, Guan et al.
2015). For this test an external pipe and an internal granite stem were aligned with their sides parallel
to each other in an end cap jig. The inner granite stem (12.7 mm diameter and 50.8 mm long), and outer
(confining) pipe, made from 316 stainless steel, (38.1 mm diameter x 38.1 mm) were placed inside of
the end cap, which was machined so that the top of the inner granite stem and outer pipe sit on an equal
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level (Figure 2). Once the cement slurry was prepared it was poured into the annulus formed between
the inner granite stem and the outer pipe. After pouring the cement into the annulus, the system was
tamped to free any trapped air. Using a trowel, excess cement was scraped off the top of the assembly.
Triplicate samples were fabricated for each test. The samples were cured at room temperature for 24h
in 100% relative humidity (RH), followed by a second curing period of 24h at 85 °C and 100% RH, and
a third and final curing period of five days at 200 °C or 300 °C in a Parr reactor at 100% RH. Once the
curing process was completed, the samples were carefully removed from the bottom end cap (Figure
2). Shear bond strength (SBS) testing was performed by fabricating a test jig and using a test frame
model MTS 50Kip in conjunction with Bluehill by Instron controls and data acquisition software. Samples
were placed inside of the test jig with the inner pipe protrusion up. Force was applied at a rate of 1,800
lb/min, with the maximum load defined as the force required to cause the inner granite stem to initially
slip. Once the test was completed the sample was inverted and the inner granite stem compressed back
to its original position for the second “after heal” test. The samples were reacted a second time at 200
°C or 300 °C in a Parr reactor at 100% RH after which the adhesive bond strength was tested a second
time. The shear bond strength is calculated following API Specifications 10A, using equation 1:
𝑆𝐵𝑆 =

𝑃
𝐴

(1)

Where:
SBS = shear bond strength (psi); P = maximum load (lbf); A = area of bonding surface (in 2)

Figure 2. Set up for formation-shear test. Left, confined cement-pipe system (note
cement composite is in annulus between granite and steel pipe). Right, formation
shear test being performed in hydraulic press. Please note the cement-granite
system has been placed on top of base.
2.3

Exposure to Representative Geothermal Environments

Similar cement-granite samples were prepared for formation-shear testing as described in the
previous section to evaluate the cement-granite adhesive strength after exposure to thermal and
chemical stress regimes representative of geothermal environments. Exposure tests included:
1) thermal shock, 2) CO2 exposure, 3) H2SO4 exposure. Triplicate samples were fabricated for
each exposure test. For the chemical exposure tests (CO2 and H2SO4) “imperfections” were
engineered into the cement using 0.5 mm stainless steel wires. The wires were positioned to
generate 4 holes along the length of the inner granite stem-cement interface (Figure 3). Once
the cement was set, the wires were pulled from the cement leaving a void for gas and liquid to
enter the full length of the cement-steel interface. The cement and polymer-cement composite
samples were cured at room temperature for 24h in 100% relative humidity (RH), followed by
a second curing period of 24h at 85 °C and 100% RH, and a third and final curing period of five
days at 200 °C or 300 °C in a Parr reactor at 100% RH.
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Exposure tests were performed at the National Energy and Technology Laboratory in Albany,
Oregon. For thermal shock tests, the samples were subject to six thermal shock cycles. Each
cycle consisted in dry heating the samples to 250°C at 100% RH (limited by the Parr reactor
maximum operation temperature) and maintaining this temperature for 24 hours followed by a
5-minute quenching period with milli Q water at 22°C followed immediately by the next heating
cycle at 250°C for 24 hours. For CO2 exposure tests, the cured cement and polymer-cement
samples were immersed in 1 wt.% NaCl brine and pressurized with 20.7 MPa (3000 psi) of
supercritical CO2 at 90 °C for one week. With H2SO4 exposure tests, samples were kept at
ambient pressure at 90°C and in a brine of 1wt.% NaCl with H2SO4 at pH = 2. For this test the
fluid was replaced daily with 650 ml of pH=2 brine.

Figure 3. Granite shear samples with “imperfections” engineered into samples. a)
“Imperfections” were from 0.5 mm stainless steel wire hung at 4 equally spaced positions along
the 1.27 cm diameter inner pipe before poring cement slurry. b) Wire was removed after cement
was set leaving holes that ran the length of the cement-granite interface.
3.
3.1

RESULTS AND DISCUSSIONS
Adhesive Strength and Adhesive Strength Recovery (Healing)

Cement adhesion to formation in a confined system is a function primarily of the different surface
interactions that will develop between cement and the formation rock over the lifetime of the wellbore.
The adhesion may be also supported by the confining conditions where any expansion of the cement,
which is placed between the casing and the formation rock, would increase the contact at the cementformation interface providing an inherent limit to the spatial growth of crystalline structures with the
resulting increase in cement’s SBS with the rock surface. Nevertheless, it was recently reported that the
average change in dimensions of base cement and composites 1 and 2 was negligible (lower than
0.1%).16, 17 Adhesion bond was tested by measuring SBS between cement and granite stems. Figure
4 show SBS results for base cement H and composite 1 developed for temperatures of up to 200 °C.

Figure 4. Shear bond strength to granite for base cement H and composite 1 for initial conditions
and after a first and second healing reaction. Error bars represent one standard deviation
calculated from triplicate samples.
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The adhesive strength to granite was higher for base cement H than composite 1. This could be due to
the reported retarding effect that the polymer system EPS25/PEO/4SH introduces to cement and the
relatively short curing times adopted in this work (seven days) (Childers, Nguyen et al. 2017, Rod,
Fernandez et al. 2019, Rod, Nguyen et al. 2019). Nevertheless, the average value of adhesive strength
for composite 1 was high, nearly 6.9 MPa (1000 psi). Recovery of adhesion (healing) after the first
adhesive strength test was evaluated by resetting the granite stem to its original position and curing the
samples for five additional days at 200 °C followed by performing a second SBS measurement of the
healed samples and determining the ratio of second SBS test to initial SBS. This procedure was
repeated one more time to obtain the adhesive strength after a second healing event. The ratio of
change for SBS to granite for base cement H and composite 1 is shown in Figure 3 (orange and grey
colour bars for a first and second healing event). Though composite 1 had a lower initial SBS, the
recovery of adhesive strength was higher than conventional cement H for both, the first healing event
(69% versus 52%) and the second healing event (106% versus 85%). Furthermore, base cement H
showed very large adhesive strength variability post-healing with some samples having no recovery at
all.
XRD data is shown in Figure 5 for cement and polymer-cement composite samples obtained at the
interface cement-granite.

Figure 5. XRD patterns for cement samples cured at 200 °C. See text for specific powder
diffraction file designations.
The spectrum for the Class H base cement indicates that the non-exposed (untreated) and thermal
shock-treated samples are composed virtually entirely of xonotlite [23-0125, Ca6Si6O17(OH)2] as
previously reported.10 The untreated Class H base cement also contained trace amounts of detectable
of gismondine (21-0840, CaAl2Si2O8·4H2O). The untreated and thermal shock-treated composite 1
samples indicated that they contained quartz (46-1045, SiO2) in addition to xonotlite as expected for
samples cured at these high temperatures and previously reported(Childers, Nguyen et al. 2017, Rod,
Fernandez et al. 2019).
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Polymer-cement composite 2 and 3 formulations were synthesized for geothermal temperatures of up
to 300 °C and evaluated for adhesion to formation rock in a similar fashion to composite 1 but curing
and healing all samples, including base cement H and base TSRC, at a higher temperature, 300 °C.
The results are shown in Figure 6. Surprisingly, base cement H shows a lower initial SBS as compared
to cement H samples cured at 200 °C 4.3 MPa vs 14.5 MPa (620 psi vs 2100 psi). TSRC base cement
showed similar values to base cement H with 3.9 MPa (570 psi) initial SBS values after curing the
samples for seven days (1 day at room temperature, one day at 85 °C and five days at 300 °C.
Composites 2 and 3 on the other hand showed significantly higher average values of adhesive strength
9.5 MPa vs 5.7 MPa (1,370 psi and 820 psi) as compared to their corresponding unmodified (base)
cements 4.3 MPa vs 3.9 MPa (620 psi and 570 psi) respectively. The results suggest that either the
polymer system Zn salt/BPA/PEO/NND/ED does not reduce the hydration rates of the cement as it is
the case of EPS25/PEO/4SH and/or Zn salt/BPA/PEO/NND/ED introduces stronger bonding
interactions with granite as compared to the EPS25/PEO/4SH polymer system.

Figure 6. Shear bond strength to granite for base cement H and composite 2 (left) and base
cement TSRC and composite 3 (right) for initial conditions and after a first and second healing
reaction. Error bars represent one standard deviation calculated from triplicate samples.
In terms of adhesive strength recovery (healing), base cement H shows similar recovery percentages to
the related composite 2 while TSRC shows higher SBS recovery percentage (healing) as compared to
composite 3 though the SBS average values post-healing are statistically similar.
XRD spectroscopy analysis performed to base cement H cured and composite 2 cured at 300 °C
showed similar results for base cement H and composite 1 cured at 200 °C (Figure 7).

Figure 7. Collected XRD patterns of cement samples as-prepared (labelled “untreated”) and
similar cement samples subjected to different geothermal representative environments. Left:
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cement samples exposed to mineral acid and carbonated brines. Right: cement samples
exposed to thermal shock cycles. Spectra are offset for clarity, with labelled peaks indicating
assigned minerals. See text for ICDD powder diffraction file numbers and further discussion of
phase assignments. Mineral abbreviations: A=analcime; S=sodalite; B=boehmite;
G=gismondine; D=dmisteinbergite, M=mica. XRD patterns for 300 °C-cured cement samples. See
text below.
The collected diffractograms of the Class H base cements indicated that the untreated samples were
also composed virtually entirely of xonotlite. The untreated (unexposed) composite 2 was predominantly
composed of xonotlite, with quartz also present (Figure 7, left). TSRC base and composite 3 were
exposed to thermal shock. As shown in Figure 7 right, minor variations in peak intensities could not be
correlated with thermal treatment of the cements. The mineralogical compositions of the TSRC and
Composite 3 cement samples were virtually indistinguishable. Dmisteinbergite (CaAl 2Si2O8) was the
primary phase present in all four samples. Dmisteinbergite reflections, collectively assignable to PDF#’s
51-0064, 04-011-5220, and 31-0248, dominated the cement XRD patterns (Figure 7, right), with the
most intense peaks visible at 23.5, 20.2, 31.7, and 35.3 °2θ. Another clearly identifiable phase present
was boehmite [5-0190, AlO(OH)], with characteristic peaks at 14.5, 28.3, and 38.4 °2θ. Sodalite (370476, Na4Al4Si3O12Cl) was present in the samples based on distinguishable peaks at 14.1 and 43.3 °2θ.
A micaceous component of the cement, likely margarite [018-0276, CaAl2(Si2Al2)O10(OH)2], was
identified by a peak at 27.8 °2θ. The samples also contained analcime [19-1180, Na(Si2Al)O6·H2O],
based on peaks located at 25.7 °2θ. Other peaks in the diffractograms, including 19.2 and 32.8 °2θ,
were likely indicative of gismondine (38-0382, CaAl2Si2O8·4H2O).
We recently reported that these polymer systems migrate to the interface cement-steel casing forming
OFe and SFe bonds with the iron of the steel and the polymer’s oxygen (composite 1, 2, and 3) and
sulphur (composite 1). H-bonding was also evidenced from atomistic simulations performed at the
interface steel-composite while the main interaction between the cement matrix and steel is OFe
bonding(Rod, Fernandez et al. 2019). Granite is mainly composed of SiO2 (~ 70%) and Al2O3 (~15%)
and the remaining 15% is a mixture of several oxides of alkaline, alkaline earth, and oxides and
transition metals including iron, titanium, and manganese. It was previously reported that granite
interacts with cement in an interfacial zone of about 50 m. This zone is formed by the hydration products
of both cement and granite with the release of Si4+, Ca2+, and minor concentrations of K+, Na+, and Al3+
to the hydration layer(Kong and Du 2015). Granite also absorbs OH- from the cement and more
hydration products from cement are also formed in this interfacial zone. Therefore, the microstructure in
this interfacial zone is dense and the main potential reason why the adhesive strength of cement to
granite was very high with values ranging from 3.8 MPa vs 14.5 MPa (550 psi to 2100 psi) in the case
of base cement H-granite samples cured at 200 °C.18 In the case of these polymer-cement composites
the authors hypothesize that potential interactions granite-polymer-may also take place via the oxygen
(and sulphur in the case of composite 1) of the polymer and aluminium in the granite. O-Ca, O-K, O-Fe,
O-Ti, and O-Mn (and their corresponding sulphur-metal interactions in the case of composite 1) would
also occur but in less degree due to the lower concentration of these oxides in granite. These authors
plan to perform atomistic simulations to verify the presence of these interactions’ polymer-granite.
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3.2

Adhesion and Re-adhesion Post-Thermal Shock Cycles

Polymer-cement composites 1 and 3 and their corresponding base (unmodified) cements were exposed
to six thermal shock cycles consisting in subjecting the samples to 250 °C (100% RH) for 24 hours
followed by rapidly immersing the samples in water at 22 °C. The results of adhesive strength cementgranite after exposure are shown in Figure 8 using similar scales to facilitate comparison.

Figure 8. Shear bond strength (SBS) to granite for base cement H and composite 1 (left) and base
cement TSRC and composite 3 (right) post exposure to six thermal shock cycles. Blue bars
correspond to initial SBS values while orange bars correspond to SBS results after healing (readhesion). Error bars represent one standard deviation calculated from triplicate samples.
SBS values for base cement H-granite cured at 200 °C and subjected to thermal shock are similar to
SBS obtained for original (unexposed) samples cured at the same temperature though the percentage
of adhesive strength recovery (healing) is higher (68% vs 52%, see Figure 4). Composite 1, on the other
hand, shows adhesive strength values post-thermal shock exposure that are about one third of the SBS
values of the unexposed samples. However, the recovery of adhesive strength post-healing was over
600% with adhesive strength values statistically similar to base cement H. This seems to indicate that
there is a weakening of the adhesive bond strength post-thermal shock on composite 1 that is then
strengthened with five additional days of curing at 200 °C bringing back the bonding strength to values
even (50%) greater respect to the original (unexposed) composite 1 samples (see Figure 4).
Figure 8 (right) shows SBS to granite for composite 3 (originally cured at 300 °C). The adhesive strength
values are similar or higher than unexposed samples (Figure 6) with a recovery (healing) of adhesive
strength statistically identical to the unexposed samples (48% vs 47%). Similarly, base cement TSRC
in Figure 8 (right) showed higher initial values of adhesive strength to granite post-thermal shock
exposure than unexposed TSRC (Figure 6). However, the degree of recovery was significantly
deteriorated post thermal shock with adhesive strength recovery percentages below one third of the
unexposed TSRC samples (32% vs 103%).
When cement H (Ordinary Portland Cement used in geothermal wellbores) is exposed to high
temperature environments, portlandite [Ca(OH)2], originally formed during cement hydration, dehydrates
and converts into lime (CaO). Lime can then hydrate if water penetrates through the set cement (Piasta
1984, Kittl, Diaz et al. 1992, Lin, Lin et al. 1996).19-21 Such in-situ phase transformations portlandite to
lime to portlandite under a combination of dry and wet conditions damages the cement’s integrity since
they bring about contraction and expansion of cement with the resulting formation of cracks. This
undesirable thermal property of cement containing a certain amount of portlandite can be improved by
incorporating quartz (e.g. silica flour) into the cement dry mix. Quartz reacts with portlandite to form
additional calcium silicate hydrates, thus lowering the amount of portlandite (Siauciunas and Baltusnikas
2003, Luke 2004, Aydin and Baradan 2007, Rashad and Zeedan 2012). For example, in our formulations
cement H and cement H-polymer composites have 30wt% of silica flour. However, it is very difficult to
eliminate all portlandite from OPC-based cement systems in a limited hydration period. Therefore, the
incorporation of polymers aid to preserve the cement structure by offering a barrier to water (or other
fluids) penetration while bringing about self-healing capability. In the present study, the
contraction/expansion cycles that cement materials can undergo during thermal cycling seemed not to
affect base cement H (consisting of cement H 70 : silica flour 30) or composite 3 but did affect the
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adhesive strength of composite 1 post-thermal shock though the adhesive strength of composite 1 was
greatly recovered (by over 600%) by curing (healing) the samples for 5 more days. Base TSRC, a
material developed with a higher concentration of fly ash class F to behave as a refractory cement with
significant resistance to thermal shock, did also maintained and even increased its adhesive strength
post-thermal shock cycles. However, base TSRC showed a decrease in its ability for re-adhesion post
shear tests with a recovery of only 32% of its original adhesive strength (as compared to 103% adhesion
recovery of the unexposed material, Figure 6).
3.3

Adhesion and Re-adhesion Post-Exposure to Carbonated Brines

SBS after exposure to CO2-reach brines is shown in Figure 9. The Figure shows an overall increase by
3X of the SBS on both base cement H and composite 1 cured at 200 °C as compared to the SBS values
for the unexposed materials cured at 200 °C (compare Figure 9, left and Figure 4). Similarly, cement H
and composite 2 cured at 300 °C showed an increase of 6X and 7X in SBS to granite after exposure to
carbonated brines (compare Figure 9, right with Figure 6, left).

Figure 9. Shear bond strength (SBS) to granite for base cement H and composite 1 (left) and base
cement H and composite 2 (right) post exposure to carbonated brines at 90 °C for a week. Blue
bars correspond to initial SBS values while orange bars correspond to SBS results after healing.
Error bars represent one standard deviation calculated from triplicate samples.
The exposure to CO2 has been reported to alter the elemental distribution of both base cement and
polymer-cement composites26 and lead to the creation of three distinct zones with calcite formation and
dissolution throughout the reaction zones, as consistent with those described by Kutchko et al (Kutchko,
Strazisar et al. 2007). Elbakhshwan et al (Elbakhshwan, Gill et al.) showed that these carbonation
reactions were particularly evident in base cement and that the presence of the polymer in the composite
partially buffers the carbonation reaction. The increase of SBS to granite in base cement after CO 2
exposure could be due to the formation of calcite at the interface as previously reported. The growth of
calcite crystals will further densify the interfacial zone, increasing the cement-granite contact surface
area at the interface and, as a result, the adhesive strength. This was confirmed by XRD were peaks
shoulders located at ~29.4 °2θ indicated the presence of calcite (66-0867, CaCO3) in base cement H
samples cured at 200 °C (Figure 5) and 300 °C (Figure 7). In addition to quartz and xonotlite, the CO 2treated composite 1 samples also contained prominent calcite reflections (Figure 5). Composite 2 cured
at 300 °C also showed calcite patterns at 29.4 °2θ and between 38 and 50 °2θ (Figure 7). However,
unlike composite 1, quartz was not observed in the patterns collected of the CO 2-exposed composite 2.
The XRD scans of these two samples were very similar, with prominent calcite reflections present in
both.
Re-adhesion (healing) was higher for base cement (52% SBS recovery) as compared to composite 1
(22% recovery in adhesive strength). Similarly, re-adhesion to granite for samples cured at 300 °C (base
cement H and composite 2) showed higher recovery by the base cement H (60%) as compared to
polymer-modified cement composite 2 (33% recovery) as shown in Figure 9, right. It is important to
mention that, although the composite-granite bonds may not be as strong as base cement-granite
bonds, it is clear that polymer migrates to the interface sealing gaps as demonstrated previously by
permeability analysis in steel casing-composites(Rod, Fernandez et al. 2019).
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3.4

Adhesion and Re-adhesion Post-Exposure to Mineral Acid

Figure 10 illustrates the cement-granite adhesive strength values for base cement H and
composites 1 (200 °C) and composite 2 (300 °C).

Figure 10. Shear bond strength (SBS) to granite for base cement H and composite 1 (left) and
base cement H and composite 2 (right) post exposure to sulfuric acid (pH=2) at 90 °C for a week.
Blue bars correspond to initial SBS values while orange bars correspond to SBS results after
healing. Error bars represent one standard deviation calculated from triplicate samples.
For samples cement H and composite 1 originally cured at 200 °C the values of SBS to granite
decreased by about 70% in both formulations in contrast to the significant increase when subjecting the
same formulations to carbonated brines. On the other hand, cement H samples originally cured at 300
°C showed a 30% increase in SBS to granite post-mineral acid exposure while composite 2 also cured
at 300 °C showed statistically similar SBS values pre- and post-exposure to mineral acid. Therefore,
contrary to the large (3X to 7X) increase in adhesive strength for samples exposed to carbonated brines,
samples exposed to mineral acid did not show a dramatic change in adhesive strength to granite. It has
been reported that cement reaction with sulfuric acid results in the formation of different calcium sulphate
minerals such as gypsum (CaSO4 x 2H2O), basanite (CaSO4 x 0.5H2O) and anhydrite (CaSO4) from the
reaction of Ca(OH)2 with H2SO4 at the interface cement-granite is expected as previously reported.
Ettringite is also a product formed from the continuous reaction of sulfuric acid with cement(Izzat, Al
Bakri et al. 2013). The reasons for the significant contrast in the SBS to granite values for cement
samples exposed to mineral acid and identical formulations exposed to carbonated brines seems to be
due to the higher mechanical strength that calcite has as compared to gypsum and ettringite. The XRD
pattern of the H2SO4-reacted samples was very similar to the scans of unexposed base cement H with
no signs of calcite, except for the presence of peaks corresponding to muscovite [25-0649,
(K,Ca,Na,)(Al,Mg,Fe)2(Si,Al)4O10(OH)2], likely sourced from the contacting granite (Figure 5). Similarly,
the H2SO4-treated composite 1 sample did not exhibit distinguishable calcite peaks, as its pattern was
nearly identical to those of the heat-treated and untreated composite 1 samples (Figure 5). In the case
of XRD spectrum of composite 2 exposed to H2SO4, and unlike composite 1, quartz was not observed
in the patterns collected of the H2SO4-exposed composite 2 though Calcite was present (Figure 7). Base
cement H cured at 300 °C did not show calcite and the spectrum was similar to unexposed base cement
H (Figure 7). In all cases, no evidence of gypsum, ettringite, or other sulphate-bearing phases was
apparent based on the collected XRD patterns.
Re-adhesion (healing) to granite showed high recovery in SBS values for both composite 1 (230% vs
107% for base cement H) and composite 2 (63% vs 26% of base cement H) respect to their
corresponding base cements in contrast to the re-adhesion results for samples exposed to carbonated
brines where unmodified (base) cement H showed higher SBS recovery. The reason for the higher
recovery percentages for the polymer-modified cements for the mineral acid exposed samples is not
clear though shows a similar behaviour to unexposed polymer-modified cements where the recovery of
adhesive strength post-shear tests was also higher than the base cement counterparts. Future work
performing atomistic simulations to identify the interactions at the interface granite-composites will aid
to the understanding of these results.
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4.

CONCLUSIONS

Leakage pathways resulting from debonding of wellbore cement at the formation cement-interface can
cause unwanted fluid migration from the formation to the wellbore and vice versa. This issue represents
one of the main causes for wellbore failure together with radial fracture formation. The addition of
cement-compatible (high pH-resistant, hydrophilic) self-healing polymers to conventional wellbore
cement seems to bring about a vehicle for reducing the probability of formation of these interfacial gaps
as well as bring about self-healing capability to both bulk cement and interfacial cement-formation rock.
Polymer-modified cement composites developed for geothermal temperatures up to 300 °C showed
higher adhesive strength to granite and statistically similar adhesion strength values after re-adhesion
respect to base cement H or TSRC. Composite 1 developed for temperatures up to 200 °C showed
lower initial adhesive strength respect to base (unmodified) cement H but significantly higher
percentages of adhesion recovery post-shear tests. Furthermore, base cement shows very large data
variability with some samples having no measurable SBS during the tests.
Polymer-cement composites were also subjected to thermal and chemical stresses. The adhesive
strength of the composites after exposure to carbonated brines and mineral acid brines was similar or
higher for the composite (composite 2) developed for 300 °C geothermal temperatures but lower for
composite 1 developed for up to 200 °C temperatures as compared to the corresponding unmodified
(base) cements. Recovery of adhesion post shear tests showed higher recovery percentages for base
cements in the case of samples exposed to carbonated brine attributed to the buffer effect or barrier that
polymers introduce to the cement as previously reported. On the other hand, polymer-modified cements
outperform base cements in the recovery percentage for samples exposed to mineral acid brines. In
addition, the re-adhesion (healing) of composite samples cured at 300 °C was higher than base cement
samples though lower for composite samples developed for 200 °C environments. Thermal shock cycles
showed higher SBS values for base cement as compared to composite 1 but lower SBS values for base
cement as compared to composite 2. In addition, polymer-cement composites 1 and 2 showed a
significantly higher percentage of adhesion recovery as compared to their unmodified cement
counterparts.
The self-healing ability of the polymer-cement composites at the cement bulk was previously reported
to be due to reversible and dynamic interactions between cement-polymer in the cement matrix. The
recovery of adhesive strength at the formation rock interface represented by granite, may be also due
to similar reversible polymer-rock interactions at the micro-annulus aiding to the existing adhesive
strength generated by the dense hydration layer formed by cement-granite. Nevertheless, further
studies employing ab initio atomistic simulations may help unveil these interactions responsible for the
adhesion and re-adhesion of these composite formulations to formation rock.
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ABSTRACT
This study investigates the influence of both the nature and concentration of alkaline solution on the
reaction kinetics, hydration products and strength development of alkali-activated slag/fly-ash blends
systems. Isothermal calorimetry was used to study the reaction kinetics of slag/fly-ash blends activated
with three different alkaline solutions: sodium silicate, sodium carbonate and sodium sulfate. The
results shown that the increase in alkali content (Na2O) leads to higher degree of hydration, while in
the presence of CO32- and SO42- ions in solution, the rate of hydration decreases. The results show
that the acceleration and strength development mainly depends on the nature of anions in activator
rather than the alkalinity.
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1.

INTRODUTION

Alkali-activated materials (AAM) have been studied as a promising alternative to Portland cement for
the development of more durable, sustainable and low-carbon construction and building materials with
reduced environmental footprints [Pacheco. F et al., 2015, Provis. L et al., 2014]. In addition to its ecofriendly nature, AAM can also offer superior engineering properties like low hydration heat, high strength
development, and excellent resistance against fire and chemical attacks [Provis. L et al., 2014, Shi. C
et al. 2006]. Based on the chemical composition of the source material, AAM can be divided into two
systems, including high-calcium system (alkali-activated slag) and low-calcium system (alkali-activation
of fly-ash or metakaolin) [Pacheco. F et al., 2015, Provis. L et al. 2014]. The primary reaction product of
alkali-activated slag (AAS) is C-S-H with Al in its composition [Jose. I et al., 2003], whereas the alkaliactivation of fly-ash results in the formation of three-dimensional aluminosilicate networks via polycondensation [John. L et al., 2014]. Recently, co-activation of calcium-rich slag and aluminosilicate-rich
fly-ash have attracted increasing attention, as it counterbalances the critical drawbacks of each sole
systems like quick setting, low mechanical strength, and high-volume instability [Gao. X 2017]. The
reaction products in this system is highly depends on the calcium content and alkalinity of solution, but
it is believed to induce coexistence of C-A-S-H and aluminosilicate gel (N-A-S-H) with higher degree of
cross links [Puertas et al., 2000, Ismail et al., 2014].
Many researchers have identified that both the nature and dosage of activator are the main parameters
involve in reaction process of alkali-activated materials (Huanhai et al., 1993, Buchwald. A et al., 2009,
Ravikumar.D et al., 2012). Bernal. S et al., 2011 studies the influence of sodium oxide and silicamodulus on the AASF systems and reveals that increase in sodium oxide content and/or decrease in
silica-modulus increases the rate of reaction and strength development. Although, the sodium silicate
activator shows the comparable properties with OPC, their production process is quite energy intensive.
Therefore, recently an environmentally friendly alkali sources like sodium carbonate and sodium sulfate
have gain attention in alkali-activated materials. It has been shown that building made with sodium
carbonate (Xu et al., 2008) and sodium sulfate (Anja. B et al., 2015) have accepted the strength and
excellent in-suit performance. However, compared to sodium silicate activation, the reaction process of
slag/fly-ash blends activated with sodium carbonate and sodium sulfate is less extensively studies by
researcher and remains as the crucial research gap in literature.
This paper investigates the effect of nature and dosage of activator on the reaction kinetics, initial setting
time, strength development and reaction products formation in AASF systems. The reaction process is
indirectly studied using isothermal calorimeter, which enables the observation of heat flow associated
with the overall chemical reaction and thermogravimetric analysis (TGA). The correlation between the
reaction degree and strength development is elaborated. The influence of activator type and
concentration on reaction products is investigated using X-ray diffraction.
2.

EXPERIMENTAL PROGRAM

2.1

Materials and mix proportion

The Ground Granulated Blast Furnace Slag with a specific gravity of 2.92 g/cm 3 and Class-F Fly-ash
with a specific gravity of 2.32 g/cm 3 were used as the primary materials in this study. The chemical
composition of both slag and fly-ash, determined from X-ray fluorescence (XRF) spectrometry were
given in Table 1.
Table 1: Chemical composition (by mass %) of slag and fly-ash.
Materials

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

MnO

K2O

Slag
Fly-ash

36.190
57.440

12.410
26.130

0.600
6.290

39.80
2.43

7.250
1.49

0.830

0.320
0.052

0.490
2.900

Materials

TiO2

V2O5

SrO

ZrO2

Cr2O3

S

BaO

Na2O

Slag
Fly-ash

1.070
1.340

0.019
0.048

0.092
0.135

0.049
0.050

0.018

1.530
-

0.066
0.138

0.450
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Six different alkali-activated slag/fly-ash (AASF) binders were developed at 70:30 vol% of slag/fly-ash
ratio by varying the type and concentration of activators as listed in Table 2. The alkaline solutions were
prepared by dissolving solid sodium hydroxide, sodium carbonate and sodium sulfate in distilled water
at least 24h before use. The prepared sodium hydroxide is mixed with commercially available sodium
silicate (39-40% silicate in water) in order to achieve sodium metasilicate with a required alkali-modulus
of 1.25 and 1.0. Simultaneously, prepared sodium carbonate and sodium sulfate were added to sodium
metasilicare solution of alkali-modulus 1.0 in order to obtain molar ratios (SiO 2/Na2O) of 0.7 and 0.6.
Additional water was added to maintain the constant water-to-binder ratio at 0.5. The mortar samples
with standard 1:3 binder to sand ratio were mixed according to EN 196-1 and cured at temperature of
20±1°C. River sand with a specific gravity of 2.60 g/cm3 and water absorption of ≤0.5% is used as a fine
aggregate. The paste samples were prepared using an overhead mixer at 750rpm for 2 min.
Table 2: Mixture proportion of Alkali-activated slag/fly-ash blends.
Mix ID

Activator Type

Modulus M s= (SiO2/Na2O)

pH value

M1

Sodium Hydroxide + Sodium Silicate

1.25

13.65

M2

Sodium Hydroxide + Sodium Silicate

1.0

13.92

M3

Sodium Metasilicate + Sodium Carbonate

0.7

13.55

M4

Sodium Metasilicate + Sodium Carbonate

0.6

13.65

M5

Sodium Metasilicate + Sodium Sulfate

0.7

13.55

M6

Sodium Metasilicate + Sodium Sulfate

0.6

13.65

2.2

Experimental details

The workability of AASF mortars was investigated using flow table test according to the ASTM C23014, where the diameter of the mortar spread in two directions at right angle is measured to calculated
the flow value. Initial setting time of AASF paste samples were determined by means of standard Vicat
Needle test method, according to EN 196-3: 2016. Standard mortar beams in 1:3 binder to sand ratio
were tested for compression at 3, 7, and 28 days of curing respectively.
The reaction kinetics was investigated by using an isothermal conduction calorimetry (TAM Air device
TA Instruments) up to 3 days at constant temperature of 20°C. The heat release was monitored on
AASF paste samples (around 8-10g). Thermogravimetry (TGA) was performed using a Netzsch STA
409 PC DSC-TGA equipment in a through flow N2 atmosphere over a temperature range of 30-650°C
with a heating rate of 10°C/min. In this study, the weight losses between 30-650°C has been used as
relative measure of the reaction degree in AASF. The analysis was performed on crushed samples at
3, 7, 28, 90, and 180 days after vacuum drying at 0.023 mbar for 2h to remove the free water.
X-ray diffraction (XRD, Bruker 2D PHASER) analysis is used to indicate which crystalline phases are
formed at the age 7 days. X-ray diffraction patterns were collected in the 2θ range of 10 to 70 o with step
size of 0.02o and step time of 0.3s, and CuKα radition of 30 KV and 10 mA.
3.
3.1

RESULTS
Workability

The flow values of slag/fly-ash blend activated with different type and concentration of activators are
given in Table.3. The results indicates that the flow value of AASF mortars was influenced by both
alkalinity and type of activator. The flow value decreased with the increase in the concentration of
alkaline solutions or decrease in alkali-modulus. This can be attributed to the increase in viscosity of
alkaline solution with the increase in concentration of activator. The samples activated with sodium
silicate results low flow value compared to that of sodium carbonate and sodium sulfate activation, as
sodium silicate is the most viscous solution.
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Table 3: Flow values of AASF mortar samples.
Mix

M1

M2

M3

M4

M5

M6

Flow value [mm]

121

126

132

128

132

128

3.2

Heat of reaction

The heat evolution curves of slag/fly-ash blend activated with different type/concentration of activators
were shown in Figure. 1. The heat evolution curves of AASF indicates two peaks: (1) an initial dissolution
peak occurs within first few minutes, with a significant of heat release, and (2) an acceleration peak with
relatively low intensity. The first dissolution peak can be attributed to the initial wetting/dissolution of
source materials and formation of initial reaction complexes with dissolved Si and Al ions species. The
acceleration peak corresponds to the precipitation of voluminous reaction products, both C-A-S-H and
N-A-S-H gels. The peak valley in between first dissolution and second acceleration peak is called as
induction period, which is associated with the precipitation of reaction products, formed with in first
dissolution stage, on the surface on unreacted particles and temporarily hindering the reaction process.
From Figure. 1, the duration of induction period seems to depend on both type and concentration of
activator. The induction period of samples activated with sodium silicate is found to be shorter than the
samples activated with sodium carbonate and sodium sulfate. The second acceleration peak of AASF
becomes steeper and larger with increase in alkalinity of activators. This suggest that an increase in
alkalinity enhances the dissolution of slag and increases the precipitation of reaction products. The area
under the second acceleration peak is greater for the samples activated with sodium silicate, followed
by sodium carbonate and sodium sulfate. This indicates that the three activators used followed this order
with respect to the amount of reaction products formation: sodium silicate > sodium carbonate > sodium
sulfate (major to minor).
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Figure 1. Heat evolution rate (a) and cumulative heat of reaction (b) of AASF samples.
The cumulative heat release, obtained by the integration of heat flow curves, is considered to be
contributed by both the initial peak and secondary peak as shown in Figure. 1b. While the induction
period is represented with a relative flatter region in between the initial rise and later rise of heat release.
The cumulative heat release of AASF increases with an increase in alkalinity of activators, However, in
samples (M1) activated with higher SiO2 content resulted in higher heat release during first 7 hours. This
may be due to the presence of addition aqueous silicates that contributes to the formation of more initial
reaction complexes with dissolved alumina ion species.
3.2

Degree of reaction

In this section, an attempt is made to determine the degree of reaction (DoR) based on the heat release,
which is supposed to be proportion to the overall chemical reaction of slag/fly-ash grains. The degree
of reaction can be represented as the ratio of cumulative heat release Q(t) by the total heat release heat
released at infinite time Q∞ (Eq. 1). The main advantage of using heat release Q(t) is that it is a
continuous measurement from the time of casting. However, the measuring of ultimate heat release Q ∞
from the isothermal calorimetry is virtually impossible as the accuracy of the heat flow is uncertain at
this point. Therefore, an exponential model suggested by Freisleben-Hansen and Pedersen, FHP model
(Pane & Hansen, 2002; Schindler & Folliard, 2005) is adopted to compute the ultimate heat release Q∞
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value, from the Eq. 2. Due to inability of this model for multi-curvature heat flow curves (observed two
peaks in Figure. 1a), additional parameter (ai) is applied for finding the ultimate heat release (Eq. 3).
𝛼(𝑡) =

𝑄(𝑡)

(1)

𝑄∞

−𝜏1 𝛽1
−𝜏2 𝛽2
] ) + 𝑎2 exp ([
] )
𝑡
𝑡

(2)

Qα = a1 + a2

(3)

𝑄(𝑡) = 𝑎1 exp ([

In the above exponential equation, and β are the time and shape parameters respectively. The FHP
model fitting of the heat release curves are shown in Figure. 2.
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Figure 2. Exponential model fitting applied to the cumulative heat release of AASF pastes.
Figure. 3 presents the predicated degree of reaction for AASF pastes. It can be clearly seen that the
reaction degree increases with increase in alkalinity, indicating that the reactivity of slag increases with
increase in alkalinity. This is because the presence of OH- ions enhances the degradation of slag
particles and also increase the solubility of silicates and aluminate. As shown in Figure. 3, samples
activated with sodium carbonate and sodium sulfate retarded the reaction at early-ages, as the presence
of CO32- and SO42- ions reduces the alkalinity of solution. Once the CO 32- and SO42- ions are exhausted,
the reaction is accelerated and results in higher degree of reaction at later ages. The predicated reaction
degree corresponded well with the measured isothermal calorimetry curves.
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Figure 3. Reaction degree of slag/fly-ash blends activated with different alkaline solutions.
3.3

Thermogravimetry (TGA)

Table. 4 summaries the bound water content in AASF paste samples, calculate based on the weight
loss between 30°C-650°C. It is apparent that the weight losses of AASF pastes increase with curing
age. Samples activated with higher silica content (M1) shows lower bound water content during first 7days and later shows higher bound water content compared to M2 samples. This is, on the one hand,
because the addition silicates may suppresses the hydrolyzation rate of OH - ions in the activator, leading
to slower reaction at early-ages. Once silica ions are consumed in the formation of initial reaction
products, the alkalinity of the solution starts rising and dissolves more ions and increase the rate of
reaction. On the other hand, the reaction products formed with higher silica content (M1) may
incorporates much more water than M2 samples having higher Na2O content (M. Ben Haha et al 2011).
An increase in alkalinity of sodium carbonate and sodium sulfate results higher bound water content.
These results suggest that an increase in alkalinity of the activating solutions leads to more rapid
dissolution of slag particles and increases the reaction products precipitation. Although, there is no
significant difference in alkalinity of activators (M1, M4 and M6), the samples activated with sodium
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silicate results higher chemical bound water than sodium carbonate and sodium sulfate. This indicates
that the nature of anions in activator plays an important role in reaction rate of AASF systems.
Table 4: Bound water content of AASF pastes.
Mix

3 Days

7Days

28 Days

90 Days

180 Days

M1

11,940

13,861

16,745

17,247

17,806

M2

12,365

15,170

16,430

17,171

17,540

M3

9,974

11,658

13,897

13,948

15,688

M4

11,459

13.044

14.25

14,695

17,391

M5

9,293

10,654

12,620

13,252

14,896

M6

11,394

12,129

13,131

14,046

15,686
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Figure 4. Correlation between the chemical bound water and reaction degree of AASF.
A correlation between the chemically bound water and the hydration degree of slag/fly-ash blend
activated with different type of activators are given in Figure. 4. The reaction degree in relation with
bound water content has a correlation close to linear in samples activated with sodium silicate. However,
this correlation is weaker with addition of sodium carbonate and sodium sulfate, as shown in Figure. 4.
3.4

Initial setting time

The initial setting of slag/fly-ash blends activated with different type and concentration of alkaline
solutions are summarized in Table. 5. As observed, the setting time is largely affected by nature
activator. For example, the samples activated with a higher amount of SiO2 results in shorter setting time
and while with increase in CO32- and SO42- ions in activator results in an increase in setting time as
shown in Table. 5. This is because, the presence of soluble silicates in activator readily react with the
dissolved Ca2+ ions and forms more initial C-A-S-H gel. On the other hand, the presence of CO 32- and
SO42- ions may increases the time needed to saturate the ionic species required for the formation of
reaction products, resulting setting.
Table 5: Initial setting time of alkali-activated slag/fly-ash blends.
Mix

M1

M2

M3

M4

M5

M6

Initial setting time
[min]

40

50

65

80

70

90

Reaction degree
[%]

9.1

8.8

9.1

8.9

8.5

9.1

Results shown in Table. 5 indicates that the reaction degree of 8.5 – 9.0 % corresponds to the formation
of critical volume fraction of the hydration phases, resulting initial setting time. The formation of C-S-H
gel is attributed to the initial reaction degree in sodium silicate activation. On the other hand, the
formation of gaylussite and ettringite (see XRD results below), that do not have any influence on
stiffening process, are considered to be the contribution of reaction degree at early-ages in samples
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activated with sodium carbonate and sodium sulfate, respectively. This suggest that the formation of
initial products is not critical for setting time in AASF pastes. In sodium silicate actiavtion, the monomeric
and dimeric form of silicate species in alkaline solution reacts with dissolved aluminate ions from slag
and fly-ash particles and rapidly form aluminosilicate structures and subsequently form C-A-S-H gel due
to depolymerisation with dissolved calcium ions. While in sodium carbonate and sodium sulfate, the
aluminosilicate structures are favoured at early-ages due to consumption of Ca2+ ion in the formation of
gaylussite and ettringite, respectively. Therefore, irrespective of initial reaction products, the
condensation reaction between the aluminosilicates units is more effectively leads to setting in AASF
pastes.
3.5

Compressive strength

Figure. 5 shows the compressive strength of slag/fly-ash mortar blends activated with different alkaline
solution described in table 2. It can be seen that the samples activated with a higher amount of SiO 2
(M1) resulted higher compressive strength at all ages. This is likely due to the formation of more hydrated
C-A-S-H gel as result of higher concentration of admixed SiO 2 content. Samples activated with sodium
carbonates shows lower compressive strength at early-age, as it forms gaylussite and hydroxysodalite,
which does not give higher degree of cohesion necessary for developing the mechanical properties.
However, the sodium carbonate activated samples results higher compressive strength at later ages
due to the formation of carbonate compounds such as C3A.CaCO3.12H2O [Shao-Dong Wnag et al.,
1994]. As shown in Figure. 5, samples activated with sodium sulfate exhibits lower strength at all ages.
This is because of the formation of ettringite (see XRD) that may be causing a dispersive action between
the hydrated products and coarsening of hydrated structure.
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Figure 5. Compressive strength of slag/fly-ash mortar blend activated with different type and
concentration of alkaline solutions.

Compressive strength [MPa]

90
M1

M2

M3

M4

M5

M6

80
70
60
50
40
30
60

70

80

90

100

Reaction degree [%]

Figure 6. Correlation between the compressive strength and reaction degree of AASF.
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Although the samples activated with alkali-modulus of 1.0 (M2) resulted in higher degree of reaction,
the strength development is lower than the samples activated with alkali-modulus of 1.25 (M1) (Figure.
6). On the other hand, samples activated with sodium carbonate and sulfate also shows delay in strength
development, even with the higher degree of reaction as shown in Figure. 6. This is likely due to the
formation of gaylussite and ettringite instead of strength giving C-S-H phases. These results indicate
that strength development is not only governed by volume of reaction products (degree of reaction) but
also on the parameters like nature of reacted gel and/or pore structure.
3.6

X-ray diffraction

Figure. 7 shows the XRD patterns of the slag/fly ash blends activated with different alkaline solution at
the age of 7 days. It can be seen that all mixes had a broad hump at about 2θ=29°, which can be
attributed to the reflection of poorly crystalline C-A-S-H and/or N-A-S-H gels and could also be partly
calcite from carbonation. Hydrotalcite (Mg6Al2CO3OH16.4H2O) was detected as one of the main
crystalline phases in all mixes. The peak intensity at about 2θ=13°, assigned to hydrotalcite increases
with decrease in alkali-modulus as shown in Figure. 7. This is because, hydrotalcite, itself is a natural
mineral, that forms at higher degree of reaction. In samples activated with sodium carbonate, unstable
gaylussite (Na2Ca(CO3)2,5H2O) and hydroxysodalite (Na8Al6Si6O24(OH)2(H2O)2) were observed as
secondary reaction products as shown in Figure. 7. The formation of such phases at early-ages suggest
that there is a preferential reaction between CO32- and Ca2+ that dissolved from slag and forms gaylussite
rather than C-S-H, which leads to saturation of silicon and aluminium species towards the formation of
hydroxysodalite. Along with calcite, two polymorphs of calcium carbonate (vaterite and aragonite) and
sodium–calcium carbonate phases (pirssonite) were observed in samples activated with sodium
carbonate. Trace of ettringite is also observed in samples activated with sodium carbonate due to
carbonation of mono-sulfate, formed due to presence of sulfate in slag. In samples activated with sodium
sulfate, both ettringite and monosulfoaluminiate were observed as main secondary reaction products.
In sodium sulfate activation, unreacted Na2SO4 in the form of thenardite is not identified as a crystalline
phases, indicating that the most of sulfate has reacted with dissolved Al and Ca ions to form ettringite.
Other phases like mullite, quartz, hematite, akermanite and gehlenite contributed to unreacted slag and
fly-ash, were observed as shown in Figure. 7.
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Figure 6. XRD patterns of slag/fly-ash blends at the curing age of 7-days.
4.

CONCLUSION

Based on the results and discussion following conclusion cans be drawn:


The rate of reaction in AASF system is main influenced by the alkalinity of pore solution, and
the nature of anion from activator could affect only at early-age reactions. With increase in
alkalinity of alkaline solution, the heat of reaction increases. Addition of sodium carbonate and
sodium sulfate results in longer induction period as the presence of CO32- and SO42- suppress
the alkalinity of pore solution and rate of dissolution.



The chemical bound water content increases with increase in alkalinity of sodium carbonate and
sodium sulfate activators. While in sodium silicate activation, the samples with higher SiO2
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content or lower alkalinity results higher bound water content at later ages may be due to
incorporates of more bound water in the reaction products.

5.



The setting time of AASF is largely affected by the nature of anion presence in alkaline solution.
Samples activate with sodium sulfate results lower setting time and while in the presence of
CO32- and SO42- ions the setting time is delayed. The reaction degree of 8.5-9% is corresponds
to the initial setting time in AASF pastes.



The compressive strength increases with higher silica content due to formation of more dense
microstructure. With increase in alkalinity (Na2O) content, the strength of sodium carbonate and
sodium sulfate activated samples increases due to higher degree of reaction. Formation of
gaylussite and ettringite reduces the strength development at early in samples activated with
sodium carbonate and sodium sulfate, respectively.



Both C-A-S-H and N-A-S-H gels are the primary reaction products in AASF samples activated
with different alkaline solution. Hydrotalcite was found to be main secondary reaction product in
sodium silicate activation. Additionally, to C-A-S-H and N-A-S-H gels, unstable phases like
gaylussite were formed in samples activated with sodium carbonate at early-ages. Due to
consumption of calcium ions in the formation of gaylussite, hydroxysodalite is favoured as a
secondary phases. While in samples activated with sodium sulfate, ettringite is also formed as
primary reaction products.
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ABSTRACT
This study investigates the hydration behavior of calcium sulfoaluminate (CSA) cement/Portland cement
blends. 5, 10, and 15 wt. % CSA cements are added to Portland cement, and gypsum and retarder are
also incorporated in the blends. Rietveld quantitative phase analysis are conducted to evaluate
hydration products of the blended cements. Initial and final setting times are obtained by using Vicat
needle method, and the results are analyzed with the quantitative results of hydration products
produced at the very early ages. From the test results, it will be found that how an initial setting time of
CSA/OPC blends is dominated by the quantitative amounts of ettringite or AFm phases which can affect
an early-age hydration of cement pastes.
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1.

INTRODUCTION

Belite-Ye’elimite-Ferrite (BYF) type of clinker has been developed by several cement producers as a
low-CO2 alternative to Portland cement clinker as a response to the still increasing demands for CO 2
emissions reduction (Gartner & Hirao, 2015). BYF cements, a belite-rich sub-class of calcium
sulfoaluminate cements, have advantage that they can be produced at the current cement plants and
applied in concrete at the current batching plants. However, the composition of BYF cements is
significantly different from Portland cement. This leads to a very different reaction mechanism and
kinetics, different microstructures and hence results in different properties of hydrated concrete.
Contrary to the Portland clinker-based composite cements, little knowledge is available about interaction
between clinker composition, cement reactivity, microstructure development and resulting properties,
despite the fact BYF cements have been used over several decades (Zhang et al.,1999).
Gaining this knowledge is challenging mainly because of the following reasons:








The composition of BYF clinkers, i.e. mainly the contents of ye’elimite and belite, varies over
a large range which completely changes relative importance of interactions taking place.
The BYF system is significantly more complex compared to the Portland clinker. In Portland
clinker, the most important phases comprise calcium silicates whose main hydrate, the C-SH phase, dominates the microstructure and is responsible for the performance from early
age to maturity. In the case BYF, the reaction of calcium, aluminium and sulfate-rich phases
dominates the early age while silicates the reaction at later ages (Winnefeld & Lothenbach,
2016). All these phases can be equally important, depending on BYF composition and age
of interest.
In general, the BYF system is portlandite deficient contrary to calcium-rich portlanditebuffered common cements.
Sulfate additions play an important role on the hydrates assemblage developed in the course
of BYF hydrations and thus influence indirectly the microstructure developed, but does not
act as a retarder (Chang et al., 2016, Zajac et al., 2016, Pelletier et al., 2011)
The empirical experience, test methods and models gained and developed for Portlandclinker based systems are not directly applicable to BYF cements.
Commonly used techniques, i.e. XRD, TG and SEM, are unable to distinguish among several
amorphous phases formed in the hydrating BYF (Gastaldi et al., 2016).

During the last years, we have investigated several parameters to optimize the BYF technology with
regard to the use of alternative raw materials, production and processing technologies and ultimately
the development of cement and its use in concrete. Several research projects that contribute to optimize
relevant aspects for specific concrete applications like ready mix or precast were undertaken. In addition,
the impact of the concrete technology was investigated with a clear focus on assessing and optimizing
the durability of BYF concretes.
In this paper, investigations of the early age behaviour and resulting hardened and durability properties
of a range of BYF cements and mortars based on industrially produced BYF clinker is reported. The
variables include the sulfate level of cement, water-to-cement ratio and hydration/curing time. The
properties investigate comprise hydrates assemblage composition, microstructure, strength
development and volume stability. The performance in concrete including fresh, hardened and durability
properties are reported in an accompanying paper (Mikanovic et al in prep.).
2.
2.1

MATERIALS
Clinker

The clinker was produced during an industrial trial in a cement plant. Alternative raw materials such as
recycled alumina salt slag (Serox), were used as alumina source. The average sinter zone temperature
was very stable at about 1200°C. The main silicate phases in the BYF clinker are belite and
fluoride/chloride-stabilized ellestadite. The ye’elimite contents is 30 wt.-% according to Rietveld
calculations.
The average mineralogical composition of clinker is summarized in Table 1 and its PSD after grinding
in Figure 1.
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Table 1. Average mineralogical composition of the BYF clinker used.

2.2

Phase

Content [wt.-%]

Ye’elimite

30.1

Belite

45.9

Mayenite

2.1

Ferrite

5.4

Anhydrite

1.8

Periclase

2.3

Ellestadite

8.7

Ca-Langbeinite

2.0

Unreactive minors

1.7

Cements

Three cements with different amounts of calcium sulfate added – 1, 4 and 10 % - were produced by
blending the ground clinker with anhydrite ground to 5020 cm 2/g Blaine specific surface area.
100

BCT clinker
Anhydrite Faulquemont

Fraction passing (%)

80
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Particle Size (µm)

Figure 1. Particle size distributions of the BYF clinker and anhydrite used.
Hydrations and microstructure studies were done on cement pastes at different w/c ratios. The BYF
cement performances were evaluated on both on mortars and concretes.
2.3

Mortars

Mortars were prepared at three w/c ratios – namely, 0.35, 0.45 and 0.5. The composition of the mortars
is listed in Table 2. The first two mortars were designed to have the same paste volume to unify the
impact of sand on shrinkage and porosity. The paste volume of mortar with w/c=0.35 had to be increased
to provide sufficient workability at this low w/c. The mixing procedure followed EN 196-2.
Table 2. Composition of mortars tested.
w/c ratio

cement

water

[g / 1350 g Norm sand]
0.50

450.0

225.0

paste volume
[cm3 / 1350 g Norm sand]
373.0
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3.

0.45

479.0

215.6

373.0

0.35

630.0

220.5

427.0

RESULTS

3.1

Workability

The rapid reaction of industrial BYF cements requires the use of retarder. Borax is a suitable retarder
for BYF cements (Zajac et al. 2016). In Figure 2 taken from Dienemann & Ben Haha (2018) who used
the here studied clinker, the impact of borax on spread retention as well as strength is illustrated.
Compared to other known solutions such as organic acids and their salts, borax improves workability
retention as well as the strength development.
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Figure 2. Impact of borax on mortar spread (left) and compressive strength (right) compared to
non-retarded cement and other known solutions. From Dienemann & Ben Haha (2018).
Hence, 0.5 wt.-% of technical-grade borax was added to each cement when blended with the anhydrite.
The initial setting time of the investigated mortars, determined in accordance with ASTM C403, ranged
from 1.5 hours (1A and w/c 0.35) up to more than 3 hours proving the effectivity of borax even for low
w/c mixes. All results are shown in Figure 3.
6.0

10 A

5.5

Final
Initial

4A

Mortar setting time (hours)

5.0
4.5

1A

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.35

0.45

0.5

0.35

0.45

0.5

0.35

0.45

0.5

Figure 3. Setting time of mortars tested assessed in accordance to ASTM C403.
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3.2

Compressive strength

The compressive of the mortars are presented in Figure 4. The compressive strength development
confirms the trends reported in literature, namely the:




high early strength of BYF cements (55 MPa after 1 day for 10 % AH and w/c 0.35)
moderate strength evolution between 2 and 28 days, especially for higher w/c ratios
considerable strength gain after 3 months for medium and low sulfate additions
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Figure 4. Impact of sulfate level of BYF
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development of mortars with w/c ratio of 0.35
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3.3

Volume stability

Volume stability is crucial property of any building material intended for long term applications. Since
the cementitious materials are nanoporous, the capillary tension caused by water-vapour interfaces
present is the main driving force of their deformations. These interfaces are created either by loss of
liquid water due to its consumption by hydration and by water evaporation. The impact of the BYF
cement composition and mortar w/c ratio on the volume stability was assessed by measuring the
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autogenous shrinkage, i.e. the length deformation of sealed samples preventing drying, and the drying
shrinkage where water evaporation was not prevented.
The autogenous shrinkage was measured using two test methods:



Schleibinger shrinkage cone
Schleibinger shrinkage channel

In the shrinkage cone test, fresh mortar is filled into a cone which extends upwards. The mortar is sealed
and its vertical deformation measured. Based on the cone geometry, lateral deformations result in
vertical deformation as well as the mortar “settles” down to the tip of the cone. The advantage is that the
deformations are measured accurately and the material is not influenced by the measurement at all.
However, since the deformations are measured in the direction of gravity, they include the early age
compaction of the materials caused by segregation, release of air-void etc.
In the shrinkage channel test, the mortar is filled into 1 m long channel (cross section of ca. 4x5 cm)
whose end- faces can freely slide and are anchored into the mortar and attached to displacement
sensors. The advantage of this method lays in that is measures horizontal deformation and hence
excludes the early compaction effects. On the other hand, the displacement sensors are pre-loaded with
a spring to assure a proper contact which can lead to movement of the end-faces into the fresh material.
Additionally, there is some friction between the samples and the channel and the lateral deformations
are not considered.
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Results obtained by both methods are shown in Figure 5. The shrinkage (negative deformation) is
generally low, where some of the mortars showed even marginal expansion (positive deformation). The
shrinkage behavior depends on both the sulfate level and on the water-to-cement ratio. The cement with
1 % AH added shrunk while the increasing sulfate addition promoted expansion. Increasing w/c ratio
further increased the deformations which enhanced these differences among sulfate levels.
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Figure 5. Autogenous shrinkage measured by the shrinkage cone (left) and shrinkage
channel (right).
The cone measurements (Figure 5, left) were characterized by greater deformations at the beginning of
the measurements that may be associated with the aforementioned compaction of the fresh mortar. The
compaction is more pronounced for stiffer mixes with low w/c ratio indicating that most of the compaction
for the high w/c mortars already happened during cone filling. When the cone data are transformed to
match the deformation of the channel data at the setting time, the autogenous shrinkage development
measured by both methods match favorably, as shown by Figure 6.
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Figure 6. Autogenous shrinkage measured by cone and channel compared after
transforming cone data to match the channel data at the setting time. BYF cement with 10 %
AH at left, BYF cement with 1 % AH at right.
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The drying shrinkage was measured after curing the mortar prisms for 7 days under water followed by
drying at 65 % RH at 20 ˚C. Beside BYF cements, an additional set of references using CEM I 42.R was
done for comparison. From the results presented in Figure 7 it can be concluded that the drying
shrinkage of BYF cements is significantly lower than those of CEM I. The BYF with 10 % AH has the
lowest shrinkage (~7 times lower than CEM I), followed by 4 % AH (~3 times lower) and 1 % AH (~twice
lower). Neither BYF cements nor CEM I results are very sensitive to the w/c ratio. The shrinkage of
mortars with the lowest w/c of 0.35 is systematically marginally higher, which can be associated with
their higher paste contents (c.f. Table 2).
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Figure 7. Drying shrinkage of mortar prisms exposed to 50 % RH after 7 days of water curing.
3.4

Concrete performance

The behaviour and performance of the three BYF cements was assessed in concretes as well. The fresh
as well as hardened properties were investigated. All details can be found in an accompanying paper
(Mikanovic et al in prep.). The key findings are in accordance with the mortar results, namely the
sufficient open time, strength development kinetics as well as the excellent volume stability could be
confirmed. Besides these properties, the BYF concretes were frost-resistant when properly air entrained
to contain 4-5 vol.-% of air.
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The carbonation depth measurements of samples stored in laboratory at RH of 65 % and unsheltered
outdoors revealed lower carbonation resistance of BYF concretes compared to an equivalent Portland
cement concrete. During the first two months of exposure, the carbonation depths of the laboratory- and
outdoor-stored samples were comparable. Later on, the carbonation depths of the outdoor-stored
samples stayed practically constant while it continued to increase for the samples stored in laboratory.
Additionally, the carbonation resistance was inversely proportional to the anhydrite addition.
4.

DISCUSSION

To explain the aforementioned performance, the microstructure of the hydrating BYF was assessed.
The assessment includes Mercury Intrusion Porosimetry (MIP) and hydrates assemblage prediction by
thermodynamic modelling.
4.1

Microstructure

The MIP was performed on paste samples prepared at w/c of 0.45. Before the measurements, the
pastes were crushed to particles between 1 and 2 mm and their hydration stopped by the solvent
exchange method. Figure 8 shows the pore size distribution of pastes as measured by the MIP. The
evolution of the pore size distribution is qualitatively different between samples containing 4 % anhydrite
and 10 % anhydrite. For the first one, the pore entry diameter (the characteristic size at with mercury
starts to propagate into the sample) is decreasing over the hydration time. In the case of the samples
hydrated with 10 % anhydrite, the pore entry diameter practically does not change with the ongoing
hydration.
Another interesting phenomenon is common for all the samples. The relative fine porosity content, i.e.
lower than ~ 50 nm, is initially high in all the samples. This porosity is generally associated with gel-like
hydrates. In the investigated system, these are XRD amorphous phases including AH 3, CAH10 and / or
monosulfate. During the hydration, these phases are consumed or crystalize to form mainly crystalline
monosulfate and strätlingite. MIP reveals that this process is associated with the decrease of the fine
porosity content, i.e. with the relative coarsening of the porosity. Note that the pore volume is decreasing
continuously. At later hydration stages (e.g. at 180 days and w/c = 0.7, results not presented here), the
fine porosity content is increasing once more. This is related to the formation of another type of gel-like
hydrates, this time of the C-S-H phase. The samples reached different extend of the aforementioned
process, namely:



4A-045 shows a clear coarsening of the porosity till 180 days. This is related to the slow
reaction of belite that is need for the consumption of AH 3, CAH10 and / or monosulfate to
form monosulfate and strätlingite.
10A-045 demonstrates little changes after 1 days of hydration. This is well related to the low
belite and C4AF reaction in such samples (compare to 10 G sample from Zajac et al. 2018).
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Figure 8. Pore size distribution as measured by means of MIP technique

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Compared to Portland clinker-based cements, the microstructure of BYF cements refines slower. This
is reflected by the superior volume stability upon drying and desiccation since the pore size is inversely
proportional to the capillary pressure.
4.2

Hydrates assemblage

Quantification of many hydrates formed in BYF systems by common experimental techniques such as
XRD or TG is challenging to their poor crystallinity and overlapping temperatures of decomposition.
Hence, thermodynamic modelling was used to investigate the evolution of the phase assemblage of the
hydrating cements. Details are provided e.g. in Zajac et al. 2018. Two modelling scenarios were
investigated to account for the unknown compositions of the amorphous phases:



Modelling including the whole thermodynamic database. In this case, the modelling predicted
the gibbsite and monosulfate phase beside ettringite as the phases binding alumina at early
ages. This modelling scenario is marked as “Gibbsite”.
Modelling assuming presence of amorphous alumina hydroxide instead of gibbsite. Results
of this modelling were then averaged with the “Gibbsite” results over time to enable coexistence of both types of alumina hydroxide. This model is marked as “Modified”.

The “Modified” modelling scenario was performed accounting for the recent results about ye’elimite
hydration (Bullerjahn, 2018) and for the pore solution data. They both indicate that the initial hydration
product can be amorphous alumina hydroxide stabilizing the high Al concentration in the pore solution
(compare to the results of saturation indexes). The high alumina concentration leads to the stabilization
of ettringite and CAH10 phases instead of monosulfate.
The results of both scenarios are presented in Figure 9.

4A-045 Gibbsite

Solution

40

60

Ht

Et

B-Et

C2ASH8
Gbb
Ms

20

Volume (cm3/100g)

Volume (cm3/100g)

60

10A-045 Gibbsite
Ht

Solution

Et

40
B-Et
C2ASH8
Gbb

20

Hg

Hg
Clinker

Ms

Clinker

0

0
0.1

1

10
Time (days)

100

0.1

1

10
Time (days)

100

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

4A-045 Modified

Solution

60

Ht

Et

40

B-Et
C2ASH8
Gbb

CAH10
AH3

20

Ms

Volume (cm3/100g)

Volume (cm3/100g)

60

10A-045 Modified
Ht

Solution

Et

40
CAH10

B-Et
C2ASH8

AH3

20

Gbb

Hg

Hg

Clinker

Ms

Clinker

0

0
0.1

1

10
Time (days)

100

0.1

1

10

100

Time (days)

Figure 9. Thermodynamic modelling results. In the case of the samples 4A and 10A at w/c
0.45 two modelling scenario were investigated. The firs line shows model including full
database. These are market with the name “Gibbsite” Other results show the results of the
modified model.
The “Modified” modelled phase assemblage is consistent with the results of the TG and XRD results
(not shown). The modelling predicts the formation of ettringite and alumina hydroxide at early ages and
the formation of strätlingite later on. As expected, the higher content of sulfate in the cement (4A vs 10A)
results in a higher ettringite content and lower strätlingite content.
The non-monotonic evolution of the cement performance like compressive strength and chemical
shrinkage (not presented here) is explained by the “Modified” scenario as well. The pronounced phase’s
transformations which are associated with significant hydrates volume changes over the hydration time
can be related to the limited strength gain between 2 and 28-90 days, before belite starts to significantly
react.
The impact of the hydrates assemblage on performance is best demonstrated by the carbonation
resistance results from the accompanying paper (Mikanovic et al in prep.) briefly summarized in sec.
3.4. The sample storage in laboratory at 65 % RH effectively stopped belite hydration of the samples.
This resulted in a fast carbonation of the calcium-deficient hydrates assemblage. In samples stored
outside, belite could further react. The belite reaction resulted in higher volume of calcium-rich hydrates
and hence in higher CO2 buffering capacity. Additionally, it led to porosity decrease and to its refinement.
As a macroscopic result, the carbonation practically stopped after 2-3 months in the outdoor-stored
samples.
5.

CONCLUSIONS

This paper evaluated the performance of a range of industrially produced BYF cements with different
amounts of anhydrite additions and sought for the mechanisms that govern the early age properties as
well as the durability performance. Based on the results available, the following conclusions are drawn:




Ye’elimite reacts rapidly in BYF cements requiring a retarder usage to control the open time.
Retarder selection has a significant influence on both open time as well as hardened
properties. Borax has been proven as a suitable retarder with no negative impact on the
compressive strength.
The rapid ye’elimite dissolution within the first few hours led to large volumes of hydrates
formed. These hydrates result in initially coarser porosity in comparison to PC based
cements. This is responsible for the unique combination of the high early strength and low
autogenous shrinkage characteristic for BYF cements.
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The calcium sulfate addition further increases the volume of hydrates formed at early age
which emphasizes the aforementioned behaviour enabling achieving even higher early age
strengths while keeping the excellent volume stability.
Further microstructure refinement at later ages and the resulting durability performance are
linked to the belite reactivity. Calcium sulfate addition at moderate w/c ratios as well as
storage of samples at low relative humidity retards belite reaction which increases
carbonation rate.
The early age hydration of BYF as well as ye’elimite systems cannot be idealized by the
formation of only ettringite and/or monosulfate as different hydrates such as CAH 10 and
different forms of alumina hydroxide form as well.

In summary, the microstructure development of BYF cement is very different from common Portlandclinker based cements, although the macroscopic performance might be comparable. On one side,
these differences allow new interesting BYF applications such as in dimensional stability-critical cases.
On the other side, an attention needs to be paid when applying BYF cements as the empirical experience
gained with common cements might not be valid.
6.
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ABSTRACT
Waste sludge from mining and washing of limestone is a material that is in great amount stored in
waste ponds, and its amount is still increasing, even though its composition can be useful for several
purposes. It contains limestone, feldspars and clay minerals, that are also part of raw materials used
for burning of cement clinker. This material can be used also for preparation of alternative binder. Its
composition was modified by advantageous adding of other waste material containing mainly calcium
oxide and silicon dioxide in form of tobermorite and xonotlite. These two materials were mixed together
in different proportions with K2O addition and burned at 1150 °C and 1350 °C. The main products
formed were lime, dicalcium silicate, rankinite, wollastonite and pseudowollastonite. The aim of this
work was to prepare alternative binder based on these waste materials.
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1.

INTRODUCTION

Since cement manufacturing is responsible for 5 % of global CO 2 emission (Ludwig & Zang, 2015),
much research has been done to find less energy consuming binders. The main sources of CO2
during cement manufacturing are limestone which decomposes to CaO and CO2 and also fuels used
during burning. A very effective way to reduce CO2 emission is to reduce clinker content in cements by
(1) using of supplementary cementitious materials (SCMs), (2) to reduce energy demand by lowering
the final temperature of burning and (3) to prepare clinker with different ratio of clinker phases. Lower
burning temperature can be achieved by preparing clinker, which main component is belite instead of
alite. Many authors (Chatterjee 1996, Chen et al. 2011, Kacimi et al. 2009) prepared reactive belite
clinkers with properties comparable to ordinary Portland clinker (OPC). Belite (β-C2S, β-Ca2SiO4), that
usually forms 15-30 % of OPC, can be synthetized by burning at temperature around 1200 °C while
alite (C3S, Ca3SiO4), that is the main component of OPC – content of 50-70 %, requires high burning
temperatures – around 1450 °C (Maheswaran et al. 2015, Dutta & Chatterjee 2017).
The main requirement during the burning process is the stabilization of C2S which has 5 polymorphic
modifications – α, α´H, α´L, β and γ. All of them except γ are metastable at room temperature and
could be preserved only by burning at high temperatures or by addition of stabilizing ions.
Unfortunately, the thermodynamically stable modification – γ-C2S usually formed from β-C2S
transformation at 630 °C has not any hydraulic properties. This transformation is accompanied by
volume increase which causes phenomenon called “dusting” (Hewlett 2004, Taylor 1990).
Polymorphic modifications α, α´ and β are considered hydraulic, but reactivity of β-C2S depends on
many factors such as crystal imperfections, crystal size etc. (Dutta & Chatterjee 2017). To maintain
hydraulic modification of belite, the burning process requires fast cooling and/or addition of dopants
(e.g. Ba, Na, K, Fe, Mg, S in various compounds as BaCl2, Na2SO4, NaF, K2CO3, Na2CO3, FeSO4)
(Ávalos-Rendón et al. 2018, Chatterjee 1996, Koutnik 2017). However, even hydraulically active belite
modification has a disadvantage of very low early strength due to its high thermodynamic stability and
dense structure that slows down during the reaction with water (Sinyoung 2017).
Apart from belite based clinkers, some alternative ideas have been published – cements based on
completely different materials, secondary materials, binary or ternary binders made of SCMs and
activators. Calcium sulphoaluminate binders or binders based on highly reactive C 2S are studied to
greater extent nowadays (Ludwig & Zang, 2015). These are made of conventional raw materials but
could be based also on some industrial by-products, such as fly ash, blast furnace slag, metallurgical
slags. Potential alternative raw materials for production of cementitious binders that have been studied
are for example rice hush ash, sewage sludge, municipal solid waste incineration fly ash and
metakaolin. (Chen 2011)
The aim of the present work is to prepare belite-based binders with use of waste materials. In this
paper, waste sludge from mining and washing of limestone was used for preparation of clinkers. This
material is stored in landfill and its amount is still increasing, as the main production of limestone
continues. Similar waste products can be used all over the world, as limestone is very important raw
material for many industrial branches. As an additional raw material waste from acetylene storage
cylinders was chosen. It is also a material that is stored and not used for any purposes. It is crucial to
find the use for these convenient waste materials, as for the future the European Union plans to forbid
any landfilling. Mixture of these products can be burned to form potentially hydraulic binder, mainly
based on belite. As a dopant for maintaining hydraulic modification K 2O in form of K2CO3 was used.
2.
2.1

EXPERIMENTAL
Materials and methods

For the purpose of this project, two waste materials were chosen as they are stored uselessly in
landfills and their composition could be suitable for preparing of hydraulic binders. The first material
(A) is a waste sludge from mining and washing of limestone, the second one (B) is a waste from
acetylene storage cylinders. Both materials were dried at 60 °C, milled and characterized by XRD (Xray diffraction) analysis (Table 1), TG/DTA (thermogravimetry and differential thermal analysis) and
also their chemical composition was determined (Table 2). Specific surface before milling was
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evaluated according to British Standard B.S.12:1958 as follow 262 m2/kg for sample A and
1,848 m2/kg for sample B.
Table 1. Approximate phase composition of raw materials (wt.%)

Calcite Quartz Albite

Illite/muscovite

Xonotlite Tobermorite

Amorphous
phase

A

81.0

14.0

2.0

3.0

-

-

-

B

18.0

26.0

-

-

17.5

19.5

19.0

Table 2. Chemical composition of raw materials (wt.%)
SiO2

Al2O3

CaO

Na2O

K2O

Fe2O3

SO3

LOI

A

19.40

3.09

41.79

0.03

0.44

1.47

0.02

33.27

B

51.32

0.17

33.68

0.56

0.10

0.06

0.11

13.36

According to XRD, the major component of sample A is calcite (CaCO3) following by quartz (SiO2).
Also illite/muscovite (KAl2(AlSi3O10)(OH)2) and albite (NaAlSi3O8) are present in small amounts - under
5 wt.%. For sample B, all components are presented in comparable amounts. Sample contains quartz,
calcite, tobermorite (5CaO∙6SiO2∙5H2O), xonotlite (6CaO∙6SiO2∙H2O) and amorphous phase.
TG/DTA results confirmed results of XRD – for sample A clay mineral dehydroxylation and calcite
decarbonation (amount of calcite around 80 %) are depicted. For sample B, insignificant dehydration
can be seen. Calcite decarbonation showed amount of calcite around 20 %.
The raw materials were mixed in weight proportions A:B – 75:25, 50:50 and 25:75 and resulting raw
meals were denoted AB1, AB2, AB3. With and without addition of K 2CO3 they were homogenized for
2 hours. K2CO3 addition was calculated so that resulting amount of K 2O in raw meals was 1 % and
3 % respectively. These raw meals were then pressed into pellets 4 cm in diameter and burned in a
super-kanthal furnace at 1150 °C and 1350 °C for 2 hours following by rapid cooling. Burned samples
were milled in laboratory vibrating mill to fineness under 0.09 mm. All range of samples was analysed
by XRD.
X-ray powder diffraction analysis was carried out on Bruker D8 Advance apparatus with Cu anode
(λKα = 1.54184 Å) and variable divergence slits at Θ-Θ Bragg-Brentano reflective geometry.
Quantitative phase analysis was done using Rietveld method. The amorphous phase content was
calculated using internal standard method, as a standard 20 wt. % of fluorite (CaF2) was used.
The structure of samples was studied by petrographic polarizing microscopy using Eclipse LV100ND
by Nikon. Parts of burned pellets (before milling for XRD analysis) were crushed and mixed with epoxy
resin. A polished section was prepared from samples with resin and was etched by vapour of acetic
acid to get different interference colours of phases that are not resistant to the acid. For this test only
samples AB1 and AB3 with 0 % and 3 % addition of K2O were chosen.
Thermogravimetry and differential thermal analysis was done on Perseus STA 449 (Netzsch) in
dynamic atmosphere in temperature range 35 – 1150 °C with temperature rise 10 °C/min. Before
testing, samples were milled under 0.09 mm and dried at 50 °C for 24 hours.
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3.
3.1

RESULTS AND DISCUSSION
Burning of samples and phase composition

As the first stage, samples were burned with and without addition of K 2O at 1150 °C and 1350 °C.
After milling, phase composition was evaluated by XRD.
Sample series AB1
In sample series AB1 dominating phase was β-belite (β-Ca2SiO4). The addition of 1 % K2O did not
have significant effect on β-belite content, that was around 40 % for all samples, except AB1 3 % K2O
1350 °C. This sample contained 97 % of β-belite. Higher burning temperature and K2O additions led to
stabilization of β-C2S, as proved in literature (Chatterjee 1996, Krizkova et al. 2014, Rodrigues 2004).
Samples burned at 1150 °C contained also unreacted lime (CaO) formed from calcite (CaCO3). Its
amount decreased with increasing addition of K2O. Samples burned at 1350 °C contained significant
amount of rankinite (Ca2Si3O8), which usually forms as accompanying phase of belite (Hewlett 2004)
and also γ modification of belite. γ-belite content also decreased with increasing K2O content. Minor
phases in samples were wollastonite (β-CaSiO3), pseudowollastonite (α-CaSiO3), quartz (SiO2),
gehlenite (Ca2Al2SiO7), bredigite (α´-Ca2SiO4) and cristobalite (SiO2).

Figure 1. Content of β belite, rankinite and γ belite in samples AB1 with different ratio of K2O
burned at 1150 °C (left) and 1350 °C (right)
Sample series AB2
In these samples, dominating phase became pseudowollastonite. Its amount increased with higher
temperature and also with higher addition of K2O. Pseudowollastonite (α-CaSiO3) is high temperature
modification of wollastonite (β-CaSiO3). The transformation temperature was 1125 °C (Hewlett 2004)
but it is also affected by SiO2 content. A higher SiO2 content accelerated β to α transformation
(Rodriguez 2017) which was proved also by our samples.
Samples burned at 1150 °C contained also β-belite in amounts around 43 %, for 3 % K2O it is 26 % - it
seems that K2O supports SiO2 reaction towards more pseudowollastonite formation. Accompanying
phases in samples burned at 1150 °C were wollastonite, rankinite, quartz, gehlenite, bredigite and in
small quantities also lime, cristobalite and γ-belite.
Burning at 1350 °C led to the formation of around 70 % of pseudowollastonite and 25 % of rankinite.
The rest was formed by α´ and γ modifications of belite.
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Figure 2. Content of β belite, rankinite and pseudowollastonite in samples AB2 with different
ratio of K2O burned at 1150 °C (left) and 1350 °C (right)
Samples series AB3
Here, the major phase in all samples was pseudowollastonite. It formed more than 96 % in samples
burned at 1350 °C. The rest was wollastonite. In samples burned at 1150 °C pseudowollastonite also
dominated, but its amount increased with amount of K2O, as in previous sample series. High
temperature and also high content of SiO2 (for this series it was 43 %, for series AB1 it was just 27 %)
stabilized pseudowollastonite. The same findings were reported by (Rodriguez 2017, Hewlett 2004).
However, pseudowollastonite is obviously stabilized also by K2O addition, or at least transformation
from wollastonite is faster if K2O is presented in system. Since no record about this phenomenon was
found in literature, the process and its dynamics should be studied furthermore.
For samples burned at 1150 °C similar dynamics were observed as in previous samples. β-belite and
wollastonite content decreased with increasing K2O. Additional phases were rankinite, quartz,
gehlenite, cristobalite and γ-belite.

Figure 3. Content of β belite, wollastonite and pseudowollastonite in samples AB3 with
different ratio of K2O burned at 1150 °C (left) and 1350 °C (right)
3.2

Microstructure

Microstructure of burned samples was studied by optical microscopy. Only samples AB1 and AB3 with
0 % and 3 % of K2O were chosen, as other samples represent only the transition between these ones.
For samples burned at 1150 °C, details were not very well recognisable, as the structure was too fine
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for distinction, however, there were areas with distinguishable phases. In the sample AB1 0 % K2O
1150 °C free lime and β-belite was observed that corresponds to XRD analysis results. In the sample
AB3 0 % K2O 1150 °C, areas of β-belite and probably wollastonite and pseudowollastonite were
recognisable as well as a minor amount of free lime. Sample AB3 3 % K2O 1150 °C contained areas
of free lime and β-belite, although by XRD analysis free lime was not found. The structure of AB1 3 %
K2O 1150 °C was not possible to distinguish.
The structure of samples burned at 1350 °C is shown in Figures 4-8. Grains of crystallised phases are
visible. The areas between grains is solid amorphous melt formed during cooling. Solid melt with high
SiO2 content is amorphous probably due to inadequate chemical composition and cooling conditions
for crystallization of other phases. Therefore, it is not possible to use XRD analysis for melt
composition identification. During cooling, secondary overgrowth of lamellae occurs on the edge of the
belite grain. In belite grains, cracks were formed that are probably connected with partial substitution
of γ-C2S modification (AB1 3 % K2O 1350 °C). AB1 3 % K2O 1350 °C contains only β-C2S according to
XRD. By optical microscope it can be seen that β-C2S is bigger and more rounded than in the previous
case. The melt is present as well. Microscope image of the sample AB3 0 % K2O 1350 °C
corresponds to XRD – grains of pseudowollastonite are present, the melt occurs in a smaller amount.
On the section of the sample AB3 3 % K2O 1350 °C, pseudowollastonite and a small amount of
wollastonite are shown. Grains of wollastonite are needle-like, grains of pseudowollastonite are more
angular. Both of them, wollastonite and pseudowollastonite, are resistant to vapour of acetic acid, they
have no specific colour.

Figure 4. AB1 0 % K2O 1350 °C, brown rounded grains – belite, light areas between grains –
melt, dark diffused areas – open pores
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Figure 5. AB1 3 % K2O 1350 °C, brown rounded grains – belite, light areas between grains –
melt, dark diffused areas – open pores

Figure 6. Detail of AB1 3 % K2O 1350 °C, brown rounded grains – belite, light areas between
grains – melt

Figure 7. AB3 0 % K2O 1350 °C, grey grains – pseudowollastonite, areas between grains – melt,
dark diffused areas – open pores, large grey area – epoxide
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Figure 8. AB3 3 % K2O 1350 °C, needle-like grains – wollastonite, other grains –
pseudowollastonite, areas between grains – melt, dark diffused areas – open pores
4.

CONCLUSIONS

Mixtures of two different waste materials (waste sludge from mining and washing of limestone and
waste from acetylene storage cylinders) with and without addition of K 2O were burned at 1150 °C and
1350 °C. XRD analysis results showed that lower content of SiO 2 in mixture led to formation of
β-C2S while higher SiO2 content supported the formation of wollastonite and pseudowollastonite.
Higher temperature and higher K2O addition stabilised β-belite but also pseudowollastonite as a high
temperature modification of wollastonite. Amount of pseudowollastonite increased with increasing
content of K2O in sample series AB3 burned at 1150 °C. For samples AB3 burned at 1350 °C high
temperature led to pseudowollastonite stabilisation – all samples contained more than 96 % of
pseudowollastonite, which was also confirmed by microscopy. Sample AB1 3 % K2O burned at
1350 °C contained more that 97 % of β-C2S modification. Microscopy of this sample showed cracks in
belite grains probably caused by partial substitution by γ-C2S modification. The results showed that
preparation of belite from these secondary materials is possible. In following research hydraulic
properties of this material will be studied.
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ABSTRACT
The paper is focused on the hydration of the calcium aluminate phases at low temperatures.
Monocalcium aluminate (CA), monocalcium dialuminate (CA2), dodecacalcium heptaaluminte (C12A7)
and tricalcium aluminate (C3A) were prepared by sintering stoichiometric ratios of CaCO3 and Al2O3
at high temperatures. The hydration was performed at three temperatures (5 °C, 10 °C and 15 °C) for
48 hours. The course of hydration was measured by isothermal calorimetry. The hydration products
were characterized by X-ray diffraction (XRD) and combined differential thermal analysis thermogravimetry (DTA-TG). The reactivity of phases decreased with higher content of alumina from
C3A to CA2. The main hydration product of CA2 and CA was CAH10 at all temperatures. Both C2AH8
and CAH10 were the main hydration products of C12A7. C2AH8 was the main hydration product of
C3A at all temperatures.
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1.

INTRODUCTION

Calcium aluminate phases are important components of both Ordinary Portland cement (OPC) and
Calcium aluminate cement (CAC). Tricalcium aluminate (C3A) is the significant component of the OPC.
The hydration of pure C3A is rapid with formation of calcium aluminate hydrates and leads to so called
flash setting of the OPC. The addition of the sufficient amount of gypsum into cement leads to prevent
this flash setting. In the presence of gypsum a mineral ettringite is formed instead of calcium aluminate
hydrates. Monocalcium aluminate (CA) is the major component of CAC. It has good hydraulic properties
and reacts rapidly with water. Both calcium dialuminate (CA2) and dodeca-calcium heptaaluminate
(C12A7) are common, but only minor components of CAC. CA2 exhibits low hydraulic, but high refractory
properties. On the other hand the hydration of C12A7 is very fast (Odler I 2000, Collepardi M 2006).
The temperature dependence on the hydration of CAC is well known. Garcés et al. (1997) studied the
hydration of CAC mortars at temperatures 5 °C, 20 °C and 60 °C. With different hydration temperature
the hydration products varied. At 5 °C CAH10 was the major product, at 20 °C both CAH10 and C2AH8
were formed and at 60 °C only C3AH6 and AH3 appeared. The same results were proved in other
researches of this scientific group (García del Cura et al. 1999, García Alcocel E 2000). Similar results
were published by Smith et al. (2002). The hydration of CAC at 5 °C, 20 °C, 40 °C and 60 °C was
investigated. The major hydration products at 40 °C were C 2AH8 and AH3. Products at remaining
temperatures were the same as in the Garcés et al.(1997) study. Antonovič et al. (2013) investigated
the influence of temperature on CAC hydration too. The CAC was hydrated at the temperatures 5 °C,
20 °C and 40 °C. The hydration product at 5 and 20 °C corresponded with previous researches. C 3AH6
and AH3 were identified as hydration products at 40 °C. Similar results were reached by Ukrainczyk et
al. (2008, 2010) CAC was hydrated at the temperatures 5 °C, 15 °C, 20 °C and 30 °C. The hydration
products at 5 and 20 °C corresponded with the results of the other researchers. CAH 10, C2AH8 and AH3
were formed during the hydration at 15 °C. The major products of hydration at 30 °C were C2AH8 and
AH3 with minor appearance of C3AH6. The different temperature also influenced the setting time and the
heat evolution of hydration. The temperature increase led to the shortening of the setting time. Heat
evolution reached the maximum 20 °C. Reza et al. (2007) investigated the hydration of CAC at 12 °C
and 20 °C. CAH10 and AH3 were determined as major products at both temperatures. At 20 °C C4AC̅H11
was identified as secondary hydration product.
Several studies mapped the influence of temperature on the hydration of each calcium aluminate phase.
The hydration of CA at the temperatures 20 °C and 80 °C was studied by Ramachandran & Feldman
(1973). C2AH8 and CAH10 were determined as main products at the 20 °C. The same products were
identified also at 80 °C with addition of C3AH6 and AH3. Rettel at al. (1993) investigated the CA hydration
at temperatures 15 °C, 20 °C and 25 °C. At all temperatures CAH 10 was identified as main crystalline
hydration product. At higher temperatures the presence of small amount of C2AH8 and AH3 was
observed. The hydration was accelerated with increasing temperature in the range 15 – 20 °C. A strong
retardation occurred at 25 °C. Rashid & Turillas (1997) hydrated CA at temperatures 60 – 90 °C. They
identified two hydration products – C2AH8 and C3AH6. C2AH8 was stable only for few minutes and then
converted to C3AH6. With increasing temperature the conversion accelerated and at 90 °C only C 3AH6
was formed. C3A hydrated at the temperature 2 °C was used in the study of Jensen at al. (2005) C2AH8,
C4AH19, C2AH10 and C4AHx were identified as hydration products. Raab & Poellmann (2011) investigated
hydration of C12A7 at temperatures 10 °C, 15 °C, 20 °C, 25 °C and 28 °C. C 2AH8 with small amount of
CAH10 was identified as main hydration product at low temperatures 10 – 20 °C. At 25 °C only C2AH8
was formed and at 28 °C small amount of C3AH6 was observed in addition. The temperature influenced
the course of hydration too. At the beginning of hydration reaction the evolved heat was lower at lower
temperatures. Then the increase of released heat was observed after 15 hours of hydration at lower
temperatures and in the end of hydration (20 hours) the heat evolution was highest at 10 °C.
The main aim of this study is to identify the products of the hydration of main calcium aluminate phases
(C3A, CA, CA2, C12A7) at low temperatures (5 °C, 10 °C, 15 °C) and to observe the influence of the
temperature on the course of hydration.
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2.
2.1

EXPERIMENTAL
Synthesis and hydration

All calcium aluminate phases were prepared by high temperature synthesis (Šoukal F. et al. 2016).
CaCO3 p.a. (Merci s.r.o.) and Al2O3 p.a. (Merci s.r.o.) served as raw materials. Both components were
mixed in stoichiometric ratios and homogenized by grinding in vibration mill for 30 s. The mixtures were
heated up to 900 °C for 1 hour to decompose CaCO3. Then the heating continued up to the sintering
temperature and kept up there for 5 hours. The sintering temperatures were 1400 °C for C 12A7, 1450 °C
for CA and C3A and 1600 °C for CA2. The purity of prepared phases was confirmed by XRD.
All synthesized phases were grinded and sieved after synthesis. Only the part under 0.063 mm sieve
was used for following experiments to reduce the influence of particle size on hydration. 1 g of calcium
aluminate with 2 ml of demineralized water was mixed together in 20 ml glass ampoule of isothermal
calorimeter and the calorimetric measurement at chosen temperature has been started immediately.
The measurement occurred at three different temperatures – 5, 10, 15 °C. The hydration propagated 48
hours and then the hydration was stopped by rinsing with 20 ml of acetone. The hydration product was
dried in desiccator for 4 hours, powdered and rinsed with 10 ml of acetone once more. Immediately after
desiccation the hydration products were characterized by XRD and DTA-TG.
2.2

Methods

The measurement of hydration heat evolution was carried out using isothermal calorimeter TAM Air
(TA Instruments). The measurement was based on ASTM C 1679. Quartz sand was used as a
reference. The measurements were done at 5 °C, 10 °C and 15 °C. The introduction of the sample is
mentioned above.
The DTA-TG analyses were performed using simultaneous analyser SDT-Q600 TA Instruments with
temperature ramp 10 °C/min up to 1000°C. The sample weight was cca 50 mg in 90 𝜇l alumina cups.
Dried, decarbonized air atmosphere 100 ml/min was used.
X-ray diffraction analysis was carried out with X-Ray difractometer Empyrean (Panalytical) with Bragg–
Brentano parafocusing geometry and using CuKa radiation. The measurements were done within the
range from 5 to 120 °2Θ with angular step 0.013 °2Θ and 25s duration using automatic divergence slits
to maintain the constant sample irradiated area. The measurements were repeated four times and then
summed. The presented X-ray patterns have an original background that has not been subtracted.
3.
3.1

RESULTS AND DISCUSSION
Isothermal calorimetry

The course of hydration of calcium aluminate phases is displayed at the Figure 1. At calorimetric curve
of CA two peaks can be seen. The first initial peak is linked with wetting and dissolution processes
occurring during the beginning of hydration and increased with the rising temperature of hydration. The
main hydration peak increased with rising hydration temperature too. The peak maximum occurs
between 20 hours for hydration at 10 °C to 30 hours for 5 °C. The hydration of CA2 is difficult to evaluate
because of very low values of specific heat flow and the detection limits or background noise of
calorimetric device. But it can be expected, that with increasing hydration temperature the reactivity of
the phase increased too. On the calorimetric curve of C3A only one peak with maximum around 5
minutes after the beginning of the hydration occurred. The maximum of this peak increased with the
rising temperature of the hydration. The hydration of C12A7 is represented by two peaks on the
calorimetric curve. The maximum of initial peak increased with rising hydration temperature. The main
hydration peak maximum occurred around 3 hours for 5 °C and 10 °C. In the case of hydration
temperature at 15 °C the maximum of main hydration peak delayed to 5 hours. As follows from the
results of calorimetry the reactivity decreases with increasing content of Al2O3 in the structure in order
C3A, C12A7, CA, CA2. The same course of hydration of all calcium aluminate phases can be observed
at temperatures above 15 °C. The only difference is in the higher intensity of the heat flow and in the
shortening of induction period (mainly CA) (Klaus et al. 2015, Raab P & Poellmann H 2011, Šoukal F
et al. 2016).
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Figure 1. Calorimetric curves of hydrated calcium aluminate phases
3.2

XRD analysis of hydration products

The XRD analysis of hydration product of calcium aluminate phases at low temperatures are shown at
the Figure 2. All samples contained remains of the unreacted phases. CAH10 was identified as the only
crystalline hydration product of CA at the temperatures 5 °C and 10 °C. The formation of the another
hydration product – C2AH8 started at the temperature of hydration at 15 °C. The hydration products of
CA2 were very similar. The CAH10 and moreover AH3 were the only hydration products identified at the
temperatures 5 °C and 10 °C. C2AH8 appeared at the temperature 15 °C. The hydration products of
remaining phases were quite different. C2AH8, C4AH13 and C4AC̅H11 were formed during the hydration
of C3A at all three temperatures. The presence of carbonate is probably caused by dissolution of
atmospheric CO2 in the solution during the hydration. At the 15 °C the C3AH6 was detected as another
hydration product. C2AH8 (C4AH19) and CAH10 were identified as products of C12A7 hydration at all
temperatures. C4AH13 and C4AC̅H11 were the minor hydration products at 15 °C. There can be observed
the small shift of the diffraction patterns of C2AH8 with rising temperature of hydration. It can be caused
by changes in its structure toward C4AH19. These two hydrates have very similar diffractions, which
makes them difficult to determinate by XRD (Jensen TR et al. 2005, Christensen AN & Jensen TR 2004).
From the results can be concluded, that the formation of hydrates is influenced by two main factors: the
temperature of hydration and the CaO/Al2O3 ratio of calcium aluminate phases. There are no differences
in hydration products at 5 °C and 10 °C. The rising of the temperature up to 15 °C leads to the changes
in hydration products and formation of the different new products. The phases with high content of Al2O3
in their structure (CA2, CA) preferred the formation of CAH10 as main hydration product at low
temperatures of hydration. The phase with prevailing content of CaO (C 3A) in the structure formed C2AH8
as main hydration product at low temperatures. Both hydration products - CAH10 and C2AH8 were
identified at the hydration of C12A7 at low temperatures. This phase represents the transition between
Al2O3 rich phases and CaO rich phases. In comparison with higher temperatures the hydration products
at low temperatures are a little bit different. At higher temperatures prevails C 2AH8 as main hydration
product of C12A7, CA and CA2 and C3AH6 as main hydration product of C3A. With increasing temperature
all hydrates are transformed to C 3AH6 as the only thermodynamically stable hydration product (Garcés
P et al. 1997, Park CK 1998, Ramachandran VS & Feldman RF 1973, Šoukal F et al. 2016). The main
difference between hydration products at low and high temperature is in the missing of C 3AH6 and
prevalence of CAH10 at low temperatures.
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Figure 2. Diffractograms of the hydration products of calcium aluminate phases
3.3

DTA-TG analysis of hydration products

On the DTA curves was detected, that all peaks were endothermic and represented the decomposition
of hydrated calcium aluminates. The derived TG curves (DTG) of hydrated calcium aluminates phases
are presented at the Figure 3. The results of thermal analysis of hydrated CA correspond with the results
from XRD analysis. At 5 and 10 °C the peak with maximum around 125 °C was detected and it can be
described as the decomposition of CAH10. C2AH8 was formed during hydration at 15 °C. Another peak
with maximum around 250 °C can be observed on the DTG curve at all temperatures and can be
identified as the decomposition of AH3 (Smith A et al. 2002, Ramachandran VS et al. 2002). Because
none AH3 was detected by XRD, the AH3 could be presented in non-crystalline form or more likely it is
the product of CAH10 decomposition as reported by Guirado et al. (1998). CAH10 and AH3 were identified
as hydration products of CA2 at all temperatures with peaks maximum around 110 °C and 250 °C
respectively and these results correspond with findings in the literature (Smith A et al. 2002,
Ramachandran VS et al. 2002). On the DTG curve of hydrated C3A three main peaks were observed at
all temperatures. They represented the partial decomposition of C2AH8 as was described by Ukrainczyk
et al. and Šoukal et al. (2007, 2016). The decomposition of C4AH13 and C4AC̅H11 are probably
overlapped with the peak due to the presence of C2AH8 as was reported by Ramachandran et al. and
Zivica et. Al (2002, 2013). C3AH6 was detected as another hydration product at 15 °C with peak
maximum around 300 °C (Ramachandran VS et al. 2002). On the DTG curve of hydrated C12A7 three
peaks of C2AH8 decomposition can be seen and another peak with maximum around 120 °C, which
corresponded with the dehydration of CAH10.
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Figure 3. DTG curves of hydrated calcium aluminate phases
4.

CONCLUSION

The four hydraulic phases CA, CA2, C3A and C12A7 were hydrated at low temperatures (5, 10 15 °C).
The hydration kinetics and hydration products were analysed and the following finding can be concluded:

5.



The reactivity of calcium aluminate phases increases with rising temperature.



Two factors have the influence on the formation of the hydration products – the CaO/Al2O3 ratio
and the temperature



The main hydration product of CA and CA2 is CAH10 for all three temperatures.



The main hydration products of C3A are C2AH8, C4AH13 and C4AC̅H11 for all three temperatures.



The main hydration products of C12A7 are C2AH8 and CAH10 for all three temperatures.



The presence of carbonate among the hydration products is caused by dissolution of
atmospheric CO2 during the hydration.



C2AH8 decomposes by temperature in three steps.
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ABSTRACT
Partial or total replacement of clinker by supplementary cementitious materials (SCMs), most of them
being industrial by-products, has become one the most effective routes to obtain more eco-efficient
and sustainable cements. Alkali-activated cements (AAM), also named alkaline cements or
geopolymers, have received increasing attention during the last decades due to their lower
environmental impact than Portland cement, great engineering properties and durability. However,
rheological properties of alkali-activated slag (AAS) cements still remain unclear, mainly when
waterglass (WG) is used as an activating solution. Previous studies have confirmed the dependence of
the rheological behavior of AAS pastes and mortars on the concentration and siliceous modulus of
waterglass. Furthermore, the formation of a primary C-S-H has been claimed to be the responsible of
the poor rheological properties of AAS pastes and mortars, although its formation has not been proven
yet.
The aim of the present study is to identify and characterize the early hydration products of WG-AAS
pastes and define its relationship with the rheology of mortars and concrete. WG-AAS pastes have
been characterized at early hydration times (up to 5 h) by different techniques such as in-situ
synchrotron XRD, FTIR and NMR. Results indicate that the initial loss of fluidity could be related to the
formation of an alumino-silicate gel.
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1.

INTRODUCTION

The total or partial replacement of Portland cement by supplementary cementitious materials (SCMs) is
an effective route to decrease the carbon footprint of cement and concrete. Alkali-activated materials
are the one of the most widely studied alternative binders that are obtained by mixing alumino-silicates
with alkaline solutions that enhance its reactivity.
In general, alkali-activated slag (AAS) materials are characterized by having comparable engineering
properties and durability to Portland cement systems, mainly when waterglass (a mix of sodium silicate
and NaOH) is used as activating solution (Bernal and Provis 2014), (Puertas et al. 2018). These
properties are directly related to the microstructure of the main hydration product, C-A-S-H. A
combination of a microstructural characterization and simulation tools have concluded that at long
reaction times, C-A-S-H in waterglass-activated slag cements is compound by a mix of tobermorite 1.4
nm, with a chain length of 11, and tobermorite 1.1, with a chain length of 14 (Puertas et al. 2011). The
dense packing of C-A-S-H in these systems is responsible of their high mechanical performance.
However, waterglass-activated slag materials suffer from very poor rheological properties that limit their
implementation on-site (Palacios et al, 2008). In particular, an increase of the alkali concentration and
silica modulus (Ms = SiO2/Na2O) of the activating solution is detrimental for the fluidity of these
alternative materials (Puertas, et al 2014). Previous studies have linked this quick flow loss with the
formation of an early C-(A)-S-H resulting from the reaction of the silicates of the activating solution with
the Ca2+ released from the initial dissolution of the slag (Palacios, et al. 2008), however, until now, this
has not been proven yet. While in general superplastizers are not effective on these alternative materials
(Palacios and Puertas, 2005), an increase of the mixing time leads to an increase of the fluidity and
delay of the setting time (Palacios and Puertas, 2011). In this study, a research on the early reactivity
of the slag in waterglass-AAS pastes have been performed to identify the origin of the quick loss of
fluidity. This will provide the scientific understanding that will enable to further develop new strategies to
extend their workability on-site. In particular, our research has focused on the first 5 h of reaction of the
slag.

2. EXPERIMENTAL
2.1
Materials
Table 1 and Table 2 show, respectively, the chemical composition and the 10, 50 and 90% size cut-offs
of the vitreous blast furnace slag that was used in this study. A commercial sodium silicate solution
(Merck waterglass) and NaOH (98% purity – Panreac) were used for the preparation of the alkaline
solutions.
Table 1. Chemical composition (% (w/w)) of the blast furnace slag determined by X-ray
fluorescence
SiO2
Al2O3
FeO
CaO
MgO
SO3
Na2O
K2O
TiO2
Others
38.73
11.23
1.09
38.56
8.57
1.02
0.56
0.47
0.40
0.33
Table 2. Main parameters obtained from particle size distribution of the slag
Dv10
Dv50
Dv90
1.60 m
10.42 m
29.81 m
2.2

Sample preparation and test performed

Alkali-activated slag (AAS) pastes were prepared by mixing at room temperature 80 g of blast furnace
slag with 44 g of the waterglass (WG) solution (liquid/solid ratio = 0.55) for 30 s at 200 rpm in a
mechanical stirrer with anchor geometry and a diameter of 6 cm. The pastes were afterwards mixed
during 3 minutes at 700 rpm. The waterglass solution contained 4% Na 2O by weight of slag and a
SiO2/Na2O ratio of 1.5 and 2.0. The corresponding samples are labelled WG-AAS-1.5 and WG-AAS-2
respectively.
The following tests were performed to investigate the rheological properties and early hydration of the
waterglass-activated slag (WG-AAS) pastes:
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2.2.1 Rheological behaviour
WG-AAS pastes were placed in a Haake Rheowing Pro RV1 rotational viscometer fitted with a grooved
Z38/S cylindrical rotor blade. Evolution of the apparent viscosity of the WG-AAS pastes were tested for
70 minutes at a constant shear rate of 100 s-1. Measurements were performed at 25 oC.
2.2.2 Hydration kinetics
WG-AAS pastes were immediately poured in a plastic ampoule and inserted in an isotherm calorimeter
(TAM Air) at 25 oC.
2.2.3 Microstructural characterization
The reaction of slag was stopped at different times during the first 5 h, with the exception of the samples
analysed by in-situ synchrotron XRD. Solvent replacement methods normally applied to stop the
hydration of Portland cementitious systems are not applicable on early waterglass-activated slag pastes
due to interactions of the organic solvent with the sodium silicate. For this reason, WG-AAS pastes were
diluted in water (1 g of paste and 20 g of water) during 1 minute and then immediately filtrated. WGAAS microstructure was characterized by using different techniques:







In-situ synchrotron X-ray powder diffraction (SXRPD) data were obtained by using the
diffractometer of the ALBA light source (Fauth et al. 2013). A wavelength of 0.6197 Å was used.
The samples were placed on a holder and rotated during the collection data. The data
acquisition time was 4 minutes over the angular range 1 – 60o (2).
FTIR spectra were obtained by using a Nicolet 6700 spectrometer (Thermo Scientific). KBr
pellets were prepared by mixing 1 mg of sample and 200 mg of KBr. Frequencies were scanned
in the range of 4000 – 400 cm-1.
29Si and 27Al magic angle solid nuclear magnetic resonance (MAS NMR) spectra were acquired
on a BRUKER MSL 400 spectrometer. A 4-mm (outer diameter) ZrO2 rotor was used at a
spinning frequency of 10 kHz. The 29Si and 27Al spectra were obtained at resonance frequencies
of 79.49 and 104.2 MHz, respectively. Chemical shift values were referenced to
tetramethylsilane (TMS) and to a 1 M solution of AlCl3·6H2O as external standards for 29Si and
27Al, respectively. In the 29Si MAS RMN measurements the pulse was 4.5 s, the recycle delay
10 s and the number of scans 5600. For the 27Al MAS RMN measurements the pulse was 2 s,
the recycle delay 5 s and the number of scans 1200.
Thermogravimetric analysis was performed with a TGA-DSC-DTA Q600 from TA Instruments
The temperature ranged from 30 to 1100 oC with a heating rate of 10 oC/min under N2
atmosphere (100 ml/min).

2.2.4 Pore solution composition
WG-AAS pore solutions were extracted at different times by using the steel die method and filtered with
a nylon 0.45 m membrane filter. An aliquot of the samples was immediately acidified with HNO3 2% wt
to prevent the precipitation of solids and analysed by ICP-AES (VARIAN 725 ES-ICP; Analytical West,
Inc, USA). The pH of the pore solution was measured on the remaining solution.

3.
3.1

RESULTS AND DISCUSION
Rheological behaviour

Figure 1 shows the impact of the Na2O/SiO2 ratio on the evolution of the apparent viscosity of WG-AAS
slag pastes over the first 70 minutes of reaction. An overall increase of the apparent viscosity is observed
by the rise of the silica modulus as the viscosity of the activating solution increases with the modulus.
Figure 1 shows, for both pastes, an expected initial decrease of the apparent viscosity than can be
related to the breakdown of the initial weak colloidal structure when shear is applied. However,
afterwards, the apparent viscosity increases again, reaching a maximum at 4 and 12 minutes for WGAAS-1.5 and WG-AAS-2 pastes, respectively. Interestingly, for both pastes a second, sharp, increase
of the apparent viscosity occurs after 40 minutes of measurement. For WG-AAS-1.5 pastes this is
followed by the breakdown of the structure and consequent decrease of the viscosity but for WG-AAS2 pastes, the sharp increase of the apparent viscosity is irreversible. In fact, the measurement had to
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be stopped after 45 minutes because the high viscosity of the paste caused the overload of the rotor.
For both pastes, the initial setting time occurs at around 1.2 – 1.5 h indicating that the increase of the
apparent viscosity shown in Figure 1, occurs before a sufficient number of interparticle bridges are
formed, leading to the fluidity loss of the pastes.
The observed increase of the apparent viscosity at 40 minutes could be related to (a) the increase of
the flocculation of the slag particles under shearing; (b) the interparticle bridges formed by the early
reaction products growing onto slag particles and/or (c) an increase of the viscosity of the interstitial fluid
(Huanhai et al. 1993), (Roussel 2005), (Palacios et al. 2008). Additional rheological tests performed on
quartz sand (with a similar particle size distribution than the slag) mixed with a waterglass solution have
shown a constant apparent viscosity of the paste over the test (see Figure 2). This indicates that the
increase of the viscosity in waterglass-activated slag pastes must be related to the initial reactivity of the
slag in contact with the sodium silicate solution.
In this study, the early hydration products and pore solution composition have been further investigated
to gain new insights into the relationship between the rheological properties and the reaction process of
WG-AAS pastes. We have mainly focused our research on WG-AAS-1.5 pastes as they show a very
distinctive rheological behaviour with a decrease of the apparent viscosity after 46 minutes.
4.0

WG-AAS-1.5
WG-AAS-2

Apparent viscosity (Pa.s)

3.5
3.0
2.5
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0.0
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Figure 1 Evolution of apparent viscosity over time in WG-AAS pastes at 25 oC
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Figure 2 Evolution of the apparent viscosity of suspensions of quartz sand with waterglass
solution containing 4%wt Na2O by weight of quartz and a SiO2/Na2O ratio of 1.5
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3.2

Hydration kinetics and microstructural characterization of WG-AAS pastes

Figure 3 shows the hydration kinetics of WG-AAS pastes followed by calorimetry. For both pastes, two
main peaks are observed at around 1.5 and 24 h of reaction. The increase of the silica modulus of the
activating solution does not affect the time of appearance of the two main peaks although an increase
of the amount of silicates in the solution increases the intensity of the first peak. In the literature, this
first peak has been mainly related to the initial dissolution of the slag and the formation of a primary C(A)-S-H because of the reaction of the SiO44- of the activating solution and the Ca 2+ dissolved from the
slag (Shi and Day, 1995), (Haha et al. 2012). The higher intensity of the first peak, and slightly higher
heat released during the first 1-2 h for the WG-AAS-2 paste could indicate the higher dissolution of the
slag for these pastes at the early times, and probably the higher formation of hydration products that
leads to the irreversible increase of the apparent viscosity shown in Figure 1.
Both pastes exhibit a long induction period of more than 10 h, and the main reaction of the slag occurs
after 1 day of contact between the slag and the waterglass solution. Furthermore, the width of the main
peak is lower in pastes with the higher silica modulus. Despite the slightly higher heat released in WGAAS-2 pastes during the first 20 h, the plot of the cumulative heat confirms that after 1 week of hydration,
the heat released, and consequently the degree of reaction of the slag, is the same in both pastes.
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b)
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Figure 3 Evolution of (a) the heat flow and (b) cumulative heat of WG-AAS with a Na2O/SiO2 of
1.5 and 2.
In-situ synchrotron X-ray measurements on WG-AAS pastes were performed to characterize the
microstructure of the pastes hydrated during the first 30 minutes. Figure 4 shows a broad halo around
2 = 12o confirming the glassy structure of the slag. Vaterite, calcite, aragonite, akermanite and gehlenite
phases have been also identified. In comparison to the pattern of the anhydrous slag, the WG-AAS
pastes show diffraction peaks associated to sodium metasilicate (Na2SiO3.8H2O). Furthermore, peaks
of low intensity have been identified in WG-AAS-1.5 and WG-AAS-2 pastes that may be assigned to
zoisite (Ca2Al3Si3O12(OH)) and diaspore (-AlO(OH)), respectively. C-A-S-H has not been identified at
this early hydration time inferring either its absence in the studied samples or the overlap of its diffraction
patterns with the amorphous halo of the starting slag.
However, the most relevant information about the formation of hydration products has been obtained by
FTIR and NMR measurements. The FTIR spectra of the WG-AAS-1.5 pastes hydrated during 5 h are
shown in Figure 5. In the anhydrous slag, the band at around 968 cm-1 corresponds to the stretching
vibration of 3 (Si-O) while the bands at 694 cm-1 and 460 cm-1 are attributed to stretching vibrations of
Al-O bonds and bending vibrations 4 (O-Si-O), respectively. Up to 40 minutes of reaction, no
microstructural changes have been observed on the hydrated pastes with respect to the starting slag.
However, after 40 minutes of reaction, when the rheological behaviour of the pastes is modified, a shift
of the 3 (Si-O) band is observed from 968 to 994 cm-1 indicating the reaction of the slag and the increase
of the silicate polymerization of the hydration product (Puertas et al, 2004). This also agrees with the
shift of the 4 (O-Si-O) band to lower wavenumbers (494 cm -1). Besides the main contribution of the
anhydrous precursor at -75.5 ppm, the 29Si MAS NMR spectrum (see Figure 6) of the WG-AAS-1.5
paste at 46 minutes of hydration shows a broad contribution between -90 and -110 ppm. This
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contribution can be tentatively decomposed into two unresolved resonances at - 89 ppm and - 99 ppm.
The contribution at - 89 ppm would correspond to the formation of small oligomers while the one at – 99
ppm could be assigned to Q4(1Al) units usually associated with the formation of an alumino-silicate gel
(Favier et al. 2015). The formation of a highly polymerized gel can also be inferred from the shift to lower
ppm (around 55 ppm) observed in the 27Al MAS NMR spectra of the hydrated paste (see Figure 7). The
formation of an aluminum rich gel has been also concluded to be the responsible of the increase of the
elastic modulus in waterglass-activated metakaolin systems (Favier et al. 2015). These results would
indicate that flow loss in waterglass activated slag pastes are mainly due to the formation of an aluminosilicate gel. However, because of the overlapping of the resonances associated with C-A-S-H with those
corresponding to the starting slag, we cannot fully rule out the possible formation of small amounts of
C-A-S-H.
TGA results (see Table 3) show a similar weight loss for both WG-AAS samples hydrated during 9
minutes and for the starting slag thus confirming the absence of hydration products at this early time. In
contrast, at the time when the sharp increase of the apparent viscosity of the WG-AAS pastes (at 46
min) occurs, a weight loss of about 2% is measured between 25 oC and 500 oC, indicating the formation
of hydration products at this time of reaction.

WG-AAS- 2
WG-AAS-1.5
Slag

D D

5

10

15

20

25

30

2q
Figure 4 In-situ synchrotron XRD after 30 minutes of reaction of WG-AAS-1.5 and WG-AAS-2
pastes with a SiO2/Na2O ratio of 1.5 and 2, respectively (black triangle = vaterite , grey circle =
akermanite, empty square = aragonite, star = gehlenite, empty triangle = Na2SiO3.8H2O, black
circle = zoisoite, D = diaspore)
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Figure 5. FTIR spectra of anhydrous slag and WG-AAS-1.5 pastes over 5 h of reaction
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Figure 6. 29Si MAS NMR of (a) starting slag and (b) WG-AAS-1.5 pastes after 46 minutes of
reaction
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Figure 7. 27Al MAS NMR of (a) starting slag and (b) WG-AAS-1.5 pastes after 46 minutes of
reaction

Table 3. Weight loss of anhydrous slag and WG-AAS pastes at different reaction times
determined from TGA measurements
Weight loss (%)

3.3

WG-AAS

Temperature
(oC)

Anhydrous
slag

9 min

46 min

5h

25-500

0.25

0.34

1.96

3.82

500-1000

0.50

0.38

0.58

0.57

Pore solution composition

Table 4 presents the pH and pore solution composition of the waterglass-activated slag pastes over the
first 5 hours of reaction. Measurement of pH in such alkaline concentrated silica solutions is not straight
forward (Aupoil et al, 2019), however it is clear that the pH remains almost constant in all the studied
pore solutions, with a value between 13.2 and 13.4. An increase in the concentrations of Al, Ca and Mg
is observed during the first 30 minutes of reaction ascertaining the initial dissolution of the slag.
Afterwards, a significant drop in the concentration of these elements, together with Na and Si, occurs.
In particular, at 5 h of reaction the concentrations of Al, Ca and Mg are, respectively, 71%, 98% and
99% lower than those after 30 minutes. This change in the composition of the pore solution seems to
be related to the precipitation to the hydration products. It is worth highlighting, that the drop of these
main elements in the pore solution occurs at the same time than the rheological and microstructural
changes take place shown in Figures 1 and 5.
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Table 4. Pore solution composition (mmol/L) and pH extracted from WG-AAS-1.5 pastes over
the first 5 hours of reaction
Reaction
pH
Al
Ca
Mg
Na
Si
time
(mmol/L)
(mmol/L)
(mmol/L)
(mmol/L)
(mmol/L)
(minutes)
15
13.15
17.20
47.77
16.37
2779
2173

4.

30

13.19

27.75

69.61

23.00

2197

2187

60

13.20

22.97

24.85

9.16

1673

1567

180

13.31

12.74

3.83

1.13

1499

911

300

13.35

7.90

0.70

0.21

1544

512

CONCLUSIONS

In this paper, the rheological properties of waterglass-activated slag pastes and their link with the
microstructural evolution have been investigated. In waterglass-activated slag pastes, with 4% Na2O by
weight of slag and a SiO2/Na2O of 1.5, three main regimes have been identified:
(1) During the first 40 minutes of contact between the slag and the activating solution, pastes show
a high fluidity. During this time, an increase of Al, Ca and Mg is measured in the pore solution
due to the slag dissolution. Peaks of low intensity assigned to zoisite (Ca2 Al3Si3O12(OH)) have
been identified by in-situ synchrotron XRD but no C-A-S-H has been determined.
(2) After 40 minutes of reaction, a sharp increase of the apparent viscosity occurs. However, in the
applied conditions of constant shear, the structure breaks down and the viscosity decreases
again down to a value almost constant at 60 minutes. At this time, a significant drop of the main
elements in the pore solution occurs because of the precipitation of hydration products as
confirmed by TGA, FTIR and NMR measurements. In particular, at the time of appearance of
the maximum viscosity, FTIR and NMR spectra indicates the formation of a hydration product
with high polymerization, possibly an alumino-silicate gel.
(3) Beyond 1 h of reaction, and once the shearing is stopped, WG-AAS pastes remains fluid. A
significant decrease of the concentration of the main elements in the pore solution has been
measured up to 5 h of reaction.
It is worth highlighting, that the silica modulus of the WG-AAS pastes plays a key role on their rheological
properties. While an increase of the shear leads to the breakdown the structure in pastes with a silica
modulus of 1.5 after 46 minutes of reaction, this does not occur when a silica modulus of 2 is used.
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ABSTRACT
The hydration of CA-cement under the influence of low concentrations of phosphoric acid was
investigated. With methods like QXRD and pore water analysis we focussed on the developing phase
content and phase equilibria. To obtain a quantitative phase content the G-Factor method was applied,
which was established in the last years by our research group for different cementitious systems. Pore
water extraction was enforced through centrifugation of cement paste and by high pressure squeezing
of cement stone. Data could be obtained up to 48 h. The course of reaction during this time was also
investigated by heat flow calorimetry.
We started the study to clear the following questions: Why do certain phases form under the influence
of phosphoric acid? And how is the ion content in the pore water influenced by phosphoric acid during
hydration? It is generally accepted that pore water composition determines phases dissolving and
phases precipitating. According to literature the retarding additive might not only be responsible for a
slower reaction but we think that it might also influence pore water composition and thus determining
the initially formed hydrate phases. We additionally model the thermodynamic stable phase equilibria.
We compared the measured and modelled data in order to conclude if this formation is beneficial or if
further phase conversion must take place before the equilibrium can be reached.
Our experience in quantitative analytics improves the field by leading to a more thorough
understanding of the mechanisms taking place in CA-cement retarded by phosphoric acid.
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1.

INTRODUCTION

The hydration of CA-cement is an important subject of investigation in recent research due to its
application in numerous building chemistry products, e.g. for fast repair or self-levelling compounds.
Phosphoric acid is a known retardation agent for Portland cement (Kurdowski 2014). The combination
of calcium aluminate cement (CAC) with phosphate has been investigated as an immobilisation agent
for intermediate level nuclear waste (Chavda et al. 2014). Whereas the combination of CA and
phosphoric acid were previously studied under hydrothermal conditions (Yamazaki et al. 1982) the
focus of this investigation was on the behaviour of a CA-cement at room temperature while under the
influence of low concentrations of phosphoric acid.
Usually reactions during the hydration of CA lead to the formation of metastable phases, like CAH10
and C2AH8 that transform into stable products (1-5). These reactions take place in time spans from
days to years depending on environmental conditions like temperature and evaporation.
CA+ 10H → CAH10

(1)

2CA + 11H → C2AH8 + AH3

(2)

3CA + 12H → C3AH6 + 2AH3

(3)

3CAH10 → C3AH6 + 2AH3 + 18H

(4)

3C2AH8 → 2C3AH6 + AH3 + 9H

(5)

The conversion of hexagonal phases like CAH10 and C2AH8 to cubic C3AH6 increases porosity and is
associated with the loss of strength (Midgley & Midgley 1975).
This study was aimed to give insights into the phase formation during the hydration under the
influence of 0.075 % phosphoric acid. To obtain a quantitative phase content an external standard
method was used. The course of reaction during this time is also investigated by heat flow calorimetry.
The data of phase development by XRD are matched with the ion content in the pore solution to get
the appropriate chemical information during hydration. Pore solution extraction is enforced through
centrifugation of cement paste and by high pressure squeezing of hardened cement paste. By that
chemical composition can be obtained up to 48 h and thus is enabling the calculation of saturation
indexes for this period. The theoretical data of oversaturated phases from thermodynamic point of
view are compared to the actual phases detected by QXRD. Additionally, a model of the
thermodynamic stable phase equilibria is generated. Finally, we compare the measured and modelled
data in order to conclude if this formation is final or if further phase conversion must take place before
the equilibrium can be reached.
2.

MATERIAL AND METHODS

The employed materials used were characterized by QXRD and BET. For the experiments a
combination of heat flow calorimetry, pore solution analysis and in-situ XRD were used. To support the
obtained data thermodynamic calculations were performed.
2.1

Used filler

To adjust the paste properties and for enhancing reproducibility a filler was used in the experiment.
The filler provides the possibility to adjust the start of the main reaction in CAC cements. The used
filler was aluminium oxide (Al2O3 > 99.5%) with a surface area of 0.86 ± 0.05 m²/g BET. The filler
contains 0.75 ± 0.5 wt% β-Al2O3 besides corundum (α-Al2O3). There were 4 mmol/l of dissolvable
Na2O detected. The ratio between the CA-cement and the filler was 40/60 in the performed
experiments.
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2.2

Characterization of the CA-cement

The used CA-cement is a commercial product consisting of CA > 92 wt%. Using the G-factor method
(Jansen et al. 2011) the CA2 content was determined as 4.7±0.2 wt%. Chemical composition is listed
in Table 1 and was determined with RFA. The CA-cement has a surface area measured by BET with
(Gemini 2360 Micromeritics) of 2.51 ± 0.05 m²/g.
Table 1 List of oxides in the CA-cement, the error for the oxides is about ±0.05 wt%.

2.3

Oxide

In wt %

SiO2

0.39

TiO2

0.02

Al2O3

63.7

Fe2O3

0.16

MgO

0.21

CaO

34.3

K2O

0.02

P2O5

0.07

Traces of Oxides

In ppm

Mn2O3

29

Na2O

1.1

Heat flow calorimetry

All mixtures were investigated with isothermal heat flow calorimetry at 23.0 °C. The tests were
performed inside a TAM Air calorimeter (TA Instruments) equipped with InMixEr tools, a customized
solution to perform sample equilibration and mixture of water and cement inside a calorimeter (Hertel
et al. 2016). Recording was started with the water injection into the mixture. To ensure homogeneity
the mixture was stirred manually for 30 s and then electrical for 1 min at 715 rpm.
2.4

Pore solution analysis and thermodynamic calculations

The extraction of pore solution was performed from the induction period until the decay phase of
hydration. Sealed containers with the dry cement plus filler mixtures (each ca 75 g) and separate
containers with H2O or 0.075 % H3PO4 in water were temperature-equilibrated for at least 10 h at 23 ±
0.1 °C. The solutions were added and mixed for 1 min. Then extractions were performed after defined
periods of time with respect to the heat flow curve (10 min, 2, 5,10,14,15, 20, 25 and 29 h) at 23 ± 0.1
°C. Two different extraction methods were combined. Before start of the main reaction the wet mix
was transferred into centrifuge tubes and centrifuged for 8 min at 4000 rpm. After filtering the
supernatant through a 0.2 µm syringe filter defined amounts were stored in vials. Diluted HNO3 was
added into the vials in defined amounts to avoid precipitation. During the main reaction pore solution
extraction required pressing (pressure ≤ 40.000 kPa). A hydraulic press (Stürmer Metallkraft wpp30)
with an extraction cell (Remit Industries) were used for this task. After the extraction the pore solution
was treated the same as the pore solution obtained by centrifugation. Ion concentrations of Ca, Al, Na,
P and Si were measured with a Thermo iCapQ ICP-MS.
The measured concentrations were used for calculating saturation indexes with the software PhreeqC
interactive 3.4.0. 12927 (Parkhurst & Appelo 2013). The thermodynamic database used was a
modified version of the database created by Jacques (2009). Phases like microcrystalline AH3, CAH10,
C2AH8 and C2AH7.5 were added by Hueller et al. (2018) while the properties of phosphate were added
from the papers of Lothenbach et al. 2012, Thonen et al. 2014 and Thonen & Kulik 2003.
2.5

In-situ XRD

Measurements were performed at 23 ± 0.1 °C at a Bruker D8 diffractometer. Instrument details are
listed in Table 1. The equilibrated dry mixture and water were mixed, stirred for 1 min and then
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transferred to a custom custom-made temperature-controlled sample holder. To prevent evaporation a
Kapton® X-ray film was applied. The CA-cement and the corundum filler were characterized by
powder XRD of three independently prepared and measured samples (instrument details in Table 2).
Amorphous phases in the materials were described as difference to 100 wt%. The in-situ
diffractograms were collected over a time span of 48h. The crystal structures that were used for
Rietveld refinement are given in Table 3. For the C2AHx phases (without available structure data) only
the determined scale factors times 100 were plotted.
Table 2 Instrumental settings for powder and in-situ XRD (Bruker D8 advanced, Lynx Eye
detector)
Dry samples

In-situ XRD/pastes

Setup

θ–2θ

θ–2θ

Goniometer radius

217 mm

217 mm

Radiation

Cu-Kα

Cu-Kα

Voltage

40 kV

40 kV

Current

40 mA

40 mA

Angular range

6-100 °2θ

6-54 °2θ

Step size

0.0236 °2θ

0.0236 °2θ

Counting time/step

1s

0.27 s

Divergence slit

0.3°

0.3°

Specimen rotation

No rotation

No rotation

Table 3 Crystal structures and models used for the rietveld refinement
Phase

Authors

Used model

CA

Hoerkner and Mueller Buschbaum 1976

ICSD-260

CA2

Goodwin and Lindop 1970

ICSD-14270

Cc

Malsen et al. 1995

ICSD-80869

AH3 (gibbsite)

Saalfeld and Wedde 1974

ICSD-6162

CAH10

Guirado 1998

ICSD-407150

HC

Runcevski et al. 2012

ICSD-263124

MC

Francois et al. 1998

ICSD-59327

C2AH8

Raab 2010

Own hkl phase model generated

Water

Bergold et al. 2013

hkl phase model adopted from
Bergold et al. 2013

Kapton Film

Bergold et al. 2013

hkl phase model adopted from
Bergold et al. 2013

α-alumina

Malsen et al. 1993

ICSD-73725

ß-alumina

Peters et al. 1971

ICSD-9144

Katoite

Lager et al. 1978

ICSD-202315
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3.
3.1

RESULTS
Heat flow calorimetry

In Figure 1 the heat flow and heat of hydration curves of the mixtures are shown. Both mixtures were
prepared with a water to cement ratio of 1. The blue curves show the significant shift of the main
hydration period to later times due to the phosphoric acid content. Additionally there is a small heat
flow of 2 mW/gCAC after 12-15 h of hydration. The mixtures containing phosphoric acid showed erratic
development of heat flow during the main reaction. Due to this reason a single representative curve
was chosen for Figure 1 while the red curve shows the average of three different measurements.

Figure 1 Heat flow curves of mixes with and without H3PO4 (0.075 %)
3.2

Results from pore solution analysis and thermodynamic calculations

The determined concentrations for CaO and Al2O3 in the pore solutions are significantly different in the
mixture containing H3PO4 compared to the mixture only containing water. As can be observed in
Figure 2 the CaO concentration in the water containing mixture stays high at ~20 mmol/l during the
induction period. After 15 h there is a significant drop of the concentration under 1 mmol/l. Meanwhile
the Al2O3 concentration up to 15 h is very stable, at ~24 mmol/l after the induction period it rises to ~35
mmol/l.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
50

10

45

40 wt% CA + 60 wt% Al2O3 filler
Reaction medium H2O
w/c = 1; T = 23°C

35
30

5
0

25

Saturation index

Concentration in [mmol/l]

40

20
15

Na2O
SiO2
CaO
Al2O3

10
5

1,0

-5
-10

AH3 mic.
C2AH7.5
C2AH8
CAH10
C3AH6
CH

-15
-20
-25

0,5

-30

0,0

-35
0

5

10

15

20

25

30

0

5

10

Time in [h]
40

15

Time in [h]

20

25

30

10

40 wt% CA + 60 wt% Al2O3 filler
Reaction medium 0.075 % H3PO4
w/c = 1; T = 23°C
Na O

35
30

5
0

2

25

SiO2
PO4
CaO
Al2O3

20
15
10

Saturation index

Concentration in [mmol/l]

40 wt% CA + 60 wt% Al2O3 filler
Reaction medium H2O
w/c = 1; T = 23°C

5

-5

-15
-20

1,0

-25

0,5

-30

0,0

AH3 mic.
C2AH7.5
C2AH8
CAH10
C3AH6
CH
40 wt% CA + 60 wt% Al2O3 filler
Reaction medium 0.075 % H3PO4
w/c = 1; T = 23°C

-10

-35
0

5

10

15

Time in [h]

20

25

30

0

5

10

15

20

25

30

Time in [h]

Figure 2 Ion concentrations of mixtures without and with H 3PO4 (0.075 %) with their calculated
saturation indices over a time span of 29 h
The mixture containing 0.075 % H3PO4 shows remarkable low CaO (1.5 mmol/l) and Al2O3 (not
detectable) concentrations after mixing at 0 h. This concentrations even drop further for CaO to 0.5
mmol/l until 15 h. After the 15 h mark the reaction correlating with the small heat flow of 2 mW/g CAC in
Figure 1 can also be observed in the pore solution. CaO rises to a concentration of ~15 mmol/l while
Al2O3 climbs to 35 mmol/l. At 25 h the concentration of CaO drops again below 5 mmol/l and Al 2O3 to
values below 15 mmol/l. At 29 h, which is around the start of the main reaction, the concentrations rise
again, CaO reaches over 15 mmol/l while Al2O3 climbs above 35 mmol/l. The PO42- concentration
drops slightly from 6 mmol/l to 4 mmol/l during the first 2 h of hydration and stays there until the 15 h
mark. Then the concentration drops to 1 mmol/l and stays at this level to the 29 h mark.
The contained Na content stems from the filler while Si is from the CA-cement. The levels of Na2O and
SiO2 in the pore solutions also show significant differences. In the mixture without H 3PO4 the Na2O
concentration rises parallel to the Al2O3 concentration from 5 mmol/l to 30 mmol/l after 15 h the
additional Na stems from the reacting CA-cement. The SiO2 concentration is very low during the whole
experiment and stays close to the limit of detection although a small rise of the concentration can also
be detected after 15 h. The mixture containing H 3PO4 shows a very stable level of Na2O at 5 mmol/l,
this was also observed in repetitions of the experiment. The SiO 2 content lies above 4 mmol/l at the
beginning and drops to 1 mmol/l after 2 h and then slowly to 0.6 mmol/l until the 15 h mark. At the start
of the event with 2 mW/gCAC heat flow (Figure 1) at 15 h mark it drops to the detection limit.
The calculations of the saturation indexes of both mixtures show a steady possibility for the formation
of AH3 mic. In the mixture without H3PO4 formation of CAH10 is theoretically possible at all measured
points in time. The correlating crystalline phase formation of both can be confirmed by the XRD data
shown in Figure 3.
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At the 15 h after the 2 mW/gCAC heat flow event (Figure 1) the mixture containing 0.075 % H3PO4
shows the possibility of C2AHx, CAH10 and C3AH6 precipitation. But no actual crystalline phase
formation can be observed by XRD data in Figure 4. All saturation indices drop again after this event
and start to rise again at the start of the main reaction.
3.3

Results from in-situ XRD

The theoretical initial CA value in the mixed pastes at the start of hydration is calculated with 27 wt%.
During the hydration of the mixture without H3PO4 the precipitation of AH3 mic. and CAH10 started after
10 h. As can be observed in Figure 3 this correlates well with the observed heat flow in Figure 1. Also
very low amounts of C2AHx and hemicarbonate, close to the detection limit, were observed from 10 h
onwards. The C2AHx was not determined by G-Factor method but the given values are the observed
scale factor times 100 (abbrevated as sf). After 30 h the precipitation of low amounts of C 3AH6 can be
observed.
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Figure 3 Phase content of the mixture with H2O determined by X-Ray diffraction and zoomed
region (values up to 5 wt.%)
The phase formation of the mixture containing H3PO4 in Figure 4 also shows good correlation with the
heat of hydration of the main reaction in Figure 1. The phase formation of AH 3 mic. C2AHx and
hemicarbonate starts at 33 h reaction time. No formation of C3AH6 can be observed.
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Figure 4 Phase content of the mixture with 0.075 % H3PO4 determined by X-Ray diffraction and
zoomed region (values up to 5 wt.%)
4.
4.1

DISCUSSION
The impact of H3PO4 as a retarder

The known effect as a retarding agent on OPC could also be observed with a CA-cement. All
performed repeated experiments showed similar behaviour in phase formation and pore solution,
while the time to the start of the main reaction varied considerably up to ten hours. It was concluded
that one representative curve could better describe the reactions character than a mean value of
multiple repetitions.
4.2

Reaction without H3PO4

The well-known effect that during the hydration of CA, Ca2+ concentration is higher than Al3+, takes
place. Aluminium probably remains around the CA grains and forms a non-crystalline layer or is
precipitated in very low amounts. After about 10 h an ageing process could lead to better permeability
of the layer for Ca2+ and the main reaction can start after precipitation of CAH10. The subsequent drop
of CaO in the pore solution leads to further dissolution of the CA grains. Thus the hydration can
proceed. The Al2O3 values in the more alkaline CA-cement pore solution increase together with Na2O
provided by the α-alumina filler and CA-cement.
4.3

Impact of H3PO4 on the pore solution ion content and resulting phase development
compared to the H3PO4 free mixture

The presence of H3PO4 during the reaction of a CA-cement leads to a significant change in the pore
water ion content. The use of 0.075 % H3PO4 decreases the pH to 7, which changes the solubility of
ions. The behaviour of the Na2O content (originating from the filler) is very interesting. While starting at
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the same level at 5 mmol/l in both mixtures when the reactions starts in the H 3PO4-free mixture the
Na2O content rises to a level of about 30 mmol/l. In the mixture containing H 3PO4 no rise could be
observed until 29 h.
The rise of the starting values of Al2O3 in the solutions marks the start of further reaction. Even the
small heat flow during the induction period in the mixture containing H3PO4 was accompanied by a
significant rise of Al2O3 in the pore solution. This is an indication, that until the point of a reaction
marked by a heat flow Aluminium ions are prevented from being in the solution. This could be a sign
for the formation of AH3 that cannot be detected by X-ray diffraction. The calculation of the saturation
indices supports this hypothesis because the precipitation of AH 3 mic. is possible from the very start of
hydration.
In the mixture without H3PO4 the CAH10 phase is calculated to be in equilibrium with the pore solution
from the beginning. In accordance - when the main reaction starts - crystalline CAH10 is detected by
XRD besides AH3 mic. The precipitation leads to a drop in CaO in the pore solution.
In the mixture with H3PO4 the formation of CAH10 seems not to take place as the first phase observed
(XRD) to be precipitated beside AH3 mic. is C2AHx.
The solution containing H3PO4 reacts after the initial contact with the CA-cement particles. This phase
can precipitate as gel phase consisting of Ca2+, Si4+ and PO43-.
5.

CONCLUSIONS

The database of Jacques (based on the cemdat07 database) was successfully extended with
additional data sets for the phosphate content. In-situ XRD content was provided for the different
mixtures proving significant differences in the formed phase content that correlated with theoretical
saturation index data calculated from pore water ion content. The significant change of hydration
kinetics through the addition of H3PO4 should be explored in future research. The combination of
different additives with H3PO4 should lead to interesting new insight on the impact of phase
development during early hydration.
6.
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ABSTRACT
The objective of the present research is to investigate the physical and chemical mechanisms during
hydration that govern the formation of the microstructure in binders with a high limestone content
based on Portland cement clinker. Firstly, limestone flour and clinker are divided into fractions with
different particle sizes using an air jet sieve. Experiments are carried out with mixtures of different
limestone fractions, also with different water contents, to obtain the maximum packing density.
Secondly, limestone particles are replaced with clinker particles of the same size while keeping the
packing density of the mixture as high as possible. Binder pastes are then produced with a water
content equivalent to the void content of the mixtures while providing sufficient water for the hydration
of the clinker phases. The hydration heat development, the chemical and mineralogical composition of
the hydration products as well as pore solution composition are analysed along with the mechanical
performance and durability properties of the hardened material. The results yield relationships between
the binder mixture characteristics (limestone/clinker proportions, particle sizes, surface area, packing
density), the rheological properties of the fresh pastes, the evolution of the pore solution chemistry,
nucleation processes on the surface of the particles as well as their effect on microstructure formation
(porosity, phases and strength).
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1.

INTRODUCTION

The production of Portland cement clinker is currently one of the major sources of greenhouse gas
emissions. It is ecologically and economically meaningful to improve the environmental footprint of
concrete by developing high performance cements with reduced clinker content. Binders with a high
limestone content based on Portland cement clinker are a possible solution which is favoured by the
high availability of limestone and lower energy required for its grinding. However, the properties and
performance of concrete made with such cements depend not only on the amounts of the
components, but also on the particle characteristics of the granular mixture which include particle size
distribution, shape and packing density as well as water-to-cement ratio (De Larrard & Sedran 1994;
Lange et al. 1997; Müller et al. 2014; Palm et al. 2016). At present, the production of suitable clinkerbased binders with above 50% limestone exceeds the limits of manufacturing technology and can only
be achieved through knowledge of the physical and chemical mechanisms that control the
development of the solid structure from the densely packed fresh paste. These include the interactions
between particle surfaces with dissolved ions and superplasticizer (SP) molecules which determine
the dispersion of the particles, nucleation and growth processes and, in particular, the spatial
distribution of hydration products between the limestone particles and thus the evolution of phases
and strength.
The aim of our work is to provide a scientific basis for the future production of limestone-rich, lowclinker binders (>50% limestone) for high-performance concretes (clinker <100 kg/m 3). In order to
realize this goal, the formation of the solid structure from a suspension of densely packed particles
must be better understood. In a first step aimed at the optimisation of limestone and cement particle
packing, this paper examines the packing density of limestone and cement granular mixtures with
variable water content as well as the effects of SP dosage.
2.

MATERIALS AND METHODS

The limestone powder used in the study was a fine-crystalline, high-purity natural calcium carbonate
(>99.0% CaCO3) purchased from sh minerals GmbH. The clinker with a C3A content of 11.6% was
provided by Dyckerhoff GmbH and has been grinded in a ball mill prior to classifying. The particle size
distribution (PSD) of the ground product was similar to that for a commercially available Dyckerhoff
Portland cement CEM I 42.5 R. The limestone and clinker powders were each separated into four
particle size fractions using a dynamic air classifier SeparaNo 2090-SE (Aufbereitungstechnologie
NOLL). Tables 1 and 2 show some of the physical properties of the four size classes for each material.
The corresponding PSDs are shown in Figure 1. The specific surface area of each individual fraction
was determined by the BET method from the nitrogen adsorption at 77 K using a BELSORP-mini II
(MicrotracBEL Corp.). The true densities were measured using a Micromeritics AccuPyc 1330
Pycnometer. The PSDs were determined using a laser granulometer (Mastersizer 2000, Malvern
Instruments). The mineralogical composition of the clinker was determined using an X-ray powder
diffractometer Seifert XRD TT 3003, GE Sensing. The measurements were performed in a 2θ range of
5 - 70° with a step size of 0.02° and a measurement time of 6 s/step. To quantify the phases, the
Rietveld refinement was applied. The results are presented in Table 3.
Table 1. Physical properties of the limestone particle size fractions
Particle size (µm)

Limestone size
fraction

D5

D50

D95

BET surface
area (m2/g)

L1

0.72

2.82

6.89

3.11

L2

0.97

6.58

14.41

1.34

L3

13.76

26.49

49.22

1.13

L4

41.01

83.39

192.75

0.68

True
density
(g/cm3)

2.73±0.01
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Table 2. Physical properties of the clinker particle size fractions
Particle size (µm)

Clinker size
fraction

D5

D50

D95

BET surface
area (m2/g)

C1

0.70

2.91

8.85

2.47

C2

0.95

6.18

14.58

1.04

C3

12.35

22.75

41.05

0.25

C4

18.23

33.22

61.99

0.17

True
density
(g/cm3)

3.17±0.01

Table 3. Phase composition of the clinker particle size fractions before sulfate adjustment
obtained from Rietveld analysis
Phase
composition in %

Ground
product

C1

C2

C3

C4

C3S

55.9

54.8

62.8

65.7

56.0

C2S

26.1

17.6

16.2

16.4

26.1

C3A cubic

7.9

8.3

8.2

7.9

8.1

C3A ortho

3.8

3.6

3.4

3.5

3.7

C4AF

5.0

6.7

5.4

4.6

4.8

Arcanite

0.7

5.5

2.1

1.0

0.7

Calcite

0.5

0.3

0.4

0.6

0.4

Other

0.1

3.1

1.5

0.2

0.1

Prior to the packing experiments, calcium sulfate dihydrate (>98.0% CaSO4∙2H2O) purchased from
Carl Roth GmbH was added to each clinker fraction to raise the total SO3 content to 3.5%.
The SP added to the limestone-water and cement-water mixtures was a commercial modified
polycarboxylate ether-based SP in powder form (BASF Construction Solutions). The manufacturer’s
recommended dosage is 0.05-1.00 wt.% with respect to binder content. However, the amount of SP
required to achieve effective dispersion of particles in water also depends on the specific surface area
of the material (Plank et al. 2009). Since the size fractions used in this study had different specific
surface areas, the SP dosage was expressed in terms of the SP mass per unit surface area of the
powder. The standard SP dosage was 8.4 mg/m 2 (denoted by 1_SP) which is equivalent to the upper
limit of the manufacturer’s recommended dosage for the fraction L2. Two other dosages, namely 4.2
and 16.8 mg/m2 (denoted by 1/2_SP and 2_SP, respectively), were also used to investigate the effect
of dosage on packing density.
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Figure 1. PSDs of limestone size fractions L1 to L4 (left) and clinker size fractions C1 to C4
(right)
2.1

Testing procedure

To measure the maximum packing density of the individual limestone and cement size fractions and
their combinations, i.e. the ratio of the volume of solids to the bulk volume of the paste, a wet packing
method developed by (Wong & Kwan 2008) was adopted. According to the authors, the packing
density of fine particles measured under wet conditions can be significantly higher than that measured
under dry conditions. As the particle size decreases, electrostatic and van der Waals interactions
favour the adhesion of particles resulting in agglomeration. This leads to an increase in voids content
and, hence, a decrease in packing density. The wet packing method can reduce those interactions
and thus lead to higher packing density.
First, the limestone and cement size fractions were oven-dried separately at 40 °C until constant mass
was reached. The weighed fraction (or a well-blended mixture of two fractions) was then mixed with a
predetermined amount of water and SP. A schematic diagram of the mixing procedure is shown in
Figure 2. After mixing, the paste was poured into a stainless steel cylinder with an inner diameter of
50 mm and a height of 50 mm and compacted on a vibrating table (Form + Test Seidner & Co. GmbH)
for 1 minute at a frequency of 50 Hz and an amplitude of 0.3 mm. For some mixtures with a very low
water-to-solid ratio (w/s) no optimal compaction could be achieved because these mixtures were in the
form of a heap of moist particles. In this case, a weight of 1086 g with a height of 70 mm and a
diameter of 49.5 mm which fitted into the hollow cylinder was applied during compaction. Finally, the
volume and the mass of the compacted mixture were measured and the packing density was
calculated from these results. The above procedure was repeated with different w/s ratios.

Figure 2. Testing procedure for determining the packing density. Adapted from (Fung et al.
2009)
3.

RESULTS AND DISCUSSION

3.1.1

Packing of individual limestone size fractions

Figure 3 shows the variation in packing density for the fraction L2 as a function of w/s ratio by volume
with 1_SP added. The packing density reaches a maximum value of 0.564 at a w/s ratio of 0.65. The
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corresponding minimum voids ratio, i.e. the ratio of the volume of voids filled with air and water to the
total solid volume, was 0.772. In view of the w/s ratio of 0.65, this indicates that the voids were only
partially filled with water. As the w/s ratio increases above 0.65, excess water pushes the particles
apart leading to a decrease in packing density. At w/s ratios lower than 0.65, the amount of water was
not enough to produce a flowable paste. Such mixtures could not be compacted by only vibrating.
Even applying a load did not significantly improve the packing density indicating that a large amount of
air was still entrapped in the mixture. The other limestone size fractions showed a similar packing
behaviour. The maximum packing densities and the corresponding minimum voids ratios for all
fractions are listed in Table 4. In theory, the packing densities of the different size fractions would be
the same if the geometry and relative PSD of the particles were identical. It is interesting that the
fraction L3 has the lowest packing density. This can be explained by both its narrow PSD and an
irregular non-spherical particle geometry. In the case of the other fractions, the measured PSDs were
broader meaning that smaller particles can occupy the spaces between larger particles, thus
increasing the packing density. The highest packing density value of 0.618 was observed for the finest
fraction L1.
0.65

Packing density

0.60

0.55

0.50

0.45

0.40
0.3

0.4

0.5

0.6

0.7

0.8

Volumetric w/s ratio

Figure 3. Packing density as a function of volumetric w/s ratio for the fraction L2
Table 4. Measured packing densities and corresponding voids ratios for limestone size
fractions L1 to L4

3.1.2

Limestone size
fraction

Maximum packing
density

Minimum voids
ratio

Corresponding
volumetric w/s
ratio

L1

0.618

0.619

0.50

L2

0.564

0.772

0.65

L3

0.489

1.043

0.70

L4

0.527

0.896

0.65

Effect of superplasticizer dosage

The results of packing with different SP dosages, including a case when no SP was added, are shown
in Figure 4 for the fraction L2. It can be seen that the packing density decreases from 0.564 for the
standard dosage (1_SP) to 0.539 without SP, whereby the corresponding w/s ratio at the packing
density maximum increases from 0.65 to 0.75. In the case of a 1/2_SP dosage, the maximum packing
density is 0.550 at a w/s ratio of 0.70. These values are between their equivalents for the mixtures L2
no SP and L2 1_SP which indicates that the optimum dosage is not reached by 1/2_SP. On doubling
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the dosage (2_SP) no further improvement of packing density was obtained indicating that the
standard dosage (1_SP) was close to the optimum value.
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L2 no SP
L2 1/2_SP
L2 1_SP
L2 2_SP
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0.7

0.8

Volumetric w/s ratio

Figure 4. Packing density for the fraction L2 with different SP dosages
3.1.3

Packing of binary limestone size fractions

The wet packing method was also used for determining the packing density of binary mixtures of
limestone size fractions. Figure 5 shows, for example, the packing density of a mixture comprising
40% L1 and 60% L4 at different w/s ratios. The SP dosage was fixed at 1_SP. The maximum packing
density is equal to 0.717 at a w/s ratio of 0.30. Compared to the maximum packing densities of
individual pure fractions, the value for the blended fractions is 16% and 36% higher than for the
fractions L1 and L4, respectively. Such an improvement in packing density is due to the filling effect of
the finer fraction L1 that occupies the spaces between the larger particles of the coarse fraction L4.
This also reduces the amount of space which can be filled with water before excess water moves the
particles apart. Consequently, the volumetric w/s ratio is lowered from 0.5 (L1) and 0.65 (L4) to 0.30
for the particle mixture.
0.75

Packing density

0.70

0.65
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Figure 5. Packing density for blended fractions L1 (40%) and L4 (60%)
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3.1.4

Packing of individual cement size fractions

The same packing procedure was applied for individual mixtures of clinker size fractions with adjusted
SO3 content (described in Section 2). Again, the packing density was improved by adding SP at the
standard dosage 1_SP described above. The results are shown in Table 5.
Table 5. Measured packing densities and corresponding voids ratios for cement size fractions
C1 to C4
Cement size
fraction

Maximum packing
density

Minimum voids
ratio

Corresponding
volumetric w/s
ratio

C1

0.422

1.370

1.30

C2

0.536

0.865

0.80

C3

0.557

0.794

0.70

C4

0.557

0.796

0.60

It can be seen that the packing density of the cement size fraction C1 is significantly lower than that of
the limestone size fraction L1 although they have similar PSDs. One possible explanation could be
that the system of very fine reactive cement particles was undersulfated which caused a flash set and
a formation of agglomerates during mixing and compaction. Further sulfate optimization needs to be
done here. Fractions L2 and C2 have similar PSDs and similar maximum packing density. Fractions
C3 and C4 have the same width of the PSDs and thus were expected to have the same packing
density.
4.

CONCLUSIONS

The packing behaviour of four different limestone and cement particle size fractions (D50 = 2.8, 6.6,
26.5, 193 µm and 2.9, 6.2, 22.8, 33.2, respectively) was studied using a wet packing method with
different dosages of superplasticizer. The maximum packing density was determined by varying the
water-to-solid ratio (w/s) of the pastes. Differences in the maximum packing density of the individual
fractions are explained by differences in particle geometry and particle size distribution (PSD). The
higher packing density of the limestone fraction D50 = 2.8 µm is mainly related to its broader PSD. On
contrary, the limestone fraction D50 = 26.5 µm has the narrowest PSD and therefore the lowest
maximum packing density. Air voids are present in pastes with a w/s ratio corresponding to the
maximum packing density. The addition of superplasticizer increases the maximum packing density
while reducing the w/s ratio at which this occurs until the maximum dosage is reached. Blending fine
and coarse limestone fractions also increases the maximum packing density while lowering the w/s
ratio at which this occurs.
The method will be used for further studies of binary and ternary blends of limestone and cement size
fractions. At each stage, the packing density of the components will be maximized. The mechanical
and microstructural properties of resulting hardened cement pastes will be examined.
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ABSTRACT
Geopolymers are inorganic polymers that consist of a reactive powder and an alkaline solution. The
powder should be rich in amorphous silica and alumina in order to form the aluminosilicate network. In
this study, a mixture of Metakaolin and Fly Ash (Class F) was used as reactive powder and potassium
silicate as alkaline solution. As calcium free alkali activated binders have a relative high porosity,
varying liquid/solid ratios (l/s) were investigated in order to determine both the influence of Fly ash and
l/s ratio on the properties of fresh and hardened Geopolymers. XRD and ICP-OES analysis of
dissolved powder reveal, that Metakaolin is far more reactive as the Fly Ash used in this study.
Although setting time is retarded, replacing Metakaolin by Fly Ash for a certain amount leads to higher
strength and better workability, compared to admixtures where only Metakaolin was used as the
reactive powder. Furthermore, Fly ash and l/s ratio have a strong influence on the pore size
distribution of the binder. Thermogravimetric analysis of hardened binders further suggests, that due to
the variation of the Fly ash content and the l/s ratio, deviating masses of water are integrated into the
aluminosilicate network. Optimizing Geopolymers by combining two (or more) powders is a good way
to increase fresh and hardened binder properties. As this also leads to a lower water demand, the
amount of alkali silicate solution can be reduced in the admixtures which makes Geopolymers
economically and ecologically more interesting.
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1.

INTRODUCTION

Geopolymers are inorganic materials and can be seen as a subcategory of alkali activated binders
(Motorwala et al., 2013). If a reactive powder gets mixed with an alkaline activator solution, the alkalinity
breaks the bonds within solid, dissolving aluminate and silicate building units, introducing them into a
polycondensation reaction where a new alumosilicate gel is formed (Garcia-Lodeiro et al., 2015).
Depending on the mix proportion of precursors, geopolymers usually have a high resistance against
chemical attack (Bakharev, 2005a; Baščarević et al., 2013; Temuujin et al., 2011) and reach most of
their strength within the first 24 hours (Duxson et al., 2007b). Fly ash from coal combustion is seen as
an attractive powder precursor for the production of geopolymers (Nazari and Sanjayan, 2015), although
the consistent quality of the ash is a problem (Diaz et al., 2010; Komljenović et al., 2009; Van Deventer
et al., 2007; Vassilev and Vassileva, 2009) and in most cases temperature post-treatment is necessary
to realize or accelerate geopolymerization within a reasonable period of time (Fernández-Jiménez et al.,
2006; R. Kumar et al., 2007; S. Kumar et al., 2007; Kumar and Kumar, 2011; Marjanović et al., 2014;
Van Riessen and Chen-Tan, 2013). Metakaolin is one of the most suitable precursor for synthesizing
geopolymers, as they comprise high amounts of reactive silicate and aluminate species, which are the
main building blocks of the geopolymer network. Nevertheless, the high surface area of the powder and
the particle shape result in a high water demand, which impairs the solid properties (Kuenzel et al.,
2014). To solve this problem, the additional use of fly ash can improve workability and also optimize
strength development (Provis et al., 2010; Rashad, 2013; Zhang et al., 2014).
The number of publications in which metakaolin is partially replaced by fly ash is limited. Furthermore,
in most cases pure metakaolin with a high fineness is used for synthesizing geopolymers, which resulted
in more or less high l/s (liquid/solid) ratios. This paper shows the effect of partially replacing a quartz
rich metakaolin (calcined kaolin from primary deposits) by fly ash as well as the influence of different l/s
ratios using potassium based geopolymers. By doing so, deviations in workability, setting, strength
development and porosity become recognizable.
2.
2.1

EXPERIMENTAL
Materials

The used metakaolin is an impure one (due to a relatively high quartz content of 39.6 %), which consists
mainly of SiO2 and Al2O3 (Table 1). With an amorphous content of 46.0 %, the additional crystalline
phases are Quartz, Muscovite, Mullite and traces of other crystalline phases (determined by XRD,
Bruker D2 Phaser) (Table 2). For the fly ash, an even higher amount of amorphous content can be
observed (72 %) with a total amount of 52.6 % of SiO2 and 25.1 % of Al2O3.
Table 1. Chemical Composition of metakaolin (MK) and fly ash (FA)
metakaolin (MK) [mass-%]

fly ash (FA) [mass-%]

SiO2

68.0

52.6

Al2O3

27.0

25.1

Fe2O3

2.4

8.0

CaO

0.8

3.0

MgO

0.1

1.9

TiO2

1,1

0.9

Na2O

0.1

0.6

K2O

0.1

1.5

SO3

0.0

1.4

LOI

0.6

5.0
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Table 2. Amorphous amount and crystalline phases of metakaolin (MK) and fly ash (FA)
metakaolin (MK) [mass-%]

fly ash (FA) [mass-%]

amorphous

46.0

72.0

Quartz

39.6

9.5

Muscovite

10.0

0.0

Mullite

0.2

16.0

Calcite

2.0

0.0

Diaoyudaoite

1.0

0.0

Sanidine (Na)

0.5

0.0

Tosudite

0.5

0.0

Illite

0.2

0.0

Hematite

0.0

0.5

Magnetite

0.0

2.0

Particle size analysis showed a specific surface for metakaolin of 6960 cm²/cm³ and 8168 cm²/cm³ for
fly ash. D10, D50 and D90 values for metakaolin are 3.3 µm, 25.4 µm and 100.3 µm, with a medium grain
size of 41.4 µm (resp. 2.9 µm, 13.2 µm and 111.9 µm for fly ash with a medium grain size of 38.5 µm).
Due to the lower viscosity compared to sodium silicate solution, potassium silicate solution with solid
content of 45 %, molar SiO2/K2O ratio of 1.5, viscosity of 20 mPas and a density of 1.51 g/cm³ was used
as alkaline activator.
2.2

Geopolymer preparation

A total of 18 paste mixtures were investigated, in order to stress the influence of different amounts of fly
ash as well as various l/s ratios. Starting from three basic mixtures (MK.49, MK.54, MK.60), which only
comprise metakaolin and alkaline solution at different l/s ratios (0.49, 0.54, 0.60), metakaolin was
gradually replaced by fly ash (10, 20, 30, 40 and 50 w.-%). To obtain a homogeneous mixture,
metakaolin and fly ash were dry-mixed before potassium silicate solution was added. Pastes were mixed
for 10 minutes with a standard planetary mortar mixer (E092-01N, Mixmatic) and cast into prism moulds
(160 mm x 40 mm x 40 mm) after being vibrated for a total of 2 minutes in order to remove air from the
paste. Samples were demoulded after one day and sealed with aluminum adhesive tape for further
storage at 21°C and a relative humidity of 50%.
2.3

Testing methods

Reactivity of metakaolin and fly ash was analyzed by a dissolution test, where 150 mg of powder was
immersed in 150 g potassium hydroxide solution and stirred for a certain period of time. In order to
obtain information about dissolution resp. reactivity under various boundary conditions, four different
tests were performed. After dissolution, eluates were filtered and analyzed by ICP-OES, using an
Optima 2000DV (Perkin Elmer). Workability of fresh paste was determined according to DIN EN 10153 by spread-flow test, but without operating the spindle of the table. Compressive strength was tested
at 1 day and 28 day old samples with a load increase of 2.4 kN/s. Hydration was stopped by immersing
specimens in liquid nitrogen and storing specimens in a freeze dryer (LTE Lyotrap) until mass constancy.
Skeleton density was measured with a Pyknomatik-ATC (ThermoFisher). Mercury Intrusion Porosimetry
(MIP) measurements for analyzing total porosity and pore size distribution of hardened geopolymers
was performed with a Pascal 440 Mercury Porosimeter (ThermoFisher). Free Capillary porosity was
measured by free water absorption on 4x4x4 cm samples. Thermogravimetric Analysis (TGA) was
performed with a STA 449 F5 Jupiter (Netzsch). In order to measure mass loss, powdered samples
were prepared by crushing and grinding specimens with acetone (in order to stop hydration and remove
free water) and heated up to 1000 °C at a heating rate of 20°C/min. Zeiss EVO LS25 Scanning electron
microscope (ESEM) was used to investigate the microstructure of hardened geopolymers (fractured
surface without coating).
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3.
3.1

RESULTS
Reactivity of powder precursors

Dissolution tests were carried out under four different boundary conditions (Figure 1):





BC-1: 60 °C, 24 h, 20 % KOH
BC-2: 60 °C, 24 h, 10 % KOH
BC-3: 60 °C, 6 h, 10 % KOH
BC-4: 60 °C, 6 h, 10 % KOH

As expected, longer exposition (24 h) at higher temperatures (60 °C) and with 20 % KOH solution (BC1) leads to higher concentrations of dissolved Si and Al, compared to dissolution test carried out under
ambient temperature (21 °C), shorter duration of dissolution (6 h) und less concentrated KOH solution
(10 %) (BC-4). By reducing the concentration of KOH solution from 20% to 10% (BC-2), the soluble
fraction of metakaolin drops from 47 % to 36 %, with about 42 % less Si, resp. 13% less Al. By changing
the duration from 24 h to 6 h and keeping the concentration of KOH solution constant (BC-3), no
significant change was observed. The variation of temperature exhibited the strongest effect on
leachability. At 60 °C, about 34 % of metakaolin was dissolved, while at 21 °C the soluble fraction of the
powder is only 8 %. Similar to metakaolin, when fly ash is subjected to the dissolution test,
concentrations of dissolved Si and Al, and resp. amounts of soluble fly ash fraction are increased with
temperature, time and KOH concentration (Figure 1). The weaker KOH solution dissolves 28 % less Si
and 27 % less Al than the stronger KOH solution. A significant drop both in concentration of dissolved
species and in soluble fraction of powder was observed when the duration was reduced from 24 h to 6
h. Compared to 24 h exposition, 92 % less Si and 70 % less Al was dissolved. At 21 °C, only negligible
proportions of fly ash are leached out (≈ 1 mg/l). The concentrations of Si and Al and the soluble fraction
of the powders show, that the boundary conditions of dissolution tests have a huge influence.
Furthermore it can be clearly observed, that the amount of amorphous phase in geopolymer precursors
is not the most suitable material property when comparing the reactivity of the different solid powders.
Despite the high levels of amorphous phases (72% for fly ash versus 45% for MK), the fly ash
investigated in this study has a relatively lower reactivity.

Figure 1. Concentration of elements and total amount of soluble fraction (Si and Al), as results
of dissolution tests for metakaolin (MK) and fly ash (FA) under different boundary conditions.
3.2

Workability of geopolymer pastes

Workability of the 18 mixtures differed significantly (Figure 2). The spread of mixtures with l/s 0.49 range
from 18.7 cm to 32.1 cm, for l/s 0.54 from 21.2 cm to 34.9 cm and for l/s 0.60 from 23.9 cm to 36.6 cm.
As expected, the highest spread could be achieved by replacing the maximum amount of metakaolin
and applying a high l/s ratio. By gradually replacing metakaolin by fly ash, the mixture of solid powder
in the geopolymer paste changes with regard to particle size, particle shape, specific surface area and
water demand of the particles, which makes the evaluation of rheological measurements difficult.
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However, within the scope of this study, comparing only the spread of different mixtures clearly showed
the advantage of fly ash in the mixtures.

Figure 2. Spread of geopolymers as a function of fly ash content in solid powder and l/s ratio
3.3

Setting

Setting of geopolymer pastes shows a pronounced trend towards longer setting times, when fly ash
content in solid powder and the amount of potassium silicate solution within the geopolymer mixture
increases (Figure 3). For each single fly ash content, setting takes longer with higher l/s ratios. Almost
the same effect can be observed by comparing the different l/s ratios. For each of the three ratios, setting
takes longer with higher amounts of fly ash. Although the initial setting time differs significantly between
the geopolymer mixtures (longer initial setting times with higher fly ash content and increasing l/s ratio),
the actual time between initial and final setting progresses relatively fast for all the pastes. For ratio l/s
0.49, the time between initial and final setting is between 15 min and 43 min, for l/s 0.54 between 15
min and 30 min and for l/s 0.60 between 23 min and 40 min.

Figure 3. Initial and final setting of geopolymers depending on fly ash content
3.4

Compressive strength

When comparing the compressive strengths of the 18 mixtures after 1 day and 28 days, it is possible to
identify the influence of fly ash content and l/s ratio. For each of the three ratios, higher fly ash ratios
reduce the compressive strength after a sample age of 1 day (Figure 4, Figure 5 and Figure 6), except
formulation FA30.49, which has a higher strength than FA20.49.
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Figure 4. Compressive strength (1d, 28d) of
geopolymers with l/s.49

Figure 5. Compressive strength (1d, 28d) of
geopolymers with l/s.54

For each fly ash content, an increase in l/s ratio leads to lower strength of the geopolymer. Compressive
strength after 28 days shows approximately the same trend, with a few exceptions. Formulation FA10.54
(10 % fly ash, l/s 0.54) has a slightly higher compressive strength then formulation MK.54 (0 % fly ash,
l/s 0.54). 10 % fly ash content with l/s 0.60 after 28 days shows the same result, namely higher
compressive strength compared to the pure metakaolin formulation (MK.60). Geopolymers based only
on metakaolin powder achieve a large part of their final strength (at this point related to the 28 days
compressive strength) within one day. After 1 day, sample MK.49 reaches about 91 % of 28 days
strength. For MK.54 and MK.60 those values are 95 and 90 % respectively. In comparison to MK,
samples with a fly ash content of 50 % achieve significantly lower proportions of final strength after 1
day (77 % for FA50.49, 83 % for FA50.54 and 65 % for FA50.60). Comparison of the three l/s ratios also
shows, that due to higher amounts of potassium silicate solution the strength decrease continuously
with increasing amounts of fly ash (Figure 7).

Figure 6. Compressive strength (1d, 28d) of
geopolymers with l/s.60

Figure 7. 28d compressive strength of
geopolymers with varying l/s ratios

Higher amounts of fly ash in the formulations lead to reduced early strength but increased strength for
longer curing ages, more pronounced with fly ash addition. The reason for this may be the delayed
reaction of the fly ash. However, the reaction of metakaolin can, at least theoretically, also be
responsible for this. The substitution of metakaolin by fly ash at a constant l/s ratio means, that relatively
more potassium silicate solution is available for the reaction of metakaolin, since due to the low reactivity
of fly ash, the alkaline activator reacts mainly with the metakaolin. For the dissolution of the reactive
components of metakaolin and the formation of new reaction products, more species are therefore
available from the potassium silicate solution for a longer period of time.
3.5

Microstructure

3.5.1 Porosity and pore size distribution
Mercury intrusion porosimetry (MIP) of hardened geopolymer paste was measured on 28 days old
samples. Comparison of the results from mixtures with l/s 0.49 (Figure 8), l/s 0.54 (Figure 9) and l/s 0.60
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(Figure 10) shows the effect of varying fly ash contents as well as the impact of the amount of potassium
silicate solution on Hg intruded porosity respectively pore size distribution.

Figure 8. Pore size distribution (Hg intruded)
of geopolymers with l/s.49

Figure 9. Pore size distribution (Hg intruded)
of geopolymers with l/s.54

The MK.49 sample, having the lowest l/s ratio and only metakaolin as reactive powder, consists
predominantly of pores smaller than 2 nm. By partially replacing metakaolin by fly ash, the pore size
distribution shifts to areas with larger pores. The same effect can be observed, when higher l/s ratios
are applied. The difference in pore size distribution is best seen when MK.-mixtures (without fly ash) are
compared to FA50.-mixtures.

Figure 10. Pore size distribution (Hg
intruded) of geopolymers with l/s.60

Figure 11. Geopolymer capillary porosity
obtained by water adsorption tests

For mixtures containing 10 % of fly ash it is interesting to see that the differences in pore size distribution
are very small compared with the values of the corresponding MK.-mixtures. Especially FA10.54 and
FA10.60 show that the pore size distribution shifts towards bigger sizes in comparison to MK.54 and
MK.60, but shapes of the curves stay similar. Only fly ash contents higher than 20 % show clear
differences in pore size distribution. The reduction of small pores in expense to larger pores is most
evident for l/s 0.49. Thus, up to a fly ash content of 30 %, there is also an increase in amount of larger
pores, but the proportion of pores with a size of approx. 0.2 µm is moderate. For FA40.49 and FA50.49
the pore size distribution extends more or less evenly over the entire range up to about 0.3 µm (FA40.49)
respectively 0.4 µm (FA50.49).
In order to shed more light on the above mentioned pore size distributions, water absorption test were
performed to complement MIP results, for determining the capillary porosity. The results are shown in
Figure 11. Capillary porosity of all formulations ranges from 28.4 to 31.4 %. For all mixtures it can be
seen that the capillary porosity increases with increasing l/s value, since the higher amount of liquid
phase from alkaline solution increases the overall amount of pores.
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3.5.2 Thermogravimetric analysis (TGA)
Mass loss of geopolymers in the temperature range from 40 °C to 1000 °C was determined on 28 day
old samples. Figure 12 shows the result for MK.49 as a typical example, and all other geopolymer
formulations have qualitatively comparable shapes but differing in quantitative mass losses of the
respective temperature ranges. Three temperature ranges were selected for the evaluation of results.
To assign the individual temperature ranges to the corresponding type of expelled water are difficult,
due to overlaps between individual processes, so the limits of the temperature ranges themselves are
hard to define. Literature usually distinguishes between three temperature ranges, but the exact ranges
often vary. Physically adsorbed and interstitial evaporable water is assigned to the range between 0 and
120 °C (Casarez et al., 2014), 0 and 150 ° (Assaedi et al., 2016) and 0 and 200 °C (Douiri et al., 2016).
Further temperature ranges and designations of expelled water are 120 °C – 200 °C (water from
alumosilicate network) (Casarez et al., 2014), 150 °C – 300 °C (interstitial water) (Assaedi et al., 2016),
180 °C – 600 °C (water in nano pores) (Škvára et al., 2009), 200 °C – 400 °C (structural water) (Douiri
et al., 2016), 300 °C – 600 °C (dihydroxylation of chemically bound water) (Assaedi et al., 2016), 450
°C – 800 °C (carbonation process) and 600 °C – 700 °C (carbon remnants in fly ash) (Assaedi et al.,
2016).
In the present study, the temperature ranges were selected as a function of the TGA curves. As a result,
the first limit is about 200 °C, the second limit is 650 °C. Mass losses up to 200 °C are attributed to the
adsorbed evaporable water, in the range between 200 °C and 650 °C the mass loss is called chemically
bound water. The largest mass loss for all samples is in the range 40 °C to 200 °C, characterized by a
relatively steep slope. The percentage of mass loss in this range in relation to the total mass loss of the
samples increases with higher proportions of fly ash and increasing l/s ratios. For samples with l/s 0.49
(resp. l/s 0.54 and l/s 0.60) the values are 50 - 53 % (resp. 47 - 59 % and 51 - 62 %), with the lowest
values corresponding to formulations without fly ash. This is followed by a less pronounced loss of mass
between 200 °C and 650 °C, where percentage mass in relation to the total mass loss of the samples
is 32 - 36 % for l/s 0.49 (resp. 30 - 38 % for l/s 0.54 and 30 - 35 % for l/s 0.60).

Figure 12. TG, DSC, DTG and DDSC curve for MK.49, as well as the relevant temperature
ranges
From 650 °C onwards, there is again a very pronounced loss of mass per temperature unit.
Nevertheless, the mass loss in this range is the weakest in comparison to temperature range 1 and 2
(13 – 16 % for l/s 0.49, 10 – 15 % for l/s 0.54 and 9 – 14 % for l/s 0.60). A comparison of total mass loss
(temperature range 40 °C to 1000 °C) of all 18 formulations shows that a lower mass loss is generally
associated with increasing content of fly ash and decreasing l/s ratio. This results, with regard to the
effect of the reactive solids solely, are in agreement with literature (Kong et al., 2007). Formulations with
l/s 0.49 and l/s 0.54 are relatively close to each other in this context, mixtures with l/s 0.60 have a much
larger total mass loss. With regard to reactivity and reaction products of geopolymers, the temperature
range between 200 °C and 650 °C is of greater interest (Figure 13), as the water in this area can be
attributed to chemically bound (hydroxylated) water and can therefore be an indication of the extent of
the reaction products within the formulations. The comparison between the pure metakaolin formulations
(MK.49, MK54, MK.60) shows that increasing l/s ratio results in higher mass loss in this range associated
to the hydroxylated water (2.70 % for MK.49, 3.01 % for MK.54 and 3.12 % for MK.60). As the proportion
of fly ash increases, differences in mass loss of the three l/s ratios get smaller, resulting in a mass loss
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of 2.32 % for FA50.49, 2.28 % for FA50.54 and 2.35 % for FA50.60. If the mass loss resulting from the
expulsion of chemically bound water is related to the degree of reaction of geopolymer, two statements
can be made. First, it can be clearly shown that the mass of reaction products (geopolymer gel)
decreases with increasing fly ash content and therefore the fly ash is not significantly involved in the
reaction even after 28 days. On the other hand, an increase in the l/s ratio, and associated increase in
the available masses of Si from potassium silicate solution in the formulations, leads to an increase in
degree of reaction, as more reactive oxides (Si) are available to form the alumosilicate network. Thus
more geopolymer gel is formed.

Figure 13. Mass loss of geopolymers in temperature range 2 (200 – 650 °C)
3.5.3 Scanning electron microscopy (SEM)
Figure 14 shows SEM images of fly ash spheres within the geopolymer gel, for FA10.60 and FA30.60.
The images show, that fly ash is not significantly involved in the formation of the alumosilicate network
and that particles in the geopolymer gel remain more or less in their original form. This may be one of
the reasons why the compressive strength decreases with increasing fly ash content, as the particles
act as fillers in the geopolymer gel. This leads to the formation of a heterogeneous matrix and the solid
state properties deteriorate (Bakharev, 2005b). After geopolymerization, fly ash-based geopolymers
usually contain higher proportions of unreacted particles than metakaolin-based geopolymers, even
after temperature post-treatment. The microstructure is therefore referred to as a gel-bonded ash
composite (Duxson et al., 2007a).

Figure 14. Fly ash spheres embedded in geopolymer gel of mixture FA10.60 and FA30.60
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4.

CONCLUSIONS

Based on the results of this study, the following conclusions can be drawn:





5.

Partially replacing metakaolin by fly ash leads to better workability of geopolymer gel and thus
enables a reduction of the alkaline solution.
Higher amounts of fly ash results in the formation of bigger pores, while the same effect can be
observed by increasing the l/s ratio.
The capillary porosity of geopolymer is influenced mainly by the l/s ratio, and less by the fly ash
content.
Considering the compressive strength and pore size distribution of the hardened geopolymer
matrix, a fly ash content of 10 % does not negatively affect the solid properties, while still
significantly improving workability. Therefore a fly ash content of 10 % is recommended for
geopolymers based on metakaolin and fly ash, as has also been stated in literature(Zhang et
al., 2014).
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ABSTRACT
In this study is presented new hydraulic binder, which could be evaluated from ecologic viewpoint as
“the greenest cement in world”. The patent was granted in Slovak Republic in 2015, number 288323,
named Hydraulic binder based on granulated blast-furnace slag and silica fume.
If this two basic cement components, which are both practically unreactive, are suitable activated by
cement clinker at the level of 0,5 - 1% , can form a standard solidifying and hardening binder, which is
comparable with cements class 32.5 N. Which mean the compressive strength after 28 days of
hardening was up to 40 MPa. This silica fume binder, named in Povazska cementaren a. s. Ladce as
Ladcement, have extremely high strength factor. This is calculated as strength ratio [MPa] of this
binder per unit amount of used clinker [%], which reflects the degree of usability of a clinker in the
binder related to achieved strength. The values achieved in PCLA were up to 40 MPa / 1% clinker.
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1.

THEORETICAL PART

Conventional cement binders, whether they are hydraulic cements according to (STN EN 197 – Cement.
Part 1 2005) or masonry cements (STN EN 413-1. Masonry cement. Part 1, 2015) according to STN EN
413-1, are based on the presence of a certain sufficient amount of Portland clinker (more than 20 % by
mass) containing at least 2/3 of calcium silicates (C 3S – tricalcium silicate: 3CaO•SiO2, and dicalcium
silicate 2CaO•SiO2), which after mixing with water react exothermically to form solid hydrated products
responsible for the strength development, structure integrity and durability of concrete. Research in
Považská cementáreň a.s. Ladce, Slovakia (PCLA) has shown that a similar (comparable) solid
structure can be obtained without the presence of Portland clinker whose production is highly energyintensive supplemented by a high CO2 emission. To initiate setting and hardening processes, a very low
content of clinker of about 0.25 % to 2 % by mass or another activator from the basic components listed
in STN EN 197 – Cement. Part 1, 2005 at a level less than 3 – 5 % by mass is sufficient. The Industrial
Property Office of the Slovak Republic in Banská Bystrica granted a patent (Patent Nr. 288323 2015) to
PCLA for this in 2015.
The background of the hydraulic binder according to this invention consists in the fact that 60 to 95 %
of is composed of finely ground water-cooled granulated blast-furnace slag (hereinafter referred to as
BFS) according to the conditions stated in (STN EN 15167-1 2006) and 5 – 40 % are made up of silica
fume (microsilica – hereinafter referred to as SiF) produced according to (STN EN 13263-1 Silica fume
for concrete – Part 1 2006). A necessary condition for achieving high standard compressive strengths
(CS) and bending tensile strength (hereinafter BS) is a highly active BFS (STN EN 15167-1 2006),
classified in three steps of activity according to (Utility model – SK 7219 2015). These steps being
defined by the Ground BFS Activity Coefficient – GBFSAC, the so-called Ladce coefficient Lc and
reported in (Patent Nr. 288323 2045). Lc is defined as the product of the three relevant properties of
Ground BFS: specific surface (hereinafter referred to as SS) measured according to (STN EN 196-6
1992), the modulus of basicity (Mb), which is related to the proportion of the basic oxides and acidic
oxides in the BFS (Asim 1992), and its mineralogical composition – the modulus of glassiness (Mg),
which is the proportion of the glassy phase in the BFS (Bárta R 1961, Brandštetr, J 1984). The Lc is
obtained according to (1)
GBFSAC = Lc = SS x Mb x Mg

(1)

and is described in more detail in connection with the development of the heat of hydration and Vicat
initial setting time described in (Ježo L 2014). However, this two-component mixture (BFS and SiF) sets
considerably longer than standard cements, even longer than the BFS itself. In order to accelerate the
setting, 0.25 to 4 % of cement clinker, or 0.5 to 5 % of a finely ground mixture of calcium sulphates, or
a mixture thereof, or a substance containing CaO, Ca(OH)2, or fly ash according to (EN 450-1) with a
content of 5 – 10 % is added. In this case, this is a system that does not need C 3S or C2S to develop
hydration reactions, but exothermic hydration reactions are achieved by appropriate mixing of a
sufficiently finely ground suitable BFS with a suitable chemical and mineralogical composition and
specific surface of at least 350 m 2 kg-1. The optimization of the mutual weight ratio of the two major
components has to be carried out as a function of the Ladce coefficient described above. According to
the above criteria (Utility model – SK 7219 2015, Ježo L 2014), the suitability of BFS in the above
mixtures can be divided into the following categories based on the heat flow of hydration during their
hydration with water (Ježo L, 2014):




highly active – the max. hydration peak of the exothermic reaction is 1 to 3 days, the initial
setting time (IST) is less than 1000 min.;
medium active – the max. hydration peak of the exothermic reaction is within 7 days, the
initial setting time (IST) is below 2000 min.;
lowly active – the max. hydration peak of the exothermic reaction is more than 7 days, the
initial setting time (IST) is more than 2000 min.

The second basic component of this binder, the SiF, has been known for many decades as a basic
component of cement and concrete (STN EN 197 – Cement. Part 1 2005, STN EN 206-1 Concrete
2014). Its positive properties in cement and especially in concrete have been thoroughly summed up by
Aitcin (Aitcin 2005) and others (Bache 1984, ACI2342-96). SiF is generally less heterogeneous, but its
quality is influenced by the quality of fuel used in the production of ferro-silicon. The only manufacturer
in Slovakia is Slovenské ferozliatinárske závody in Istebné; all the SiF used in the series of more than
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100 experiments comes from this manufacturer. Several Slovak studies (Madej 1987, Slanička 1987,
Ježo 2008) deal with this SiF and its suitability for cement and concrete. This basic two-component
system generates sufficiently high compressive strength (CS) requested by standards according to (STN
EN 196-1 2006) after 28 days of curing, but especially after 180 and 365 days of hardening. In standard
(STN EN 196-3 2017), with CS requirements at lower levels of 12 to 20 MPa, but after 28, 180 and
365 days, the strengths are sufficiently high above 40 MPa, in some cases even above 50 MPa. The
tested mixtures exhibit several different phenomena:



two-component mixtures (BFS + SiF) set considerably longer than standard cements according
to the above standards expressed by the Vicat method (STN EN 196-3), depending on the type
of mixture, the initial setting time is generally significantly over 24 h;
the development of setting after addition of 1 to 4 % of clinker, or Portland cement, or 2 to 4 %
of sulphates, or mixtures thereof, accelerates the setting within few hours and the final setting
time is so extremely rapid that it occurs within a few minutes after the initial setting time (IST),
meaning that the setting time interval (SI) in min., which is the difference between the final
setting time (FST) and the initial setting time according to
SI = IST - FST



(2)

is very short. The mathematical expression of the setting time curve obtained from Vicat test as
the setting rate, which is the so-called setting coefficient (SC) as the ratio of the initial setting
time (IST) to the setting period – expressed as the final setting time according to
SC = IST / FST

(3)



is approaching the value 1, with this value being 0.5 to 0.8 for standard cements. At PCLA, the
individual values have ranged from 0.80 to 0.99, with the automatic Vicat apparatus having
recorded several times values close to 1, which meant that the termination of the setting
occurred in a discontinued manner – virtually by a step change from a semi-liquid - plastic state
to the solid state within a few minutes. However, the addition of the above mentioned activators
is sufficient at a much lower level – as little as 0.25 % and more significantly 0.5 % of CEM I
42.5 R clinker/cement reduces the IST and FST to a standard setting period of several hours;



the mixtures prepared in this way achieve a higher index of long-term strength development
(ILTSD) after 120, 180 and 365 days of setting (130 to 170 %, exceptionally more) than standard
cements. The qualitative ILTSD indicator for the compressive strength of cement for a setting
period of 120, 180 to 365 days, is the ratio of CS 120 days to CS 28 days, expressed as
ILTSD120, or the ratio of CS 180 to CS 28 days expressed as % ILTSD180, ILTSD365 is similar:
ILTSD = CSt / CS28 x 100 %

(4)



In literature, this indicator is also called relative strength (EN 196-1, 2015);



the mixtures prepared in this way, in conjunction already with the low clinker addition, reach
higher heats of hydration after 7 days (HH7), but mainly after 14 days (HH14), possibly after 21
days of hardening and in a later period than the BFS itself, or the same BFS with the same
addition of the same clinker;
the base mixture prepared in this way achieves high plasticity, the rheological properties are
significantly shifted, towards increased shear stress, by 30 – 50 % compared to pure CEM I and
it has significantly improved adhesive effects (as compared to pure cement binder) both as a
two-component and as a three-component, or four-component, mixture, with its adhesive
effects, tested according to (Hlaváč 1981, STN 72 2446 1968), improving significantly.



The hardening of this mixture with standard sand on 40 x 40 x 160 mm beams according to (EN 197-1,
2005) takes place during the first 7 days, first in humid storage at 20 ± 1 ° C and a relative humidity of
about 90 %, in the next period the increase in hardening already on the beams stored in an aqueous
environment is 20 ± 1 °C.
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2.

EXPERIMENTAL

Granulated blast-furnace slag from different origins and silica fume were used as besed components for
the preparation of S-S binders. Portland cement CEM I 42.5 R /Portland clinker, natural gypsum were
used as activators. The isothermal calorimeter investigation was performed using an eight-channel TAM
(Thermal Activity Monitoring) instrument using glass ampoules. In this chapter the emphasis of the main
part has been put not only on the physicochemical properties of the hydrated S-S binder, but mainly on
monitoring the development of the exothermic reaction – even over a longer period of time of 14 – 21
days (Ježo 2010). Samples were cured under standard conditions. Microstructures of cement pastes
after hydration and 28 days storing were studied by SEM (TESLA BS 300) to find a evidence of
crystallohydrate presence and their morphology.
3.

RESULTS AND DISCUSSION

By increasing the SiF content above 5 and more % to the BFS, we reach an area outside the quantity
in CEM III/C cement, permitted by the standard (STN EN 197 - Cement. Part 1 2005); with the content
increasing to 10 % – 20 % we get hypothetical cement with the working name "Modified Blast-Furnace
Cement" or "Slag-silicate binder LADCEMENT". It has not been possible to state here all detailed
results, but they have been published in 70 tables in (Patent Nr. 288323).
The S-S resembles to a certain degree the geopolymer cement, which has been elaborated on in detail
by (Škvára 2007) and Tomková (Tomková 2004) and by others (Davidovits 1988, Odler 2000) globally,
but the essential difference is that, to be “activated”, it does not need expensive activators such as
NaOH, KOH, water glass, soda, potash or energetically modified kaolin – metakaolin. From Figure 1.,
the microstructure of the S-S binder seems to be equally compact of the inner-type as compared to the
equally hydrated sample of 80% BFS + 20% C3S (Ježo 2010) which is more of the outer type. Such a
microstructure achieves CS comparable to that of geopolymer cements over a long period of 0.5 – 1
year.
A micrograph from an electron microscope (Figure 1.): the samples – hydrated pastes, were stored for
28 days in standard water storage and after 1 year of subsequent free storage in the laboratory the
microstructure was observed. The left picture shows a BFS microstructure with the addition of 20 % of
SiF, the right picture shows the microstructure with the addition of 20 % of C3S (Ježo 2010). Typical of
the BFS sample with added C3S is the microstructure of a network made up of a porous C-S-H gel and
acicular-lamellar crystals of the hydration products covering the slag particles. In the case of the BFS
sample with SiF addition, the microstructure of the matrix is very compact, it is characterized by a very
finely grained microstructure of SiO2 particles and internal pores at the level of the size of these particles
and it seems to be comparable to the structure of geopolymers (Odler 2000).

a) 20 % SiF in BFS, magnified 20,000 x

b) 20 % C3S in BFS, magnified 20,000 x

Figure 1. Comparison of the microstructure of BFS samples with the addition of 20 % of SiF
and 20 % C3S of at different magnification
3.1

Calorimetric measurements

Figure 2. shows a comparison of the heat flow of hydration of 3 types of BFS, ground in the same way,
fraction 0 – 0.09 mm, all three meet the requirements (STN EN 197 - Cement. Part 1 2005, STN EN
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15167-1 2006), but only BFS Třinec is highly active (SAMBFS = 460 m2 kg-1, tmax HH = 1698 min, Pmax HH
= 1.59 mW, HH7 = 70.8 J g-1), while the other two BFS originating from US Steel Košice (HH7 = 39.3 J
g-1, SAMBFS = 280 m2 kg-1) and from Munich (HH7 = 31.7 J g-1, SAMBFS = 268 m2 kg-1) are less active
and less suitable for the S-S binder, but usable with an activator.

Figure 2. Comparison of the heat flow of hydration of 3 types of BFS without activators
Figure 3. shows an overview of the exothermic hydration reaction of the hydration of a medium-active
BFS originating from TŽ, Třinec – (SAMBFS = 390 m2 kg-1, HH7 = 62.7 J g-1, HH14 = 86.4 J g-1, tmax HH
= 5132 min, Pmax HH 1.12 mW), the second hydration curve (HH7 = 46.2 J g-1, HH14 = 87.0 J g-1, tmax HT
= 9745 min, Pmax HH 1.00 mW) represents a mixture of 90 % BFS + 10 % SiF – an easily interpreted
graphic illustration of the shift of the reaction rate to over 7 days due to the addition of SiF, the lower,
third curve shows a mixture of 80 % BFS + 20 % SiF (HH7 = 38.5 J g-1, HH14 = 97.6 J g-1, tmax HH =
11650 min, Pmax HH = 0.86 mW).

Figure 3. Overview of the heat flow of hydration of medium-active BFS from Třinecké železárny
(Czechia), HH7 = 62.7 J g-1
Figure 4. shows a similar example – the first addition to the highly active BFS Košice (HH7 = 37.1 J g-1)
with particle size below 0.090 mm, SAMBFS = 452 m2 kg-1, was 20 % SiF (mixture designation: 8/2 KE)
and, subsequently after homogenization, 2 % of standard finely ground clinker (designated as 8/2 KE +
2 % clinker) was added to the mixture, i.e. the CK III/C20/2 S-S binder was created.
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Figure 4. Comparison of the heat flow of hydration of the pure BFS KE, 80 % BFS + 20 % SiF
and 98 % BFS 2 % clinker
3.1.1 Influence SiF and CEM I 42.5 R addition on hydration of lower active
The increase in HH indicates the control mechanism of CS growth by means of a chemical reaction
rather than its physical nature due to a change in rheology and normal consistency of S-S binders
(a seeming reduction in the water coefficient, which however has always been in line with the
requirements (STN EN 196-1 2006).
Figure 5 shows an overview of 1 type of the lower active BFS, with lower glassiness – originating from
US Steel Košice, SAMBFS = 290 m2/kg, in the mixtures B, C and these mixtures have been activated
by a 2 % addition of standard CEM I 42.5 R Portland cement (The designation is CEM III/C 10/2, CEM
III/C20/2).
Table 1. The influence of the 2 % of CEM I 42.5 R on the hydration of BFS with addition of SiF to
HH28
Type of samples
BFS KE 100 % (A)
98 % BFS KE + 2 % CEM I 42.5R (B)
90 % BFS + 10 % SiF (C)
80 % BFS + 20 % SiF (D)
98 % (90BFS+10SiF) + 2 % CEM I 42.5R (E)
98 % (80BFS+20SiF) + 2 % CEM I 42.5R (F)

Time /d
1
10.88
21.27
11.48
12.00
19.23
20.69

7
16.33
51.56
20.72
19.69
67.05
80.37

14
62.00
67.51
32.59
28.79
94.32
119.44

28
98.69
90.17
111.66
51.25
134.16
179.14

This addition of cement has greatly shifted the hydration kinetics to a favourable setting period of the
mixture to a level of few hours. The BFS used here is not suitable for the Ladcement binder itself, only
with SiF; in this case, at least one third component at a level of 0.5 – 2 % based on clinker or Portland
cement or the fourth activating component has to be added.

Figure 5. Comparison of the heat flow of hydration of the BFS itself, with SiF and CEM I 42.5 R
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3.1.2

The results of the measurement of CS and Vicat characteristics of the mixture of 90 %
BFS and 10 % SiF
In this example, 7 kg of a base mixture of 90 % BFS and 10 % SiF was homogenized by joint grinding
in a laboratory mill for 1 hour as standard, and then small amounts of activators were added to this
mixture and homogenized as shown in Table 2.
Table 2. Strength characteristics of a mixture of 90 % of BFS and 10 % of SiF with addition of
clinker and natural gypsum
Component /%

Samples
Standard
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7

Mechanical strength in days /MPa

VICAT /min

BFS

SiF

CLIN GYPS.

CS2

CS7

BS28

CS28

CS90

IST

FST

90
90
90
90
90
90
90
90

10
10
10
10
10
10
10
10

0.25
0.5
1
2
1
2
-

2.4
3.1
3.9
4.4
3.8
4.6
5.0
3.8

9.9
10.0
11.6
9.3
8.9
11.3
9.6
14.9

2.3
1.8
8.5
6.4
5.8
7.2
5.5
3.1

13.1
16.7
31.0
17.8
13.4
19.4
14.8
19.8

13.4
30.5
43.7
19.3
17.3
24.3
19.2
20.5

1260
360
285
225
365
270
145
400

2970
430
355
250
450
335
260
500

1
2
2

ILTSD90
102.3
182.6
141.0
108.4
129.1
125.2
129.7
103.5

The CS results show that while the actual mixture without activators does not exhibit significant CS, a
small addition of 0.25 % of clinker increases the CS, be it only slightly, but 0.5 % of clinker increases
them by 1.5 MPa for CS_2, similarly by 1.7 MPa for CS_7, but more than 2 times for CS_28, where they
reached as much as 31 MPa. A further increase of activators at a low level of 2 – 4 % only results in an
increase in the initial CS_2, in part CS_7, but CS_28 is increased by them only slightly compared to the
standard.
3.1.3

The results of measuring the strength characteristics of the mixture (89 % BFS + 1 %
CEM I) and 10% SiF
For comparison with the previous example in Table 2, Table 3 shows the increase in strengths of a
mixture of 89 % BFS + 1 % of CEM I 42.5 R Portland cement and 10 % SiF (Sample 1). This mixture
was subsequently enriched with a further small addition of clinker and natural gypsum and their mixture
(Sample 2-6) in very low quantities at the level of a few %, which is sufficient for considerably higher CS
than in the previous example already after two but more significantly after 7 days of hardening: 11 to 18
MPa, but especially after 28 days of hardening 27.7 MPa to 38.2 MPa and CS_90 as much as 41 to
50.1 MPa.
Table 3. Strength characteristics of a mixture of 89 % of BFS, 1 % of CEM I 42.5 R and 10 % of
SiF with a subsequent small addition of clinker and natural gypsum
Components /%
Sample No.

Mechanical strength in days /MPa
ILTSD90

BFS

CEM I
42.5R

SiF

CLINKER

GYPS.

Standard

90

-

10

-

-

2.4

2.5

9.9

2.3

13.1

13.4

102.3

Sample 1

89

1

10

-

-

4.3

5.3

12.6

6.7

27.7

41.0

148.0

Sample 2

88

1

10

1

-

4.5

4.8

9.9

6.0

15.9

23.3

146.5

Sample 3

87

1

10

2

-

5.0

4.1

9.7

5.7

15.7

19.5

124.2

Sample 4

87

1

10

1

1

5.3

5.1

11.5

6.9

19.1

23.7

124.1

Sample 5

87

1

10

2

2

4.9

4.3

9.8

5.1

13.6

16.7

122.8

Sample 6

87

1

10

-

2

3.4

5.8

18.4

9.2

38.2

50.1

131.2

3.1.4

CS2 BS7 CS7 BS28 CS28 CS90

The characteristics of a mixture of 80 % of BFS and 20 % of SiF with further addition of
activators
Sample "a" designated as the standard without any addition of clinker or other activator meets the
physical and mechanical requirements of a less demanding standard. Similarly, the samples no. 1 to 5
significantly exceed the standard requirement CS = 22.5 MPa and 32.5 MPa according to (STN EN 196-
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1) and they are well below the 220 J g-1 limit set for the heat of hydration. The samples no. 2 – 5 also
meet the requirement CS_7 > 12 MPa for cement of the strength type 32.5 L – LH.
Noteworthy are CS_90, where CEM III/C20/0 as well as CEM III/C20/0.5 (the standard is without clinker
and sample 1 with the addition of only 0.5 % of clinker) reached high values above 64 MPa, which is
ILTSD90 = 239 % and 240.1 %.
Table 4. Strength characteristics of a mixture of 80 % of BFS and 20 % of SiF with a small
addition of clinker and natural gypsum
Sample No.

Components /%
BFS SiF CL. GYPS.

Compressive strength in days /MPa

VICAT /min

CS2

CS7

CS28

CS90

IST

FST

ILTSD90
/%

0.0

1.1

27.1

64.9

2.550

4.130

239.0

Standard

80

20

Sample 1

80

20

0.5

0.2

6.1

26.9

64.6

880

1.130

240.1

Sample 2

80

20

1

2.2

13.5

40.1

47.5

420

770

118.4

Sample 3

80

20

2

3.6

12.2

34.8

54.9

330

405

157.8

Sample 4

80

20

1

1

3.2

15.1

41.2

47.1

360

550

114.3

Sample 5

80

20

2

2

4.7

15.5

36.5

37.9

300

330

103.8

Sample 6

80

20

2

0.0

0.8

6.5

23.9

1.695

1.995

3.677

3.1.5

The results of measuring the strength and Vicat characteristics of a mixture of higher
active BFS with 10-40% SiF
Table 5. shows an increase in the CS of another BFS, from Třinecké železárny a.s. (SS 430 m2 kg-1,
SAMBFS = 405 m2 kg-1) in conjunction with 10 – 40 % SiF over a long period of 180 days. While the
BFS alone, although sufficiently highly active, exhibits relatively high CS_7 at 9.3 MPa, later CS do not
increase anymore. Conversely, mixtures with a 10 and 20 % addition of SiF, although they have an
extended IST and FST, grow in CS primarily within a time period of 120 and 180 days.
From the heat flow of hydration in Figure 6., one can see a significant shift in hydration kinetics and the
development of HH7 heat of hydration of these mixtures from Table 5 shows the highest increase in
HH7 for the 30 % SiF mixture (75.3 J g-1), which is an increase by 121 % compared to the addition of
10 % of SiF (62,2 J g-1), 121 %, but the increase in HH7 for the addition of 20% of SiF (71 J g-1) is
sufficiently large – 114 % with a trend of its long-term growth later on, which has been fully confirmed
by the long-term development of the strengths.
Table 5. Strength characteristics of mixture of BFS and 10 – 40 % of SiF
Sample
No.
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Components
/%
BFS
SiF
100
90
80
70
60

0
10
20
30
40

Compressive strength and in days /MPa

VICAT /min

CS7

CS28

CS90

CS180

IST

FST

9.3
13.4
10.4
1.9
0.6

14.6
28.7
28.5
21.7
2.7

16.8
46.6
55.7
51.1
27.4

18.5
48.9
61.3
59.5
40.0

510
970
3.580
-

1.460
4.320
5.760
8.000
9.000

ILTSD /%
ILTSD90 ILTSD180
115
162
196
235
1.015

127
170
215
274
1.481
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Figure 6. Comparison of the flow of mixtures of BFS with a 10 – 50 % addition of SiF to the BFS
3.1.6

The results of the strength characteristics, Vicat characteristic and exothermic
characteristics of the mixture of higher active BFS with the addition of 10 – 50 % of SiF
in the presence of a low content of the activator
Table 6. contains the measured results for CS from BFS originating from US Steel Košice, SS 445 m2
kg-1, SAMBFS = 425 m2 kg-1, showing a positive increase in strengths and acceleration of the setting of
a mixture of 98 % of BFS enriched with 2 % of standard Portland cement CEM I 42.5 R in mixtures with
the addition of 10 to 50 % of SiF, which is sufficient for standard high CS as early as after 7 days of
hardening – 15 to 20 MPa, but especially after 28 days of hardening 24 – 38 MPa, with the CS further
increasing in the period of 120 to 180 days and exceeds 50 MPa. The IST is only adequate for the cases
of addition of 10 – 30 % of SiF to the mixture of the BFS and the activator – the cement.
Table 6. Strength characteristics of a mixture of BFS and 10 – 50 % SiF with a small addition of
CEM I
Composition /%
CEM I
Addition
SiF BFS
42.5 R
of water
Sample 1 0
100
0
225

Compressive strength /MPa

VICAT /min

CS2
-

Sample 2

10

88

2

225

6.6

Sample 3

20

78

2

225

2.9

Sample 4

30

68

2

275

1.5

Sample 5
Sample 6

40
50

58
48

2
2

325
325

-

5.0
1.5

Sample
No.

CS7

ILTSD180 HH7

CS28

CS180

IST

FST

8.1

9.6

17.7

min

min

134.5

-

14.7

23.8

35.8

-

-

150

62.2

20

37.9

53.5

205

250

141

71.0

11.3

34.9

62.2

205

215

178

75.3

26.9
22.0

50.1
32.5

480
-

490
-

186
148

24.6
23.8

3.1.7

The results of measuring the HH of a mixture of the lower active BFS with the addition of
5 – 20 % of SiF and with the addition of 3 % of clinker
Table 7. shows a record of the measurement of the long-term heat flow of hydration within 21 days,
which documents a contribution of SiF in the range of 5 – 20 % to the lower active BFS in the grinding
variants A) = SS 400 m2 kg-1, SAMBFS = 298 m2 kg-1 (the first 6 samples) and the variant B) = SS 510
m2 kg-1, SAMBFS = 380 m2 kg-1 (the last 2 samples) at a constant addition of 3 % of clinker. While the
quantity of 5 % of SiF does not have a positive effect on HH7 and HH14, from 10 % onwards one can
see a significant increase – not yet in HH7 but – in HH14.
The impact of the addition of 3 % of clinker to two BFSs of different fineness (the first one ground to SS
= 400 m2 kg-1, the second one ground to MP 510 m2 kg-1) with addition of SiF to HH21 days.
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Table 7. Record of the measurement of the long-term heat flow of hydration within 21 days
Type of samples

Time /d
1
8.23
14.93
12.34
17.13
19.09
18.49
21.87
16.99

BFS KE SS 400
BFS + 3 % clinker
BFS + 3 % CL+ 5% SiF
BFS + 3 % CL + 10% SiF
BFS + 3 % CL + 15% SiF
BFS + 3 % CL+ 20% SiF
BFS MP 510 + 3 % CL + 10% SiF
BFS SS 510 + 3 % CL + 15%SiF

7
19.38
49.99
38.94
44.92
46.73
46.20
55.49
44.41

14
50.06
64.51
51.58
61.21
67.01
71.09
78.87
68.52

21
68.36
74.78
61.16
72.5
79.82
87.68
97.7
86.41

In this context, composite cements have clearly manifested positive results in terms of a significantly
higher technical indicator, which is the achieved strength of the cement in the respective period in
MPa/1% of clinker in the given cement, the so-called "MIXTURE-CLINKER STRENGTH FACTOR" of
the cement/binder in general (MCSFCS, abbrev. FS)
MCSFCS = CS of the cement/CLINKER CONTENT in the cement = FS

(5)

This technical indicator has a significant informative value in determining the effectiveness of clinker
utilization in the cement (and thus the effective use of the clinker factor and its strength potential) when
we monitor the achieved CS of the cement over a rather long period of time of 28 days to 1 year, given
the amount of clinker used in this cement.
Table 8. A comparison of CS and MCSFCS (abbreviated FS) in Portland cement, different
composite cements, in a CEM III/C blast furnace cement and in a S-S binder (• CS measured
after 90 days)
Share of constituents
Clinker

Lime

FA

BFS

CS in days/ MCSFCS in 2, 7, 28, 180 and 365 days
SiF

CS2

FS2

%

%

%

%

%

MPa

93

2

-

-

-

42.2

MPa/
1%
0.45

65

30

-

-

-

27.4

65

-

30

-

-

47

-

50

-

-

27

20

-

50

27

20

50

85

-

10
15

CS7

FS7

-

MPa/
1%
-

0.42

-

26.4

0.41

15.4

0.33

-

4.2

-

-

-

-

-

-

-

-

CS28

FS28

71.8

MPa
/1%
0.76

-

49.6

-

-

-

-

0.16

13.2

7.1

0.26

10

30.5

90

-

85

-

CS

FS180

180

-

MPa
/1%
-

0.70

49.8

58.1

0.89

41.7

0.89

0.49

31.4

14.2

0.53

0.36

-

-

-

-

-

CS1Y

FS1Y

86.0

MPa
/ 1%
0.92

0.76

50.6

0.78

76.8

1.18

83.3

1.28

67.0

1.42

79.1

1.68

1.16

43.5

1.61

47.3

1.75

27.7

1.03

53.9

2.00

59.0

2.19

-

71.1

0.84

77.8

0.92

80.1

0.94

12.2

1.22

37.0

3.70

48.3

4.83

-

-

12.1

0.81

48.8

3.25

61.8

4.12

-

-

•

•

MPa

MPa

MPa

MPa

1

-

-

89

10

5.3

5.3

12.6

12.6

27.7

27.7

41.0

41.0

-

-

1

-

-

79

20

2.2

2.2

13.5

13.5

40.1

40.1

47.5•

47.5•

-

-

E.g. for a 30 % use of FA in CEM I 52.5 R with a 95 % clinker content and 5 % content of the set
controlling agent the following holds for pure Portland cement:
MCSFCS-28 = 67.2 MPa/(100-5)% = 0.7 MPa/1% of clinker, but the following holds with 30% fly ash
(FA) substitute:
MCSFCS-28 = 58.1 MPa/(100 - 5 - 30)% = 0.9 MPa/1% of clinker, with the relation for 1 year being:
MCSFCS-1Y = 75.7 MPa/(100-5)% = 0.8 MPa/1% CL for Portland cement,
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MCSFCS-1Y = 83.3 MPa/(100 - 5 - 30)% = 1.3 MPa/1% CL for CEM II/B-V cement, meaning that the
usability in CS of each % of clinker is 1.3/0.8 = 1.6 times higher in cement with a 30% clinker decrease
at the expense of a Pozzolan addition of FA in CS_1R.
Table 8. shows in several examples (for several cement types) an increase in the strength potential
expressed as FS in the achieved MPa/1% of clinker. Over a long period of 28 days or more, for
composite cements with declining clinker content, the mixture-clinker factor FS increases significantly
(the highest resulting value is that of CEM III/C blast furnace cement with 3.7 MPa/1% CL). While the
"usability of clinker" in Portland cement is more favourable in earlier CS_2, CS_7, the opposite is true
for long-term CS. The last 2 rows of Table 8 are noteworthy – the FS for the S-S binder CEM III/C10/1 is
more than 10 times higher than for Portland cement, as early as at CS_2 and CS_28 it the value is more
than 36 times higher (27.7/0.76 = 36.4). Similarly, for CEM III/C20/1, the FS increase for CS_2 is as
follows: 2.2/0.45 = 4.9 times higher, for CS_28 the value is as much as: a 40.1/0.76 = 52.6 times higher
FS as compared to Portland cement.
4.

CONCLUSION

Cements with a lower clinker factor are considerably cheaper than the Portland cements produced and
sold so far (i.e., a shift of the share of additional constituents towards an increase in the content of
cheaper BFS, limestone and power station fly ash at the expense of a more expensive and more energyintensive clinker), even though they require some refinement of the grinding process. However, the
clinker production costs account for as much as about 70 % and the costs of grinding it to cement
account for only about 30 % of the production costs of conventional Portland cements.
In the field of S-S binders, the economic aspect is as follows:
Because 1 tonne of SiF is several times more expensive than clinker, when using 10 – 20 % of SiF, 79
– 89 % of BFS and 1 % of clinker 1 tonne of S-S binder may be more economic than the cements
produced so far, when the high transport costs for BFS and SiF are not included in calculation of the
price, i.e. when the production takes place in the place of the deposits or near the source of one or both
constituents.
Generally, this new binder will become very attractive in the industry in the near or further future, when
global warming melts the bulk of the earth's glaciers, the sea level begins to rise noticeably, e. g. only
by 1 meter, so that 1 tonne of CO2 will cost a clinker manufacturer not 10 – 20 EUR/tonne, but 100 –
500 EUR/tonne. Only then, minimization of the production of Portland cements and an effective use of
Portland clinker, rather than saving time (the current use of Portland cements), will become a problem
for society as a whole.
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ABSTRACT
During recent decades, alkali-activated slag (AAS) systems have attracted great scientific interest
around the world. Despite many efforts its severe shrinkage and cracking is still a delicate issue. The
aim of this work was to partially replace slag by cement kiln bypass dust (CBPD) which, on the basis of
its mineralogical composition, would act as an expansive agent (EA) and thus compensate AAS
shrinkage. It was observed that volume changes of AAS/CBPD mixtures strongly depended on CBPD
dose since low slag replacement levels did not significantly reduce autogenous shrinkage while around
50% of CBPD or more led to severe expansion. Based on X-ray diffraction, this expansion is related to
hydrocalumite-type phase formation. The presence of CBPD also totally modified calorimetric
response of AAS pastes.
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1. Introduction
Alkali-activated slag (AAS)-based systems as an alternative for traditional Portland cement-based
systems attracted significant scientific attention during the several recent decades. AAS is claimed to
have excellent mechanical properties and durability, but its wider use is limited particularly by missing
standards and severe drying and autogenous shrinkage together with cracking tendency. Plenty of
approaches how to mitigate AAS shrinkage have been used, e.g. curing at elevated temperatures,
internal curing, blending of slag with other mineral additives or the use of shrinkage-reducing
admixtures.
Another possibility is an application of expansive agents (EAs), i.e. the substances whose hydration
results in the formation of products causing an expansion of the material. Most often used EAs are
calcium sulphoaluminate or dead burn CaO. The expansive mechanism of the former is based on
ettringite formation while the latter produces portlandite. Because separate weighing of EAs during the
concrete production is impractical and problems with precise dosing can arise, they are usually mixed
with Portland cement to obtain so called shrinkage compensating cements used for the production of
shrinkage compensating concretes. Shrinkage compensation lies in sufficient initial expansion of these
concretes to compensate for subsequent drying shrinkage. The expansion takes place during the first
days of wet or water curing and causes compressive stresses in the material (chemical prestress)
which are not as dangerous as tensile stresses developed during the subsequent stages of drying
shrinkage. Thanks to the initial chemical prestress, tensile stresses do not exceed tensile strength of
the material which prevents cracking (Aïtcin & Flatt 2015).
Some studies dealing with the use of expansive agents in AAS can be found in literature. Yuan et al.
(2014) used the mixture of quick lime, periclase and anhydrite at the doses of 0–8% with respect to
the slag weight. Increasing dose of the EA resulted in significant drying shrinkage decrease with 75%
shrinkage reduction for 8% of EA. Authors claimed that such shrinkage reduction can be related to the
presence of portlandite, which was found in all samples on XRD, while ettringite was not detected,
although it was formed in the mixture of EA with activating solution and water (without slag).
Nevertheless, high doses of EA worsened workability and had strong accelerating effect on setting
times which were shorter even than 10 minutes in some cases.
Another authors (Jin et al. 2014) applied two forms of MgO with different reactivity as an EA at the
doses of 0–7.5% with respect to the slag weight. The more reactive form of MgO was effective in
shrinkage reduction particularly during the first days; shrinkage was reduced by approximately 25% for
7.5% of MgO. The less reactive form of MgO had only slight effect on shrinkage with its maximum
reduction of 13%. Regardless the form and dose of MgO, specimens had high cracking tendency
during the first days while later self-healing effect was observed in some specimens, particularly for
the those containing less reactive form of MgO. Beneficial effect on shrinkage was related to the
formation of hydrotalcite-like phases, while brucite was not detected in this case. Also in Shen et al.
(2011), beneficial effect of MgO on shrinkage and cracking of blended alkali-activated slag and fly ash
mixtures was observed but in this case related mainly to the brucite formation.
It can be summarized that only few papers dealing with the use of EAs in AAS with sometimes
contradictory results have been published. For this reason, cement kiln bypass dust (CBPD)
containing some phases with expansive potential was used as an admixture partially replacing slag in
AAS pastes and mortars. The effect of CBPD not only on volume changes of AAS but also on its
setting time and hydration was investigated.

2. Expertimental part
2.1 Materials and mixture composition
Ground granulated blast furnace slag (BFS) with Blaine fineness of 400 m2/kg was used as a starting
aluminosilicate precursor. It was predominantly composed of amorphous phase with traces of
crystalline minerals calcite, merwinite and akermanite/gehlenite as determined using X-ray diffraction
method (XRD) with Rietveld analysis and calcium fluoride as an internal standard. BFS was partially or
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in some extreme cases even fully replaced by CBPD, which was rich in free CaO (~35%), KCl (~35%)
and larnite (~22%), contained amorphous phase and also some minor crystalline phases like arcanite,
akermanite-gehlenite and quartz. BFS replacement level by CBPD was used to distinguish the
mixtures, e.g. CBPD-30 was mixture containing 30% of CBPD and 70% of BFS. Both BFS and CBPD
were considered being the binder for the purposes of mixture designing. Also reference mixtures
(Ref.) without CBPD were tested.
Waterglass with silicate modulus of 2.0 was used as an alkaline activator. Its dose was adjusted to 4%
of Na2O with respect to the binder weight. Water to binder ratio including water from waterglass was
0.35 for pastes and 0.46 for mortars. Sand to binder ratio was 2 : 1 using siliceous sand with
maximum grain size of 2 mm as prescribed for cement testing according to EN 196-1. When possible,
mixing procedure was also inspired by EN 196-1.

2.2 Testing procedures
2.2.1 Setting time
Initial and final setting times were determined using Vicat apparatus commonly used for Portland
cement characterization (EN 196-3). The testing was performed at laboratory conditions (~25 °C and
~50% of relative humidity).

2.2.2 Compressive strength
Compressive strength was determined at the ages of 24 hours, 7 days and 28 days on the halves of
the moist cured specimens with dimensions of 20 mm × 20 mm × 100 mm after the flexural strength
test. Six values for compressive strength were obtained for each mixture at each age and averaged.

2.2.3 Autogenous volume changes
Volume changes at autogenous conditions were determined using hydrostatic weighing method. Latex
condoms were filled with the paste (~75 g), tied with fishing line and hanged on balances. First of all,
weight on air mair was recorded and then the specimen was immersed in oil and its weight recorded
every minute for several days. Assuming that temperature of oil and thus its density is constant during
the measurement, volume change in percent V was calculated using (1), where moil,ini is initial weight
of the specimen in oil and moil,t is weight of the specimen in oil at any time.

V 

moil,ini  moil,t
mair  moil,ini

 100

(1)

2.2.4 Isothermal calorimetry
Effect of CBPD on hydration of AAS was determined using isothermal calorimetry. To reliably record
the heat flow also during the initial stages of hydration, “Admix” ampoules, i.e. 20ml glass vials
equipped with a syringe and a special teflon stirrer, were used. This enabled separate preconditioning
of the binder (in a vial) and activating solution (in a syringe) inside the calorimeter to the temperature
of the measurement (25 °C). After that, activating solution was, still in-situ, added to the binder and
mixed for three minutes. Heat of hydration was recorded from the first contact of the activating solution
with the binder.

2.2.5 X-ray diffraction
To support the results from the methods described above, mixture with BFS/CBPD = 50/50 was
selected to determine its phase composition evolution in time using PANanalytical Empyrean device.
Before the measurement started specimens were crushed and mixed with excess of isopropyl alcohol
for one hour to stop their hydration. Then they were dried at the temperature of 40 °C for two hours
and refined using vibrating mill for 15 seconds. The XRD measurement was performed in BraggBrentano configuration at the range of 5–90° 2, X-ray tube with copper anode with voltage of 30 kV
and electric current of 40 mA was used. The obtained data were evaluated using PDF2 database.
Reference codes of the detected phases are given in appendix.
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3. Results and discussion
The effect of CBPD on setting time and compressive strength is given in Figure 1. It can be seen that
increasing BFS replacement by CBPD resulted in a gradual shortening of both initial and final setting
time. Also volume changes in autogenous conditions were strongly dependent on the BFS
replacement level as can be seen in Figure 2. In some cases (0 and 50% of CBPD) the test was
repeated to check its reproducibility. For the lowest CBPD doses, i.e. 10 and 20%, no or slight
reduction in autogenous shrinkage was observed, while the use of 30% CBPD led to noticeable
expansion with its maximum at approx. 18 hours followed by shrinking. Further increase in CBPD dose
up to 50 and 100% resulted in strong expansion: around 3 for the former and 20% for the latter. To
explain in more detail these observations, isothermal calorimetry and XRD was applied.

70

initial setting time
final setting time
difference between them

60

time (min)

50
40
30
20
10

compressive strength (MPa)

B

A

24 hours
7 days
28 days

120
100
80
60
40
20
0

0
0

20

40

60

80

0

100

slag replaced by CBPD (%)

10

20

30

40

50

slag replaced by CBPD (%)

Figure 1. Effect of CBPD on setting time (A) and compressive strength (B) of AAS mixtures
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Figure 2. Effect of CBPD on autogenous volume changes of AAS pastes
Calorimetric curves of the pastes with various BFS/CBPD ratios are given in Figure 3 (heat flow) and
Figure 4 (cumulative heat). It can be seen that the presence of CBPD pastes totally modified the
calorimetric response of AAS paste even for the lowest used CBPD dose. The reference AAS paste
showed typical calorimetric curves with three peaks described by Shi & Day (1995): The first one
related to wetting and dissolution of slag particles followed by the peak of primary calcium-silicatehydrate (C-S-H) phase formation and the last one associated with secondary C-S-H formation.
However, in presence of CBPD the first peak is more intense compared to the first peak of reference
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mixture, but what is even more interesting is that it is endothermic. This is due to the dissolution of
phases with positive heat of solution present in CBPD, namely KCl and K 2SO4.
Then the second peak arises, it is exothermic and its intensity increases with increasing dose of
CBPD. For the paste with 25% of CBPD, this peak is followed by the third peak which correlates with
the second peak of the reference mixture, while for higher CBPD doses second peak shows a
shoulder but no peak simultaneous with primary C-S-H formation of the reference paste. This suggest
that the second peak on curves of CBPD-containing mixtures would be related to the hydration of free
lime followed by primary C-S-H formation, which thanks to high amounts of dissolved calcium ions
appears earlier in pastes with high contents of CBPD and is manifested by the shoulder of the second
peak.
Also the maximum of the third calorimetric peak of the reference paste appears earlier in presence of
CBPD. As was already mentioned, for the reference paste this peak should be associated with
secondary C-S-H formation. However, as CBPD content increases at the expense of slag and thus
also the amorphous phase content decreases (although some amorphous phase would be present in
CBPD), it is a question which phases are formed when this peak occurs, particularly in the pastes with
high CBPD dose. One possibility is hydrocalumite, which was for BFS/CBPD pastes clearly detected
using XRD after 7 days (Figure 5). Hydrocalumite belongs to wide family of AFm-type phases, whose
sulfate group can be replaced by other anions like Cl− or CO32− (Taylor, 1990) and Al3+ by other
trivalent kations like Cr3+ or Fe3+ (Rousselot et al. 2002).
According to Figure 5, its formation started between 24 hours and 3 days of hydration, which is
somewhat later than would be expected from the onset autogenous expansion given in Figure 2, but it
is also possible that its amounts were below the detection limit or its crystals were not developed
enough. Also the decrease in intensity of both KCl and NaCl phases between 24 hours and 3 days
support the theory about the hydrocalumite formation since they are only chloride-bearing phases in
the system. Sodium and potassium are also present in the form of apthitalite, also known as glaserite,
which is mineral occurring in saline deposits of lake basins and near the volcanoes (Hilmy 1953).
Some expansion can be caused also by the portlandite formation, but intensity of its peak around
18° 2 did not change significantly throughout the testing intervals. On the other hand, free CaO
content drops rapidly during the first minutes and hours (Figure 6) which would also support the theory
that the second peak observed in calorimetric curves of CBPD containing pastes is associated with
free CaO hydration. No significant increase in portlandite contents suggest that nascent calcium
hydroxide is immediately consumed for the formation of other phases, e.g. primary C-S-H in these
early stages (shoulder of the second peak on calorimetric curves of CBPD-rich pastes) or
hydrocalumite and secondary C-S-H at later stages. Increasing content of C-S-H with time of hydration
can be expected also from the increasing hump around the calcite peak (29,5° 2, where the
diffractions of C-(A)-S-H phase can also be found (Myers et al. 2015, Zhang et al. 2018).
On both XRD patterns (Figure 5 and 6), many phases which were not discussed up to now can be
observed. These are minerals from slag, akermanite-gehlenite and merwinite, as well as minerals from
CBPD like and -C2S, quartz, or akermanite-gehlenite. From these phases, only -C2S can be
hydraulically active, but its hydration is slow and moreover was also observed to be suppressed in
presence of alkaline activator (Lodeiro et al. 2016). This correlates well with Figure 6, which shows
that the amount of belite did not changed significantly throughout the testing period.
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Figure 6. Part of XRD pattern (27–38° 2) of the paste with BFS/CBPD = 50/50

4. Conclusions
This paper investigated the effect of partial or even full BFS replacement by CBPD in waterglassactivated slag systems. It was observed that increasing dose of CBPD resulted in the decrease in
compressive strength, acceleration of setting time and compensation of autogenous shrinkage of AAS
mixtures up to even 25% expansion for 100% CBPD. These effects are related particularly to high free
CaO and KCl contents in CBPD. They are also able to totally modify AAS calorimetric curves as well
as the nature of resulting hydration products. The observed autogenous expansion seems related to
formation of hydrocalumite.
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6. Appendix
Reference codes of the phases detected in alkali-activated BFS/CBPD pastes using XRD (database
PDF2) are as follows:
KCl, sylvite: #01-075-0296
CaO, lime: #01-077-2376
CaCO3, calcite: #01-086-0174
Ca(OH)2, portlandite: #01-078-0315
Ca3Mg(SiO4)2, merwinite: #01-089-2432
Ca2(Mg0.75Al0.25)(Si1.75Al0.25 O7), akermanite: #01-079-2424
Ca2(SiO4), larnite: #01-083-0461
K3Na(SO4)2, aphthitalite: #00-020-0928
NaCl, halite: #01-070-2509
SiO2, quartz: #01-083-0539
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ABSTRACT
Rankinite (3CaO·2SiO2 or C3S2) is a non-hydraulic low-lime calcium silicate which can be used as an
alternative binder material cured via a reaction with gaseous CO2, providing the possibility for the
permanent sequestration of CO2 in the concrete structure. In this work rankinite binder material was
synthesized from mixture (C/S = 1.5) of locally available materials – opoka and limestone – at 1250 °C
for 45 min. Mortar samples prepared of binder (15–30 wt%) and sand (85–70 wt%) mixture (w/c =
0.15-0.4) were pressed (5-17.5 MPa) and cured using gaseous CO2 at different conditions (0.5–2.5
MPa for 4–24 h at 25–55 °C); for comparison, identical samples made with OPC were cured as well.
It was determined that with increasing curing conditions, the carbonation process is intensified –
increasing CO2 pressure from 5 to 25 bar, C3S2 sample compressive strength increased by more than
50 %, while OPC increment was ~ 10 %. Moreover, exposure duration had a major influence on both
of the materials with twice as stronger samples after 24 h curing. Carbonation significantly affects the
microstructure of concrete, leading to lower porosity and higher density. Sample mineralogical
composition alters regardless of curing conditions, nonetheless calcite was the main phase after
carbonation, conducted namely by XRD and STA analysis. The highest compressive strength of the
rankinite binder mortar samples was reached after carbonation at 1.5 MPa for 24 h at 45 °C, with 12.5
MPa compaction, when w/c = 0.25 and binder/sand ratio was 1:3.
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1.

INTRODUCTION

In the production of one tone of Portland cement (OPC) clinker, almost the same amount of CO2 is
emitted to the atmosphere [Benhelal et al. 2016]. In order to address this thriving problem the aim is
set on developing an environmentally friendly clinker with lower Ca/Si ratio that hardens in CO 2
atmosphere. Among other alternative calcium silicate binders that could substitute OPC clinker,
rankinite (3CaO·2SiO2 or C3S2) has one of the highest calcium content thus providing one of the
highest CO2 absorption capacity. Since it still has lower Ca/Si ratio than typical cement minerals (alite
and belite) and lower sintering temperature (1250 °C) [Sahu & DeChristofaro 2013], the initial CO2
emission of its production is also lower. As being non-hydraulic, rankinite hardens via accelerated
carbonation reaction with gaseous CO2 in the presence of moisture producing calcium carbonate and
highly polymerized silica gel [Ashraf 2016]. Rankinite binder can be cured in a relative short time
(within 24 h) developing high early strength [Wang et al. 2018]. Mechanical properties of this type of
hardened concrete highly rely on the mineral composition of the carbonated structure the formation of
which is dependent on the carbonation process parameters [Ashraf & Olek 2018]. Carbonation
reaction depends on many various exposure conditions, such as CO 2 pressure and concentration,
duration, temperature and relative humidity. While, the properties of the mortar sample itself are as
equally important, especially porosity, compaction and specific surface of the binder, as well as, its
chemical and mortar mixture composition (binder/sand and water/binder (w/c) ratio). All of these
parameters have an effect on the carbonation rate and the depth of the carbonation front.
Even through the process of rankinite carbonation has already been rather widely discussed in the
literature, rather minimal attention was paid to the mechanical properties of the hardened concrete and
their reliance on the carbonation parameters. Therefore, the main purpose of this work was to
investigate rankinite binder carbonation hardening process in order to determine the mechanical
properties of the formed concrete and the compressive strength development dependency on the
curing conditions.
2.
2.1

MATERIALS AND METHODS
Sample preparation

In this work the following materials were used: rankinite binder synthesized from opoka (silica-calcite
sedimentary rock) and limestone at 1250 °C for 45 min (further details regarding the components used
for rankinite binder synthesis and synthesis methods can be found in a previous paper [Smigelskyte et
al. 2019]), CEM I 42.5R, CEN standard sand EN-196-1, distilled water. Rankinite binder and cement
samples were prepared in an identical procedure, therefore in further explanations they will be referred
to as “binder”.
For carbonation curing, the mortar samples were prepared by mixing binder with sand (1:3 wt%,
unless indicated otherwise) and adding distilled water (w/c = 0.35, unless indicated otherwise). The
mixture was rapidly and thoroughly mixed by hand and afterwards pressed (pressure – 10 MPa,
unless indicated otherwise, speed – 1 MPa/s, exposure at maximum pressure – 20 s) in a Form+Test
hydraulic press to form 36×36 (±0.1) mm cylinders; 80±0.1 g of the wet mixture was used for one
sample. After formation, all samples were immediately transported to the pressure reactor for
carbonation curing. The carbonation process was carried out at different conditions changing the CO 2
(99.9 % concentration) pressure from 0.5 to 2.5 MPa, duration from 4 to 24 h, temperature from 25 to
55 °C, as well as different sample properties such as: compaction from 5 to 17.5 MPa, water to binder
(w/c) ratio from 0.15 to 0.4 and binder/sand ratio from 15/85 to 30/70 wt% (combined sequential
system of the carbonation parameters is shown in figure 1).
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Figure 1. Carbonation curing parameter scheme
2.2

Test methods

The carbonation curing in the CO2 environment was carried out in a Parr Instruments pressure reactor.
The reactor was first pressurized with CO2 gas up to ~ 2 MPa and immediately depressurized to
eliminate the presence of air and then the CO 2 pressure was increased (and decreased afterwards) by
0.25 MPa/min to the required value.
The test for compressive strength were performed immediately after carbonation using a universal
testing machine (Form+Test) at a loading rate of 1.5 kN/s. At least three samples of each batch were
tested and the average of those was considered as the representative compressive strength of the
whole.
The sample dimensions, used for determination of water absorption, were 100/100/20 mm; binder to
sand ratio was 1:3, water to binder ratio for cement samples was 0.35, for rankinite samples – 0.25.
The pressed (12.5 N/mm 2) mortar samples were carbonated at 1.5 MPa for 24 h at 45 °C.
The water absorption by immersion was determined according to the Standard EN
1338:2003+AC:2006. The samples were dried to a constant mass, weighted and then immersed in
water for 5, 30, 60, 1440, 2880 min and up to 4 days until the change in mass during 24 h was less
than 0.1 %. The obtained mass of the water saturated sample was called ms. After absorption, the
samples were dried at 105 ± 5 °C until constant weight. The mass of the dried sample was called md.
The water absorption by immersion W is expressed as the water uptake relative to dry mass and was
calculated according to the formula:
W = (ms – md) / md

(1)

The XRD analysis was performed on the D8 Advance diffractometer (Bruker AXS) and a simultaneous
thermal analysis STA (thermogravimetric analysis—TG and differential scanning calorimetry—DSC)
was carried out on a thermal analyser Linseis STA PT 1000.
3.
3.1

RESULTS AND DISSCUSION
Compressive strength development

3.1.1 CO2 pressure and carbonation duration
Figures 2 and 3 show the evolution of the average compressive strength of C 3S2 and OPC specimens
measured after carbonation at different CO2 pressure and carbonation duration. It is known, that the
higher the CO2 pressure is, the faster and more CO2 can transport into the specimens [Shi & Wu
2008] and be permanently stored in a concrete structure in form of carbonates, which are the main
carbonation reaction product, on which the mechanical strength of the material relies on. The obtained
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results only partially confirms this statement, since it can be seen, that the OPC sample strength
seems to be differing, especially at low pressure, while the C3S2 ones shows to follow a pattern of
consistent strength increment. As can be seen for the figure 3, there was a rather negligible effect of
the CO2 pressure increase during the 4 h carbonation of the C 3S2 samples, whereas increase of the
duration up to 24 h, had a major influence on the compressive strength development.
Increasing the carbonation pressure from 0.5 to 2.5 MPa (during 4h carbonation), OPC sample
compressive strength increased by 9.7 %, while C3S2 sample strength increment was 53.8 %.
Increasing the carbonation duration from 4 to 24 h (at 1.5 MPa), OPC samples gained 1.5 times higher
compressive strength, whereas C3S2 sample strength increased by 2.5 times. Considering these
conditions, C3S2 samples seem to reach a constant value of compressive strength at 1.5 MPa after 24
h that varies insignificantly while further increasing the CO 2 pressure at the same duration. With
carbonation duration of 4 and 16 h the process seems to stabilize at 2.0 MPa. Similar observation can
be made for the OPC samples, of which the highest compressive strength is analogously reached at
1.5 MPa and 24 h. As a result, further carbonation experiments were carried out at 1.5 MPa for 24 h.
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Figure 2. Compressive strength development of carbonated OPC
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Figure 3. Compressive strength development of carbonated C3S2
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Figure 4. XRD patterns of uncarbonated and carbonated rankinite binder mortars. Indexes: R –
rankinite, C – calcite, Q – quartz, A – akermanite, P – pseudowollastonite
Figure 4 shows the obtained XRD patterns of rankinite binder mortars carbonated at 1.5 MPa for 4 to
24 h at 25 °C. Prior to further discussion it is important to notice that in order to determine the
predominant mineral composition in the mortar samples, they were manually crushed and the
cementitious material was separated from the sand grains by sieving. However, this way the complete
elimination of quartz is impossible, and therefore large scale peaks attributed to quartz are visible in
the XRD curves. In addition, samples made from binder material only, were also used for carbonation
curing in order to obtain the exact mineral composition. However, the results showed that the
carbonation process in binder alone and binder system with sand are entirely different and cannot be
used for comparison – the only polymorphs of calcium carbonate in samples with sand was calcite,
while in the samples of only binder formation of metastable calcium carbonate polymorphs (vaterite
and aragonite) formation occurred.
As can be seen in figure 4, the increase of the carbonation duration resulted in higher amounts if
CaCO3 formed, after 24 h only insignificant amount of rankinite is left uncarbonated. Considering the
mineral composition, the only polymorph of crystalline calcium carbonate detected was calcite, which
is directly related to the compressive strength development.

135

4h

24 h

1.5 MPa
25 °C
35

a

16 h

750
235

335

435

535

Temperature, °C

635

735

exo
↕
endo

Mass change, %

Heat flow, mW

4h
2
0
-2
-4
-6
-8
-10
-12
-14
-16
-18

100
98
96
94
92
90
88
86
84
82
80

b

24 h

1.5 MPa
25 °C
35

835

16 h

135

235

335

435

535

635

735

835

Temperature, °C

Figure 5. DSC (a) and TG (b) curves of carbonated rankinite binder mortars
Obtained thermal analysis results further confirmed the formation of calcium carbonate – a clear
endothermic peak at around 750 °C is typical to decarbonation reaction (figure 5a). Slight differences
in carbonate decomposition temperature (728, 742 and 750 °C after 4, 16 and 24 h carbonation,
respectively) may be due to increased CaCO 3 crystallinity with increased duration of the process.
According to the TG data (figure 5b), the overall carbonate amount continuously increased with the
increasing duration. A single step mass loss indicated that with prolonged duration of the carbonation
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reaction, higher amounts of carbonates are generated, thus increasing the compressive strength of
the material.
3.1.2 Temperature
Since carbonation is a diffusion limited process [W. Ashraf 2016], temperature plays a significant role
in an attempt to reach higher carbonation degree and, therefore, a desired compressive strength of
the rankinite binder system. Higher temperature promotes ion leaching and chemical reactions, as well
as, CO2 diffusivity but, on the other hand, it may reduce its solubility in water, decreasing the rate of
carbonation [Liu et al. 2016]. The results obtained (figure 6) showed the same tendency that a higher
temperature increases the mechanical strength, which is promoted by microstructural densification
due to increased CO2 uptake during carbonation curing. However, increasing the process temperature
from 25 to 55 °C, the effect on both of the binder materials was diverse: OPC samples did not seem to
follow any pattern of strength increment, while C3S2 samples reached a highest strength of 33 MPa at
45 °C that remained almost constant when further increasing the temperature; therefore further
experiments were carried out at 45 °C.
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Figure 6. Temperature influence on the compressive strength development of OPC and C 3S2
3.1.3 Mixture composition
In order to establish the optimal mixture composition, experiments with different binder to sand ratios
were conducted, where the water to binder ratio was kept constant at 0.35 but the binder to sand ratio
was changed from 15/85 to 30/70 wt%. Figure 7 shows the effect of binder/sand mass ratio on the
average compressive strength of the rankinite binder samples. It can be observed that the
compressive strength of the samples significantly increases with the increase of the binder up to 25
wt%. However further increase of the binder amount up to 30 wt% led to a reduced compressive
strength and workability of the samples, since with the increase of the binder, the amount of water
increased as well. The excess water caused poor workability that according to Hu et al. 2018 may
have introduced more pores inside the samples and led to improper compaction and therefore lower
compressive strength.
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3.1.4 Compaction pressure
While examining the compaction pressure influence on the compressive strength development, the
highest compressive strength was reached at the compaction pressure of 12.5 MPa (figure 8).
Increasing the compaction pressure from 5 MPa to 12.5 MPa, compressive strength of the rankinite
samples increased by 43 %; when further increasing the pressure up to 17.5 MPa, the compressive
strength decreased by 5 %. However, no similar conclusions can be made for the OPC samples, since
their results were fluctuating. Similarly to our results, Fang et al. (2016) determined that compaction
pressure shows a significant influence on the carbonation efficiency of calcium hydroxide that
increases while increasing the compaction pressure up to 8 MPa and decreases under higher
compaction pressure (10-14 MPa). The difference with our results in pressure value may be due to
different material properties, such as specific surface, water content and especially sand that in our
case provided better porosity easing CO 2 penetration into inner parts of the sample. Generally, lower
compaction provides higher reaction surface, since the porosity is then higher and the structure is
looser. On the other hand, higher degree of compaction leads to lower porosity and therefore, higher
strength, however it may prevent CO2 diffusion. When the compaction pressure is high, the reaction
surface is lower, thus, water layer is thicker than that at lower compaction pressure. Interrelation of all
these factors determines the optimum compaction pressure at which the strength can be reached.
Therefore, sample compaction at 12.5 MPa seems to be the optimum value of compaction for
rankinite binder system, providing appropriate porosity and optimum surface for the carbonation to
proceed.
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3.1.5 Water content
The average compressive strength of the samples with water/binder of 0.15–0.4 is shown in figure 9.
The compressive strength of the rankinite samples significantly increased with increase of the
water/binder ratio up to 0.25 and decreased while further increasing the ratio up to 0.4. Higher water
content reduced the workability of the mixture, the samples were too wet and difficult to transport to
the carbonation reactor. In contrast, the cement sample compressive strength continuously increased
with increasing the w/c ratio and may have not reached the highest possible value. Also, it is worth
mentioning, that at these conditions rankinite binder samples gained the highest compressive strength
of 45 MPa that was even higher than the highest OPC sample gained strength.
Finding optimum water content is of high importance because concrete with high internal moisture
shows a much lower rate of carbonation because the diffusion of CO 2 becomes difficult when pores
are saturated with water. However, carbonation rate also reduces at lower internal moisture level due
to insufficient water in the pores necessary to form carbonic acid [John et al. 1998]. Therefore, pore
saturation plays a vital role in the mechanism of carbonation of concrete. Hence, porous concrete with
favorable amount of water should be suitable for accelerated carbonation reaction [Naik et al. 2009]. In
this work the optimum water to rankinite binder ratio was determined to be 0.25, providing excellent
workability and pore saturation for carbonation reaction.
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Figure 9. w/c ratio influence on the compressive strength development of OPC and C 3S2
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3.2

Water absorption

The samples that reached the highest compressive strength were later on used to determine water
absorbance. The calculated water absorption is show in figure 10. Each point of the results is the
mean value obtained from three different specimens. As can be seen in figure 10, ~ 70 % of the total
absorbed water was reach after 5 min of immersion by both cement and rankinite samples.
Approximately after 3 days, the plateau was reached, the samples were fully saturated with water and
the absorption no longer continued. According to the obtained water absorbance results, the total and
open capillary porosity of the samples was calculated. The total porosity of the samples was
calculated according to the formula:
Pt = (ρm – ρ0) / ρm

(2)

where: ρ0 – density of the cement mortar in dry state, calculated form mass and dimensions;
ρm – density of the mortar crushed into powder, determined by pycnometer method.
While the open capillary porosity was calculated according to the formula:
P0 = (W ∙ ρ0) / ρw

(3)

where: W – water absorption of cement mortar by mass;
ρ0 – density of the cement mortar in dry state, calculated form mass and dimensions;
ρw – density of water.
The calculated total porosity of the rankinite samples was 17.3 %, while the open capillary porosity
was 8.8 %; for cement samples Pt = 17.8 %, P0 = 13.2 %. Since initial total porosity of both of the
binder samples was similar, the calculated results lead to a conclusion that rankinite sample pores
were filled with higher amount of carbonation reaction products than cement, leading to lower open
porosity. Reduction in porosity and pore size distribution is due to precipitation of carbonation products
such as calcium carbonates and silica gels, which have a bigger molar volume than the initial
components such as calcium silicates (in rankinite binder) or calcium hydroxide and C-S-H (in cement)
[Thiery et al. 2003]. Since the process of diffusion in concrete is controlled by its pore system and pore
saturation along with the concentration gradients of ions, pore system governs the most important
properties of concrete, particularly strength. The diffusion coefficients and water permeability are also
affected by the reduction of porosity and supply of water during the carbonation process. Open
(capillary) porosity of hardened cement paste depends on water to cement ratio which also governs
the transition zone porosity in concrete [Kumar & Bhattacharjee 2003]. Since capillary porosity is one
of the main factors affecting the frost resistance and thus the durability of concrete, the obtained
results suggests that rankinite binder concrete quality and durability should descend to OPC.
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4.

5.

CONCLUSIONS


Parameter – CO2 pressure, duration, temperature, compaction, w/c and binder/sand ratio –
influence on rankinite binder carbonation hardening process was investigated and compared
to OPC.



It was determined that all of the studied parameters have an optimal value, at which the
highest compressive strength can be reached. Thus, the highest compressive strength of the
rankinite binder samples was reached after carbonation at 1.5 MPa for 24 h at 45 °C, with 12.5
MPa compaction, w/c = 0.25 and binder to sand ratio of 1:3. At these conditions the
compressive strength value reached 45 MPa that exceeded the highest strength of the
carbonated OPC samples.



The conducted XRD and STA analysis confirmed that the main component after the
carbonation is calcium carbonate, mainly in a form of calcite that is directly related to
compressive strength development – increase of carbonation process parameters increased
the formation of calcite and thus the compressive strength. Water absorption test revealed that
rankinite binder samples gained higher density during the carbonation in comparison to OPC.
This confirmed the compressive strength results, where rankinite binder samples carbonated
at the optimum conditions gained higher compressive strength than OPC.



The obtained results showed that rankinite is a suitable alternative binder material that could
be used for production of environmentally friendly clinker with highly reduced CO 2 emissions.
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ABSTRACT
Xonotlite, Ca6Si6O17(OH)2 is a crystalline calcium silicate hydrate that has been widely used for its
thermal properties and crystal structure stability during recrystallization to wollastonite at 800–850 °C.
This mineral is rare in nature and the main practicable way to obtain it is hydrothermal synthesis in the
range of 180–350 °C. Unfortunately, xonotlite often coexist with intermediate calcium silicate hydrates,
such as C-S-H(I) and 1.13 nm tobermorite, which have negative influence on application temperature.
So, control on purity and mineralogy of products is of high importance.
Recently, many works are being focused on searching of new raw materials suitable for fast and
economically attractive xonotlite synthesis. In this work, the peculiarities of the formation of xonotlite
using lime and calcinated opoka (silica-calcite sedimentary rock) were investigated. Hydrothermal
synthesis was carried out at 200 and 220 °C for 4, 8, 12, 16, 24, and 72 h in the mixtures with
CaO/SiO2 = 1.0 and 1.2. XRD, DSC, Dilatometry analysis showed that the calcinated at 775 °C opoka
is a suitable raw material for the synthesis of xonotlite, since it was identified as the main compound in
the product already after 4 h isothermal curing at 220 °C. The intensity of xonotlite peaks steadily
continues to grow with prolonging hydrothermal synthesis duration. Thermal insulating samples with
density of 130–170 kg/m3, compressive (bending) strength ~0.8 (~0.5) MPa, porosity 90–95 % and
operating temperature 950–1000 °C were produced from obtained synthesis products.
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1.

INTRODUCTION

The high temperature thermal insulating materials made from calcium silicate hydrates are a subject of
many scientific research fields (Gaosheng, W., et al. 2011). One of the main minerals of this group is
xonotlite Ca6Si6O17(OH)2 mainly due to its distinct physical and chemical properties (Frost, et al. 2012).
This compound is obtained in CaO–SiO2–H2O system via a hydrothermal synthesis process at 200-350
°C (Luke, K., et al. 1981) at elevated pressure. The obtained xonotlite fibres from the needle shaped
crystals (Liu, F., et al. 2011), exhibit several excellent characteristics, such as light weight, flameretardancy and high compressive strength, which makes it very efficient for the heat insulating and fireresistant building materials (Pugovkina, Y., et al. 2016). Moreover, literature indicates that these
xonotlite fibres due to large specific surface area and nano-scale effect could also be applied in catalysis
of hydrogen generation (Akbayrak, S., et al. 2016).
For the first time Mamedov K. S., et al. (1955) has proposed a structural model of xonotlite, later
confirmed by Eberhard E., et al. (1981). They stated that the structure of xonotlite consists of calcium
polyhedral layers and infinite SiO44- double chains, however scientists agreed that this model was
incomplete. Later researchers Hejny, C., et al. (2001) deeply investigated literature data and using
analysis techniques described the in-depth structure of xonotlite. The main crystal lattice of the mineral
consists of CaO polyhedral layers (Ca-octahedral and Ca in sevenfold coordination) joined with double
chains of Si6O1710- (Churakov, S. V., et al. 2008). The structure of xonotlite shows close relationship to
the structure of 1.13 nm tobermorite (Megaw, H. D., et al. 1956). It is worth to mention that the structure
of C–S–H gel consists of isolated silicate chains of variable length. These chains contain variable
numbers of OH- groups joined to Si atoms. The C–S–H gel is less ordered than those of crystalline 1.13
nm tobermorite and xonotlite (Richardson, I. G., et al. 1992).
Based on the chemical composition of xonotlite Ca6Si6O17(OH)2 the molar ratio of the main oxides is
CaO/SiO2 = 1.0. Typically, this molar ratio is used to prepare mixtures from raw materials based on CaO
and SiO2, especially in laboratory when pure and analytic grade materials (Liu, F, et al. 1992) are used.
However, xonotlite synthesis mechanism from the suspension in hydrothermal conditions is complicated
and depends on the reactivity and solubility of the raw materials (Matsui, K., et al. 2011). Literature
indicates that during hydrothermal synthesis various intermediate products are formed in the reaction
medium (Galvánková, L., et al. 2016). Unfortunately, xonotlite often coexists with various intermediate
calcium silicate hydrates, such as C-S-H(I) and 1.13 nm tobermorite, which have negative influence on
application temperature of the final product (Liu, F., et al. 2010). For example, during the first reaction
stage due to low quartz solubility rate in the CaO–SiO2–H2O system, formed calcium-rich C–S–H
compounds are distinguished by a low crystalline structure (Guan, W., et al. 2014). As the temperature
and duration of the hydrothermal reaction increases, the molar ratio of CaO/SiO2 in C–S–H gradually
decreases, which leads to the crystallization of 1.13 nm tobermorite and then transformation into
xonotlite (Taylor, H. F. W. 1959). Hartmann et al. (2015) investigated the crystallization in dependence
of increasing CaO/SiO2 ratio from 0.41 up to 1.66 at temperatures in the crossover region of tobermorite
to xonotlite (180˚C and 230˚C). It was found that xonotlite can be separated from the intermediate
products during the hydrothermal synthesis by slightly increasing the molar ratio of CaO/SiO2 from 1.0
to 1.24 and maintaining the temperature above 200 °C. Moreover H. F. W. Taylor (1959) claimed that
xonotlite is much easier to obtain from 1.13 nm tobermorite than from 0.93 nm tobermorite. This could
be explained through structural similarities existing between 1.13 nm tobermorite and xonotlite.
The formation of xonotlite is influenced by the impurities present in the raw materials such as: aluminium,
alkaline metals and sulphate ions. According to the literature aluminium has a huge influence on
transformation of C–S–H to tobermorite and increase in crystallinity degree of compound in the early
stages of synthesis (Faucon, P., et al. 1999). Moreover, aluminium interrupts into the crystal structure
of tobermorite and prevents it from recrystallization to xonotlite. If more than 15 % of aluminium is added
to the mixtures with impurities from the raw materials, xonotlite does not form at all during hydrothermal
synthesis (Shaw, S., et al. 2000). Literature data has shown that alkaline metals, specifically Na+ ions
in hydrothermal synthesis influence xonotlite recrystallization into pectolite. In addition, to obtain pure
xonotlite crystals via hydrothermal synthesis the content of Na 2O in the raw material should be less than
5 % of weight (Fei, F., et al. 2013). According to researchers L. Fei et al. (2017) the Cl− and NO3- anions
have an impact on formation of xonotlite crystalline phase in CaO-SiO2-H2O system. As a result, Cl−
anion has an impact on the formation of fibrous shape crystal of xonotlite, while NO3− anion has a small
impact on its synthesis. Literature suggest that sulphate ions (1–2 % wt) have a positive influence on
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the 1.13 nm tobermorite, but lacks data about the impact on the formation of xonotlite crystallization
(Mostafa, N. Y., et al. 2009).
The main objective of this work is to search for new raw materials that are suitable for fast and
economically attractive xonotlite synthesis to produce thermal insulation products. One of such
promising materials is carbonated opoka: silica-calcite sedimentary rock that is found in Lithuania and
other south-eastern Europe countries. Recently we have showed that opoka calcined at 775 °C is an
excellent raw material for the synthesis of α-C2SH (Siauciunas, R., et al 2015) and 1.13 nm tobermorite
(Smalakys, G., et al 2018).
2.

MATERIALS AND METHODS

Opoka was taken from Stoniskis-Zemaitkiemis quarry, Lithuania (SiO2 = 54.60 %; CaO = 22.10 %; Al2O3
= 2.53 %; Fe2O3 = 1.66 %; MgO = 0.55 %; K2O = 0.83 %) and milled in the ball mill until reaching S a =
969 m2·kg-1. It consists of three different crystal modifications of SiO2: quartz (8.7 %; Rietveld
refinement), cristobalite (21.0 %), tridymite (5.2 %), as well as amorphous part (19.7 %). Other
compounds are: calcite (38.1 %), dolomite (2.6 %) and muscovite (3.8 %). Very detail chemical,
mineralogical composition and properties of opoka was described in our previous work (Smalakys, G.,
et al 2018). Lime (EN 459-1:2010; CaOfree = 94 %) was taken from Lhoist Bukowa Sp. (Poland) and
milled in the ball mill until Sa= 650 m2·kg-1. In order to activate raw material opoka was calcined at 775
°C for 1 h and the maximum amount of CaOfree was obtained (50.67 % of total CaO). After burning, the
pellets were milled to Sa = 1085 m2·kg-1.
Hydrothermal synthesis of calcium silicate hydrates has been carried out in stirred suspensions (300
rpm). The molar ratios of primary mixtures were CaO/SiO2 = 1.0 and 1.2. The water/solid ratio of the
suspension was equal to 20.0. Hydrothermal synthesis has been carried out in stainless steel autoclave
“Parr Instruments” (USA) under saturated steam pressure at 200 and 220 ºC; the duration of isothermal
curing was 4, 8, 12, 16, 24 and 72 hours. The products of the synthesis have been filtrated, rinsed with
acetone to reduce carbonization, dried at a temperature of 100 ºC ± 1 and put through a sieve with an
80-μm mesh.
The X-ray diffraction analysis (XRD) was performed on the D8 Advance diffractometer, Bruker AXS,
Germany (tube voltage 40 kV; tube current of 40 mA). Diffraction patterns were recorded in a BraggBrentano geometry using a fast counting detector Bruker Lynx Eye based on a silicon strip technology.
The samples were scanned over the range 2θ = 3–70° at a scanning speed of 6° min-1 using a coupled
two theta/theta scan type. The program used for compound identification was Diffrac.eva v3.0. For
Rietveld refinement, 10 % of ZnO was added as an internal standard for the quantitative determination
of the amorphous phase. The samples for this analysis were ground to < 32 μm.
The chemical composition analysis of samples was performed by X-ray fluorescence spectroscopy
(XRF) on a Bruker X-ray S8 Tiger WD spectrometer.
Simultaneous thermal analysis (STA: differential scanning calorimetry–DSC and thermogravimetry–TG)
was employed for measuring the thermal stability and phase transformation of products at a heating rate
of 15 °C/min, the temperature ranged from 30 °C up to 1000 °C under air atmosphere. The tests were
carried out on LINSEIS STA PT1000 instrument. The ceramic sample handlers and crucibles of Pt-Rh
were used.
Dilatometry analysis of powder sample was employed for measuring the linear length change and was
performed by Linseis 75PT 1600 (Germany) using a corundum support tube at a heating rate of 10 °C
/min; the temperature range from 30 to 1000 °C in N2 (20 cm3/min) flux.
The specific surface area of the raw materials was determined using CILAS LD 1090 or by the Blaine
method with an air permeability apparatus (model 7201, Toni Technik Baustoff GmbH). The mixing of
raw meals was performed in a homogenizer Turbula Type T2F for 1 h at 49 rpm.
The amount of free CaO was determined following the standard ASTM C114–11b.
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3.

RESULTS AND DISCUSSION

The molar ratio of xonotlite is CaO/SiO2 = 1.0, so initially the mixture of this composition was tested. The
XRD results of hydrothermal synthesis at 200 °C showed that the main compound after 4 h of isothermal
curing was high crystallinity degree 1.13 nm tobermorite (d = 1.133; 0.548; 0.308; 0.298; 0.282; 0,184
nm) (Fig. 1, curve 1). Crystobalite and tridymite has already reacted under these conditions, but some
quantity of unreacted quartz still remained. By prolonging the duration of treatment up to 8 h together
with 1.13 nm tobermorite the traces of xonotlite were identified (d = 0.698; 0.424; 0.363; 0.324; 0.308;
0.250; 0183 nm) (Fig. 1, curve 2), while almost all of the quartz has reacted. After 12 and 16 h of
hydrothermal synthesis the peaks of 1.13 nm tobermorite slightly increased (Fig. 1, curve 3, 4). However,
the main peaks of xonotlite remained rather small. Moreover, the peak profile of these compounds
remains unchanged, even when the duration of synthesis was extended to 72 h. One of the reasons
may be that not all CaO took part in the formation of calcium silicate hydrates: part of it reacted with
impurities in the opoka and 2.95 % of CaO was in the composition of CaCO3 which was left after
calcination of opoka at 775 °C. Increasing of calcination temperature is very problematic, because during
decomposition of carbonates obtained CaO is highly reactive and together with silica forms wollastonite.
Due to this reason the molar ratio of CaO/SiO2 in the reactive media is smaller than 1.0. Moreover, as
mentioned in the introduction 1.13 nm tobermorite is closely related to xonotlite by structure and
synthesis mechanism. Therefore, smaller molar ratio is more favourable for 1.13 nm tobermorite
formation when it is for xonotlite. Due to this reason, it was decided to increase the molar ratio to
CaO/SiO2 = 1.2.
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Reaction sequence in mixture with this molar ratio changes significantly. It was determined that even
after 4 h of isothermal curing at 200 °C (Fig. 2, curve 1) some quantity of xonotlite has formed. The peak
intensity of this calcium silicate hydrate in XRD patterns gradually but constantly increases while
prolonging the synthesis duration (Fig. 2, curves 2–5) and xonotlite of highest crystallinity degree was
obtained after 72 h of isothermal curing (Fig. 2, curve 6). It is worth to mention that in the mixture with
CaO/SiO2 = 1.2 nor 1.13 nm tobermorite nor any other crystalline calcium silicate hydrates have formed.
Together with xonotlite calcite was identified, which originated from raw materials and partially from
carbonization of hydrothermal synthesis products during drying. However, the duration of high
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crystallinity xonotlite formation at 200 °C is too long and it was decided to intensify the process by
increasing the hydrothermal synthesis temperature to 220 °C.
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In the mixtures with molar ratio of CaO/SiO2 = 1.0, xonotlite was identified together with 1.13 nm
tobermorite even after 4 h of synthesis (Fig. 3a, curve 1). By prolonging the duration of the isothermal
curing up to 72 h (Fig. 3a, curves 2–6) only minimal changes were observed in the mineral composition
of the products: the intensity of xonotlite peaks narrowly increased, meanwhile 1.13 nm tobermorite
peaks slightly decreased. Differential scanning calorimetry data (Fig. 3b) at 100–240 °C temperature
range showed a very broad and vaguely expressed dehydration effect which is related to water removal
from 1.13 nm tobermorite and semi-amorphous calcium silicate hydrate of C–S–H(I) type without clearly
expressed crystal lattice. As mentioned in the introduction, this compound forms when synthesis
duration is insufficient or molar ratio of mixture is disturbed. The endothermal effect at ~710 °C shows
decomposition of calcite. However, the exothermic process at 840–845 °C is clearly visible in DSC
curve. This effect shows the recrystallization of C–S–H(I) to wollastonite. It should be noted that the
value of heat released during this process decreased from 13.0 mW/mg (4 h) to 8.5 mW/mg (12 h) and
up to 7.5 mW/mg (72 h) only (Fig. 3b, curves 1–3). Thus, it can be summarized that the molar ratio of
CaO/SiO2 = 1.0 in opoka–lime mixture is too low for the synthesis of xonotlite. Already at the beginning
of hydrothermal treatment, C–S–H(I), 1.13 nm tobermorite and xonotlite has formed, the ratio of which
only slightly altered by extending the duration of isothermal curing to 72 h.
The formation of xonotlite in mixture with CaO/SiO2 = 1.2 at 220 °C temperature develops very quickly.
After 4 h of hydrothermal treatment xonotlite was identified as the main compound (Fig. 4a, curve 1).
DSC data indicated that the sample contained some amount of calcite (Fig. 4b, curve 1; endothermal
effect at 723 °C) and C–S–H(I) (exothermal effect at 842 °C). However, the content of later compound
is low because the amount of heat released (3.0 mW/mg) is much lower than in the samples from mixture
with CaO/SiO2 = 1.0. It should also be noted that synthesis product does not even contain traces of
quartz and no other crystalline calcium silicate hydrates has formed. The highest crystallinity degree of
xonotlite was obtained after 12 h of hydrothermal synthesis (Fig. 4a, curve 3) and its characteristic peak
intensity in XRD patterns was practically unchanged, when isothermal curing duration was extended to
16–72 h (Fig. 4a, curves 4–6). Thus, it can be said that in products with a 12-hour or longer synthesis
duration, xonotlite is the only compound, especially since the quantity of semi-crystalline C-S-H is
extremely low (Fig. 4b, curves 2 and 3).
To summarize, the following technological parameters should be chosen for the production of high
temperature thermal insulating products with predominant xonotlite from the opoka-lime mixture: molar
ratio of the raw meal CaO/SiO2 = 1.2; water/solid ratio W/S = 20.0; duration of hydrothermal treatment
at 220 °C from 4 to 12 h, with intensive stirring of the suspension.
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One of the essential requirements for the thermal insulating products is their minimal shrinkage at high
temperature. Since semi-amorphous C–S–H(I) and C–S–H(II) type calcium silicate hydrates do not have
clear crystalline structure, their shrinkage during recrystallization to wollastonite is very high. The
structure of the crystal lattice of xonotlite and wollastonite is very similar; therefore, the shrinkage during
this recrystallization process is negligible. It means that mineralogical composition and crystallinity of
the products determines their working temperature. The change in the linear dimensions of the material
and its ability to withstand the effects of a high temperature can be pre-determined by a dilatometry
analysis method.
The linear shrinkage in the temperature range of 20–1000 °C of the sample synthesized at 200 °C for 8
h was found to be very high at almost 15 % (Fig. 5, curve 1). The reason for this is the moderate amount
of xonotlite with low crystallinity in this product (Fig. 2, curve 2). In addition, this sample shrinks by 1.27
% up to 735 °C, i.e. even before the recrystallization of calcium silicate hydrates to wollastonite.
Extending the hydrothermal synthesis duration up to 24 h, XRD curve of the obtained product shows
that the peak intensities of the formed xonotlite are much higher (Fig. 2, curve 5). Due to this reason,
linear shrinkage of the sample decreases to 2.48 % (Fig. 5, curve 2). Samples obtained at 220 °C
temperature are characterized by an even higher linear dimension stability – shrinkage of the sample
obtained after 4 h synthesis was 1.68 % (Fig. 5, curve 3), after 12 h – only 0.86 % (Fig. 5, curve 4).
Furthermore, samples only shrink in a temperature range of 750–850 °C. These results are in a good
agreement with product mineralogical composition analysis data – as can be seen in the DSC curves,
after 4 h synthesis, there still remains a small amount of C-S-H(I) (Fig. 4b, curve 1), while after 12 h this
compound is no longer visible (Fig. 4b, curve 2).These results confirm that the xonotlite from opoka-lime
mixture should be synthesised best at 220 °C.
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Suspensions obtained after the hydrothermal synthesis (CaO/SiO 2 = 1.2, W/S = 20.0, 200 °C, 4, 8 or 12
h) were used for the formation of thermal insulating materials. It should be noted that these suspensions
bind high amount of water and their relative density (ratio of suspension volume after 24 h of settling to
mass of the initial mixture) alters from 12.5 to 15.2 g/cm3 (Table 1). The samples (20×20ˣ60 mm) were
formed in a vacuum-press form using simultaneous water suction and pressing at 1.6 MPa. Afterwards,
they were reprocessed in an autoclave (200 °C, 4 h) and dried at 100±1 °C until constant weight. During
the second hydrothermal treatment, residue of C-S-H(I) converts to xonotlite, level of crystallinity
increases, and sufficiently good mechanical properties are obtained.
As can be seen, the average density of the samples varies in a range of 170–130 kg/m3 and tends to
decrease with increasing duration of the isothermal treatment. With decreasing average density, the
flexural and compressive strength of the samples decreases as well, although it is still sufficient enough
for product transportation and installation on site.
The thermal conductivity of the samples calculated according to the Japanese standard JISA1413 was
relatively low – 0.043–0.038 W/m·K. This is due that xonotlite density is 2700 kg/m 3, while the average
density of the samples is 130 kg/m 3. This means that only 4.8 % of the sample volume is occupied by
the solid material, while the rest 95.2 % is air entrapped in very small pores.
Table 1. Mechanical properties of thermal insulating xonotlite samples
Duration of the hydrothermal synthesis, h

4.




4

8

12

Relative density of the suspension, g/cm3

12.5

14.3

15.2

Average density, kg/m3

168

140

129

Bending strength, MPa

0.54

0.49

0.36

Compressive strength, MPa

0.86

0.79

0.68

CONCLUSIONS
Opoka calcined at 775 °C is a suitable raw material for the production of xonotlite. The determined
optimal synthesis conditions are: molar ratio of the raw meal CaO/SiO 2 = 1.2; water/solid ratio W/S
= 20.0; duration of the hydrothermal treatment at 220 °C – 12 h, with intensive stirring of the
suspension.
Mineralogical composition and crystallinity of the products based on calcium silicate hydrates
determines their working temperature. Linear shrinkage in the temperature range of 20–1000 °C of
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samples consisting of low crystallinity xonotlite and C-S-H(I) is very high at almost 15 %, while in
the case of practically pure xonotlite it did not exceed 1 %.
From xonotlite, synthesized in opoka-lime-water suspension, thermal insulating products with
average density 130–170 kg/m3, flexural strength 0.4–0.5 MPa, compressive strength 0.7–0.8 MPa
and thermal conductivity of 0.043–0.038 W/m·K can be produced.
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ABSTRACT
During these last decades many studies have contributed to enhance the comprehension of Calcium
sulphoaluminate (CSA) cements reaction mechanisms as well as the impact of specific additions on
CSA final performance (e.g. strength evolution, dimensional stability and durability properties). The
interaction of CSA cements with Supplementary Cementitious Materials (SCMs) usually used in
combination with OPC has also been investigated, but the results from different authors are
contradictory. This study aimed to investigate the physical performance of blended systems composed
by CSA cement in presence of different SCMs additions (e.g. GGBS, Fly ash and metakaolin) with
contents up to 20 wt.%. According to mechanical tests results, only FA demonstrated to have beneficial
effect on strengths development, mainly at early ages, while metakaolin and GGBS showed only a
dilution effect.
In order to understand the role of Fly Ash addition on CSA performance, the hydration mechanism has
been investigated by means of XRD, DTG and SEM observations. The results put in evidence how FA
just affect the kinetic of hydration, with no effects on the hydration products assemblage. Changes
have been observed in terms of hydration product morphology, in particular of ettringite.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cements have been proposed as potential low CO2 alternative to ordinary
Portland cements [Juenger et al., 2011]. Apart from these environmental reasons, their continuously
increase in popularity in the construction sector is due to particular features such as the rapid hardening
and the reduced shrinkage [Telesca et al., 2014], thus allowing to prepare mortars and concretes with
performance difficult to be obtained with ordinary Portland cements. It is well known how several
technological properties of CSA cements can be regulated by the quantity and type of the employed
calcium sulphates. Several authors investigated CSA cement reactivity and performance of CSA
cements with various calcium sulphate sources [Winnefeld&Barlag, 2010; Telesca et al., 2014; Allevi et
al., 2016]; the calcium sulphate to ye’elimite (C$/Y) molar ratio is a key factor determining the CSA
performance in terms of strengths evolution and dimensional stability, by controlling the
ettringite/monosulphate relative amount. [Chen et al.,, 2012; Bizzozero et. al, 2015]. For the synthesis
of CSA clinker, expensive raw materials are needed (in particular aluminum-bearing materials), leading
to higher costs than ordinary Portland cements; this aspect represents a limiting factor for a wider use
in several construction sectors. In order to reduce costs and CO2 emissions, blending CSA cements
with commonly used supplementary cementitious materials (SCMs) in Portland cements have been
suggested. The use of limestone in CSA cements is commonly adopted in China at commercial level
and its effect on the performance and hydration of these binders have been investigated by different
authors [Pelletier-Chaignat et al., 2012; Martin et al., 2015]. On the contrary, the impact of the addition
of other SCMs such as blast furnace slag, fly ash or calcined materials (e.g. metakaolin) have not
received the same attention. Several authors have recently studied the influence of fly ash on CSA
hydration and strength evolution [Garcia-Mate et al. 2013; Ioannou et al., 2014; Martin et al., 2017]. In
these studies the CSA cements investigated had a C$/Y lower and higher than 2. Because the molar
ratio influence the pH of the pore solution and as a consequence the fly ash dissolution, in the present
study, a CSA cement with a C$/Y equal to 2 (condition for maximising the ettringite formation) was
investigated, for studying the impact of the presence of siliceous fly ash (FA) or blast furnace slag (BS)
on the ettringite formation and on several technological properties of CSA cements (early strengths
evolution and dimensional stability). The investigation considered in a preliminary phase CSA cement
blended with both FA and BS with replacement levels of 5, 10, 15 and 20 weight-%. Hydration was
investigated exclusively for cements containing fly ash, using calorimetry, thermogravimetric analysis
(TGA) and X-ray powder diffraction (XRPD).
2.
2.1

MATERIALS AND METHODS
Raw materials and mix design

The materials used in this study were a commercial CSA clinker, a micronized synthetic anhydrite, a FA
and BS used for preparing Portland cements. All the materials have been supplied by Italcementi. The
slag sample has been laboratory grinded using a pilot mill for obtaining a fineness (Blaine) of about 7000
cm2/g. The other raw materials have been used as received. The measured chemical compositions and
other chemical and physical parameters are presented in Table 1. The particle size distribution of the
materials was analysed using a laser particle analyser (Malvern Mastersizer 3000). CSA clinker and
slag have a similar particle size distribution with a d50 of 6 m; the micronized anhydrite has a similar
distribution with a d50 of 8 m, while the fly ash a coarse one (d50 = 17 m).
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Table 1: Chemical and mineralogical analysis of raw materials
X-ray fluorescence analysis (mass, %)

Mineralogical composition by QXRPD (mass, %)

CSA

Slag

Fly Ash

CSA

Anhydrite Fly Ash

SiO2

8.74

39.59

38.64

C4A3$-cub

23.1

Al2O3

29.94

7.60

14.73

C4A3$-orto

37.1

Fe2O3

1.35

0.91

4.23

C2S (beta)

12.0

CaO

40.23

38.51

28.03

Mayenite

1.9

MgO

4.36

8.67

2.60

Fluorellestadite

6.7

SO3

10.82

1.85

1.69

Periclase (MgO)

3.8

K2O

0.37

0.46

1.90

Perovskite

0.8

Na2O

0.60

0.66

0.76

Other$

14.6

TiO2

0.41

0.36

0.69

Anhydrite

1.4

P2O5

0.12

0.04

0.18

Ca(OH)2

2.1

Mn2O3

0.17

0.16

0.06

Fluorite

1.1

L.O.I. (1000°C)

0.88

0.93

4.87

Quartz

6.0

Calcite

7.7

96.7

Blaine (cm2/g)

4870

7060

3890

Mullite

6.3

Density (g/cm3)

2.86

2.94

2.50

Amorphous*

80.0
*determined by QXRD and Internal standard
method
$ Bredigite. Merwinite and ghelenite

All the analysed binders have been prepared using a CSA cement with a C$/Y equal to 2.0. It was
blended with FA of BS in percentages varying from 5 to 20 weight%. For the test on mortars. a sand-tobinder ratio equal to 3 and water-to-binder ratio of 0.50 were used. The water addition normalised to
pure CSA cement became 0.53. 0.56. 0.59 and 0.63 respectively. This choice was done for theoretically
improving the belite dissolution in order to allow portlandite to react with SCMs since the early ages.

a)

b)

Figure 1. Particle size distribution of the cements constituents: a) differential and b) cumulative particle
size distribution
2.2

Methods

Heat flow curves of all the pastes were measured using a TAM Air isothermal conduction calorimeter
(ICC). After a pre-conditioning of materials at 20°C inside the ICC. pastes with a water-to-binder ratio of
0.5 were prepared mixing components for 60sec. The analysis started immediately after stirring.
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For the TGA. Scanning Electron Microscopy and X-ray Diffraction analysis the hydration process of
pastes with a water-to-powder ratio of 0.5 were placed in sealed polyethylene vials for minimizing the
CO2 ingress and water evaporation and stored in a Humidity chamber at 20°C and 95% Relative
Humidity. After the different curing time. the hydration was stopped using acetone and ethanol solvents
and dried at 40°C for 3 hours. For the quantitative XRD analysis a 10wt% of Internal standard (TiO2.
Rutile) was used for determining the non-crystalline phases content (glassy phases and amorphous
hydration products).
TGA analysis was performed using a Mettler Toledo TGA/SDTA851e under nitrogen atmosphere with a
flux of 200ml/min. About 200 mg of sample was placed in an aluminum vessel and investigated at a
heating rate of 5°C/min up to 600°C.
For collecting the XRD patterns. a conventional Bragg-Brentano Bruker D8 Advance diffractometer
equipped with a LinxEye detector was used. The instrumental set-up was: Cu Kα radiation (λ=1.54059
Å). divergence slit 0.5°. detector slit 8 mm. soller slit set 2.3°+2.3°; the data collection was: 5-70°2θ.
step/size 0.02° and t/step of 0.36 s (total scan time about 21 minutes). The so collected diffraction
patterns have a sufficient resolution for performing Rietveld analysis. The data were analysed by using
the software TOPAS 4.2 (Bruker).
The compressive strength tests on mortar were performed according to EN196-1. After preparation the
samples were placed in a humidity chamber at 20°C and 98% H.R.; the specimens were demoulded
after 4 h and the curing was continued in a humidity chamber up to 24h. After this time. prisms were
stored in tap water at 20°C.
The dimensional stability was evaluated on standard mortar samples. using 40x40x160mm specimens
with embedded steel pins; the first sample length measurement was done after the casting (at 4h) and
the demoulded samples were then stored at 20°C and 50% relative humidity (drying conditions) for all
the curing period. The weight loss has been evaluated weighing the samples before each length
measurement.
3.
3.1

RESULTS AND DISCUSSION
Compressive strength development

In all cases the addition of SCMs to CSA cement promotes longer setting times as function of the
percentage addition. Compressive strength results at 4h. 24h. 2 days and 28 days are presented in
Figure 2. The best performance have been shown by mixes with FA for all the percentages of addition
(up to 20%). At the early age period the presence of FA doesn’t negatively affect the compressive
strengths and a dilution effect is observed only at later ages (28d). On the contrary the addition of slag
(S) poorly contributes to strength evolution at both early and later ages, with a general negative impact
on the compressive strength for all the addition. For this reason the experimental activities have been
continued exclusively for FA.
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a)

b)

c)

d)

Figure 2 – Compressive strengths on standard mortars for CSA cements with different SCMs addition a) after 4h.
b) after 24h. c) after 2 days. d) after 28 days; horizontal line for strength for CSA cement w/o SCM

3.2

Dimensional stability

The dimensional stability in drying condition (20°C-50%RH) on mortars was investigated during the first
28 days only for cements containing fly-ash. The specimen weight loss has been monitored too.
Dimensional changes and weight loss are shown in Figure 3. Cements containing low percentages of
addition 5 and 10% show dimensional changes similar to the reference. For higher percentages of
addition (15% and 20%) a lower shrinkage has been measured, in spite of the higher water/CSA cement
ratio. Weight loss due to water evaporation is not directly correlated to the sample shrinkage. These
results suggest how dimensional changes in CSA cements could be due to autogenous shrinkage rather
than drying shrinkage.
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b)

a)

Figure 3: a) dimensional changes and b) weight loss of CSA cements with different FA additions
3.3

Isothermal calorimetry

The kinetic of hydration of mixes in presence of fly-ash has been monitored in the first 180 hours by
means of Isothermal Conduction Calorimetry (ICC) technique (see figure 4). In the first 10 hours. All the
samples show a heat flow evolution similar to the reference one. The single peak flow occurs for all the
samples after around 2h after the mixing. The addition of fly-ash causes a slight decreasing of the peak
intensity, but an acceleration of the hydration reactions. This effect can be related to a nucleation effect
caused by the presence of FA, usually called filler effect. The cumulative heat flow, when normalized to
CSA cement content is higher in the presence of fly ash, because of the higher water/CSA ratio.

b)

a)

Figure 4: a) heat flow and b) cumulative heat normalized to CSA cements with different FA additions

3.4

Hydration study

The main phases consumption and hydration phases evolution of CSA/C$/FA mixes by XRD is
presented in table 1.
Table 2 Main phases quantification (QXRPD) on CSA/C$/FA hydrated pastes.
C4A3$ tot

Wt [%]

C2S

C$

Ettringite

Amorphous

0

1d

28d

0

1d

28d

0

1d

28d

0

1d

28d

0

1d

28d

CSA/C$_Ref

48.5

8.8

2.8

10.7

7.2

4.9

20.9

4.4

2.1

0.0

28.2

40.1

0.0

37.0

39.7

CSA/C$/FA5

45.0

8.2

2.2

8.7

6.7

6.2

19.0

3.8

2.0

0.0

26.4

42.5

7.7

39.9

36.2

CSA/C$/FA10

43.5

6.4

2.3

8.5

6.4

6.3

18.2

3.2

1.7

0.0

26.8

44.1

9.5

42.8

34.4

CSA/C$/FA15

41.4

6.8

1.1

8.0

7.0

4.8

17.3

2.7

1.0

0.0

25.0

39.5

13.5

42.4

40.2

CSA/C$/FA20

39.0

5.0

1.2

8.1

7.2

5.8

16.1

1.9

0.9

0.0

25.5

34.6

16.0

44.1

44.5
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Figure 5: Degree of hydration (DOH) of ye’elimite as derived by QXRPD
The fly-ash addition enhances the ye’elimite reaction especially at the early ages. The DOH (Figure 5)
suggests an almost complete consumption of both ye’elimite and anhydrite already in the first day of
hydration. The higher DOH corresponds to the formation of a lower amount of crystalline ettringite and
higher amount of amorphous or poorly crystalline hydrated phases. indirectly confirming how nucleation
is favored respect to crystal grow in the presence of fly ash. At later ages hydration proceeds and the
hydrates assemblage results to be very similar for all the samples with similar amount of ettringite and
amorphous phase. These results are confirmed by TGA analysis (figure 6). where in all the samples
only ettringite and amorphous aluminum hydroxide are observed. The belite dissolution remains the
same for all the mixes. in spite of the higher water/CSA ratio at all the ages.

Figure 6: DTG on CSA/C$/FA pastes hydrated after 28 days .

4.

CONCLUSIONS

Results of the present study confirm how SCMs in CSA cements have a poor or almost null reactivity.
Fly ash addition up to 20% allows to maintain the same performance in terms of early age strengths and
dimensional stability (shrinkage). On the contrary, the addition of slag, even at low content, negatively
affect the early mechanical strength. The hydration of CSA cement in the presence of fly ash is affected
only from a kinetical point of view. Isothermal Calorimetry confirms the so called filler effect already
observed by other authors. The hydrate assemblage is not modified by the presence of fly ash; in fact.
ettringite and amorphous aluminium hydroxide are confirmed to be the main hydration products. The
higher water/CSA ratio in the samples with fly ash doesn’t enhance the C2S dissolution, thus not
favouring the fly ash reactivity. The additional water leads to a higher degree of reaction of the CSA
clinker and anhydrite. but a lower amount of crystalline ettringite and higher amount of amorphous phase
form are formed. This finding indirectly confirms the role of fly ash as a nucleation point for ettringite.
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ABSTRACT
Based on the principles of ultra-high performance concrete a cement free, alkali-activated system was
optimized in order to enhance the strength and durability. This system is based on a ground
granulated blast furnace slag and the activator is a combination of potassium water-glass and
potassium hydroxide. Furthermore, inorganic fines were used for enhancing the packing density. As
aggregates quartz sand (0-2 mm) and quartz powder are added. The rheological properties could be
improved by adding a certain amount of silica fume. A water/binder ratio of 0.25 was realized using a
certain mixing procedure on a high-intensity mixer. The compressive strength reaches 150 MPa after
14 days, which lies in the range of ultra-high performance concretes based on Ordinary portland
cement (OPC). The rheology was estimated by monitoring the energy consumption of the mixing tool
and the pan. Beneath silica fume with a d50value of 2 µm also nanosilica with a d50 value of 0.2 µm
was tested in terms of gaining higher strength and durability and as well in terms to enhance the
rheological properties.
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1.

INTRODUCTION

Alkali-activated Material (AAM) is an inorganic binder based on alumo-silicatic precursors and alkaline
activators. The precursors which are mainly used are fly ashes, metakaolin and ground granulated blast
furnace slag (Buchwald, 2006; Provis & Bernal, 2014; Davidovits, 2015). Alkali-hydroxide or alkaliwaterglass solution are the commonly used activators. Based on the principles of ultra-high performance
concrete (UHPC) an alkali-activated system was optimized in order to enhance the strength and
durability. This system is based on a ground granulated blast furnace slag and the activator is a
combination of potassium waterglass and potassium hydroxide. Furthermore, beneath the quartz sand
quartz powder was used for enhancing the packing density as well.
The high strength and durability of UHPC results from the packing density optimisation by calculating
the optimum composition mainly of the fines like cement, quartz powder and silica fume (Schmidt et al.,
2014). The increased specific surface of the entire sum of all fines makes superplasticisers like
Polycarboxylate Ethers (PCE) necessary. Since PCE are not effective in an AAM-system, new
superplasticizers need to be developed for those systems with low w/b ratios. In present investigations,
the positive influence of silica fume and nanosilica on the rheology of superplasticizers were studied.
The rheology of alkali-activated material under variation of silica modulus of the activator solution has
been analysed elsewhere (Vance, 2015). Here the influence of additional fine amorphous silica is in
focus of investiations.
2.

METHODS

The rheology was determined by the energy consumption of the mixing tool (rotor) and the pan varying
the silica fume and nanosilica content. The rheological parameters measured with this method are not
that precise compared to results of a rheometer, but the energy consumption gives an indication of the
viscosity of the material. A correlation of mixing energy, viscosity estimated by a rotation rheometer and
the mini slump flow were investigated in prior investigations (Wetzel, 2019). Beneath silica fume with a
d50 value of 2 µm also nanosilica with a d50 value of 0.2 µm was tested in terms of gaining higher
strength and durability and as well in terms of enhancing the rheological properties.
Table 1. Range of mix proportions of slag based AAM
Ground granulated
blast furnace slag

wt%

25-40

Silica fume (SF)

wt%

0-15

Metakaolin (MK)

wt%

0-8

Nanosilica (NS)

wt%

0-2.5

Quartz powder

wt%

7-8

Quartz sand
(0.125/0.5)

wt%

49-51

Ratio of
KOH/NaOH (10
molar) / K2SiO3

-

Activator to binder
ratio

-

w/b ratio

-

1.5
0.37-0.6
0.175-0.4

A certain mixing procedure was developed optimizing the homogenisation of all components in order to
enhance the mechanical properties of the hardened material (Wetzel, 2019). The speed of the mixing
tool was kept constant on 1.8 m/s for a mixing volume of 1 L. After mixing of the dry component without
the quartz sand, first the hydroxide solution (10 molar potassium hydroxide) is added. After that, the
waterglass is added, followed by the addition of the sand (Figure 1). The viscosity of the mix is estimated
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with the sum of the energy consumption of rotor and pan at the end of the mixing procedure. These
values are monitored by the mixer (Eirich, 1L) Nevertheless, the estimation of the viscosity using the
energy consumption of rotor and pan keeping a constant mixing speed, gives the opportunity to monitor
the viscosity development during mixing (Figure 1). The slump flow as given in Table 2 was estimated
according to DIN EN 1015-3, the setting time was done in a Vicat-test in accordance with DIN EN 1963. The compressive strength was estimated on 5 x 5 x 5 cm 3- cubes.

Figure 1. Mixing Regime of AAM and generalized energy consumption during mixing.
3.

RESULTS AND DISCUSSIONS

Silica fume shows a positive effect on the rheology up to a certain amount. The mix without any silica
fume was not workable at all (Figure 2), good rheological behaviour was achieved from about 2.5 wt%.
This gives the possibility to decrease the water/binder ratio. In turn the packing density increases due
to this low w/b ratio and the use of reactive fines such as silica fume. Thus, the compressive strength
reached values of OPC-based UHPC (Table 2).

Figure 2. Different amounts of Silica fume on UHPC based on AAM-slag binder.
The nanosilica shows a much higher specific surface compared to the silica fume, thus only a small
amount up to 2.5 wt% was used. Generally, the fluidification effect of silica fume is better compared to
nanosilica. However, compared to a mix without silica fume and nanosilica, the rheology is improved
anyway. Up to a content of 2.5 wt% the effect of silica fume and nanosilica are comparable (Figure 3),
moreover, the nanosilica shows lower energy consumption compared sot the mix with 2.5 wt% silica
fume. Higher amounts of silica fume improve the flowability further, while a higher and lower content of
nanosilica decreases the flowability. The highest slump flow and the lowest values for the energy
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consumption of rotor and pan was measured for the mixes with 8 or 10 wt% and 10 or 12.5 wt%
(compare Figure 3 and Table 2).
Parts of the fluidification of the silica fume may result from the so called ball bearing effect due to the
spherical shape of the silica fume particles. Since nanosilica does not have such a spherical shape but
also improves the flowability, the authors assume a chemical effect due to dissolution of the amorphous
silica.
Table 2. Properties of AAM under varying silica fume content
Component

SF 4

SF 8

SF
12.5

Quartz sand

[vol%]

50

50

50

Quartz powder

[vol%]

8

8

8

ground granulated
blast furnace slag

[vol%]

37

32

27

Silica fume (SF)

[vol%]

5

10

15

Packing density

[vol%]

76.8

79.9

83.3

[wt./wt.]

0.25

0.25

0.25

[MPa]

149.8

168.3

178.6

Slump flow

[cm]

11.5

25

25

Setting time

[min]

21

25

27

w/b ratio
Comp.strength
(28d)

Figure 3. Rheology in mixer with different amounts of silica fume and nano silica, the arrows
mark the addition of the aggregates to the mix as the final step of mixing procedure
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4.

CONCLUSIONS

The rheological properties can be improved by adding a certain amount of silica fume. A water/binder
ratio of 0.25 was realized using a certain mixing procedure on a high-intensity mixer. The compressive
strength reaches 150 MPa after 14 days, which lies in the range of OPC based UHPC. Nanosilica
improves the flowability of the AAM, too, but less compared to silica fume.
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Saint-Quentin, France.
Schmidt et al. (2014): M. Schmidt, E. Fehling, S. Fröhlich, J. Thiemicke (Eds.), Schriftenreihe Baustoffe
und Massivbau: Sustainable Building with Ultra-High Performance Concrete. Results of the German
Priority Programme 1182 funded by Deutsche Forschungsgemeinschaft (DFG), kassel university press
GmbH, Kassel.
Chindaprasirt P, De Silva P, Sagoe-Crenstil K, Hanjitsuwan S. Effect of SiO2 and Al2O3 on the setting
and hardening of high calcium fly ash-based geopolymer systems. J. Mater. Sci. 47(12), 4876–4883
(2012)
Vance K, Dakhane A, Sant G, Neithalath N. Observations on the rheological response of alkali activated
fly ash suspensions: the role of activator type and concentration, Rheol Acta 53(2014) 843–855.
Wetzel A., Middendorf, B., 2019. Influence of silica fume on properties of fresh and hardened ultra-high
performance concrete based on alkali-activated slag. Cement and Concrete Composites 100, 53–59.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Effect of curing time on binder development and steel corrosion
in alkali activated slag mortars.
Maria Criadoa, John L. Provis b
Department of Materials Science & Engineering, University of Sheffield, Sheffield, United Kingdom
amcriadosanz@gmail.com
bj.provis@sheffield.ac.uk

ABSTRACT
The microstructural development of alkali-activated slag cements, and the electrochemical conditions
prevailing within these materials, depend on many synthesis parameters, in particular the curing
conditions applied. The aim of this study is to evaluate the effect of curing time (28, 90 and 180 days of
curing) on the mineralogical, physical and mechanical development, and resistance to chlorideinduced corrosion, in steel-reinforced alkali-activated blast furnace slag mortars. The compressive
strengths and chloride migration coefficients of alkali activated blast slag mortars increase and
decrease respectively, with longer curing, and the mineralogy evolves toward the formation of more
hydrotalcite-group phases. Corrosion potential values decrease with time of immersion in an alkaline
chloride-rich solution, and this reduction is independent of the curing time, which would usually be
taken to indicate susceptibility to breakdown of the passive film on the rebar. However, the actual
corrosion activity observed in embedded rebars indicated that corrosion initiation and propagation are
not taking place. The presence of sulfide in the pore solution, supplied by the slag and/or ionexchanging between the pore solution and the layered hydration products, reduces the redox potential
but does not induce steel corrosion.
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1.

INTRODUCTION

In recent years, the construction materials industry has taken a great interest in the development of
innovative cements, which can have important benefits from the point of view of lower energy
requirements in production, and lower emission of greenhouse gases (primarily CO 2) compared to the
manufacture of Portland cement (Juenger et al., 2011; Pacheco-Torgal, 2015; Provis et al., 2015; Shi
et al., 2006). Alkali-activated cements are one of these classes of cement that has attracted significant
attention. Alkali-activation requires two basic components: natural or artificial aluminosilicates as the
powder precursor, and an alkaline activator. Alkali activated slag (AAS) cements are obtained by mixing
ground granulated blast furnace slag, which is an iron industry by-product, with alkaline solutions
(Fernández-Jiménez and Puertas, 2003; Shi and Day, 1996).
A large number of parameters can influence the synthesis processes of these AAS cements, such as
the type and fineness of the slag, the activating solution/binder ratio, temperature, time, relative humidity,
and nature and concentration of the alkali activator (Bernal et al., 2014). The curing duration and
environment are critical in determining the microstructure and composition of the reaction products,
which will affect the physico-mechanical behaviour of the hardened material. Talling (Talling, 1989)
studied the effect of different curing conditions on the performance of AAS pastes, mortars, and
concrete. He observed that the AAS mortars and concretes performed very well even after an extremely
strong heat treatment followed by storage at a low relative humidity. In addition, at normal temperature,
the drop from 100 to 70 % relative humidity did not affect the strength properties of the concrete.
Although these alkali-activated materials can also present performance advantages in some
applications compared to Portland cement (PC) (Provis and van Deventer, 2014; Van Deventer et al.,
2010), there is not yet sufficient information available about the durability of alkali activated slags, and
in particular the interactions between the binder and embedded reinforcing steel rebars. The
deterioration of reinforced concrete structures is critical in defining their service behaviour, design life
and safety. The main reason for their premature failure is corrosion of the reinforcement. Passivity of
reinforcing steel is enabled by the formation of a thin protective surface passive film, which is maintained
in high-quality concrete, unless the film is damaged by chloride or by a pH drop of the concrete pore
electrolyte, e.g. due to carbonation (Angst et al., 2017; Böhni, 2005).
Blast furnace slags contain sulfur among the minor elements of its composition, which must be viewed
carefully because it can influence corrosion process of steel in alkali-activated slag cements, as it is
redox-sensitive. In a previous research study (Criado, M. et al., 2018), the stability of steel in a modified
alkali-activated blast furnace slag mortar system under exposure to alkaline and alkaline-chloride rich
solutions was studied through electrochemical measurements. The mortars presented highly negative
corrosion potential and high current density values in the presence of chloride; however, the steel
extracted from mortars after 9 months of exposure to high chloride concentrations did not show evident
pits or corrosion product layers, indicating that the presence of sulfide supplied by the slag reduces the
redox potential in a way which offers protection to the steel.
This work is devoted to study the effect of the curing time (28, 90 and 180 days) on binder development
and corrosion resistance of reinforcing steel embedded in alkali-activated slag cements activated by
sodium silicate.
2.

EXPERIMENTAL METHODOLOGY

The raw material used in this study was a blast furnace slag supplied by Ecocem (France), with a Blaine
fineness of 506 ± 22 m 2/kg and an average particle size of 11.2 ± 0.1 µm. The activating solution used
to make pastes and mortars was 7 wt.% sodium metasilicate, i.e. 7 g of Na2SiO3 per 100 g of slag, at a
water to total solids (slag + Na2SiO3) mass ratio of 0.40. The solution was prepared from laboratory
reagent grade sodium metasilicate powder (Na2SiO3) supplied by Sigma-Aldrich. A CEN standard sand
(BS EN 196-1:2005, 2005) was used to prepare mortars, at a sand/binder mass ratio of 3.0. The pastes
and mortars were sealed with cling film and stored at 20±2°C for 28, 90 and 180 days.
Mortars were cast as cube (50 x 50 x 50 mm) and disc (100 mm diameter and 50 mm height) specimens,
for mechanical and chloride migration testing respectively. 14 prismatic mortar specimens (80 x 50 x 50
mm), each with two embedded steel rebars (12 mm diameter and 100 mm length) and a very low cover
depth to minimise transport effects and enable very rapid contact between the steel and the exposure
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solution, were also prepared for the electrochemical tests. The rebars were mild corrugated steel
according to British standard usage (BS 4449:2005+A3:2016, 2005), whose chemical composition (%
by weight) was 0.18-0.22 C, 0.23 Si, 0.76 Mn, 0.04 P, 0.03 S, 0.13 Cr, 0.20 Ni, 0.47 Cu, 0.02 Mo, and
balance Fe. The as-received reinforcement was sectioned into rods with the rust layer intact, and these
were embedded in mortars, with the ends masked with epoxy resin (Sikagard-62) coating to leave an
exposed surface area of 10 cm 2. Reinforced prismatic mortars, upon reaching the specified time of
curing (28, 90 or 180 days), were exposed to an alkaline and chloride-rich solution, 1 M NaOH + 3.5
wt.% NaCl (denoted Cl), and to standard laboratory conditions with open storage (denoted SL) until the
specimen reached one year from its manufacture. Measurements of pH were performed throughout the
test, and a pH value of about 13.5-14 was maintained throughout.
X-ray diffraction (XRD) was carried out in a Bruker D2 Phaser instrument with Cu-Kα radiation and a
nickel filter. The tests were conducted with a step size of 0.02° and a counting time of 1.1 s/step, from
5° to 60° 2θ.
The compressive strengths of mortars were determined by testing triplicate cubic samples with a loading
speed of 0.25 MPa/s, in an automatic testing machine (Controls Automax5).
Non-steady state chloride migration was determined via the Nordtest NT Build 492 method (NTBuild
492, 1999). In the procedure, duplicate disk samples were used.
The corrosion resistance of AAS mortars was evaluated by electrochemical tests such as corrosion
potential (Ecorr) and polarisation curves, up to 360 days after mixing of the mortar. A conventional threeelectrode cell was used, where the steel rebars embedded in the slag mortars acted as working
electrodes, and a stainless steel cylinder of 5 cm of diameter (acting as counter electrode) was placed
above the mortars. The counter electrode had a centrally drilled hole in which an Ag/AgCl (filled with 3
M KCl) electrode was placed to act as the reference electrode. A pad soaked in tap water was interposed
between these electrodes and the mortar surface to facilitate the electrochemical measurements. The
electrochemical characterisation for the mortars was performed using a Princeton Applied Research
VersaSTAT 3F. At 360 days after mixing the mortars, anodic polarisation curves were recorded, at a
scan rate of 0.1667 mV s-1.
3.
3.1

RESULTS AND DISCUSSION
Mineralogical characterisation of alkali-activated slag pastes

X-ray powder diffraction patterns for the anhydrous slag and the AAS pastes cured for 28, 90 and 180
days are shown in Figure 1. The diffractograms of the anhydrous slags show mainly an amorphous
phase, indicated by a wide and diffuse reflection in the range 23º-36º 2. The diffractograms of the alkaliactivated slag pastes confirmed the formation of calcium silicate hydrate (C-S-H) type gel (PDF # 330306, and almost certainly with some substitution of Na and Al into the C-S-H structure) as the main
reaction product in all samples. Over the time of curing, sharpening and intensification of the peaks
assigned to the C–S–H type gel (29.5° and 49.8°) can be identified as the system achieved a higher
degree of reaction. However, the peak at 29.5° became more intense at 28 days, because calcite was
also detected in the samples, and its main diffraction peak overlaps with that of the C-S-H type gel at
this angle. The amount of calcite formed decreased with time, and therefore the main peak intensity was
less at 90 days than at 28 days.
The main secondary products formed in these pastes were layered double hydroxide with a hydrotalcite
type structure ((Mg0.667Al0.33)(OH)2(CO3)0.137(H2O)0.5) (PDF # 89-0460). Several peaks can be seen at
32.5º, 37.9º, 45.9º and 51.9º which are assigned to a hydrogarnet phase resembling hibschite
(Ca3Al2Si2O8(OH)4) (PDF # 73-1654, a member of the katoite-like solid solution series with
silicate/hydroxyl substitution). The amount of hydrotalcite formed increased over the curing time, while
the percentage of hibschite hydrogarnet decreased. The formation of hydrotalcite is favoured, which
reduces the aluminium available in the system, and consequently can hinder the formation of
hydrogarnet type phases (Bernal et al., 2014).
Calcium carbonates such as calcite (PDF # 86-2334), vaterite (PDF # 72-0506) and aragonite (PDF #
03-1067) (all polymorphs of CaCO3) are also observed in all pastes. The reflections assigned to vaterite
and aragonite remained almost unchanged with the time, but those assigned to the calcite decreased.
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Figure 1. XRD patterns of the anhydrous and alkali-activated slags over time.
3.2

Physical and mechanical properties of alkali-activated slag mortars

The compressive strengths of AAS mortars after 28, 90 and 180 days of curing are depicted in Figure
2. The compressive strength increased over time; the formation of denser C-S-H type gels was favoured
with advancing curing time, and a higher mechanical strength development was reached at 180 days,
although the 28-day strength of almost 80 MPa is nonetheless notable.

Figure 2. Compressive strength evolution over time for mortar cubes
Figure 3 shows the chloride migration coefficient determined for AAS mortars after 28, 90 and 180 days
of curing. This coefficient decreased with the curing time due to the densification of C-S-H type gels
within the microstructure, causing a deceleration of chloride migration through the pore network of the
specimens.
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3.3

Electrochemical measurements

Figure 4 shows corrosion potential (Ecorr) values of steel embedded in slags mortars exposed to standard
laboratory conditions (SL) and to alkaline chloride-rich solution (Cl) as a function of time after mixing:
28, 90 and 180 days. The steel embedded in the mortars exposed to standard laboratory conditions
showed Ecorr values between – 0.104 and 0.047 V vs. Ag/AgCl, indicating that the steel was in a passive
state (ASTM C876-15, 2015). In the alkaline chloride-rich solution, Ecorr values decreased with time, and
in the same way independent of the time after mixing for each different exposure age (marked with
dashed vertical lines in Figure 4). Finally, all samples independent of the curing time presented Ecorr
values of around -0.450 V vs. Ag/AgCl at 360 days after mixing of the mortars. Such negative values of
potential are commonly taken to indicate a high probability of corrosion, attributed to the breakdown of
the passive film induced by the chloride ions. However, this interpretation does not account for the
effects of sulfide, which is also a strong reductant but does not necessarily cause corrosion of steel in
AAS mortars (Criado et al., 2018).
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Figure 4. Evolution of the corrosion potential over time exposed to standard laboratory
conditions (SL) and alkaline chloride-rich solutions (Cl), where exposure started after 28, 90
and 180 days of mortar mixing (marked with vertical dashed lines).
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Figure 5 shows anodic polarisation curves recorded for the steel embedded in AAS specimens exposed
to standard laboratory conditions (SL) and alkaline and chloride-rich solution (Cl) up to 360 days after
mixing of the mortars. The steel embedded in slag mortars exposed to standard laboratory conditions
presented Ecorr values around +0.042 V vs. Ag/AgCl and corrosion current density (icorr) values around
0.07 µA cm−2, indicating that the steel was in a passive state (Andrade et al., 1986). In the alkaline
chloride-rich solution, the anodic curves showed higher icorr values, in the range from 0.4 to 0.8 µA cm −2,
and more negative Ecorr values, around -0.462 and -0.479 V vs. Ag/AgCl. If such electrochemical
parameters were observed in Portland cement-based binders, this would be taken to indicate that the
surface passive film on the steel suffered degradation due to the presence of chlorides and the steel
presented a high level of corrosion (Andrade et al., 1986). However, in these samples an active/passive
transition with a passive potentials in the range -0.360 V and -0.100 V vs. Ag/AgCl was observed, likely
associated with the transformation of S2- (Criado, M et al., 2018). The following section will address this
point, and the accompanying implicit assumptions, in more detail.
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Figure 5. Anodic polarisation curves recorded for slag mortars at 360 days after mortar mixing
and exposed to standard laboratory conditions (SL) and alkaline chloride-rich solutions (Cl)
3.4

Surface analysis

Figure 6 shows photographs of the steel rebar specimens extracted from slag mortars that had been
immersed in the alkaline chloride-rich solution, to directly visualise the corrosion attack after 360 days
of mortar mixing next to the original rebar. The original rebar showed a rust layer, with small regions of
reddish stains distributed randomly in its surface. All steel specimens extracted from the specimens
presented these same stains, but did not show any evidence of pits or corrosion product layers. The
surface aspect of the steels was similar regardless of the curing time of the mortar prior to the start of
chloride exposure.
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Figure 6. Surface aspect of the original steel rebar and the steel rebars extracted from alkaliactivated slag mortars at the end of anodic polarisation curve determination, 360 days after
mortar mixing, where the chloride exposure started in each case at the time specified on the
respective photograph.
This shows that the corrosion state determination (or estimation) based on the conventional
electrochemical measurements, and the corrosion activity observed in the rebar do not have a direct
relationship. These discrepancies are attributed to the presence of sulfide in the chemical composition
of the slags; as has been discussed previously, the presence of sulfide can significantly reduce the
redox potential of the pore solution around the rebar (Criado, M. et al., 2018; Criado and Provis, 2018),
and subsequently can alter the nature of the passive film formed on a steel surface, forming a complex
iron sulfide layer (Criado, M et al., 2018).
On the other hand, the high corrosion current densities obtained in polarisation curves for the steel
elements embedded in the mortar and immersed in alkaline chloride-rich solution indicate that a rather
high current is flowing. However, this is not due to corrosion process taking place, but rather the
oxidation of HS- species in the pore solution (Mundra et al., 2017), and therefore, misrepresentative
conclusions about the corrosion resistance of reinforcing steel in alkali activated slag mortars would
have been obtained if relying solely on conventional electrochemical methods, as these are not able to
distinguish rebar oxidation (corrosion) from sulfide oxidation within the cement pore solution (that does
not involve a corrosion process).
4.

CONCLUSIONS

The main reaction products formed in alkali-activated blast furnace slag mortars were C-A-S-H gel and
hydrotalcite. The formation of both products was favoured with the increase of curing time, leading a
densification of the matrix.
An increase of curing time led to an increase in compressive strength and a decrease in diffusion
coefficients.
Regarding the corrosion resistance of embedded steel rebar, the presence of sulfide anions can
significantly reduce the redox potential of the pore solution around the rebar, where a complex iron
sulfide layer could be formed. This appears to hinder the corrosion process, meaning that low potentials
and high currents observed in conventional electrochemical testing do not necessarily represent actual
steel corrosion processes in reinforced alkali-activated slag mortars.
5.

ACKNOWLEDGEMENTS

The research leading to these results received funding from the European Research Council under the
European Union's Seventh Framework Programme (FP/2007-2013) / ERC Grant Agreement #335928.
The authors would like to acknowledge the technical support provided by Dr Oday Hussein, and thank

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Mr Kieran Nash at The University of Sheffield for supplying the rebars. This research was performed in
part at the MIDAS Facility, at The University of Sheffield, which was established with support from the
Department of Energy and Climate Change.
6.

REFERENCES

Andrade, C., Castelo, V., Alonso, C., Gonzalez, J.A., 1986. The determination of the corrosion rate of
steel embedded in concrete by the polarization resistance and AC impedance methods, STP18302S
Corrosion effect of stray currents and the techniques for evaluating corrosion of rebars in concrete.
ASTM International, West Conshohocken, PA, pp. 43-63.
Angst, U.M., Geiker, M.R., Michel, A., Gehlen, C., Wong, H., Isgor, O.B., Elsener, B., Hansson, C.M.,
François, R., Hornbostel, K., Polder, R., Alonso, M.C., Sanchez, M., Correia, M.J., Criado, M., Sagüés,
A.,
Buenfeld,
N.,
2017.
The
steel–concrete
interface.
Mater
Struct
50(2),
143.http://dx.doi.org/10.1617/s11527-017-1010-1
ASTM C876-15, 2015. Standard test method for corrosion potentials of uncoated reinforcing steel in
concrete, ASTM international, West Conshohocken, PA.
Bernal, S.A., San Nicolas, R., Myers, R.J., Mejía de Gutiérrez, R., Puertas, F., van Deventer, J.S.J.,
Provis, J.L., 2014. MgO content of slag controls phase evolution and structural changes induced by
accelerated
carbonation
in
alkali-activated
binders.
Cem.
Concr.
Res.
57,
3343.http://dx.doi.org/10.1016/j.cemconres.2013.12.003
Böhni, H., 2005. Corrosion in reinforced concrete structures. Woodhead Publishing Ltd., Abington
Cambridge, England.
BS 4449:2005+A3:2016, 2005. Steel for the reinforcement of concrete. Weldable reinforcing steel. Bar,
coil and decoiled product. Specification, Comittee Reference ISM/104.
BS EN 196-1:2005, 2005. Methods of testing cement. Part 1: Determination of strength, British
Standards Institute: London. pp. 1-36.
Criado, M., Bernal, S.A., Garcia-Triñanes, P., Provis, J.L., 2018. Influence of slag composition on the
stability of steel in alkali-activated cementitious materials. J Mater Sci 53, 50165035.http://dx.doi.org/10.1007/s10853-017-1919-3
Criado, M., Mundra, S., Bernal, S., Provis, J., 2018. Influence of Sulfide on the Onset of ChlorideInduced Corrosion of Steel Reinforcement in Alkali-Activated Slags, Durability of Concrete Structures.
Whittles Publishing, pp. 149-153.
Criado, M., Provis, J.L., 2018. Alkali Activated Slag Mortars Provide High Resistance to ChlorideInduced
Corrosion
of
Steel.
Frontiers
in
Materials
5(34),
115.http://dx.doi.org/10.3389/fmats.2018.00034
Fernández-Jiménez, A., Puertas, F., 2003. Effect of activator mix on the hydration and strength
behaviour
of
alkali-activated
slag
cements.
Adv.
Cem.
Res.
15(3),
129136.http://dx.doi.org/10.1680/adcr.2003.15.3.129
Juenger, M., Winnefeld, F., Provis, J.L., Ideker, J.J.C., research, c., 2011. Advances in alternative
cementitious binders. 41(12), 1232-1243
Mundra, S., Bernal, S.A., Criado, M., Hlaváček, P., Ebell, G., Reinemann, S., Gluth, G.J., Provis, J.,
2017. Steel corrosion in reinforced alkali-activated materials. RILEM Technical Letters 2, 33-39
NTBuild 492, 1999. Concrete, mortar and cement-based repair materials: chloride migration coefficient
from non-steady-state migration experiments. Nortest method, Espoo, Finland.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Pacheco-Torgal, F., 2015. Introduction to handbook of alkali-activated cements, mortars and concretes,
Handbook of alkali-activated cements, mortars and concretes. Elsevier.
Provis, J.L., Palomo, A., Shi, C., 2015. Advances in understanding alkali-activated materials. Cem.
Concr. Res. 78, Part A, 110-125.http://dx.doi.org/10.1016/j.cemconres.2015.04.013
Provis, J.L., van Deventer, J.S., 2014. Alkali Activated Materials, State of the Art Report of RILEM TC
224-AAM. Springer, Dordrecht, the Netherlands.
Shi, C., Day, R.L., 1996. Some factors affecting early hydration of alkali-slag cements. Cem. Concr.
Res. 26(3), 439-447.http://dx.doi.org/10.1016/S0008-8846(96)85031-9
Shi, C., Roy, D., Krivenko, P., 2006. Alkali-activated cements and concretes. CRC press.
Talling, B., 1989. Effect of curing conditions on alkali-activated slags. ACI Collection 114, 1485-1500
Van Deventer, J.S.J., Provis, J.L., Duxson, P., Brice, D.G., 2010. Chemical Research and Climate
Change as Drivers in the Commercial Adoption of Alkali Activated Materials. Waste Biomass Valori.
1(1), 145-155.http://dx.doi.org/10.1007/s12649-010-9015-9

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Determining viability of industrial byproducts in alkali activated
systems
Hugo Uvegi1,a, Brian Traynor1,b, Piyush Chaunsali 2,c, Elsa Olivetti 1,d
1Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, United States
2Civil Engineering, Indian Institute of Technology Madras, Chennai, India
ahuvegi@mit.edu
bbtraynor@mit.edu
c chaunsp@mit.edu
delsao@mit.edu

ABSTRACT
While cement production continues to increase globally, alternatives, such as alkali activated and
geopolymeric binders, provide an important opportunity to diminish environmental concerns associated
with production while retaining requisite physical properties. This work focuses on characterization and
calculation of reaction product chemistry in aluminosilicate systems synthesized from siliceous Indian
biomass ash and metakaolin. Siliceous ash was used both as a solid silicate source and in the
production of Na-silicate solution through dissolution in up to 6M aqueous NaOH solution. Dissolution
and reaction studies of such precursors in aqueous NaOH and Na-silicate solutions were observed to
produce geopolymeric and zeolitic products. By coupling solution analysis via ICP-OES with solids
characterization via 27Al and 29Si MAS-NMR and XRD, we illustrate the utility of previously developed
methodology for calculating reaction product chemistry. Dissolution studies quantify elemental
availability of precursor materials, and, through comparative analysis, reaction product chemistry.
Physicochemical characterization of solids provides insight into the properties driving reactivity and
verifies product structure and previously calculated chemistry. In this study, 6M NaOH and associated
silicate solutions produced zeolitic products with Si/Al=1 regardless of silica concentration. Presence of
solid ash was observed to yield zeolitic species with different structure (EDI) than in simple Na-silicate
(FAU) due to its role as a heterogeneous nucleation site. This study verified the utility of comparative
solution analysis for separating dissolution and reaction phenomena and for calculating reaction
product chemistry during synthesis of such aluminosilicate materials.
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1.

INTRODUCTION

In recent years, the large environmental footprint of the cement industry (Barcelo et al. 2014) has
generated interest in the synthesis and properties of alternative binders such as geopolymers and alkali
activated materials. Use of industrial byproduct-derived precursors to produce such binders yields
reduced environmental footprints (Habert et al. 2011) and is a primary driver for the emergent awareness
of the research community. Focusing on the synthesis of metakaolin-based aluminosilicates, this paper
builds on a growing body of work dedicated to precursor dissolution and reactivity.
Following previous work by the authors (Uvegi et al. 2019), this study uses comparative analysis of
solution chemistry to determine utility of precursor materials in synthesizing aluminosilicate products.
Arguably the most well-studied precursor for geopolymer synthesis, metakaolin is known to be a reactive
aluminosilicate material due to its predominantly amorphous nature (Palomo et al. 1999). Aqueous,
alkali-rich solutions, such as those composed of NaOH or KOH, quickly hydrolyze Si-O and Al-O bonds
in the amorphous matrix, releasing silicate and aluminate species into solution. Such species then
polymerize to form covalently bound aluminosilicate network products (De Silva et al. 2007, Chen et al.
2017) such as geopolymers, zeolitic minerals, or some combination thereof (Davidovits 2015, Palomo
et al. 1999, Provis et al. 2005). Previous work has demonstrated Si/Al molar ratio as an important
determinant of geopolymer physico-chemical properties (Duxson et al. 2007). Such Si/Al ratios are
similarly important in determining expected zeolite structure and chemistry (Lippmaa et al. 1981, Davis
& Lobo 1992). In this work, we use previously studied Indian biomass ash—the result of agricultural
residue incineration (Chaunsali et al. 2018, Chaunsali et al. 2019, Uvegi et al. 2019)—as the external
source of silica. In the authors’ previous work, this ash was used in the synthesis of calcium silicate
hydrate products through reaction with calcium hydroxide. Here, the ash is used both to prepare a
sodium silicate solution and as a direct solid source. The use of rice husk ash—compositionally similar
to the ash of focus—and other glassy, siliceous materials have previously exhibited success in the
production of sodium silicate solutions for geopolymer synthesis (Kamseu et al. 2017, Gevaudan et al.
2017) and as a silica source for zeolite synthesis (Vempati et al. 2006, Lee et al. 2017). In this work, we
accomplish two goals:



Compute aluminosilicate reaction product chemistry through comparison of elemental
dissolution and apparent consumption as measured through ICP-OES.
Compare and contrast reaction product physico-chemical properties when employing either
simultaneous or multi-step synthesis procedures (i.e. dissolution and reaction of ash and
metakaolin together in NaOH vs. production of Na-silicate prior to dissolution and reaction
of metakaolin)

The first goal introduces a new method for calculation of reaction product chemistry, established
previously for a calcium silicate system (Uvegi et al. 2019), while the second illustrates the importance
of synthesis process design.
Experiments were conducted in three different aqueous NaOH solutions (1M, 3M, and 6M), and liquidto-solid ratios of at least 25. In order to successfully accomplish the first goal, our experimental setup
required dilute precursor concentrations, thereby ensuring dissolution and precipitation would occur in
controlled and primarily separate fashions. 1M NaOH solution was observed to be insufficiently caustic
to dissolve the metakaolin network, resulting in limited, if any, product formation. 3M and 6M solutions
successfully promoted the production of a mixture of geopolymeric and zeolitic species, as expected
(Gevaudan et al, 2017). In all cases, by comparing solution chemistries of isolated raw material
dissolution with those in which reaction product was observed to form, it was possible to calculate
product chemistries (i.e. Si/Al ratios), which, at late age, agree with chemistries indicated by solids
analysis.
2.
2.1

MATERIALS AND METHODS
Materials

This study focuses on the application of a previously utilized methodology (Uvegi et al. 2019) to a new
material system. While the previous study involved the dissolution of siliceous Indian biomass ash (SA)
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for use as a silica source in C-S-H synthesis, we focus here on geopolymeric and zeolitic products.
Metakaolin (MK) (provided by Advanced Cement Technologies, PowerPozzTM (HRM)) is used as a
reactive aluminosilicate source, while the siliceous biomass ash (SA) is used as a source of reactive
silica. SA is sourced from Silverton Pulp & Papers Pvt. Ltd. in Muzzafarnagar, Uttar Pradesh, India.
Oxide composition determined by X-ray florescence is presented below in Table 1. X-ray diffraction
patterns are presented in Figure 1 and depict primarily amorphous material with minor crystalline
phases. SA is composed primarily of SiO2 and C, both of which contribute to the amorphous halo
observed in Figure 1 (Uveg et al. 2019). MK, on the other hand, is composed of close to equal parts by
mass SiO2 and Al2O3 (Si/Al molar ratio of 1). Minor crystalline phases are listed in Figure 1.
Table 1. SA and MK composition (oxide %) as measured through XRF. Average of four SA
samples; Uncertainty represents one standard deviation. MK as reported by ACT
Oxide
(%)

SiO2

Al2O3

Fe2O3

Na2O

K2O

CaO

MgO

P2O5

SO3

Trace

LOI

Amorphous
Content

SA

61.2
±1.2

1.6
±0.5

0.69
±0.09

0.22
±0.08

2.5
±0.3

1.59
±0.09

0.80
±0.07

0.91
±0.07

1.89
±0.13

0.19
±0.05

28.4
±1.5

90%

MK

52.45

43.63

1.52

0.08

0.29

0.11

0.11

---

0.04

1.6

0.17

90%

Figure 1. X-ray diffraction patterns of Metakaolin (MK) and Silverton biomass ash (SA)
2.2

Methods

Experiments were designed to allow for reaction product chemistry quantification from ICP-OES results.
Measurement of apparent precursor dissolution and comparison with reaction-prone solution
chemistries allowed for such quantification. Four systems were tracked from 6 to 672 hours in 1M, 3M,
and 6M NaOH (NaOH ≥97%, Sigma Aldrich; ACS Reagent Grade water, RICCA Chemical Company),
as presented in Table 2.
Samples were mixed in a tube rotator (FisherbrandTM Multi-Purpose Tube Rotator, Fisher Scientific) to
indicated residence time, after which they were filtered through a 0.2 μm membrane (Pall membrane,
VWR), washed with ACS Reagent Grade water, immersed in isopropyl alcohol for 24 hours to stop
reaction, filtered once more through 2.5 μm filter paper (Quantitative filter paper, ashless, Grade 42,
Whatman) for solid retention, dried at 40 °C for 3 hours, and finally stored in a vacuum desiccator. Solid
samples were ground and sieved through a No. 325 sieve to ensure particulate size of <45 μm. Initial
sample filtrates were diluted in 2% HNO3 and analyzed as described in 2.2.1. Solids were stored for
XRD, spectroscopic, and microscopic analyses as described below.
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Table 2. Sample set-up and descriptions

Solution

1M, 3M, and 6M NaOH

7 days SA dissolution in
1M, 3M, and 6M NaOH
(L/S=25) to produce NaSilicate

System

Experimental
Purpose

Component make-up

MK

Dissolution
(control)

0.75g MK in 50 mL solvent

SA

Dissolution
(control)

1.25g SA in 50 mL solvent

MK+SA

Reaction /
Precipitation

0.75g MK and 1.25g SA in
50 mL solvent

MK+Si(-SA)

Reaction /
Precipitation

0.75g MK in 50 mL solvent

Time
points of
interest

Samples
filtered at
6, 24, 72,
168, 336,
and 672
hours

Previous studies have indicated that for geopolymeric and zeolitic systems, while Si/Al molar ratio is
arguably the most important determinant of product type, molar ratios of Na/Al, H 2O/Na2O are similarly
important (Davidovits 2015, Engelhardt and Michel 1987). In order to effectively study dissolution and
precipitation as separate phenomena, it was important to conduct experiments with relatively dilute
precursor concentration—in this case with liquid-to-solid ratios (L/S) of no less than 25. While this is a
useful engineering metric, it is important to note that levels of soluble Si, Al, and Na are more important
for the measurement of relevant phenomena. With that said, H2O and Na were both kept in excess for
all experiments conducted.
2.2.1 Inductively coupled plasma – optical emission spectroscopy (ICP-OES)
An Agilent 5100 Vertical Dual View ICP-OES with an auto-sampler was used to analyze reactant
dissolution. Calibration standards with 0.1 mg/L to 200 mg/L Si, Al, Na were prepared by dilution of
standard solutions (Elemental Scientific, Omaha, NE) in fresh 2% HNO3 solution (prepared from
TraceSELECT concentrated HNO3 and ACS reagent grade water). 1M NaOH samples were diluted at
sample/diluent ratios of 1:10 and 1:200, while 3M and 6M NaOH samples were diluted at ratios of 1:200
and 1:1000 to effectively measure dilute and concentrated elements in solution, respectively. Dissolution
extents were calculated by comparison of ICP-OES and XRF results. Reaction product compositions
were calculated through comparison of dissolution-only systems and reaction / precipitation samples,
as indicated in Table 2. All samples were conducted in triplicate.
2.2.2 X-ray diffraction (XRD)
XRD was conducted on a PANalytical X’Pert Pro MPD (high speed Bragg-Brentano optics, operated at
45 kV and 40 mA) to characterize mineralogical phase distributions of raw materials and reaction
products. Powdered samples were packed into 16 mm diameter holders. Data was obtained between
5° and 70° (2θ) using a step size of 0.0167°. The diffractometer was configured with an automatic
divergent slit, 2° anti-scatter slit, and 0.04 radian soller slit. Prior to analysis, patterns were converted to
1/2° divergent slit. HighScore Plus software with ICDD PDF 4+ was used for pattern analysis.
Amorphous content of the raw materials was determined by Quantitative XRD, and was calculated using
equation (1), in which W IS is the weight percentage of internal standard (known) and W RIT is the Rietveld
determined percentage of the internal standard. Known quantity of crystalline corundum (α-Al2O3) was
used as the internal standard.
𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 % =

𝑊
1−𝑊 𝐼𝑆

𝑅𝐼𝑇

100−𝑊𝐼𝑆

∗ 104 %

(1)
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Solid state 27Al and 29Si magic angle spinning nuclear magnetic resonance spectroscopy
(MAS-NMR)
Solid state 27Al and 29Si MAS-NMR spectra were obtained at room temperature on a Bruker Avance III
WB 500 MHz spectrometer (field strength of 11.74 T) equipped with a 4.0 mm 2-channel broadband HX
solid state probe.
2.2.3

27Al

spectra were obtained in single-pulse experiments, with the spectrometer tuned to 130.316 MHz, a
spinning speed of 12 kHz, 1 s relaxation delays, up to 1024 scans, a π/4 pulse of 1.7 μs, with 80 kHz of
1H spinal-64 decoupling applied during acquisition. 27Al chemical shifts were referenced externally to
1M Al(NO3)3 at 0.00 ppm.
29Si

spectra were similarly obtained in single-pulse experiments, with the spectrometer tuned to 99.325
MHz, a spinning speed of 10 kHz, 20 s relaxation delays, up to 3072 scans, a π/2 pulse of 4 μs, with 49
kHz of 1H spinal-64 decoupling applied during acquisition. 29Si chemical shifts were referenced
externally to hexamethylcyclotrisiloxane at -9.00 ppm. 29Si resonances were analyzed according to
Qn(mAl) classification, where n corresponds to the connectivity of silicate tetrahedra and can vary from
1 to 4, while m<n is the number of tetrahedra with Al replacement of the Si atom.
2.2.4 Scanning electron microscopy (SEM)
A Zeiss Merlin High Resolution Scanning Electron Microscope equipped with an in-lens and highefficiency secondary electron detectors was used for SEM. Powder samples were adhered to carbon
tape and introduced into the SEM vacuum chamber. Images were captured with electron beam set to
10 kV accelerating voltage and 400 pA beam current, at a working distance of 10.00.2 mm.
3.

RESULTS AND DISCUSSION

The results that follow rely on the observation that siliceous ash (SA) and metakaolin (MK) will release
Si and Al into alkali solution without precipitating any reaction products (i.e. simple dissolution) when
undersaturated in solution, as described in Table 2. Upon comparison of such solution chemistries postdissolution with solutions in which precipitation of reaction product is expected and observed to occur,
it is possible to calculate the degree to which specific elements have been included in the reaction
products. In other words, through such comparison, it is possible to calculate reaction product chemistry.
This is carried out through ICP-OES measurement as described in Section 2.2.1. Through further
analysis of solids XRD and MAS-NMR results, we can verify the accuracy of such composition
calculations and supplement with product structure characterization. In what follows, we first present
observed dissolution and precipitation as monitored through ICP-OES, and subsequently present further
solids analysis.
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Figure 2. Solution chemistry of samples over time, presented in millimolarity (mM) and %
dissolved (Xdissolved/XTotal). mM represent the total concentration of Si or Al in the filtrate at each
time point, while % dissolved represents the fraction of initial total solid Si or Al of the
precursors found in solution. Each time point exhibits samples taken in triplicate. (a)-(d), (e)(h), and (i)-(l) respectively represent dissolution/reaction in 1M, 3M, and 6M NaOH-based
solutions, with the blue horizontal dotted lines indicating initial concentrations of Al and Si in
the Na-Silicate systems. MK, SA, MK+SA, and MK+Si(-SA) samples are described in Table 2.
3.1

Dissolution and precipitation as measured through liquids analysis

Solution chemistries of samples were monitored as presented in Figure 2. Taking a high-level view of
the results shown in Figure 2, certain trends become apparent:





Si dissolution from SA tends toward ~70%, or ~180-190 mM. The ultimate value is directly
related to the molarity of the solution (i.e. in 1M NaOH, [Si] ultimate  150 mM; in 3M NaOH,
[Si]ultimate  180 mM; in 6M NaOH, [Si]ultimate  190 mM).
Si and Al dissolution in MK systems exhibit congruent dissolution and precipitation (i.e.
Si/Al=1), especially in higher alkali environments.
Higher alkali concentrations yield greater maximum values of [Si] and [Al], presumably due
to higher solubility and greater driving force for dissolution.
In all systems, Al is quickly consumed in the presence of soluble silicates.

Sub-sections below work through these results in more detail broken down by silicon and aluminum
source. All referenced trends are as understood from Figure 2.
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3.1.1 Metakaolin (MK)
In the 1M system (orange dashed lines in Figures 2(a)-(d)), we observe maximum values of Al and Si
dissolution— ~26% and ~24% of total content, respectively, corresponding to concentrations of ~34 mM
and ~31 mM—after 24 hours. Thereafter we observe a slight drop in [Si] ([Si]ultimate  26 mM) and almost
no drop in [Al] through 672 hours ([Al]ultimate  32 mM).
Dissolution in 3M NaOH (Figures 2(e)-(h)) is more significant, reaching ~73% (~95 mM) of both Si and
Al after 24 hours. This quickly drops off, presumably due to the formation of reaction product ([Si]ultimate
 34; [Al]ultimate  31 mM).
In 6M NaOH (Figures 2(i)-(l)), [Al]max of ~112 mM (~87%) is observed after 72 hours, after which there
is observable, yet small decline in concentration ([Al]ultimate  92 mM). [Si]max of ~113 mM is observed at
168-336 hours, and decreases to an even lesser degree by 672 hours ([Si]ultimate  99 mM). The fact that
[Al] drops earlier than [Si] agrees with previous observations regarding the precipitation of Al-rich gels
at early age (Provis et al. 2005, Chen et al. 2017).
It is clear from the equimolar concentrations of Si and Al in each system that MK undergoes congruent
dissolution (i.e. XRF and ICP-OES results both indicate molar Si/Al ratios equal to 1). Still, it is interesting
to note the clear differences in solubility of Si and Al in these three systems and the ramifications of
such differences. In 1M NaOH, both Si and Al experience minimal solubility, as indicated by low [Si]max
and [Al]max. Slight decreases in such concentrations thus suggest only marginal, if any, reaction product
formation. In 3M NaOH, while we observe higher solubility of both elements, the severe decline in [Si]
and [Al] after reaching maximum concentrations implies steady reaction product precipitation. In 6M
NaOH, while observed [Si] and [Al] attain greater absolute values than either of the previous solutions,
it is clear again from the limited drop in concentrations that reaction product formation is similarly limited,
indicating higher solubility (i.e. lower driving force for product precipitation).
Considering qualitative observations of solid sample quantities post-dissolution, it is also clear that
higher NaOH concentrations result in increased MK consumption. It is possible then, that undissolved
MK in the 3M NaOH system provided nucleation sites for reaction product formation, while such
nucleation sites did not present themselves in the 6M system, resulting in more limited decline in
observed [Si] and [Al]. This agrees with previous observations that, especially in solutions with low
silicate solubility, heterogeneous nucleation is favored (Cournoyer et al. 1975, Serrano & van Grieken
2001).
3.1.2 Silverton Ash (SA)
As SA is primarily composed of amorphous Si and unburnt carbon, it is no surprise that observed [Al]max
is small regardless of alkali concentration and [Si]max approaches a large value, following an apparently
asymptotic dissolution trend. [Si]ultimate represents up to 70% of total Si in SA, and up to 80% of
amorphous Si. This agrees with previous results obtained by the authors for 0.5M and 1M NaOH
systems (Uvegi et al. 2019), and indicates SA’s utility as a silica source.
3.1.3 MK+Si(-SA)
With the introduction of an external Si source in the form of SA-derived Na-silicate, reaction product was
expected to form readily. This occurred, particularly in the 6M NaOH system. Initial solution
concentrations as measured by ICP-OES are presented in Table 3. Similar to the MK systems, different
trends are observed for 1M, 3M, and 6M systems. As observed in Figures 2(a) and 2(e), respectively,
in 1M and 3M systems, initial [Al] was lower than the minimum [Al] observed in the MK systems and
continued to decreases monotonically with time, indicating immediate and continued consumption of Al
by soluble silicate species. This agrees with previous studies in which solubilized aluminates were
observed to immediately oligomerize with available silicates (Chen et al. 2017). Similarly, in 1M and 3M
systems, [Si]max was observed at the earliest measured time point (6 hours), decreasing steadily with
time—again indicating consumption (Figures 2(b) and 2(f)). The quickly achieved maxima agree with
results from MK systems: while [Al]max and [Si]max were achieved more quickly in MK+Si(-SA), this can
be explained by the high levels of available Si provided by the Na-silicate solution.
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Table 3. Initial elemental concentrations in Na-Silicate used for MK+Si(-SA) systems
Sample ID

[Na]initial

[Si]initial

[Al]initial

1M_MK+Si(-SA)

990 mM

160 mM

2.1 mM

3M_MK+Si(-SA)

3000 mM

240 mM

3.2 mM

6M_MK+Si(-SA)

6000 mM

290 mM

3.9 mM

The 6M system, exhibiting largest Si and Al solubilities in both MK and SA dissolution experiments, here
presents clear and dramatic consumption of such elements following initial dissolution. This, therefore,
allows for the most straightforward analysis of reaction product chemistry as dictated by the first goal in
Section 1. The rest of the paper will thus focus on comparisons between 6M samples, leading to product
chemistry quantification.
Given the apparently higher solubility of both Al and Si in 6M NaOH, it is no surprise that [Al]max and
[Si]max are observed after extended residence time, after which such concentrations decrease,
coinciding with product formation, as observed in Figures 2(i)-(l). This indicates a dormant period during
which reactants dissolve to an appropriate solution concentration and after which reaction products must
begin to gel, aggregate, and crystallize, consuming a bulk of the available Al and an appropriate amount
of Si. This is in agreement with previously described results (Dokter et al. 1995).
Given high initially available silicate concentration in 6M_MK+Si(-SA), we expected immediate
consumption of liberated aluminates through oligomerization (Chen et al. 2017), yielding products with
high Si/Al. However, repeated experiments consistently exhibited the formation of products with Si/Al 
1, as observed by both ICP-OES calculations (Section 3.1.5) and solids analysis (Section 3.2). Further
analysis of silicate species in solution through liquid state NMR might elucidate these observations.
3.1.4 MK+SA dissolution/precipitation
Simultaneous introduction of both MK and SA was expected to bear different results from the
introduction of MK into a Na-silicate solution (as discussed in 3.1.3), yielding a product with decreased
Si/Al due to limited initial Si availability. While Na-silicate provided high levels of soluble Si, as shown in
Table 3, Si availability in MK+SA was expected to follow combined Si dissolution trends of MK and SA
as observed separately. However, as is clear from Table 4, Si/Al values for MK+SA were calculated to
be larger than those observed in the MK+Si(-SA) systems. Considering the faster dissolution rate of MK
than SA, this is hypothesized as due to one of the following phenomena, or some combination thereof:




(1) Ash particles serve as nucleation sites, allowing for different reaction product formation
than what was observed in MK+Si(-SA) with higher Si/Al
(2) Soluble Si and Al (from MK dissolution) oligomerize on ash particle surfaces, forming a
surface layer and trapping otherwise reactive Si
(3) Slower Si release from ash provides Si at a rate allowing for the formation of a higher
Si/Al reaction product

Researchers have previously utilized both carbon (Garcia-Martinez et al. 2001) and a wide variety of
aluminosilicate materials (Provis et al. 2005, Serrano & van Grieken 2001) as nucleation sites, giving
credence to option (1). Option (2) has also been observed in literature (Fernández-Jimenez et al. 2005,
Cournoyer et al. 1975), and follows quite naturally from (1). Given a silicate ash surface with potential
heterogeneous nucleation sites, underlying Si will no longer be exposed to the alkaline solution, thereby
ceasing dissolution from that region. Option (3) follows from Ostwald’s law in that the kinetics of Si
availability must be considered to determine the most likely zeolite structure (Davis and Lobo 1992).
These hypotheses are further clarified by the results and discussion presented in Section 3.2 in
association with solids characterization.
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3.1.5 Calculation of Si/Al from ICP-OES
In order to use results presented in Figure 2 to calculate Si/Al of reaction products, we must compare
proper quantities. More explicitly, while the control experiments were designed to allow MK and SA to
dissolve in isolation, it is clear that some precipitation occurred in MK systems. Drops below [Si]max and
[Al]max in control experiments indicate consumption of associated species. To account for this, when
calculating reaction product chemistry, observed [Si]max and [Al]max in MK and SA should be carried
forward and compared with observed [Si] and [Al] in MK+Si(-SA) and MK+SA systems. Figure 3
presents such a comparison, showing three trends:




In red: sums of [X]observed from MK and SA or produced Na-Silicate solution, as relevant,
where X=Si or Al
In black: as in red, sums of [X]observed, carrying maximum observed values forward in time to
account for species’ consumption
In blue: observed solution concentrations for MK+Si(-SA) and MK+SA, as labeled

Calculated Si/Al values are shown in Table 4. It is clear that use of [Si]max and [Al]max affects late-age
Si/Al values, as illustrated by divergence between black and red lines. Using the same methodology, an
Si/Al ratio of ~0.7 can be calculated for just MK reaction in 6M NaOH based on the divergence between
observed and max [Si] and [Al] values at 672 hours. This value not only agrees with prior observations
regarding early-age precipitation of Al-rich gels (Provis et al. 2005, Chen et al. 2017), but is also
reasonable considering the only precursor was MK, exhibiting Si/Al=1.
Taking a closer look at Table 4, the trend at early to middle age seems to diverge from such
expectations, while later age values (336, 672 hours) make more sense. This is in line with the major
drop off in [Si] and [Al] observed in Figure 3, indicating reaction product formation. From early age,
however, [Si] diverges from control values to a greater degree than [Al] (as indicated by increasing Si/Al),
contrary to the expectation that an Al enriched gel should precipitate first. Accounting for the possibility
of oligomeric silicate units in the MK+Si(-SA) system and the possibility of surface nucleation in the
MK+SA system, the higher early age Si/Al values seem more plausible, but do not necessarily reflect
the composition of the precipitated product. Given these observations and the large uncertainties in
early age samples, only later age (336, 672 hours) values should be considered valid, with earlier values
presented for illustrative purposes only. Late-age values are further verified by solids analysis, presented
in Section 3.2 .
Table 4. Si/Al ratios of solid reaction products as calculated from ICP-OES results. Calculated
values for 6-168 hours maintained for illustrative purposes; 336, 672 hours reflect reasonable
product chemistries, as corroborated by solids analysis.
MK+Si(-SA) (Figure 3(a))

MK+SA (Figure 3(b))

Time
(hours)

Si/Al as observed
(Red-Blue)

Si/Al from max
(Black-Blue)

Si/Al as observed
(Red-Blue)

Si/Al from max
(Black-Blue)

6

1.66±0.15

1.66±0.15

1.16±0.12

1.16±0.12

24

4±2

4±2

1.67±0.19

1.67±0.19

72

6.1±1.8

6.1±1.8

5.8±1.5

5.8±1.5

168

1.51±0.16

1.36±0.14

4.9±0.6

4.1±0.6

336

1.39±0.05

1.28±0.05

1.79±0.09

1.60±0.08

672

1.14±0.03

1.050±0.015

1.53±0.12

1.33±0.09
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Figure 3. Solution concentration in mM of Al and Si for (a) the MK+Si(-SA) system and (b) the
MK+SA system.
3.2

Solids analysis: XRD, 27Al and 29Si MAS-NMR, and SEM

In order to verify Si/Al ratios of solid reaction products as calculated from the ICP-OES results, we
characterize reaction products via two other methods; X-ray diffraction patterns and nuclear magnetic
resonance spectra of solid post-reaction material. Solid state 27Al and 29Si MAS-NMR are presented in
Figure 4. XRD patterns for early and late-age 6M samples as well as 672-hour 1M and 3M samples are
presented in Figure 5.
27Al

MAS-NMR results presented in Figure 4 illustrate the oft-observed dissolution stages of MK (Chen
et al. 2017, Duxson et al. 2005). Al(IV), Al(V), and Al(VI) peaks are observed at ~58-60 ppm, ~27-29
ppm, and ~3-4 ppm, respectively. Demonstrating their relative stabilities, the Al(V) peak is the first to
disappear across all systems, indicating the speedy consumption of Al(V) species, owing to their
strained coordination in MK (Duxson et al. 2005). Al(VI) species are apparently consumed at different
rates across the three systems displayed: MK+Si(SA) > MK+SA > MK from fastest to slowest, in line
with levels of available Si in solution. As expected, by 672 hours, the primary remaining peak is that of
Al(IV), reminiscent of tetrahedral Al-coordination in both geopolymers and zeolitic species. It is important
to note that even though minimal dissolution was observed in 1M and 3M systems, the Al(IV) peak was
the only remaining peak observed in such systems as well (not shown).
While in isolation, such 27Al NMR spectra do not indicate formation of a specific reaction product, when
viewed in conjunction with 29Si MAS-NMR (Figure 4(e)) and XRD (Figure 5) results, they clearly depict
formation of zeolite products after 672 hours (Engelhardt and Michel 1987). Figure 4(e) includes the
spectra of 336 and 672 hour 6M MK samples to illustrate that only after 336 hours does product fully
form in the MK system. Furthermore, comparison of the 6M_MK 29Si spectra with that of the raw MK
presented in Figure 4(d) indicates that while the peak at ~-106 ppm, reminiscent of Q4(0Al) Si units (e.g.
due to the presence of quartz), is included under the broad peak typical of raw MK, the relative
concentration of such Q4 units is high at 336 hours (before major product precipitation), but decreases
after 672 hours due to the precipitation of other species associated with the emerging new peak at ~-83
ppm. Still, given continued observance of the small yet existent peak in the ~-110 ppm region, it is clear
that while such Q4(0Al) species lose relative abundance, they remain present, in agreement with XRD
results depicting the continued presence of quartz throughout reaction.
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Upon deconvolution of spectra presented in Figure 4(e), it is clear from the major peak at ~-83 ppm that
the bulk of the MK after 672 hours contains Si in Q4(4Al) coordination (i.e. every tetrahedral silicate unit
is connected to 4 tetrahedral aluminate units), reminiscent of a FAU structured zeolite product with
Si/Al=1. The spectrum observed for MK+SA has its major peak at ~-87 ppm, also reminiscent of Q4(4Al),
albeit for a different zeolite structure—confirmed to be EDI from the XRD patterns in Figure 5, and in
agreement with findings reported by Engelhardt and Michel (Engelhardt and Michel 1987). The
MK+Si(-SA) spectrum, with peaks in both listed positions, indicates the presence of both zeolitic species,
also confirmed by XRD in Figure 5. Secondary peaks illustrate a more complex structure, including the
possibility of multiple different products and/or residual precursor material. XRD results confirm the
chemical and structural findings of ICP-OES and NMR. The continued presence of amorphous character
in the XRD patterns presented in Figure 5 does not rule out the co-formation of geopolymeric and zeolitic
products (Provis et al 2005).
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Figure 4. 27Al solid state MAS-NMR of (a) MK, (b) 6M MK, (c) 6M MK+SA, and (d) 6M MK+Si(-SA)
samples at 6, 168, and 672 hours. (d)-(e) 29Si solid state MAS-NMR of indicated samples.
In view of both Figures 4 and 5, while different experimental systems yielded products with different
structures, product chemistry was relatively consistent across all systems, generating zeolitic species of
Si/Al  1. As indicated by ICP-OES results, minimal MK dissolution resulted in no noticeable product
formation in the 1M systems, verified in Figure 5(b). Formation of Zeolite X and Linde Type A in the 3M
systems and only the former in 6M systems is consistent with previous results (Gevaudan et al. 2017,
Granizo et al. 2014). While atypical, the formation of Zeolite F has also previously been observed (Rees
et al. 2008). In the cited example, the formation of Zeolite F occurred during seeded nucleation, giving
further credence to the hypotheses established in Section 3.1.4.
X = Zeolite X (FAU, Si/Al=1)
Q = Quartz (SiO2)
F = Zeolite F (EDI, Si/Al=1) Q A = Anatase (TiO )
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Figure 5. XRD patterns of (a) 6-hour and 672-hour 6M samples and (b) 672-hour 1M and 3M
samples.
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SEM micrographs are presented in Figure 6. By comparing Figures 6(b) and 6(c), it is clear that while
only one zeolite species forms in the MK+SA system, an additional species with distinct morphology
forms in the MK+Si(-SA), consistent with the XRD results presented in Figure 5(a). Furthermore, these
micrographs allow for further discussion of the hypotheses originally raised in Section 3.1.4. It is clear
from Figure 6(a) that in the MK+SA system, product nucleation is driven primarily by heterogeneous
nucleation at the ash surface, in agreement with hypothesis (1). While hypothesis (2) is not directly
addressed by the images below, it is clear from Figure 6(a) that product growth on the ash surface in
MK+SA results in significant surface coverage. Assessed in light of the elevated Si/Al as calculated from
ICP-OES results, as well as the indication from XRD and NMR results that the reaction product Si/Al
values are in fact closer to 1 than ICP-OES results would suggest, this further supports hypothesis (2).
Hypothesis (3) is the most tenuous and can neither be verified nor refuted by the evidence.

(a)

(b)

(c)

Figure 6. SEM Micrographs of (a)-(b) MK+SA and (c) MK+Si(-SA). Notice surface-driven
precipitation in (a) and existence of two morphological species in (c) as compard to one in (b)
4.

CONCLUSIONS

From the multifaceted characterization approach, it is clear that, as shown previously (Uvegi et al. 2019),
one can effectively quantify reaction product chemistry through comparative analysis of dissolution- and
reaction-prone samples. In this way, new precursors can both be analyzed for their utility and reactivity
in aqueous environments while simultaneously investigating the types of reaction products formed and
consumption of available elemental species. In this study, metakaolin was dissolved and reacted in 1M,
3M, and 6M NaOH solutions as well as in the presence of additional reactive silica (i.e. either solid
siliceous biomass ash or sodium silicate solution produced through dissolution of said ash). Reaction in
6M NaOH resulted in the highest levels of silica and alumina release from both the metakaolin and the
ash, yielding precipitation of zeolitic reaction products. Of note was the different structure of the products
formed with and without the presence of solid ash, which seemed to provide heterogeneous nucleation
sites. It is also interesting to note that elevated silicate concentrations did not yield higher Si/Al values
than 1 in the reaction product. Most importantly, the Si/Al values as calculated by comparative solution
analysis yielded values consistent with those observed by secondary solids analysis.
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ABSTRACT
Estimated global production of copper and lead slag is around 80 Mt/y. As opposed to calcium-silicate
rich ferrous slags, these non-ferrous slags are rich in fayalite (Fe2SiO4). Earlier research showed that
carbonation-mineralization of these non-ferrous slags to make carbonate-bound construction materials
were not effective. Therefore, a model system based on metallic iron is studied in this work to
understand the carbonation of Fe-rich sources to produce siderite (FeCO3) based binders. The paper
reports the observation that siderite (FeCO3 mineral) cementation occurs when compacted Fe-powder
(10 µm in this study) is subjected to aqueous carbonation. It is further shown that the siderite contents
of the reaction products vary based on the temperature and the CO2-pressure conditions under which
they are carbonated. Using SEM-SE observations, two different types of morphologies of siderite
crystals are observed based on the temperature are which the aqueous carbonation of iron is
performed. The XRD-Rietveld observations and the SEM-SE observations are combined to infer that
dendritic Fe-oxide crystals are formed away from the Fe surfaces, and that the siderite crystals grow
as scales at the carbonating Fe surfaces. The concurrence of the variation in the siderite content and
compressive strength is observed based on XRD-Rietveld analysis. The results of XRD-Rietveld
analysis and MIP are combined to show that pore filling and refinement may not be a suitable indicator
of compressive strength in such systems.
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1.

INTRODUCTION

There has been a growing interest in sequestrating and utilizing CO2 in construction industry through
various direct and indirect routes involving carbonation of different Ca / Mg sources (Pacheco-Torgal
et al. 2018). Most of these CO2-sequestration methods are focused on carbonation of the sources,
followed by the utilization of the resulting carbonates. These methods include carbonation of
calcareous fly-ashes to improve their admixture and environmental properties (Wee 2013, Dindi et al.
2019), early-age carbonation of hydrating cement to improve strength gain (Ahmad et al. 2017, Zhang,
Ghouleh et al. 2017), carbonation of reactive MgO to produce reactive magnesia cement (Unluer & AlTabbaa 2013, Dung & Unluer 2018), carbonation of steel slag for its stabilization and subsequent use
in construction (Bodor et al. 2016, Pan et al. 2016), densification of the mortar in recycled aggregates
(Zhan, Poon et al. 2014, Zhan, Xuan et al. 2018) etc. Many of these carbonation processes generally
fail to utilize the cementing properties of the carbonates formed in systems.
Certain processes have also been developed to utilize the cementing properties of the carbonates
formed during the carbonation reaction, to produce binder which are free from conventional cements
(Ashraf 2016, Zhang, Ghouleh et al. 2017). These processes usually involve carbonation of Ca2+ /
Mg2+ sources; like their hydroxides (De Silva et al. 2006, De Silva et al. 2009), their silicates with etc
(Riman et al. 2013, Sahu & DeCristofaro 2013, Higuchi et al. 2014, Ashraf & Olek 2018, Deo et al.
2018) etc. One such method employs direct carbonation of Ca-Si rich ferrous slags under high CO2pressure (< 20 bar) and temperature (<100°C) to produced high strength construction blocks
(Quaghebeur, Laenen et al. 2014, Quaghebeur, Nielsen et al. 2015). Furthermore, attempts have also
been made to produce FeCO3 based binders by carbonating metallic Fe (Das, Souliman et al. 2014,
Neithalath, Stone et al. 2016).
The variation in the compressive strengths of the FeCO3 based binders has mostly been explained in
terms of the effect of carbonation on the pore structure of the reaction products (Das, Souliman et al.
2014, Das, Stone et al. 2014). On one hand, the evidences presented to support the claim for the
formation of FeCO3 in such studies do not appear to be conclusive. On the other hand, the attribution
of compressive strength to pore filling seems to be more circumstantial than evidence based.
Utilization of pore refinement as source of compressive strength probably stems from the wellestablished inverse relationship between porosity and compressive strength in Portland cement
systems (Powers 1958, Kumar & Bhattacharjee 2003). Such inverse relationships have also been
utilized to explain the observations in calcium carbonate based binders (Mo, Zhang et al. 2016).
However, the application of these inverse relationships in carbonate systems appears to have been
assumed rather than being proven.
This work introduces a new siderite (FeCO3 – mineral) based binder produced from aqueous
carbonation of powdered metallic iron. The carbonation of metallic iron is chosen as a model system
due to the ease it offers to understand the mechanisms that drive FeCO3 cementation. The product
resulting from such a process can reach a compressive strength of up to 160 MPa within four hours of
carbonation. Compressive strength is discussed in terms of pore structure, mineral composition, and
microstructure of the reaction products.
2.
2.1

EXPERIMENT
Sample preparation

Emsure® Fe-powder for analysis (particle size 10 µm) was mixed homogeneously with distilled water
at l/s ratio (water to Fe ratio by weight) of 0.115. Thereafter, for each pellet, 20 g of such mix was
pressed under a load of 150 kg/cm 2 for 10 s to form a compact cylinder of 23 mm diameter. The
compacts were subsequently placed inside a 3.5 L autoclave with a water reservoir at the bottom (to
avoid moisture loss from the samples). The autoclave was pre-heated to the required temperature
before placing the sample inside it, and the CO 2-pressure was immediately applied after placement of
the sample inside the autoclave. The carbonation reaction was performed for four hours, and the
samples were immediately removed and kept inside a zip-lock after the carbonation. While not
discussed in this paper, testing the compressive strength immediately after carbonation, or within a
week after carbonation has negligible effect on compressive strength. The underlying reaction
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mechanisms, and the effect of different variables is mentioned elsewhere (Sumit Srivastava et. al., in
prep)
2.2

Compressive strength

The cylindrical carbonated samples were loaded using a 100 kN compression testing machine at a
loading rate of 1 mm/min. A batch of three samples was tested for each condition, and average was
taken. A new batch was tested in case the compressive strengths of two of the samples differed from
the average of the respective batch by more than 20%.
2.3

Mercury Intrusion Porosimetry (MIP)

Standard MIP measurements (Berodier et al. 2016) were performed using a Pascal 240, Thermo
Electron Corporation instrument, with up to a maximum pressure of 200 MPa. Washburn’s equation
and cylindrical pore model with a standard contact angle of 140°, the Hg density of 13.5 g/cc, and a
surface tension of 480 dyn/cm were utilized for the calculations.
2.4

Scanning Electron Microscopy (SEM)

The crystal morphologies and product distributions were studied using a FEI Nova NanoSEM 450
fitted with a Field Emission Gun (FEG) electron source. The morphologies were observed from the
broken pieces taken from the bulk of the failed samples which were tested for compressive strength.
These broken pieces were coated with Pt-Pd before the observation.
2.5

XRD-Rietveld

Broken pieces from the bulk of the samples which failed during the compression testing were ground
into fine powder using a planetary ball mill (Retsch PM 400) for 15 min at 400 rpm. The powder was
back-loaded in the XRD sample holder and the observations were made using a PANalytical
Empyrean diffractometer over the 2θ range of 5° and 120° at a step size of 0.013° 2θ (Co Kα). To
improve the particle statistics, the samples were spun around the vertical goniometer axis during the
measurement. X’Pert Highscore Plus v 4.7a software package by PANalytical was used for the phase
identification and for Rietveld analysis according to (Snellings 2016).
3.
3.1

RESULTS AND DISCUSSIONS
Compressive strength, pore structure, and mineral composition

Just as in concrete (Roy & Gouda 1973), an inverse relationship is often assumed between pore
volume and compressive strengths, even in supposedly iron-carbonate based binders (Das, Stone et
al. 2014). It can indeed be observed from Figure 1(a) and Figure 1(b) that the sample exhibiting the
highest compressive strength of about 160 MPa (60°C and 20 bar CO 2-pressure) also exhibits the
lowest specific pore volume of about 40 mm 3/gm. However, even though the compressive strength of
sample carbonated at 30°C temperature and 1 bar CO 2-pressure is about 81 mm3/g compared to
about 86 mm3/g in sample carbonated at 30°C temperature and 20 bar CO 2-pressure, the
compressive strength of the former is about 7 MPa compared to about 44 MPa of the latter. Therefore,
it can be concluded that in such systems, such an inverse relationship cannot be used to explain the
observations regarding variation in compressive strengths.
It can further be observed from Figure 1(a) and Figure 1(b) that this lack of concurrence of low pore
volume and high compressive strength is especially evident in the samples carbonated at 30°C. This
non-concurrence can be explained from the mineral composition of the reaction products, as can be
observed from Figure 1(c) and Figure 1(d). It can be observed from Figure 1(d) that the sample
carbonated at 30°C temperature and 1 bar CO 2-pressure has more than 30% oxide content as
opposed to negligible oxide content for the sample carbonated at 30°C temperature and 20 bar CO 2pressure. Since the specific gravities of siderite (~4) and magnetite (~5.2) are lower than the specific
gravity of Fe-powder (7.96 – measured using He-pycnometry), their formation is expected to fill the
pores. However, MIP results cannot differentiate between the siderite and different oxides, leading to
the observed non-concurrence.
Furthermore, the average pore radii can be observed from Figure 1(e), and the distribution of the radii
can be observed from Figure 1(f). It is interesting to note that the samples carbonated at 30°C also

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
have the lowest average pore radii, even though their compressive strengths are relatively lower
compared to the samples carbonated at higher temperatures. It is even more interesting to note from
Figure 1(f) that the lowest compressive strength sample (carbonated at 30°C and 1 bar CO 2-pressure)
also has more than 35% of the pores in the range of <0.1 µm; compared to just 13% of the pores in
sample carbonated at 60C and 20 bar, which exhibits the highest compressive strength. This is
especially interesting because increase in the larger pore volumes in Portland cement systems is often
considered to be an important cause for low compressive strength (Cheng et al. 2008).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. For the considered samples (a) compressive strengths (b) specific pore volumes (c)
siderite contents (d) oxide contents (e) average pore radii (f) % pore volume distribution
according to pore radii
3.2

Microstructure and pore structure

Figure 2(a) shows that when the Fe is carbonated at a combination of low temperature (30°C) and low
CO2-pressure (1 bar), dendritic crystals seem to have formed as major reaction product. These

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
dendritic crystals are concentrated in the bulk, away from the surface of the spherical Fe-particles.
Based on the XRD-Rietveld analysis, it can be confirmed that these dendritic crystals are magnetite
crystals as there is no other major reaction product observed in this sample. Figure 2(b) shows that at
a combination of low temperature (30°C) and high CO2-pressure (20 Bars), thin and elongated crystals
appear to have manifested in patches at spherical Fe-surfaces. Figure 2 (c-e) shows that whatever be
the combination of temperature and CO2-pressure, rhombohedral shaped crystals can be observed to
have manifested in different sizes and to different extents. When seen in combination with the XRDRietveld results, it is clear that oxides are hardly formed at moderately-high temperatures of 60°C and
90°C, whatever be the CO 2-pressure. In such cases, CO2-pressure mostly determines the degree of
siderite formation. However, at low temperature of 30°C, CO 2-pressure plays an important role in
determining if the reaction goes towards oxidation or towards carbonation. Furthermore, the crystal
shape at low temperatures are different from the crystals forming at high temperatures.

(a) 30°C – 1 Bar CO2-pressure

(b) 30°C – 20 Bar CO2-pressure

(c) 60°C – 1 Bar CO2-pressure

(d) 60°C – 20 Bar CO2-pressure

(e) 90°C – 1 Bar CO2-pressure

(f) 90°C – 20 Bar CO2-pressure

Figure 2. Microstructures of the samples carbonated at respective temperature and CO2pressure conditions
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4.

CONCLUSION

The observations regarding controlling parameters of a process of producing a new, siderite (FeCO3mineral) based cement in a metallic iron model system is introduced in this paper. It is shown that the
strength gain in such systems cannot be explained in terms of pore-filling by the reaction products. It is
also shown that out of the two main reaction products, siderite and the oxides, the variation in the
compressive strength seems to concur with the variation in the siderite content. Based on the SEM-SE
images, it can therefore be concluded by inference that the compressive strength is caused by the
intergrowth of the siderite crystals growing at the adjacent Fe-particles as scales. The detailed
reaction mechanism and strength-gain mechanism are discussed elsewhere (Sumit Srivastava et. al.,
in prep). The major objective of the ongoing work is to transfer the knowledge of FeCO 3 cementation
from the model Fe-based systems to Fe2SiO4-rich systems. This would be of special consequence in
utilization of copper slags (which are rich in Fe2SiO4) as sustainable construction material.
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ABSTRACT
In order to reduce the CO2 emissions, several approaches are being used by the cement industry
worldwide such as replacing non-renewable natural resources with industrial by-products, usage of
alternate fuel and raw materials, production of blended & multicomponent cements, and development
of low-CO2 cements like Calcium sulphoaluminate (CSA), High Belite cements, etc.
More recently, there is particularly renewed interest in CSA cements. CSA cements contain Ye-elimite,
C4A3$ as the major mineral phase and possess rapid setting and hardening, high chemical resistance,
mechanical strengths at very early ages, etc. They emit lower CO2 on account of reduced firing
temperature, limestone and fuel consumption, easier grinding and scope for utilization of various
industrial by-products.
Considering the environmental benefits associated with CSA cements, a new type of cement termed
“belite calcium sulphoaluminate cement” containing C2S as main phase and C4A3$ as intermediate
phase is being actively studied worldwide.
In the present work, laboratory scale studies have been carried out to prepare Iron- rich belite calcium
sulfoaluminate cements, by using various industrial wastes (Red mud, Flue Gas Desulphurization
gypsum, Aluminium dross, Granulated blast furnace slag, etc.) along with comparatively smaller
amounts of limestone.
The cement raw mixes were pyro-processed in a unique and programmable way to form very reactive,
Iron-rich belite CSA clinkers at 1200-1300°C. The results indicate that by utilizing various industrial byproducts and new patent-pending pyro- processing method, it is possible to make highly reactive Ironrich belite calcium sulfoaluminate cement clinkers that can substantially reduce CO2 emissions and
preserve limestone deposits.
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1.

INTRODUCTION

Cement is a vital and commonly used construction material that requires large amounts of resources,
energy and the manufacture of which causes significant environmental impact e.g. causing more than
5% of the global anthropogenic CO2 emissions and substantial emissions of SO2, NOx and other
pollutants. CO2 is released in large amounts during the cement manufacturing process because of
combustion requirements for calcinations and the calcinations reactions itself in the preheater and kiln
system. There is a considerable pressure on the cement industry thus to reduce the CO 2 emissions and
it has thus come together to address various environmental issues through the World Business Council
for Sustainable Development (WBCSD) and the cement specific subgroup called the Cement
Sustainability Initiative (CSI). The International Energy Agency (IEA) has issued technology roadmaps
for reducing CO2 emissions in different sectors, including the cement industry, through the year 2050.
Further moving ahead under the banner of the UN Frame work Convention for Climate Change
(UNFCC), 195 countries adopted the first ever universally legally binding global climate deal in the 21 st
session of the Conference of Parties (commonly known as COP21), held in Paris in December 2015.
The most important part of COP21 being the long term goal of keeping the increase in global
temperature to well below 20C above the pre-industrial levels. The agreement in general sets out a
global action plan to put the world on track to avoid dangerous climate change. In the effort to reduce
CO2 emissions, thus there is a need for methods to systematically identify, classify and assess different
improvement measures, to increase the knowledge about different options and prioritize between them.
India is the world’s second largest cement producer with an installed capacity of 390 million tonnes per
annum and by 2050 the total cement production is estimated to be in the range of 780-1360 million
tonnes considering the Low demand case and High demand case respectively. These cases are based
on existing technologies but take an optimistic view of further technology development and assume that
new technologies are adopted as they become cost effective. Indian cement industry is one of the most
efficient in the world in terms of thermal and electrical energy and is consistently putting in efforts to
reduce its CO2 footprint through adoption of best available technologies and environmental practices. It
has already achieved a significant reduction in total CO2 emissions to an industrial average of 0.72
tCO2/t of cement in 2010 from a substantially higher level of 1.12tCO 2/t of cement in 1996. CO2
emissions are targeted to be further reduced to 0.58tCO 2/t of cement by 2050. This has been possible
through continuous improvement of the energy-efficiency of the cement manufacturing process,
increased utilization of industrial by-products as raw materials, replacement of conventional fossil fuels
by alternate fuels which are waste –derived or biomass derived, increased substitution of clinker with
industrial by-products such as fly ash, slag etc.
These approaches however are reaching their practical limits and further significant reduction is not
possible in the CO2 emissions. Thus, there is a renewed interest in developing alternative cements with
lower associated CO2 emissions. Various researchers (Juenger et al., 2011, Gartner EM and Sui T,
2018) have suggested sustainable alternatives to Portland cement based systems namely calcium
aluminate systems, calcium sulphoaluminate based systems, alkali activated cements, supersulphated
systems, reactive belite rich clinker portland cement, carbonatable calcium silicate rich clinkers,
magnesium oxide derived from magnesium silicate etc. Of all these sustainable alternative binders
based on belite (C2S) and ye’elimite (C4A3S̅), previously known as calcium sulfoaluminate or sulfobelite
cements (Cuberos et al.,2015, Gartner and Hirao,2015; Li and Gartner, 2006) are gaining renewed
interest as they have the potential to reduce CO 2 emissions during cement clinker production because
these materials require reduced amounts of limestone, lower firing temperature, are porous and easily
friable thus easy to ground compared to conventional OPC clinkers, ability to form cements, mortars
and concretes with high early and final strengths and offers excellent durability especially in saline
marine environments and the protection it affords to the embedded mild steel (Glasser and Zhang,
2001). The specific CaO requirement (referred to one unit mass of compound) for C 4A3S̅ is 0.368 i.e.
50%, 56%, 59% and 80% of that necessary for the formation, respectively, of C 3S, C2S, C3A and C4AF
(Gartner, 2004). The rawmix composition of these type of cement can be based on the conventional raw
materials such as limestone, clay, bauxite as an alumina source, gypsum as a sulphate source etc. but
considering the very high cost of bauxite and its availability various industrial by-products or wastes can
be used as well (Berekta, 1993, Sahu 1994, Gallardo et al.,2014). C4A3S̅ can include in its structure
various impurities and the solid solutions of calcium sulpholauminate having Ca 2+ ions replaced by alkali,
alkaline earth and many other divalent ions are well known (Ivashchenko, SI 1992). C4A3S̅ based cement
clinkers are generally blended or ground together with approximately 10-25% mass-% gypsum or
anhydrite. Its main hydration products are Ettringite, monosulfate, amorphous aluminium hydroxide and
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other hydrate phases such as strätlingite or C-S-H, which originate from the reaction of the belite. The
main hydration product is Ettringite, which can incorporate a number of ions into its crystal lattice, making
it an ideal product for waste immobilisation (Zhoua et al., 2006). Also, these cements can be easily
produced in existing installations using a conventional cement kiln system compared to other alternative
binders which require installations which are different from the conventional cement kiln systems.
Thus, considering all the above factors, in the present work, laboratory scale studies have been carried
out to prepare Iron- rich belite calcium sulfoaluminate cements, by using various industrial wastes such
as red mud, Flue Gas Desulphurization (FGD) gypsum, Aluminium dross and Granulated blast furnace
slag along with comparatively smaller amounts of limestone. The objective of this study was to improve
our understanding on the intricacies involved in its manufacturing process, feasibility of producing it with
various industrial byproducts and/or wastes, modifications desirable for maintaining and/or enhancing
the reactivity of the various minerals formed and assessing the performance of the cement produced.
2.

MATERIALS & METHOD

The raw materials used for this work are limestone, red mud, aluminium dross, granulated ground blast
furnace slag and FGD gypsum. The chemical composition of the various materials and the minerals
present are given in Table 1 and Table 2 respectively. All the raw materials except limestone were
industrial by-products and wastes from different industries. All the raw materials were mixed in the
defined proportions so as to get the desired target C2S and C4A3S̅ and ground in lab ball mill to a residue
of approx. 8-9% on 45 micron sieve and completely passing through 90 microns sieve. Nodules of about
1-2 cm were prepared and dried in the laboratory oven prior to firing. The dried nodules were then
introduced in the Programmable high temperature furnace with a target firing temperature of 1265 0C
with a unique developed method which has been applied for patent. The clinker were then subjected to
chemico-mineralogical characterization, microstructure & morphology studies using XRF, XRD and
SEM respectively. The clinkers were then ground to a fineness of about 500 m2/kg and mineral gypsum
having a purity of 90.5% passing 90 microns sieve was added during the final stage of milling in order
to mix it well as well as have a coating on the clinker minerals for optimal performance of the cement.
The composition of the prepared cement consists of 80% clinker and 20% gypsum.
Table 1. Chemical composition of various raw materials
Material

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

Limestone

0.35

0.15

0.10

55.45

0.25

0.05

0.05

0.08

0

Red mud

12.53

16.3

34.82

4.69

1.61

0.36

8.6

0.25

7.65

Aluminium dross

1.76

76.27

2.07

0.76

8.31

0.83

1.04

3.01

0.83

GGBS

34.90

17.70

0.31

34.94

9.30

1.60

0.22

0.55

0.70

FGD Gypsum

0.22

0.22

0.07

33.40

0.05

46.46

0.12

0.02

0

Table 2. Mineralogy of the different raw materials
Material

Minerals present

Limestone

Calcite(CaCO3 with traces of Quartz (SiO2)

Red mud

Hematite (Fe2O3),Boehmite (γ-AlO(OH), Gibbsite (Al(OH)3), Calcite (CaCO3),
Quartz (SiO2), Sodalite (Na8(Al6Si6O24)CO3), Rutile (TiO2), Goethite (FeO(OH)

Aluminium dross

Corundum (Al2O3), Aluminum Nitride (AlN), Spinel (MgAl2O4), Quartz (SiO2),
Alumina (β_Al2O3),Sodium Aluminum Oxide Hydrate (Na2Al22O34.2H2O) with
minor amounts of Aluminum Carbide (Al4C3) and Halite (NaCl) and some
minor intermediate phases

GGBS

Mostly amorphous with minor amounts of Gehlenite(C 2AS)

FGD Gypsum

Gypsum (CaSO4.2H2O) with minor amounts of Calcite (CaCO3)
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3.

RESULTS & DISCUSSIONS

The chemical composition of the prepared clinker determined using XRF and its phase composition as
determined by quantitative XRD analysis using the Rietveld refinement method is given in Table 3 and
4 respectively. The diffractogram of the prepared clinker is shown in Figure 1 with major phases such
as C4A3S̅, C2S, C4AF, Periclase etc. Quantitative phase analysis of the synthesized clinkers show that
they are in good agreement with the targeted phase composition. Minor amounts of phases such as
Mayenite (C12A7), calcium aluminate (C3A), perovskite (CaTiO3) and pleochroite (Ca20Al26Mg3Si3O68) are
formed. The firing temperature of 12650C was chosen based on various firings of the clinker at different
temperature intervals and its subsequent mineral quantification by XRD analysis. The lab scale firings
clearly indicated that the temperature for synthesis of such clinkers lie in a narrow range as at lower
temperatures (1100-12000C) it leads to formation of C5S2S̅, ternesite as one of the intermediate phase
along with anhydrite whereas as at higher temperatures > 13000C, the C4A3S̅ starts decomposing to
form C12A7,Mayenite. The formation of C4A3S̅ in the temperature range of 1100-13250C occurs by solid
state reaction between the constituent oxides as well as through intermediate calcium aluminate phases.
It was seen that at temperature above 13000C, the decomposition of calcium sulphate can result in the
shortage of calcium sulphate and decrease the formation of C4A3S̅.The firings at different temperatures
also confirmed that the formation of C4A3S̅ takes the following course of reactions: (1) formation of C2S
and C2AS at 800-9000C (2) C4A3S̅ and C5S2S̅ are formed above 10000C and C2AS decomposing
gradually (3) C5S2S̅ disappears above 11800C to form -C2S and CS̅, anhydrite (Chatterjee, 2010).
Thermal analysis of the rawmix was carried out to investigate the effects of raw materials on the thermal
decomposition of FGD gypsum during the firing process. The result in Figure 2 shows three prominent
decompositions: First loss at 100-1700C is due to the dehydration of FGD gypsum, second loss at the
temperature of 800-8500C is due to decomposition of limestone and the final loss at 1200-13000C is
attributed to the decomposition of FGD gypsum. The decomposition of the sulfates at temperatures
above 12000C can change the final phase composition of calcium sulphoaluminate based clinkers and
the ability to predict phase composition from the phase compositions of raw materials (Irvin A et al.,
2011).
Table 3. Chemical composition of the clinker
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

10.51

26.03

9.30

36.20

4.00

6.10

2.40

0.40

2.25

Table 4. Mineralogical composition of the clinker
C2S

C4A3S̅

C4AF

CS̅

Periclase

Free lime

Other Minor phases

25.8

38.0

18.5

0.1

2.4

0.50

15.0

Y

11000

10000

9000

8000

Lin (Counts)

7000

Y
6000

C4
5000

Y

C2

4000

Y
3000

C2

C2
Y

Y

C4

2000

Y
C2
C2

P

C4

Y

C2

Y

Y

1000
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Figure 1. Diffractogram of the prepared clinker showing the major phases
(Y = C4A3S̅, C4 = C4AF, C2 = C2S, P = Periclase)

60

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 2. TG – DSC curve of the rawmix
The microstructure of the clinkers indicated by the back scattered electron images as determined by
SEM are shown in Figure 3, the dark grey particles in the images represent C 4A3S̅ while the white
particles represent C2S. The average crystal size, range and distribution of the two major phases i.e.
C4A3S̅ and C2S are given in Table 5 and the results indicate that cryptocrystalline crystal formation has
taken place i.e. the average crystal size of C4A3S̅ and C2S is < 20 µm, which may be improve the
reactivity of clinker. C4A3S̅ crystals are polygonal to hexagonal in shape and belite crystals are rounded
to sub rounded. Little clustering of grains with C4A3S̅ and C2S crystals are well distributed over the entire
clinker volume and well crystallized aluminate and ferrite phases have been found in all clinkers. Free
lime and periclase crystals are rarely observed in all clinker. The spot EDX analysis of the various
phases are shown in Figure 4, which clearly shows that various elements have substituted in the crystal
lattice of different mineral phases and a typical phase mapping of the prepared clinker with reference to
different elements are shown in Figure 5.

Figure 3. Small crystals with well distributed C4A3S̅ & C2S phases
Table 5. Crystal size and distribution of C4A3S̅ and C2S
C4A3S̅ (m,%)
0-10
10-20
>20
3.4

72.3

24.3

C2S (m,%)
0-10
10-15
>15
11.3

40.8

47.8
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Figure 4. EDX analysis of various clinker minerals

Figure 5. Phase mapping of prepared clinker
(from left to right (a) Raw Map (b) Mg (c) Al (d) S (e) Ca (f) Fe (g) Ti (h) Si (i) Mn )
The clinkers were then ground to a fineness level of approximately 500 m 2/kg using a laboratory ball mill
and then 20 % gypsum passing 90 microns sieve was added to the mill and finally the fineness was
maintained at 550 m 2/kg. The particle size distribution of the ground cement is shown in Figure 6 and
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the mean diameter of the particles was found to be 13.79 microns with a passing of 97.3% on 45 microns
sieve. The prepared cement was then subjected to performance evaluation using our Indian standard
method, IS 4031 maintaining a water / cement ratio of 0.5. The mortar cubes were prepared using the
standard ennore sand in the ratio 3 : 1 i.e. 200g of each three grades of sand and 200g of cement and
the mortar cubes were tested for strengths at 3 hr, 6 hr, 12 hr, 1 day, 3 days, 7 days & 28 days
accordingly. For comparison purpose, we have also casted an ordinary Portland cement mortar cubes
following the same method and its performance was also evaluated. The compressive strengths of the
two different types of cement are given in Table 6 and the results obtained clearly show that the cement
develops rapid strength from 3 hours onwards whereas the ordinary Portland cement strength starts
increasing from12 hours onwards. Initial and final setting times of the prepared cement were found out
to be 15 and 20 minutes respectively. The results clearly indicate that the performance of the cement
was fairly good and the cement shows rapid strength development at very early hours. In contrast to
ordinary Portland cement (OPC), the iron-rich belite calcium sulphoaluminate cement exhibits superior
features such as rapid setting and high early strength which are attributed to the fast hydration rate of
the C4A3S̅ phase and the ettringite formation during the hydration as reported in literature by various
researchers.

Figure 6. PSD of the prepared cement
Table 6. Physical properties of the iron-rich belite calcium sulphoaluminate cement
Blaine,
2

4.

Compressive Strength, MPa

w/c

IST,
mins

FST,
mins

3hr

6hr

12hr

1D

3D

7D

28D

Sample

m /kg

Iron-rich
belite CSA
cement

540

0.5

15

20

24.5

29.4

33.1

39.0

42.0

44.7

51.9

OPC

306

0.35

165

230

Wet

Wet

5.6

19.3

38.2

49.8

66.7

CONCLUSIONS

This study clearly demonstrates that potential valorisation of the various industrial by-products and
wastes in the production of the iron-rich belite calcium sulphoalauminate cement which has rapid setting
times and rapid strength development at early ages. Bauxite the most expensive of all the raw materials
being used as a source of alumina can be easily replaced by alumina rich wastes such as Aluminium
dross and has the potential to make its cost effective production with the current setup of installations.
The cement raw mixes were pyro-processed in a unique and programmable way to form very reactive,
Iron-rich belite calcium sulphoaluminate clinkers at 1250-1300°C. The results indicate that by utilizing
various industrial by-products and new patent-pending pyro- processing method comprising of unique
method for controlling the reactivity & desired improvement in microstructure as well as usage of some
newer unexplored additives as mineralizers it is possible to make highly reactive Iron-rich belite calcium
sulfoaluminate cement clinkers that can substantially reduce CO2 emissions and preserve limestone
deposits.
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ABSTRACT
Belitic Calcium Sulfoaluminate (BCSA) cement, has a history of over 30 years of use in North America.
To date, more than 2 million tons of BCSA cement have been manufactured in the United States. It
has been primarily used in the fast-track rehabilitation of highway and airfield pavement It has also
been used widely in high-performance, low carbon footprint mortars. Despite this extensive use in the
field, many aspects of the hydration mechanisms have yet to be investigated. The gap between the
reactivity of calcium sulfoaluminate and that of belite, for one, has been presented as a challenge to
the continuous strength gain of the material. In theory, this gap in reactivity should be reflected in a
reduction in the rate of strength gain after hydration of the sulfoaluminate is complete. However, this is
not always observed in the field, as was observed in the rehabilitation of the concrete runway of the
Seattle-Tacoma Airport.
This paper discusses the hydration of B-CSA cement with a particular focus on the intermediate
hydration times using quantitative XRD, thermodynamic modeling, TGA and TD-1H NMR. Hydrated
BCSA cement contains amorphous phases yet to be defined and characterized, especially in terms of
their contribution to strength. The paper discusses these results in the context of the history of the
binder in North America, the regulatory aspects controlling its use, and the important opportunities
linked to its unique characteristics of speed of construction, durability and low carbon footprint.
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1.

INTRODUCTION- BELITIC CALCIUM SULFOALUMINATE IN THE UNITED STATES

Belitic calcium sulfoaluminate, a binder in which the predominant phase is belite and the second major
phase is calcium sulfoaluminate is a promising binder (Juenger 2011). It was invented, has been
manufactured and has been sold in North America since the early 1980s. It is sometimes presented as
a recent invention, but its discovery is owed to Ost in 1975, following Klein’s pioneering work on
sulfoaluminate (Klein 1963). Removing tricalcium silicate C3S from siliceous binders is desirable from
a sustainability point of view because the high temperatures required for its formation contribute to the
high carbon footprint of Portland cements. However, since C3S also provides early strength, its
presence plays a crucial role in such cements. By replacing C3S with ye’elemite, which forms at lower
temperature yet provides early strength, a new single cement can be manufactured which offers the
advantage of not requiring blending with Portland cement. Therein lies the elegance of the Ost patent:
the binder sets quickly, exhibits the good durability associated with belite hydration, and has lower
carbon footprint (Bescher 2012, 2016, 2017). These properties have attracted interest and recently led
to the introduction of a clause in an act of the United States Congress, which outlined the importance
of concrete combining durability, low carbon footprint and fast strength (Title 23, Section 120(c)(3)
United States Code). BYF cements are sometimes described as being in the R&D phase but, in fact,
they have been commercially available in the Americas since the 1980s. It is true that much research
remains to be done. While the early strength gain mechanism is fairly well understood, the reactivity of
phases other than CSA still needs elucidation. This is important because it affects the durability of the
binder and impacts its acceptance in the industry. If BCSA hydration can be shown to create strengthcontributing phases after ettringite formation, the potential use of this cement as a low-carbon
alternative to Portland cement is enhanced- provided that the economics are favorable.
This article explores some of the hydration mechanisms taking place beyond ettringite formation. It
frames the discussion in the context of the history of development of this cement in North America, the
path to industry specifications and it discusses some of the main applications of the binder. Noting that
BCSA is a single binder and not a blend, we conclude by stressing the need to distinguish it from other
types of CSA cements, and we outline a need for a nomenclature of CSA cements, perhaps akin to the
well-established ASTM classification of Portland cements. This will lift the confusion between various
types of CSA-containing cements.
1.1

Materials

A commercial BCSA cement (Rapid Set, CTS Cement Manufacturing Co.) was used for the hydration
study. The chemical composition as well as the mineralogical composition of the cement used are
shown in table 1. A water/cement ratio of 0.487 was used for the study.
Table 1. Mineralogical (XRD) and chemical (XRF) composition of the cement
Phases

wt.-%

Oxides

wt.-%

β-C2S

43.6

SiO2

14.3

α`-C2S

4.4

TiO2

0.58

Anhydrite

10.6

Al2O3

15.4

Bassanite

3.7

Fe2O3

0.9

Quartz

0.4

Mn2O3

-

Ye’elimite

27.4

MgO

1.4

Brownmillerite

1.8

CaO

49.5

Periclase

1.6

Na2O

0.2

Gehlenite

1.7

K2O

0.6

Perovskite (CT)

1.3

P2O5

0.3

Calcite

2.6

LOI

2.2

Dolomite

0.9

SO3

14.9
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1.2

Methods

1.2.1 Heat flow calorimetry
A TAM Air heat flow calorimeter was used to measure the heat flow curve of the cement used. The
cement used was mixed with water (according to the chosen w/c ratio) externally with a spatula in order
to guarantee a proper mixing of the cement powder with the water. Before mixing the water and the
cement were equilibrated at the same temperature of the calorimeter in order to avoid artifacts due to
different temperatures of sample and calorimeter.
1.2.2 QXRD
For highly time resolved in-situ XRD the cement paste was placed into a temperature-controlled
sample holder and covered by Kapton film in order to avoid carbonation and water evaporation during
the measurement. In sum, 88 powder patterns were recorded within the first 24 hours of hydration.
In order to study the phase development of the cement over a long time period (up to 6 month) at a
constant water/cement ratio the cement paste was filled in dense plastic capsules and stored at 23
°C. At defined hydration times the samples were cut and the slices were measured with a Bruker
diffractometer.
The evaluation of the powder patterns was done applying Rietveld refinement combined with an
external standard method (Jansen et al. 2011).
1.2.3 Thermodynamic modelling
Thermodynamic modelling (according to Lothenbach et al. 2006) was performed using the
geochemical GEMS-PSI software [available at http://gems.web.psi.ch] involving a thermodynamic
database [available at http://www.empa.ch/cemdata, Version cemdata18, Lothenbach et al. 2018].
Thermodynamic equilibrium of the cement used at the w/c ratio chosen for the study was calculated
using the chemical composition determined by means of XRF shown in table 1.
1.2.4 TD-1H-NMR
TD-1H-NMR was applied in order to evaluate the ongoing hydration of the cement as well as the
consumption of the free water (see also Valori et al. 2013, Maus et al. 2006). Due to the relatively high
iron content of the cement and the resulting very short relaxation time the application of the CPMG
pulse sequence did not bring additional information about different mobile reservoirs and was therefore
not applied in this study. A SE pulse sequence was applied and the quantities of the mobile and solid
hydrogen reservoirs in the sample were evaluated.
Due to the missing information from the CPMG pulse sequence no information about the true sample
T2 (impact of the magnetic field inhomogeneities cannot be overcome with SE pulse sequence) and
the pore structures (pore size) of the sample can be provided. However, a quantitative evaluation of the
SE reservoirs certainly can give an idea about the hydration progress of the cement paste as well as
the consumption of the water during hydration.
Evaluation of the curves was done by ILT applying the MinerSys framework (Ectors et al. 2016). In
comparison to a combined Gaussian-exponential fit no significant overestimation of the solid part can
found when applying a multi-exponential decay modelling.
1.2.5 TGA
TGA was used to confirm the results from XRD. Hydration was stopped by stirring smoothly ground
hydrated cement at defined hydration times in isopropanol for 5 minutes. The liquid was then removed
from the sample by vacuum aspiration. Before measurement the samples were additionally dried at 40
°C for 5 minutes. TGA was performed under nitrogen atmosphere with 5°C/min between room
temperature and 1000°C.

2.

RESULTS AND DISCUSSION

Heat flow analysis as well as the results from insitu-XRD show that after 1 hour the main reaction of the
ye’elimite takes place synchronously with the reaction of anhydrite. The main hydration phase formed
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is ettringite. From the XRD patterns recorded within the first days of hydration, no evidence for other
hydrate phases such as Afm can be seen. Figure 1 shows that the consumption of ye’elemite and
anhydrite is nearly complete at 10 hours. There is a small amount of ye’elimite which seems not to react
within the first 6 months. After around 3 months reaction of the C 2S in the sample is detected. This in
turn appears simultaneously with the formation of straetlingite as observed by XRD.

Rapidset XRD/Rietveld results:
3 days

25

3 month
6 month
Slight reaction of C S ???
2

wt.-%

20

C2S
Ye'elimite
15

10

5

0
0,1

1

10

100

1000

time (h)

Figure 1. Ye’elimite and C2S quantities during hydration of the cement used (w/c ratio = 0.487;
T = 23 °C)
Figure 2 shows the detected signals from TD-1H-NMR as recorded at different times during hydration
of the cement. It can be seen that at the beginning of hydration only one exponential decay curve can
be detected representing the amount of water given to the cement. After 50 hours a significant amount
of a solid fraction was formed following rather a Gaussian decay than an exponential decay. It can be
seen that between 8 days and 17 days the signal for the mobile fraction (free water and maybe AH-gel)
disappears and after 17 days and 28 days an ongoing confinement could be detected by a shift of the
curve to shorter relaxation times.
From previous work it is quite clear that the solid part of the curve represents the hydrogen bound in
crystalline phases such as ettringite, Afm and straetlingite (although the crystallinity is not always very
good; see Jansen et al. 2018) and the mobile part represents the amount of hydrogen which is bound
in amorphous gels like C-S-H (Valori et al. 2013, Muller et al. 2013) or AH-gel (Jansen et al. 2017) and
free water.
After 48 days (see figure 3) the mobile fraction of the hydrogen seems to be completely consumed and
the solid fraction dominates the curve recorded for the cement. During the following time until 6 months
after begin of hydration the curve recorded does not change. Due to the fact that no mobile fraction is
formed again at later points in time and no shift of the signal recorded to different times can be detected,
it can be assumed that the water released by the decrease of ettringite is immediately consumed in
order to form other hydrate phases than ettringite (such as straetlingite and Afm) and the microstructure
formed seems not to be affected by the recrystallization of the hydrate phases. This, indeed could be
better proven by determining the real T2 time of the samples applying the CPMG pulse sequence, which
was not possible here due to the high iron content of around 1 wt.-%. However, at later points in time
there is no evidence for a mobile fraction which could be measured with the CPMG pulse sequence.
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Figure 2. TD-1H-NMR curves (SE pulse sequence) during hydration of the cement used (w/c
ratio = 0.487; T = 23 °C)
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0,1
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Figure 3. TD-1H-NMR curves (SE pulse sequence) during hydration of the cement used (w/c
ratio = 0.487; T = 23 °C)
Figure 4 shows the amounts of the hydrogen reservoirs in the sample. It can be seen that the solid part
increases while the mobile part decreases. This in turn gives a good idea about the ongoing reaction of
the cement and the consumption of the water given to the sample. After 3 months, no significant amount
of free water (mobile fraction) can be quantified after ILT of the recorded curves.
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Quantitative 1H-NMR Rapidset
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Figure 4. Quantities of the hydrogen reservoirs determined during hydration of the cement
used applying a SE pulse sequence (w/c ratio = 0.487; T = 23 °C)

In order to understand the hydration behaviour of the cement at the chosen w/c-ratio thermodynamic
calculations are considered (Figure 5). The left column shows the composition of the cement used (not
100 wt.-% because only reactive phases are plotted). The right column shows the equilibrium phase
composition for the hydrate phases formed at the chosen w/c ratio. Although the sulfate in the cement
is sufficient to guarantee complete ettringite formation, it can be seen that at equilibrium Afm should be
formed together with ettringite. This can be explained by the fact that Afm incorporates less water than
ettringite. However, the first days of hydration are certainly dominated by the reaction of ye’elimite with
anhydrite forming large amounts of ettringite. It can be seen that after 28 days that the dominating
hydrate phase formed is ettringite with an amount which is higher than the expected amount from
thermodynamic modelling. Between 28 days and 48 days the free water is almost consumed (see figure
7) and the drift of the system to equilibrium occurs very slowly.
Between 3 months and 6 months almost no change in the TD-1H-NMR curve can be seen. However,
XRD indicates that the reaction to equilibrium takes place and the initially formed ettringite reacts
synchronously to the reaction of the C2S forming straetlingite and Afm, which is in accordance with the
calculated thermodynamic equilibrium of the system. TGA in Figure 6 also gives evidence that between
28 days and 6 months ettringite is consumed and Afm, straetlingite and also C-S-H is formed. However,
TGA is only qualitative but the evaluation and interpretation of the curves allows a confirmation of the
above discussed hydration path for the cement used.

Figure 5. Thermodynamic modelling of the equilibrium hydrate phase assemblage of the
cement used compared to the measured phase assemblage (w/c ratio = 0.487; T = 23 °C)
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Figure 6. TGA curve for the cement used after 28 days and 6 months (w/c ratio = 0.487; T = 23
°C)
These results further our understanding of the hydration of BCSA cements at intermediate ages (from
hours to months). The hydration of the cement and its relationship to strength development was
originally described by Ost as being akin to the strength of a bucket of nails (Ost 1997). This analogy is
mostly apt but it is also incomplete. Microstructure and strength development is continuous even in the
presence of the poorly hydraulic belite, even without resorting to various strategies used to bridge the
reactivity gap between ye’elemite and belite such as the use of ternesite or activating the belite phase
with boron.
3.

HISTORY AND DEVELOPMENT OF BCSA IN NORTH AMERICA

That ettringite is not the sole source of strength in BSCA concrete is part of the success of the binder
in North America since 1980. Approximately 2 million metric tons of BCSA cement have been produced
in North America to date. This is due to a number of incremental regulatory approvals obtained in the
United States. The American Chemical Society issued a Chemical Abstracts Service number for BCSA
in 1998 (960375-09-1), making it a parent of Portland cement. The cement also meets ASTM C1600
specifications for rapid setting cements, a performance specification similar to ASTM C 150 and ASTM
C1157 for portland cements. Many State Departments of Transportation in the US have specified the
material. However, a geographical review of where BCSA concrete is used reveals that it is primarily
commercially successful in the most densely populated areas of the United States. This suggests that
it is not a straightforward, economical substitute for Portland cement except in applications in which this
extended closure times of highways and airports are not possible.

Figure 7 – Use of BCSA for Pavement in the United States, between 2009 and 2018. (Source:
CTS Cement Manufacturing Co.)
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More than 1,000 lane-kilometers of BCSA concrete pavement has been placed in California to date. In
1994, the Northridge earthquake caused the collapse of two major overpasses in Los Angeles,
California. The emergency repair required the use of a rapid strength concrete which led to the first use
of BCSA concrete by the California Department of Transportation. This project became a catalyst for
the continued and regular use of BCSA in California. Typically, one or two lanes of the freeway are shut
down at 10 pm, old slabs are removed and replaced with BCSA concrete. The economic incentive for
the use of this type of concrete is illustrated by the steep fined imposed in the event of late opening:
$1,000 per minute of delay. The specifications are 2.8 MPa flexural strength for opening and 4.1 MPa
flexural at 28 days. A similar approach to pavement rehabilitation is used by several states in the United
States.

Figure 8 – Concrete Pavement Removal (Left) and Replacement with BCSA (Right) in California

Other significant infrastructure projects include 20,000 m3 of BCSA concrete pavement placed in 2018
on the rehabilitation of the Mexico-Querétaro highway, and 30,000 m3 in the rehabilitation of the
Seattle airport concrete runway between 1994 and 2012. Due to restrictions on closure time, the
runway was only available for repair between 11 pm and 6 am. Pavement specifications for the
rehabilitated pavement was 3.8 MPa for opening and a design life of 20 years (Lary and Rothnie,
1994). Flexural strengths achieved during construction were 5.2 MPa at 4 hours, 5.8 MPa at 5 hours;
6.2 MPa at 6 hours and 6.3 MPa at 28 days. In 2012, the BCSA concrete slab was tested at 79.0 MPa
and the flexural strength was 8.0 MPa, indicating a continuous strength gain after 17 years in the field.
It is likely that the continuous strength increase is explained by the slow but continuous hydration of
belite as described above or by the other mechanisms discussed in the present article (Ramseyer &
Bescher, 2016).

Figure 9 – Removal and testing of BCSA Airport Concrete Pavement After 17 Years in the Field
at the Seattle International Airport.
BCSA can also address a number of concrete pavement design issues associated with portland
concrete infrastructure, such as joint spacing, lifecycle and maintenance costs. The authors constructed
a concrete slab 11.4 m x 11.4 m x 35.6 cm. Approximately 4 times the size of a traditional Portland
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slab, this would allow building a typical runway just four-slabs wide, thereby minimizing construction
and maintenance costs. The slab was instrumented to measure shrinkage and warping. At 120 days,
both shrinkage and warping were below the detection limit of the sensors.

11.4 m

11.4 m

Figure 10 – Quadruple Sized Experimental Airfield BCSA Slab (11.4 m by 11.4 m)
Slabs of such size cannot be placed using portland cement concrete because the high drying shrinkage
would lead to warping and curling. Other opportunities in improving pavement types such as CRCP,
JPCP or overlays or in other infrastructure applications have been demonstrated (Maggenti 2015,
McNerney 2015, Itani 2017)
BCSA cement is frequently confused with other high-alumina cements or other types of CSA cements.
This calls for the need for a nomenclature for CSA cements. This could be done easily on the basis of
binder characteristics and chemistry. The main mineralogical phases in CSA clinkers include CSA,
belite and calcium sulfates. Depending on the balance of these components, the CSA binders can be
shrinkage-compensating, rapid setting, self-stressing, or combinations of the above. In other words,
CSA cements a class of cements onto themselves. Just as in the case for portland cement types in
ASTM, CSA cements can be classified based on chemistry and applications. We propose a
classification as follows:
Table 2 – Types of CSA binders
Type A - Accelerating
Additive
Type B - Belitic Calcium
Sulfoaluminate Cement
Type C - Expansive
Additive
Type K - Shrinkage
Compensating Cement

Ye’elemite

Belite

Calcium Sulfate

Other

35 - 45%

0 - 20%

10 - 30%

5 - 55%

20 - 30%

40 - 60%

5 - 25%

0 - 35%

10 - 20%

10 - 30%

40 - 60%

0 - 40%

1 - 10%

30 - 50%

1 - 20%

20 - 70%

Figure 11 – Proposed nomenclature for CSA binders
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Many of the CSA cements sold in China and in Europe are of Type A and are used blended with Portland
cements. Historically, CSA binders in the United States were first produced for shrinkage compensation
as Type K cement (Woodstrum 1964, Herrin 2003). In the 1980s, the rapid strength gain advantages
of the BCSA binder became the primary impetus for its commercial success as a single, non-blended
cement. The low carbon footprint (i.e. the sustainability) is not attractive economically yet (Bescher et
al. 2012). However, progress in the acceptance of this binder will be helped by the adoption of a proper
nomenclature distinguishing BCSA cements from other CSA binders.
4.

CONCLUSIONS

Some features of the hydration of BCSA cement at intermediate times have been explored. Under
closed conditions (no evaporation or uptake of water), the reaction of the very reactive phases ye’elimite
and anhydrite forming ettringite significantly dominates the early hydration of the cement and, as a
consequence, the reaction of the comparably less reactive phases. Thermodynamic modelling predicts
stability of ettringite and formation of a C-S-H phase in the long term. Experimental results indicate the
evolution of an amorphous or poorly crystalline structure which has not been fully characterized,
following the precipitation of ettringite. These results are consistent with the continuous strength gain
observed in BCSA concrete in the field. However, the hydration picture if not complete and there is a
need for further characterization. These results are consistent with the observed durability of BCSA in
the field in the last 30 years. Furthering the acceptance of this binder in industry will be helped by the
adoption of a nomenclature distinguishing BCSA cements from other CSA binders.
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ABSTRACT
The new high-speed railway link between Lyon (France) and Torino (Italy) of the Trans-European
Transport Network must pass peculiar geological strata containing numerous large patches of very
pure gypsum and anhydrite which will contaminate neighbouring high grade mineral layers. For the
new base-tunnel with more than 57 km of length it was calculated that some 2 million tons of material
dedicated to concrete aggregate production will have a sulfate content over 0.2 %, maximum value of
EN 206. In order to avoid high disposal costs and thus being able to use most of the excavated
material a comprehensive long-term durability study was started a couple of years ago. This study
mainly focuses on extreme internal sulfate attack and ranged from initial lab tests up to careful
monitoring of expansion reactions of large concrete structures stored in one of the already realized
exploration galleries in the French Alps.
In all those tests it could be demonstrated that concretes prepared with supersulphated slag (called
here CSS) as binder component not only shows superior resistance against sulphate attack but also
develops very favourable performance towards other durability parameters such as Alkali-Aggregate
Reaction AAR. These results confirm the evidence of earlier studies on the durability of CSS, for
instance the one of Evans, Blaine and Worksman presented in 1960 at the 4th ICCC in Washington
D.C.
As furthermore CSS is practically devoid of clinker (cf. standard EN 15743), a multi-faceted and
sustainable eco-friendly solution can be offered for the realization of this railway link.
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1.

THE MATERIAL CHALLENGE OF THE NEW RAILWAY BASE TUNNEL AT MONT CENIS

Decision 1692/96/EC of the European Commission describes all transport-related priority axes and
projects of the Trans-European Network TEN-T and includes roads, railways, waterways, multimodal
systems, airports as well as the European geo-positioning satellite system ‘Galileo’. As Project No. 6
the new high-speed railway link between Lyon (France) and Budapest (Hungary) and further to the
Ukrainian border is defined (red line in Figure 1).

3
1

2

4

Figure 1. Project No. 6 of the TEN-T of the European Commission. Indicated with yellow boxes
are the new railway base tunnels through the Alps: 1. Lötschberg (CH, completed 2007)Simplon (CH/Italy); 2. Gotthard (CH, completed 2016)-Ceneri (CH, due 2020); 3. Brenner
(Austria/Italy, due 2026); 4. Mont Cenis [TELT] (France/Italy, due 2030).
One key element of Project No. 6 is the new base tunnel at Mont Cenis in the Western Alps between
France and Italy with more than 57 km of length (see yellow box no. 4 in Figure 1). TELT (Tunnel
Euralpin Lyon Torino, see www.telt-sas.com) as French-Italian public body is in charge of the
realization of this two-tubed tunnel which is due 2030. As such it will be one of the four modern highspeed railway crossings through the Alps (see yellow boxes in Figure 1).
It is estimated that a total of roughly 30 million tons of excavation material are generated by the new
tunnel at Mont Cenis. For all concreting works of the tunnel some 10 million tons of aggregate material
are required. It is therefore evident that out of economic, logistic as well as ecologic considerations the
great majority of the aggregate volumes for the concrete shall consist of adequately processed and reused tunnel excavation material. Whereas it is expected that a big part of this excavation material will
belong to common lithologies which can be re-used without additional extra effort, still some 2 million
tons in total will show gypsum contamination of varying degree. This gypsum is of Triassic age and
belongs – as patches of highly varying size – to continental metasediments of the Penninic nappes of
the Western Alps (‘Zone Briançonnaise interne’ and ‘Nappe des Gypses’, see Figure 2).
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Figure 2. Occurrence of gypsum along the axis of the new railway tunnel at Mt. Cenis [TELT].
As a granted lifetime of 100 years for a tunnel of this size and importance is at risk when gypsum
levels of this magnitude are just randomly incorporated into concrete without appropriate and stringent
measures undertaken beforehand, it was decided in 2009 to carry out a specific and in-depth
investigation program. Objective was to find out if concrete formulations with as-is tunnel excavation
material can be designed which at the same time are robust enough (i) to work in an industrial context
and (ii) to exhibit elevated durability properties and dimensional stability also in the long run.
For this purpose the basic mechanisms of damage in relation to gypsum content, binder type, ambient
conditions as well as time were extensively studied first in lab scale at IFSTTAR in France (see
Chapter 2). Based on those results the most promising binder types were identified which were
subsequently re-checked in real (industrial) scale under real (tunnel) conditions (see Chapter 3).
2.

SELECTION OF SUITABLE BINDER TYPE IN LAB SCALE

The investigation of the SO3-levels of different aggregate fractions consisting of gypsum-contaminated
tunnel excavation material (called ‘TELT aggregates’ in the following) revealed contents gradually
ranging from some 1% in the coarsest fraction to over 7% in the finest fraction (see Table 1 and Colas
2012). The maximum SO3 standard limit of 0.2% for regular aggregates according to NF EN 12620 is
therefore exceeded in all fractions, up to a factor of 36.
Table 1. SO3-levels of different aggregate fractions obtained from excavation material of the
tunnel at Mont Cenis [TELT aggregates]. Calcium sulphate mineralogically present as 60%
anhydrite and 40% di-hydrate (‘gypsum’). SO3 determined via ICP-AES, after treatment with
nitric acid. Data according to Colas (2012).
Aggregate Fraction [mm]

0/0.315

0.315/1

0/4

1/4

4/8

8/16

SO3 Content [Mass-%]

7.2

2.8

3.5

1.6

1.4

1.2

When preparing mortar or concrete in which only TELT aggregates are used as sand fraction 0/4 mm
it is expected that structural damages and with that expansion reactions will occur mainly due to
severe internal sulfate attack. In tests run over 1 year at 20°C on EN 196-1 mortar prisms – i.e.
prepared with a w/c ratio of 0.5, regular tap water and a sand-to-cement ratio of 3 – it was observed
that the best performance (i.e. the least expansion) was reached in systems where either a so-called
CSS or a CEM I with zero C3A together with low SO3 contents were used as cement (see Figure 3).
Indeed, even after 6 years of total exposure time the very same CSS-mortars with TELT sand
prepared by Colas (2012) still showed – compared to all other binder types – superior performance
with a very low expansion level constantly remaining at 0.02% over the whole observation period
(Lavaud et al 2017).
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Figure 3. Expansion of mortars prepared with TELT sand; adapted from Colas (2012).
CSS (‘ciment sur-sulfaté’ or ‘supersulphated cement’) is a cement invented by Kühl (1908) which is
today regulated in Europe via standard EN 15743. It consists of at least 75% of very finely ground
blast furnace slag which is activated by 5-20% of again very finely ground calcium sulfate (gypsum
and/or anhydrite). According to the chemical characteristics of the available slag, some 0-5% of an
alkaline component such as Portland clinker may be carefully added in order to adjust the pH for (i)
reaching the preferred range for the proper initiation of hydration reactions, (ii) constantly keeping
Al2O3 from the slag in solution and with that (iii) developing appropriate strength levels also at early
age (Keil & Gille 1949, Köberich 1949). Hence, the creation of a solution of moderate pH which is at
the same time lime-undersaturated and sulphate-supersaturated, combined with the presence of a
dissolving slag rich in CaO and Al2O3, will install a system with non-expansive and strength-increasing
ettringite (3CaO*Al2O3*3CaSO4*32H2O) as the main hydration product, as documented in the seminal
work on CSS of Blondiau (1938-1939), Kühl & Schleicher 1953 and Schwiete et al 1971.
CSS as ettringite-based binder is devoid of any C3A or surplus CaO / Ca(OH)2 and as such exhibits a
very high resistance against internal and/or external sulphate attack (Thorvaldson 1952, Evans et al
1960). Furthermore, due to its almost clinker-free composition, CSS reduces CO2-emissions by more
than 90%, when compared to conventional CEM I Portland cement (IES 2018).
3.

EVIDENCE OBTAINED IN REAL (INDUSTRIAL) SCALE

Based on the very promising lab results, field tests were carried out in the French Alps in April 2016,
as proof-of-concept on behalf of TELT. For this, various concrete compositions were produced in an
industrial RMX concrete plant near Modane (France), always targeting SF1/SCC-type of consistency
class and C 30/37 strength class, both according to NF EN 206:2013.
Aggregate type was on one hand gypsum-contaminated tunnel excavation material (called ‘TELT
aggregates’) with 44% of sand 0/4mm, 16% of gravel 4/8mm and 40% of gravel 8/16mm, On the other
hand, regular crushed aggregates from a more distant quarry without any gypsum contamination were
used as reference, with 44% of sand 0/4mm, 16% of gravel 4/10mm and 40% of gravel 10/20mm.
Furthermore, some industrial concrete mix designs included 5% of finely ground pure gypsum powder
from a commercial source (Placoplatre Chambéry), dosed at the expense of the aggregate volume.
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As cement, the two most promising types of the study of Colas (see Figure 3) were selected, namely
CSS as well as CEM I with zero C3A and low SO3. Final industrial concrete mix designs contained in
the case of CSS 380 kg/m3 of cement, up to 180 kg/m3 of total water plus some 1% by weight of
binder of superplasticizers, as well as in the case of CEM I 400 kg/m3 of cement, up to 200 kg/m3 of
total water plus some 0.4-1% by weight of binder of superplasticizers.
Table 2. Overview on basic composition and fresh properties of industrial concretes. Data
determined according to French standard NF EN 12350 by Sigma Béton (Saint-Jean-deMaurienne and Chambéry, France).
Mix

Cement
Content
[kg/m3]

Effective
Water
[kg/m3]

Temp.
Air
[°C]

Initial
Slump
Flow
[mm]

Fresh
Concrete
Density
[kg/m3]

Air
Content
[%]

CSS with regular Aggregates

380

162

10.5

700

2360

0.8

CSS with TELT Aggregates

380

161

21.0

630

2370

1.2

CSS with TELT Aggregates
plus Gypsum Powder

380

177

7.1

680

2330

1.5

CEM I [zero C3A, low SO3]
with TELT Aggregates

400

198

12.5

620

2350

2.6

Table 3. Compressive strengths of industrial concretes, mixes corresponding to Table 2. Data
determined according to French standard NF EN 12390-3 by Sigma Béton (Saint-Jean-deMaurienne and Chambéry, France).
Mix

Compressive Strength of Industrial Concretes (Cylinders) [MPa]
1 Day

2 Days

7 Days

28 Days

91 Days

180 Days

CSS with regular Aggregates

4.6

14.5

35.0

49.1

56.0

58.6

CSS with TELT Aggregates

6.1

15.6

33.4

45.1

51.4

52.3

CSS with TELT Aggregates
plus Gypsum Powder

2.0

9.5

29.9

41.0

49.2

50.4

CEM I [zero C3A, low SO3]
with TELT Aggregates

8.5

-

45.0

51.6

57.1

62.6

In table 2 the basic composition as well as the fresh properties of 3 industrial concretes prepared with
CSS and different aggregate types are compared with the one of CEM I containing TELT aggregates
only. In table 3 the compressive strengths of the very same mixes are depicted. It can be seen that all
mixes largely exceed the requirements set for both targeted basic parameters, consistency and
strength. The use of TELT aggregates leads to some 10% reduction in strength, gypsum powder leads
to a further strength reduction, when compared to regular aggregates. Remarkable is the fact that the
concrete strengths obtained with CSS – having an EN 197-1 cement strength class of 32.5N – still are
in quite similar range as the ones of CEM I (52.5N), when using the very same aggregate type.
After production in the industrial RMX plant, up to 7m3 of the various concrete mixes were transported
into the exploration gallery for the tunnel Mont Cenis [TELT] at Villarodin/Bourget near Modane
(France), see location on Figure 2. After 1km of distance from the portal, one L-shaped block for each
concrete mix was casted with at least 6m3 of concrete (see Figure 4). At this position of the gallery
ambient conditions as recorded on 20 June 2018 were as follows: temperature 12.4°C, pressure
900hPa, relative humidity 69%. It is assumed that these conditions varied only to little extent over the
whole observation period (2016-2019).
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The overall dimension of an L-shaped block was 4m×3m×2m. The horizontal section was done with
reinforcement (10×10cm, steel diameter of 8mm), the vertical section without reinforcement. After
demoulding, all L-shaped blocks were constantly and smoothly watered with a sprinkler system.

Figure 4. L-shaped blocks industrially concreted in April 2016 within an exploration gallery for
the tunnel Mont Cenis [TELT] near Modane (France). Bottom right: cylinders 10×20cm and
11×22cm cast for additional durability testing according to AFGC (2004).
For monitoring the dimensional stability in real scale, every L-shaped block was equipped with 10
studs made of brass, the stud heads having a height of 2.5cm and a diameter of 4.9cm. The precise
position of every stud in relation to a fixed reference point of the exploration gallery was surveyed by
high-precision tacheometry in 3 perpendicular dimensions over a total of 3 years with a Laser tracker
device Leica AT402.
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Figure 5. Lateral deformation of 3 industrially produced L-shaped concrete blocks made with
CSS and different aggregate types, as recorded with high-precision tacheometry. For up- or
down-arching (bulging) deformation of the very same blocks see Figure 6.
In Figures 5 and 6 the extent of on one hand lateral deformation (see Figure 5), on the other hand upand down-arching deformation (see Figure 6) is depicted for the L-shaped concrete blocks made with
CSS as binder and various aggregate types. Every point in the figures is the average out of 2
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measurements, precision is at ≤ 0.04mm (1 sigma). This means that all differences in deformation of
those blocks made with CSS are within measurement uncertainty, i.e. there is no difference in lateral
or up-/down-arching deformation in-between the L-shaped blocks. Consequently this means that even
the full replacement of all aggregate fractions with gypsum-contaminated tunnel excavation material
does not lead to any noticeable deformation of concrete made with CSS.
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Figure 6. Up- or down-arching (bulging) deformation of 3 industrially produced L-shaped
concrete blocks made with CSS and different aggregate types, as recorded with high-precision
tacheometry. For lateral deformation of the very same blocks see Figure 5.
From the very same industrial concretes which were used for the L-shaped blocks, a great number of
cylinders were cast within the exploration gallery of the tunnel (see Figure 4). All cylinders were stored
for 3 months on site within the exploration gallery before they were transferred to the lab for
subsequent durability testing according to AFGC (2004). 5cm thick disks were cut from cylinders of the
dimension 11×22cm for measuring water-accessible porosity, N2-gas permeability and electrical
resistivity. Another set of 5cm thick disks were cut from cylinders of the dimension 10×20cm for
measuring chloride migration and electrical resistivity. Results from both data sets are presented in
Figure 7 and 8 as well as Table 4; more detailed explanations are given here below.
For the chloride migration test (Figure 7) three disks per concrete mix were saturated for 48h in 0.1M
NaOH solution and subjected to an electrical field of 30 volts for up to 12 days. The chloride migration
front, triggered by a solution consisting of 0.1M NaOH + 1M NaCl, was colorimetrically revealed with
silver nitrate + fluorescein at given points of time from which the apparent diffusion coefficient could be
calculated (AFGC 2004). Figure 7 shows that the use of TELT aggregates does not deteriorate the
ability of CSS concrete to strongly withstand chloride penetration: both CSS concretes made with
either regular aggregates or gypsum-contaminated tunnel excavation material lie within the most
performing durability class ‘very elevated’, as defined by AFGC 2004. At the other end of the scale
with only weak performance there is the industrial concrete made with CEM I and TELT aggregates.
An equivalent data pattern is created on Figure 8 which depicts the electrical resistivity results
measured on disks with a diameter of 11 cm and a height of 5 cm, after they were saturated in water
for 48h. While concrete with CEM I shows only weak performance, concrete with CSS exhibits very
high resistivity and therefore also very elevated durability, irrespective of the aggregate type used.
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This is fully confirmed by the resistivity results determined on disks cut from cores, taken out of the Lshaped concrete blocks 9 months after they have been casted (see light blue bars in Figure 8).

weak

12.0

medium

10.0

8.0

6.0

4.0

elevated

Apparent Diffusion Coefficient of Chloride
Ions [10-12 m2/s], Migration Test

14.0

2.0

very elev.

0.0

CEM I [zero C3A, low
SO3] with TELT
Aggregates

CSS with regular
Aggregates

CSS with TELT
Aggregates

CSS with TELT
Aggregates
plus Gypsum Powder

Figure 7. Chloride migration results, as performed and evaluated according to AFGC (2004).
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Figure 8. Electrical resistivity results, as performed and evaluated according to AFGC (2004).
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On the very same disks used for resistivity testing (see Figure 8), porosity and permeability
measurements were performed beforehand. These included saturation with water under vacuum for
48h and subsequent drying at 60°C to avoid damage to ettringite in CSS. Table 4 shows lower
porosity values and therefore denser microstructure for CSS with TELT aggregates when compared to
CEM I. Durability-rating according AFGC (2004) is ‘elevated’ (range 9-12%) for CSS and ‘medium’
(range 12-14%) for CEM I. For measuring permeability (AFGC 2004), each disk saturated with water
for 48h and dried for 28 days at 60°C was exposed to N2-gas at 3 different pressures from which the
specific coefficient of permeability was calculated. Here, both concrete types show ‘elevated durability’
(range 10-100 m2*10E-18), with one outlying data point (292 m 2*10E-18) for CSS rated ‘medium
durability’.
Table 4. Porosity and N2-permeability results, individual values obtained on 3 different discs.
Tests performed according to AFGC (2004).
CSS with TELT
Aggregates

CEM I [zero C3A, low SO3]
with TELT Aggregates

Water-Accessible Porosity [%]

9.7 | 10.0 | 9.2

12.0 | 12.2 | 12.3

Coefficient of N2-gas permeability [m2*10E-18]

63 | 84 | 292

55 | 50 | not measureable

Finally, all constituents (cement, aggregate types, admixtures) as used for the industrial concreting
campaign within the tunnel exploration gallery in April 2016 were transferred to the lab for testing the
susceptibility of the concrete mixes towards Alkali-Aggregate Reaction (AAR). For that, lab concretes
with exactly the same mix designs of the industrial concreting campaign were prepared (see Table 2).
3 prisms of the size 7×7×28 cm were cast per mix. Two AAR-testing approaches were applied:
‘conventional’, which strictly followed Swiss Code of Practice SIA CT-2042 which is largely equivalent
to French standard NF P18-454; and ‘modified’, where the prisms were stored in individual plastic
bags for 7 days at 20°C, prior to AAR-testing after SIA CT-2042. General storage conditions of all
prisms were at 60°C and 100% relative humidity, as prescribed by SIA CT-2042.
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Figure 9. Alkali-Aggregate Reaction (AAR)-induced expansion of concrete prisms. Depicted
dots and curves represent averages out of 3 prisms; data according to Cuchet et al (2017).
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In Figure 9 only concrete mixes are shown in which TELT tunnel excavation material was used. Solid
lines represent concretes prepared with CSS, dotted lines represent concretes prepared with CEM I
having zero C3A and low SO3 contents. It can be seen that concrete made with CSS and TELT
aggregates not only complies with the AAR standard limit up to 20 weeks but also up to 48 weeks,
again confirming its overall superior durability properties.
4.

CONCLUSIONS

TEN-T Project No. 6 at Mont Cenis – more directly linking Lyon in France with Torino in Italy – is one
of the last major Alpine railway tunnel construction projects currently underway. Due to elevated
gypsum levels in considerable portions of tunnel excavation material a high durability cement is
required. An initial in-depth lab study carried out over 4 years concluded that CSS (supersulphated
cement) exhibits superior performance against very severe (internal) sulfate attack, even when the
entire portion of aggregates in such mixes consists of gypsum-contaminated tunnel excavation
material.
Industrial concretes with CSS and gypsum-contaminated tunnel excavation material were produced at
full scale in a RMX plant and subsequently tested under real tunnel conditions, over long-term. An
extensive, multi-faceted durability testing and evaluation program included the tacheometric control of
the deformation of massive concrete structural elements and the observation of various durability
indicators such as chloride migration, porosity, permeability, electrical resistivity as well as AlkaliAggregate Reaction. All those investigations in real industrial scale confirmed the previous positive lab
evidence gained on CSS and with that also confirmed the established positive conclusion on CSS
durability, as documented in various fundamental studies from many decades ago.
It is therefore also today possible to design CSS-binders with currently available qualities of
granulated blast furnace slag. CSS is at the same time highly durable and very low in CO2 content and
as such a valid example of a sustainable cement.
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ABSTRACT
Geopolymer binders harden by polycondensation reaction of Al(OH)4 and Si(OH)4 tetrahedral units
forming bridging oxygen bounds, where a negative charge of (SiO4)-(AlO4)− units is compensated by
alkali cation precursor. Cation exchange of alkalis and solubility of hardened geopolymer play a crucial
role in leaching, acid attack and waste stabilisation performance. Leach out of alkalies from
geopolymer reduce pH of pore solution, thus inducing possible corrosion of reinforcing steel in
concrete. The alkali leaching of metakaolin based geopolymers in water and acetic acid has been
investigated. Alkali exchange was determined both from equilibrium and diffusion-reaction
experimental point of view.
The solubility was analyzed by equilibrating various amounts of geopolymer powders with different
solution concentrations. The diffusion governed leaching rate was investigated by immersing
geopolymer cylindrical specimens in solutions and measuring the eluted elements when replenishing
the solution over time. It was observed that the leaching of geopolymers depends on I) boundary
leaching condition parameters like liquid-to-solid ratio and solution replacement rates, pH and chemical
concentrations of external solution, as well as II) geopolymer chemistry parameters like partial
dissolution of the aluminosilicate framework and (competing) cation exchange with other cations from
the surrounding (aggressive) solution. The obtained experimental results represent a first approach
towards feeding reactive transport numerical modeling approaches still to be developed for simulating
leaching and degradation of geopolymer materials when exposed to water or acidic solutions.
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1.

INTRODUCTION

Traditional cement-based materials are formed through the hydration reactions of calcium-aluminiumsilicate phases, whereas innovative and green geopolymers (GPs) result from condensation
polymerisation reaction. Polycondensation is induced by mixing aluminosilicate powders with dissolved
alkali silicates (waterglass) to form strong binders with promising properties (Pacheco-Torgal et al.,
2015; Provis et al., 2015; Davidovits et al., 2015). This paper is focused on cross-linked, highly
polymerised alumina-silicate GPs, mainly based on Metakaolin (MK), in order to avoid formation of Carich dissolvable hydration products, as so far present in all cement-based materials, as well as in the so
called alkali activated, i.e. Ca-richer binders (Provis et al., 2015). Geopolymer binders build a three
dimensional network of [SiO4]4- and [AlO4]5- tetrahedral linked randomly by sharing all the oxygen atoms
(Figure 1), and the negative charge of the [AlO4]5- tetrahedron is balanced by extra framework cations
(Na+, K+, etc.). Geopolymers are considered as analogues of zeolites, due to their nano-structural
similarity, but packed in an amorphous microstructure (Provis et al., 2015). Innovative cement-free
geopolymer binders have a great potential as a special niche application structural material with strong
resistance against acids due to the stability of the specifically employed type of inorganic polymers
(Pacheco-Torgal et al., 2015). Moreover, they exhibit rapid hardening with good mechanical strength,
as well as adhesion to other substrate materials.

Figure 1. Geopolymer building blocks (left) formed from [SiO4]4- and [AlO4]5- tetrahedral units,
where the negative charge of the [AlO4]5- tetrahedron is balanced by extra framework cations
(Na+, K+, etc.), hydrated probably in octahedron coordination, and polycondensation reaction
mechanism (right).
Although having an enormous potential, geopolymer applications are not a common practice yet. Ion
exchange property of geopolymers might have a negative effect, e.g. alkalies leach out from geopolymer
materials posing risks, for example on 1) reinforcement steel depasisvation due to pH lowering of pore
solution (Lloyd R.R. et al., 2010), as well as 2) forming alkali-carbonates on the concrete surface, known
as efflorescence (Škvára et al., 2012). However, this does not affect the load bearing capacity of the GP
matrix alone, if the drop in pH does not dissolve significant amounts of Al and Si from GP framework.
Recent work on modeling (Ukrainczyk et al. 2016) of the alkali leaching and ion-exchange process
showed that there is high amount of bonded alkalies that might maintain the pH inside the geopolymer,
which is important for reinforcement for steel corrosion. Suitable K-rich and Al-rich precursors represent
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the greatest effect in controlling efflorescence (Pacheco-Torgal et al., 2015), due to an increased extent
of crosslinking in the geopolymer gel, better binding of alkalis and improved workability (Herget et al.
2017), for same water content compared to Na-based waterglass, when using optimised K-based
waterglass.
Acid attack is particularly degrading cementitious materials in many concrete structures (De Windt et
al., 2015) such as waste water units (Grengg et al., 2018; Yuan et al., 2015), cooling towers, downhole
oil-well applications, as well as due to natural acid rains and carbonation. Geopolymer inorganic binders
are particularly interesting as an innovative alternative to cementitious materials used in applications
which are frequently exposed to various organic acids (e.g. acetic or analogues), such as wine, animal
manure and silage in agriculture (Bertron A et al., 2005), alternative energy production from biogas and
food industries (De Windt et al., 2015). Acetic acid attack is a typical rapid acidic mechanism resulting
in a highly porous degraded surface layer due to leaching of the highly soluble acetate salts (De Windt
et al., 2015; Bertron et al. 2005; Koenig and Dehn, 2016), it’s complexation and pH buffering
characteristics. The difference between weak (e.g. acetic) and strong (e.g. sulfuric) acids is governed
by homogenous equilibria between dissolved species, while the variable acid salt saturation scenarios
determine whether the salt will precipitate and block the pores. During acid attack the cement hydration
products are decalcified by hydrolytic decomposition, which leads to a severe degradation of the affected
surface layer and hence its protective performance (Koenig and Dehn, 2016). Compared to the fast
dissolution of PC-based hydration products, the lower solubility of the acidified GP layer limits the rate
of further ingress of acids (Druga et al., 2018; Pacheco-Torgal et al., 2015; Provis et al., 2015).
Although significant research efforts have already been done so far on GPs (Pacheco-Torgal et al.,
2015; Provis et al., 2015), there is a lack of research evaluating the solubility of GP binders. Research
so far covered only empirical GP tests on acid resistance (Gao et al., 2013), thus neglecting the
fundamental chemical aspects behind. In this limited context, solubility of GP depends on the pH, for
increasing acidic conditions described as:
1) ion exchange reaction between the penetrating acid protons (H +) and the charge compensating
cations (Na+ or K+) of the geopolymer framework, along with
2) partial dissolution of the aluminosilicate framework,
3) precipitation of acid anion salts (e.g. sulfates)
4) crystallization of zeolites causing a decrease in material strength,
5) dissolution and recrystallization of Si-rich aluminosilicate framework.
More fundamental approach is hampered by lack of data on GPs dissolution processes, i.e. reaction
thermodynamics and kinetics mechanisms. Therefore, this paper aims to better understanding of the
chemical dissolution processes, from equilibrium and reaction kinetics experimental perspective,
happening in the geopolymers, when exposed to pure water and acetic acid environments with
increasing concentrations.
2.

EXPERIMENTAL

2.1

Materials and chemicals

Chemical composition of the geopolymer raw materials is given in Table 1. X-ray diffraction quantified
by Rietveld refinement (in Topas from Bruker) identified following composition of Metakaolin: Quartz
39.6 % and amorphous 46%, the rest being Muscovite, Mullite and other crystalline phases.
Table 1. Chemical Composition of Metakaolin and K-based silicate solution (waterglass).
Material
Metakaolin
K- waterglass

SiO
67
22

2

Al O
2

27

3

CaO

Fe O

0,5

2

2

3

MgO

Na O

KO

HO

0,1

<0,1

<0,2
23

55

2

2

2
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Particle size analysis showed a specific surface for Metakaolin of 6960 cm²/cm³ and d50 value of 25.4
µm, with a medium grain size of 41.4 µm. As alkaline activator, potassium silicate solution was used
with solid content of 45 %, molar SiO2/K2O ratio of 1.5, viscosity of 20 mPas and a density of 1.51 g/cm³.
Ultra-pure deionized water, with resistivity of greater than 18.1 M Ohm cm was used for leaching tests.

2.2

Geopolymer preparation

Geopolymer pastes were mixed in waterglass to metakaolin mass ratio of 0.8, poured in plastic molds,
cylinders 8.5 mm in diameter and 3 cm in height, and cured at room temperature for 28 days. Cured
geopolymers (28 days) cylindrical specimens were embedded in epoxy resin. After curing the resin,
each specimen was sectioned (8.5 mm in diameter and 2 cm in height) using a low speed diamond saw
to expose one base of the cylinder.
Geopolymer paste powder was obtained by crushing and grinding the cured GP paste (28 days) to
particle sizes below 100 µm.
To avoid carbonation flow of N2 gas was used initially for sample preparations, and NaOH pellets were
used to absorb environmental CO2 in storage boxes during longer term storage.

2.3

Testing methods

Equilibrium leaching test on geopolymer powders
Solubility of geopolymer powders was analyzed by equilibrium leaching test, where different amounts
of geopolymer powders were mixed in plastic containers with the ultra-pure water and acetic acid
solution having different concentrations and left to equilibrate for 56 days at 21oC. Experimental plan for
the batch equilibrium leaching tests on geopolymer powders is shown in Table 2.
Table 2. Experimental plan for batch equilibrium leaching (at 21oC) tests on geopolymer
powders: effect of dilution (liquid/powder ratio) and acetic acid concentration.
Notation c(AcH), M
0
1N

liquid, mL powder, g liquid/powder
18

1.8

10
100

2N

0

18

0.18

3N

0

18

0.018

1000

4N

0

100

0.01

10000

1A

0.001

18

0.018

1000

2A

0.005

18

0.018

1000

3A

0.01

18

0.018

1000

4A

0.05

18

0.018

1000

5A

0.1

18

0.018

1000

1AA

0.05

18

1.8

10

2AA

0.1

18

1.8

10

3AA

0.5*

18

1.8

10

4AA

1*

18

1.8

10

5*

5AA
18
1.8
10
*Acidified gradually by adding 0.180 g of concentrated AcH into the suspension, every 8h.
After leaching, eluates were filtered, diluted and analyzed by ICP-MS, in an accredited laboratory
(according to DIN EN ISO/IEC 17025) using standard method following EN ISO 17294-2: 2005-02. The
pH of solution was measured using a pH electrode (Hanna pH 211, United States). The initial high acid
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concentration chosen (above 100 mM), not representative to the real-field application was adopted for
this study in order to speed up the tests and to account for the neutralisation reaction between
geopolymer and the acid.

1D-diffusion leaching rate tests on GP specimens
Diffusion and dissolution of the elements from the geopolymer paste was investigated by immersing
geopolymer cylindrical specimens (diameter 8.5 mm, height 2 cm) in ultra-pure water and acetic
solutions by measuring the eluted elements concentration when replenishing the solution over time.
One-dimensional diffusion conditions were obtained by embedding hardened geopolymer paste
cylindrical specimens in epoxy resin. After curing the resin, each specimen was sectioned using a low
speed diamond saw to expose one base of the cylinder. The dimensions of the final (cut) cylinder are:
8.5 mm in diameter and 2 cm in height. Each sample was then immersed in 100 mL of solution
maintained at 21 °C. After 1-56 days of exposure, in 10 time intervals, the acetic acid solution was
replaced with a fresh one (Table 3). Filtered liquid samples were taken periodically and analysed by
ICP-MS (same as for powdered samples, following EN ISO 17294-2: 2005-02). The pH change in these
solutions with time was measured using a pH electrode (Hanna pH 211, United States). The acidic
solution was replenished to achieve quick results by accelerating the deterioration process, and to
sample the dissolved elements. For the same reason, the initial high acid concentration chosen (100
mM), not representative to the real-field application was adopted for this study, and to account for the
neutralisation reaction between geopolymer and the acid.

Figure 2. Schematic diagram of 1D-diffusion leaching rate tests on the cylindrical GP
specimens. After 1-56 days of exposure, in 10 time intervals, the solution (Table 3) was
replaced with a fresh one and analysed for K, Si and Al elements (ICP-MS).

Table 3. Experimental plan for 1D-diffusion leaching rate tests on GP specimens.
Samples notations
n, n_1d…n_56d
a4, a4_1d...a4_56d
a3, a3_1d...a3_56d
a2, a2_1d...a2_56d

AcH concentration
0 mM
(ultra-pure water)
1 mM
10 mM
100 mM

Solution
replenishment, days
1, 3, 7, 14, 21, 28,
35, 42, 49, 56

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
3.
3.1

RESULTS
Equilibrium leaching of geopolymer powders

Equilibrium leachability of K, Si and Al species from the geopolymer solid in the different pH solutions
(after equilibration for 56 days at 21 oC) is shown in Figure 3 for the liquid-to-powder ratio of 1000, i.e.
highly diluted suspensions. The pH of the starting solution was increased due to leaching of elements
from geopolymer into the surrounding solution. For the six initial solutions employed (Table 2: 3N, 1A,
2A, 3A, 4A, 5A, ordered by increasing AcH concentration, i.e. decreasing pH) the increase in pH was,
namely: 2.5 units for sample 3N, from pHstart = 7 reaching pHfinal=9.5 (final right point in abscissa of Fig
2); 3.8 units for sample 1A, from pHstart = 4 (till pHfinal=7.8, Fig. 3); 1.1 unit for sample 2A, from pHstart =
3.54; 0.7 unit for sample 3A (from pHstart = 3.4); 0.5 unit for sample 4A (pHstart = 3.0); and 0.4 unit for
sample 5A (pHstart = 2.8). The drop in pH rapidly becomes smaller and smaller reflecting the buffering
characteristic of the weak (acetic) acid, meaning that more acid is available (and also added in preparing
the solutions, Table 2) due to partial dissociation (AcH ↔ Ac- + H+). The amount of released potassium
cations is increasing with the concentrations of acetic acid conditions, where 45% of K was released
(normalized to total K amount) when equilibrated in ultra-pure water (3N, Table 2) and reached complete
100 % (and 98 %) release for 3A (and 2A) samples, i.e. for final pH of 4.1 (and 4.6). This suggests that
either all potassium was exchanged with protons or other cations (e.g. Al(OH)2+ or Aln(OH)m(3n-m)+,
Škvára F. et al. 2012), or that the negatively charged aluminosilicate framework was fully dissolved. The
normalized amount of aluminium indicated that only 6 % (and 42 %) was released (normalised to the
fractional percentage of elemental extraction, i.e. leached-to-initial mass ratio of the element in the total
system), respectively for 3A (2A) samples, which supports the first hypothesis about full exchange of
potassium with other cations. The normalized amount of silicium shows that 14 % (and 26 %) was
released, respectively. Significant dissolution of aluminium and silicium, indicative for dissolution of
geopolymer framework, occurs below pH of 4 (sample 2A), and reaches 52 % and 33 % normalised
release for the most acidic sample 5A (pHfinal = 3.2). Solubility of geopolymer is in agreement with
amphoteric behaviour of Al and Si oxides, showing low solubility at near neutral pH, while increase in
solubility at higher pH. The normalised release of aluminium (and silicium) increased from 0.45 % (and
2.75 %) to 4.7 % (and 4.6 %). However, this was not the case for potassium cations, where the cation
exchange degree (i.e. release) monotonically decreases with pH, i.e. supports the hypothesis that
protons, or other aluminium cation species, which are more abundant at lower pH and thus exchange
more favourably with potassium.

Equilibrium concentration, mg/l

100

80
liquid/powder = 1000
60
K
Si
Al

40

20

0
3
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5

6

7
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9

10

Final pH
(in solid liquid equilibrium)
Figure 3. Equilibrium concentration as a function of final pH obtained for liquid-to-powder ratio
of 1000 and after 56 days equilibration at 21oC
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Figure 4. Equilibrium concentration as a function of final pH obtained for liquid-to-powder ratio
of 10 after 56 days at 21oC
In the more concentrated suspensions (Fig 4), having liquid-to-powder ratio of 10, although the
concentrations of the K, Si and Al in surrounding solutions were orders of magnitude higher, the
normalized elemental releases of K, Si and Al from the geopolymer powder were lower. Same trend
was observed (Fig 4 compared to Fig 3) for the higher and the lower suspension concentration, where
solubility was not very sensitive around neutral pH, but increased outside this range, particularly on the
acidic side. The increase of pH, from the starting solution to the equilibrium value, has increased more
pronouncedly (compared to Fig 3), due to higher neutralization capacity provided by the 100 times higher
amounts of geopolymer powder put into the same amount of surrounding solutions. For the six initial
solutions employed (Table 2: 1N, 1AA, 2AA, 3AA, 4AA, 5AA, ordered by increasing AcH concentration,
i.e. decreasing pH) the increase in pH was, namely: 5.1 units for sample 1N, from pHstart = 7 reaching
pHfinal=12.1 (final right point in abscissa of Fig 4); 4.6 units for sample 1AA, from pHstart = 4 (till pHfinal=8.6,
Fig. 2); 3.7 unit for sample 2AA, from pHstart = 3.54; 1.9 unit for sample 3AA (from pHstart = 3.4); 1.3 unit
for sample 4AA (pHstart = 3.0); and 1.0 unit for sample 5AA (pHstart = 2.8). The amount of released
potassium cations is increasing with the concentration of acid applied, where only 15 % of K was
released (normalized to total K amount) when equilibrated in ultra-pure water (1N, Table 2), compared
to 45 % in the 100 times more diluted case (Fig 3). Moreover, instead of the complete 100 % release
for 3A sample, i.e. for final pH of 4.1, in the more concentrated case 83 % was released for sample 4AA,
which has achieved a pH of 4.3. For most concentrated acid exposure (sample 5AA), equilibrated at pH
3.8 and indicated a normalized release of 88 %. The cation exchange was lower in concentrated
suspension than in diluted, due to the higher neutralization and higher amounts of dissolved potassium,
which shifts the cation exchange reaction towards binding within the geopolymer framework.
The normalized amount of aluminium indicated that 23 % (and 32 %) was released, normalised to the
total fractional percentage, respectively for 3AA (4AA) samples, while negligible amount of aluminium
(<0.05 %) and silicium (<0.5 %) was dissolved for samples reaching final pH to be above 7. The
normalized amount of silicium shows that 1.8 % (and 2.3 %) was released, respectively for 3AA (4AA)
samples. Again, significantly higher amount of geopolymer framework was dissolved in the diluted case
than in the 100 times more concentrated suspension. This can be mainly attributed to the neutralisation
effect provided by geopolymer, which increases the pH and overall absolute concentrations (Fig 3
compared to Fig 4), and therefore lowers the relative leachability i.e. the normalised release of it’s
elements into the solution.
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Normalizing the leaching results (from Fig 3) to the fractional percentage of elemental extraction, i.e.
leached to initial mass ratio, indicated that 58 % and 100% of potassium was extracted from GP in 1A
(pHinitial = 4) and 5A (pHinitial = 2.8) conditions, respectively. For same conditions respectively, extraction
of aluminium was 0.45 % and 52 %; and for silicium 2.8 % and 33 %. Aly et al. (2012) also showed that
release of Na, Al, and Si from metakaolin based geopolymer pastes powder was not sensitive to (initial)
pH range of 4 to 10. They also used liquid-to-powder ratio of 1000, but pH the initial solutions with pH
rang 0 - 12 was prepared using HCl and KOH (for basic range). Aly et al. (2012) result also indicate that
reducing the pH from 4 to 2 (and till 0) the extracted fractional percentage also highly increased: for Na
from 20 % to 100 % (i.e. fully leached out); for Al from about 1% to 58 % (till 100 %); and for Si from
about 1 % to 8 % (and till 18 %). The comparison of the aforementioned results of normalised release
(referring to Fig 2) in acetic acid with the values from Aly et al (2012) in hydrochloric acid, indicates a
much higher solubility under weak (acetic) acid, which could be attributed to it’s higher buffering capacity
making the acid attack more aggressive for similar pH values of the initial solutions.
3.2

1D-diffusion leaching rates on geopolymer paste specimens

Dissolution and diffusion of the elements through and from the geopolymer paste into the surrounding
solutions was investigated by immersing geopolymer cylindrical specimens (Fig 2) in acetic acid
solutions and ultra-pure water (Table 3). Results of measuring the eluted elements concentration by
replenishing the solution over time, are presented in Figure 4. It can be observed that the different curves
have similar trend, but are shifted in concentrations, where the exposure to 100 mM acetic acid results
in higher (about double) rates of potassium leaching than for the 10 mM case. Interestingly, leaching in
ultra-pure water has very similar leaching rate as in 1 mM acetic acid. For 10 and 100 mM cases, the
concentration at 1st day is higher than the one obtained after 3 days, and after it increases again reaching
maximum for 14 days, monotonically decaying subsequently.
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Figure 4. Concentration of K+ leached from GP into 100mL solutions as a function of time, i.e. solution
replenishments.
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Figure 5. Cumulative concentration of elements leached from geopolymer paste into 100mL
solutions during 10 solution replenishments.
Cumulative concentration of elements leached from geopolymer cylindrical paste specimen into 100mL
solutions during 10 solution replenishments is presented in Fig 5. It can be seen that potassium results
in about an order of magnitude higher cumulative concentrations, than silicium, while aluminium has
somewhat lower cumulative concentrations than silicium. When normalising the results to the amount
of available elements, cumulative normalised release of potassium is 11 % (N and a4), 14 % (a3) and
24 % (a2), indicating that after 10 replacements of solutions over 56 days (Fig 4) there is still a lot of K
left bonded inside the geopolymer. This persistence in bonding of potassium and low leachability of
geopolymer shows that the degradation process is limited by diffusion-reaction mechanism which takes
place throughout the geopolymer. Even for the most aggressive environment studied, i.e. 100 mM acetic
acid, 76 % of K is still bounded in inner parts of geopolymer specimen.
Cumulative concentrations of silicium are a bit higher than aluminium, in agreement with results from
equilibration tests (Fig 3). However, the cumulative normalised release of silicium and aluminium has
an opposite trend, namely is 1 % and 2.3 %, respectively, under 100 mM (a2) condition. Such a relatively
small leachability indicates that the dissolution of geopolymer is limited only to the surface layer which
is directly exposed to the aggressive solution, while the more inner parts of the geopolymer framework
remain intact. This is also observed by preliminary microscopic studies (not shown here) on cross
sections of the geopolymer specimens, which are part of ongoing work and will be reported in future
publications. Experimental results from this paper are currently being used to test and develop reactiondiffusion modeling approaches (Ukrainczyk et al. 2016), extended to be based on reaction
thermodynamic principles, which are still lacking in literature. Such modeling appraches are a promising
research direction for opening new avenues in understanding of geopolymer resistance to acid attacks.
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4.

CONCLUSION

Leaching of geopolymers depends on I) boundary leaching condition parameters like liquid-to-surface
ratio or liquid flow rate, pH and chemical concentrations of external solution, as well as II) geopolymer
chemistry parameters like partial dissolution of the aluminosilicate framework and (competing) cation
exchange with other cations from the surrounding (aggressive) solution and possible precipitation of
acid salts.
From equilibrium tests on geopolymer powders following conclusions are highlighted.





Same trend was observed (Fig 3 compared to Fig 4) for the two suspension concentrations
(liquid-to-powder 10 and 1000, respectively), where Al and Si solubility was not very sensitive
around neutral pH, but increased outside this range, particularly on the acidic side.
Alkali leaching is governed by the cation exchange mechanism (solely till around pH 4), which
monotonically decreases with pH, supporting the hypothesis that protons, or other aluminium
cation species, which are more abundant at lower pH, exchange more favourably with
potassium. Threshold pH for initiating the significant dissolution of the geopolymer framework
(and thus alkali release as well) is around pH 4 and above about pH 5, respectively for silicium
and aluminium elementary constituents.

From leaching rate tests on geopolymer paste specimens following conclusions are highlighted.





5.

The exposure to 100 mM acetic acid results in about double rates of potassium leaching
than for the 10 mM case (Fig 4), while leaching in ultra-pure water has very similar leaching
rate as in 1 mM acetic acid.
Cumulative normalised release of potassium is 11 % (0 and 1 mM acetic acid), 14 % (10
mM) and 24 % (100 mM), indicating that after 10 replacements of solutions over 56 days
(Fig 4) there is still a lot of K left bonded inside the geopolymer, even for the harsh acidic
conditions, limited by the diffusion-reaction mechanism taking place within the geopolymer.
As future work, reaction-diffusion numerical modeling approaches, currently being
developed at TU Darmstadt, are needed to fundamentally understand the reaction-diffusion
mechanism based on reaction thermodynamic (equilibrium) principles.

REFERENCES

Aly Z., Vance E. R., Perera D. S. (2012) Aqueous dissolution of sodium aluminosilicate geopolymers
derived from metakaolin, Journal of Nuclear Materials, 424, 164–170.
Bertron A et al. (2005) Attack of cement pastes exposed to organic acids in manure, Cement and
Concrete Composites 27 898–909.
Davidovits J (2015) Environmental implications of Geopolymers, Materials today Elsevier
De Windt L. et al. (2015) Interactions between hydrated cement paste and organic
acids:Thermodynamic data and speciation modeling, Cement and Concrete Research 69 25–36.
Druga B., Ukrainczyk N., Weise K., Koenders E., Lackner S., (2018) Interaction between wastewater
microorganisms and geopolymer or cementitious materials: Biofilm characterization and deterioration
characteristics of mortars, International Biodeterioration & Biodegradation, 134 (2018) 58-67.
Gao X.X., Michaud P., Joussein E. & Rossignol S. (2013) Behavior of metakaolin-based potassium
geopolymers in acidic solutions. J. Non. Cryst. Solids 380, 95–102.
Grengg C, Mittermayr F, Ukrainczyk N, Koraimann G, Kienesberger S, & Dietzel M. (2018) Advances
in concrete materials for sewer systems affected by microbial induced concrete corrosion: A review.
Water Research, 134, 341-352.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Herget C.A., Vogt O., Zimmermann A., Ukrainczyk N. & Koenders E.(2017) Design of Geopolymers with
Reduced Content of Metakaolin and Silicate Solution. in 71st RILEM Annual Week & ICACMS, 209–
218.
Koenig A., Dehn F. (2016) Main considerations for the determination and evaluation of the acid
resistance of cementitious materials, Materials and Structures 49 (5) 1693-1703.
Lloyd R.R. et al. (2010) Pore solution composition and alkali diffusion in inorganic polymer cement,
Cement and Concrete Research 40 1386-1392.
Pacheco-Torgal et al. (2015) Handbook of Alkali-activated Cements, Mortars and Concretes, Woodhead
pub.
Provis J.L. et al. (2015) Advances in understanding alkali-activated materials, Cement and Concrete
Research 78 110–125.
Škvára F. et al. (2012) A weak alkali bond in (N,K)-A-S-H gels: evidence from leaching and modeling,
Ceram Silik, 56(4), 374–382.
Ukrainczyk N., Vogt O., Koenders E.A.B. (2016) Reactive Transport Numerical Model for Durability of
Geopolymer Materials. Advances in Chemical Engineering and Science, 6 355-363.
Yuan H., Dangla P., Chatellier P., Chaussadent T, (2015) Degradation modeling of concrete submitted
to biogenic acid attack, Cement and Concrete Research 70 29–38.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Hydration products in moderate-heat Portland cement expansive additive - CaO•2Al2O3 system and utilization of
carbonation reaction
Mori Taiichiro1,a, Numanami Yuta 2,b, Higuchi Takayuki1,c, Sakai Etsuo3,d
1Cement & Special Cement Additives Research Dept., Omi Plant, Denka Co., ltd., Itoigawa-City,

Niigata, Japan
2School of Matereals and Chemical Technology, Tokyo Institute of Technology, Yokohama-City,

Japan, Japan
3School of Materials and Chemical Technology, Tokyo Institute of Technology, Meguro-ku, Tokyo,

Japan
ataiichiro-mori@denka.co.jp
bnumanami.y.aa@m.titech.ac.jp
c takayuki-higuchi@denka.co.jp
desakai@ceram.titech.ac.jp

ABSTRACT
Chloride ion causes rusting of ion rebar, and the rust results in the degradation of the concrete.
Therefore, the immobilization of chloride ions is necessary for the concrete to last, which is used in
salt-damage environments, and AFm phase generation is important for the immobilization. This paper
presents our investigation into AFm phase generation in cementitious materials made of low heat
Portland cement (LHC), moderate-heat Portland cement (MPC), an ettringite-type expansive additive
(CSA), and CaO·2Al2O3(CA2). In the LHC-CSA-CA2 type material, the amount of CA2 required for
AFm phase generation was 6 mass%. On the other hand, in the MPC-CSA-CA2-type material, the
required amount was 4.5 mass%. This difference between the required amounts relates to the amount
of reacted SO3 and that of reacted Al2O3. When the molar ratio of reacted SO3 to reacted Al2O3 was
less than 1, which corresponds to monosulfate, AFm phases were generated. The MPC-CSA-CA2
type material’s resistivity to calcium elution was enhanced by carbonation of the material’s surface.
This carbonation generated a calcite coating on the material. It is supposed that this coating decreases
the influence of chloride ions on the material. In the non-carbonated inner part of the material, AFm
phases remained.
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1.

INTRODUCTION

In marine environments, coastal areas, and areas where snow-melting agents are spread, chloride
ions penetrate into reinforced concrete, they destroy the passivation film covering the reinforcing bars,
and corrosion of the bars is a problem. As the reinforcing bars corrode and volumetrically expand, the
concrete cracks, chloride ions further penetrate into the cracks, and the reinforced concrete
deteriorates markedly. In snowy areas where snow-melting agents, such as sodium chloride, are
spread, it is also necessary to consider deterioration caused by the increase in the number of voids
caused by leaching of calcium ions from the cured product (Konno et al., 2015; Torii et al. 1992; Mori
et al., 2012).
AFm, which immobilizes chloride ions, is known a cement hydrate that has the effect of suppressing
the diffusion of chloride ions. AFm is based on a layered structure of positively charged [Ca 2Al(OH)6]+,
with 1/3 of the divalent calcium ions substituted for trivalent aluminium ions in the layered structure of
calcium hydroxide (Glasser et al., 1999). Between layers, various anions are fixed with water
molecules, and electrically neutral conditions are maintained. It is also known that anions fixed
between layers undergo ion exchange to different anions, depending on surrounding circumstances. It
has been reported that AFm is formed by hydration of ordinary Portland cement with addition of such
cement minerals as 3CaO･Al2O3 (hereinafter C3A) or 4CaO･Al2O3･Fe2O3 (hereinafter C4AF), or CaO·
2Al2O3 (hereinafter CA2), to immobilize the chloride ions, and AFm has the function of suppressing the
diffusion of ions (Ohta et al., 2016; Tabara et al., 2010; Kuroiwa et al., 2013).
In a previous work, the authors proposed a system in which an ettringite lime compound type of
expansive additive (hereinafter CSA) and CA2 were added to low-heat Portland cement (LHC) to
create a highly durable cement usable in salt-damage environments (Shinsugi et al., 2016). LHC has
the effect of reducing cracking caused by thermal stress and preventing the inhibition of long-term
strength by initial high-temperature curing. In addition, the expansive additive has the effect of
reducing cracking resulting from drying shrinkage and autogenous shrinkage, and systems combining
LHC and expansive additive have been studied for use as high-durability concrete, such as for
radioactive waste burial facilities. AFm can immobilize chloride ions. In an LHC–CSA system, AFt is
mainly produced as a calcium aluminate hydrate, but it is possible to immobilize chloride ions by
adding CA2 to produce AFm. In addition, it has been reported that, when carbonation curing is carried
out on LHC, the voids of the cured product are reduced, and it becomes dense, in addition to which a
dense calcite layer is formed by carbonation of the surface, thereby increasing the calcium leaching
resistance (Sakai et al., 1999; Sakai et al., 2006). In this way, it has been shown that penetration of
chloride ions can be suppressed in LHC–CSA–CA2 material by a dense layer formed by anion
immobilization caused by the AFm produced inside and surface carbonation (Shinsugi et al., 2016).
However, the optimal amount of CA2 has not been sufficiently studied. Also, in view of economy, it is
important to reduce the amount of CA2, and the use of cement which has the same effect as LHC
according to the carbonation reaction and which can reduce the amount of CA 2 is required. In addition,
LHC is not a versatile cement, and it is difficult to use it widely.
Accordingly, in this study, the minimum addition amount of CA 2 at which AFm forms in the LHC–CSA–
CA2 system was investigated, and the same investigation was also conducted on a system using
moderate-heat Portland cement (MPC). MPC can be expected to reduce the amount of CA 2 necessary
for AFm production, because its Al2O3 content is larger than that of LHC, and it can be widely
obtained. Regarding the MPC–CSA–CA2 system, not only was the minimum addition amount of CA2
investigated, but also the hydration reaction. In addition, the calcium ion leaching resistance we
investigated by carbonation reaction.
2.

EXPERIMENTAL

2.1

Materials used

Table 1 shows the physical properties and chemical compositions of LHC, MPC, CSA, and CA2 used
in this experiment. The MPC and LHC were manufactured by Sumitomo Osaka Cement Co., Ltd. The
CSA and CA2 were manufactured by Denka Company Ltd. Compared with that of LHC, the Al 2O3
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content of MPC is large, and it is expected that the AFm phase can be formed with a lower amount of
CA2.

Table 1. Physical properties and chemical composition of the materials
M
Chemical composition (mass%)
Density
Blaine
aterials
3
2
(g/cm )
(cm /g)
CaO
Al2O3
SiO2
Fe2O3
SO3
LHC
MPC
CSA
CA2

2.2

3.26
3.22
3.02
2.99

3680
3210
4200
3500

63.1
63.7
67.7
19.9

3.1
3.6
4.8
68.1

26.0
23.2
3.7
0.0

3.2
4.5
1.0
2.6

2.3
2.1
18.8
0.1

Preparation of the cured cement

Distilled water was added to the LHC–CSA–CA2 system mixed with the formulation in Table 2 and the
MPC–CSA–CA2 system mixed with the formulation in Table 3 such that the water–powder ratio was
0.5. After mixing for 10 min, they were poured into moulds of 2 cm × 2 cm × 8 cm to prepare the cured
product. These were demoulded at 1 day and subjected to wet-air curing for 7 days and 28 days. After
curing, the hydration reaction of the cement was stopped with a large amount of acetone, and it was
dried for 24 h under reduced pressure using an aspirator to prepare cured samples. Thereafter, the
hydrated product was identified using X-ray diffraction (XRD) (SmartLab–SPI/TISM manufactured by
Rigaku Corporation).
From the XRD results, mainly AFm was produced as a calcium aluminate hydrate in the cured product
prepared by the formulation of No. 2 in Table 2 and the formulation of No. 1 in Table 3. After 7 days of
wet-air curing, promoted carbonation curing was carried out on the cured products of these
formulations under conditions of a temperature of 20°C, relative humidity of 60%, and carbon dioxide
concentration of 5%, in accordance with JIS A 1153 "Method of accelerated carbonation test for
concrete". Thereafter, the hydration reaction of the cement was stopped with a large amount of
acetone, and it was dried for 24 h under reduced pressure using an aspirator. Based on JIS A 1152
"Method for measuring carbonation depth of concrete", a phenolphthalein solution was sprayed on a
cross-section of a carbonated cured product, and the coloured part (inside) of the phenolphthalein
solution and the uncoloured part (surface layer) were separated. The analytical sample was prepared
by considering the former as a noncarbonated part and the latter as a carbonated part.

Table 2. Mix proportion in the LHC-CSA-CA2 system
Mix proportion (mass%)
SO3/Al2O3
Sample
LHC
CSA
CA2
(mole ratio)
85.7
5.0
9.3
0.40
No. 1
89.0
5.0
6.0
0.54
No. 2
91.7
5.0
3.3
0.73
No. 3
93.6
5.0
1.4
0.96
No. 4
95.0
5.0
0
1.25
No. 5

Table 3. Mix proportion in the MPC-CSA-CA2 system
Mix proportion (mass%)
SO3/Al2O3
Sample
MPC
CSA
CA2
(mole ratio)
No. 1
89.0
5.0
6.0
0.48
No. 2
90.5
5.0
4.5
0.55
No. 3
92.0
5.0
3.0
0.65
No. 4
95.0
5.0
0
1.02
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2.3

Hydration reaction analysis

The hydrated products were identified by XRD, and the unreacted amounts of CA 2 and C4AF were
determined by an internal standard method using MgO as a standard sample to find the reaction rates
of these. The molar ratio of Al2O3 reacted with the reacted SO3 (SO3/Al2O3 molar ratio) was calculated
based on the reaction rate of CA2 and C4AF. Besides CA2 and C4AF, C3A and gypsum derived from
cement, as well as Ye'limite in CSA, can be cited as materials including SO 3 or Al2O3. However,
because these three peaks were not confirmed by XRD, it was assumed that C3A, gypsum, and
Ye'limite reacted completely. That is, the amount of reacted Al 2O3 is the sum of the reaction amount of
CA2, the reaction amount of C4AF, the total amount of C3A, and the total amount of Ye'limite.
2.4

Calcium leaching amount measurement

The cured cement samples which were subjected to accelerated carbonation curing for 7 days were
immersed in distilled water or 10 mass% concentrated brine. For samples immersed in distilled water
or concentrated salt water, 5 mL of solution was provided for 1 cm2 of cured cement surface area, and
this working fluid was exchanged every week. The calcium ion concentration in the working fluid was
measured by ion chromatography (CBM20A manufactured by Shimadzu Corporation), and the amount
of eluted calcium ion was determined with respect to the amount of the working fluid.
3.
3.1

RESULTS
The effect of the CA2 addition amount on hydrated products of cement–CSA–CA2
materials

Figure 1 shows the XRD pattern of calcium aluminate hydrate in LHC–CSA–CA2 material subjected to
wet-air curing for 28 days. Figure 2 shows the XRD pattern of the MPC–CSA–CA2 material subjected
to wet-air curing for 28 days. When CA2 is not added to either the LHC system or the MPC system,
only AFt is produced as a calcium aluminate hydrate. It was confirmed that when the CA 2 addition
amount was increased, not only AFt but also monosulphate (Ms), which is an AFm phase, was also
produced. In the LHC system, the CA2 addition amount was 6.0 mass% or more, and only Ms and
hydrocalumite (HC) were produced as calcium aluminate hydrates. In the MPC system, the CA 2
addition amount was 4.5 mass% or more, and only Ms was produced as a calcium aluminate hydrate.
Figure 3 shows the SO3/Al2O3 molar ratios. However, because XRD peaks of C3A, gypsum and
Ye'limite were not confirmed in the material, it was assumed that these all reacted completely. The
composition of AFt was 3CaO·Al2O3·3CaSO4·32H2O, and the stoichiometric molar ratio of SO3/Al2O3
was 3.0. Meanwhile, the composition of Ms was 3CaO·Al2O3·CaSO4·12H2O, and the stoichiometric
molar ratio of SO3/Al2O3 was 1.0. Figure 3 shows that the SO3/Al2O3 molar ratio was smaller than 1.0
in the system in which CA2 was mixed and AFm was mainly produced. Meanwhile, in the system in
which Aft was mainly produced and CA2 was not mixed, the SO3/Al2O3 molar ratio was larger than 1.0.
As described above, the addition of CA2 to the LHC–CSA system and MPC–CSA system produced
AFm, and the possibility of immobilizing chloride ions penetrating from the outside was evident. It was
revealed that, to produce AFm, CA2 of 6 mass% or more is required in the LHC system, and CA 2 of
4.5 mass% or more is required in the MPC system.
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Figure 1. XRD patterns of hydrated products in Figure 2. XRD patterns of hydrated products in
the MPC-CSA-CA2 system
the
LHC-CSA-CA2 system

Figure 3. SO3/Al2O3 molar ratio in the LHC-CSACA2 system and the MPC-CSA-CA2 system
3.2

Carbonated cement products

Figure 4 shows the XRD pattern of the surface layer of the MPC–CSA–CA2 (6.0 mass%) cured
product, which underwent accelerated carbonated curing for 7 days after wet-air curing for 7 days. The
thickness of the carbonated layer was 1.9 mm. In the surface layer, the peak of calcium hydroxide
(CH) was reduced by the carbonation reaction, and the peaks of CaCO 3 polymorphic calcite and a
small amount of vaterite were confirmed. Previous studies confirmed that calcite and a small amount
of vaterite are formed and densified on the surface of the LHC–CSA–CA2 cured product because of
accelerated carbonation curing8).
In the present study, it was similarly confirmed that calcification was carried out in the MPC–CSA–CA2
cured product, such that mainly calcite formed on the surface. In this case, analysis was impossible,
because the carbonation layer was thin, so a more detailed investigation into the microstructure of the
cured product is required. Figure 5 shows the XRD pattern of the noncarbonated part inside the cured
product. AFm is formed in the coloured part by phenolphthalein in the cured product, and
immobilization of chloride ions can be expected in the carbonated layer, even in a product cured by
accelerated carbonation curing.
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Figure 4. XRD pattern of the surface of the Figure 5. XRD pattern for the inner part of the
carbonated sample (Carbonation time 7 days carbonated sample (Carbonation time 7 days
after wet curing for 7 days)
after wet curing for 7 days)
3.3

Calcium ion leaching resistance

Figure 6 shows the amount of calcium ion leached into distilled water from the LHC–CSA–CA2 (6.0
mass%) cured product and MPC–CSA–CA2 (6.0 mass%) cured product, which underwent accelerated
carbonated curing for 7 days after 7 days of wet-air curing. The amount of calcium ion leaching
decreased for both the LHC type and MPC type by performing accelerated carbonation curing as
compared with the sample subjected to wet-air curing. Figure 7 also shows the amount of calcium ion
leaching of the MPC–CSA–CA2 (6.0 mass%) cured product into 10 mass% concentrated brine. As in
the case of distilled water, the amount of calcium ion leaching decreased by accelerated carbonation
curing as compared with the sample that was moist-air-cured, even in concentrated salt water. This is
because in either case, the solubility of CaCO 3 formed in the surface layer is lower than 0.0014 g/100
g of saturated solution and that of Ca(OH)2 is lower than 0.16 g/100 g of saturated solution.

Figure 6. Leaching of Ca2
hardened samples
4.

＋

in water from

Figure 7. Leaching of Ca2 ＋ in NaClaq from
hardened samples

CONCLUSIONS

In this study, the influence of CA2 addition amount on the hydrated products of LHC–CSA cement
material and MPC–CSA cement material was investigated, as well as the cured products obtained by
carbonating the surface of MPC–CSA–CA2 material. Furthermore, the chloride ion leaching resistance

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
when carbonated samples were immersed in distilled water and concentrated salt water was
investigated. Within the scope of this research, the following was revealed.
(1) Mainly AFt was produced as calcium aluminate hydrate in the LHC–CSA system and MPC–CSA
system. Meanwhile, in the LHC–CSA–CA2 material, mainly monosulphate, which is an AFm phase,
was produced at a CA2 addition amount of 6.0 mass% or more. Also, in the MPC–CSA–CA2 material,
mainly monosulphate was produced at a CA2 addition amount of 4.5 mass% or more. This is thought
to be because the molar ratio of SO3 and Al2O3 consumed in the hydrate formation reaction was
reduced by mixing CA2.
(2) As with the LHC–CSA–CA2 system, the surface carbonation of the MPC–CSA–CA2 system also
produced mainly calcite, and leaching of calcium ions was suppressed. In addition, the presence of
the AFm phase was confirmed in the internal noncarbonated part. Based on the above, the MPC–
CSA–CA2 material can also be expected to be a durable cement material in salt damage environments.
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ABSTRACT
The immobilization of low or intermediate-level radioactive wastes in cements is a common practise.
Grout, a mixture of Portland cement and supplemental cementitious materials, is commonly used to
encapsulate the wastes. However, the conventional cementing process based on portland cement has
the risk of hydrogen gas generation, due to the radiolysis of the water intrinsically present in the
cement matrix both in the pore solution and the hydrated products[1] .
The addition of phosphates to calcium aluminate cement (CAC) is interesting because this system sets
and hardens via the acid-based reaction, between the acid phosphate solution and the basic CAC
cement [2]. Due to this different mechanism of reaction, it would be possible to generate a solid
cementitious product with a reduced water content, which can be beneficial to minimize the risk of
hydrogen gas generation associated with the radiolysis of water by radioactive wastes.
The present study investigates the effect of water reduction on a phosphate modified CAC systems at
different temperatures (35ºC, 60ºC, 95ºC, 110ºC,180ºC) in the initial 7 days of curing. Experimental
results indicate that these phosphate-based cements do not form the conventional CAC crystalline
hydration products in the condition tested, but provide a structural integrity despite a significant amount
of water loss. The results also suggest the formation of hydroxyapatite in samples cured at 95ºC.

[1] Waste Forms Technology and Performance. National Research Council of the National Academies
(2011)
[2] T. Sugama, et.al. J. Am. Cer. Soc., 75 (1992) 2076–2087.
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1.

INTRODUCTION

Cementation is a common practice for the immobilisation of low or intermediate-level radioactive wastes.
Grout, a mixture of Portland cement and supplemental cementitious materials, is typically used for this
purpose. However, the conventional cementing process based on Portland cement has a risk of
hydrogen gas generation, due to the radiolysis of the water intrinsically present in the cement matrix in
both the pore solution and the hydrated products (Le Caër 2011, Saji 2014).
The addition of phosphates to calcium aluminate cement (CAC) is interesting because this system sets
and hardens via the acid-based reaction, between the acid phosphate solution and the basic CAC
cement (Sugama et al. 1992). As the solidification of this systems does not solely rely on the hydration
of cement phases, the water content in the system can be reduced once the system is sufficiently mixed,
which can be beneficial to minimise the risk of hydrogen gas generation associated with the radiolysis
of water by radioactive wastes. Our previous study on calcium aluminate with phosphates (CAP)
systems investigated the effect of thermal treatments during the solidification of CAP cements, and it
was indeed possible to obtain cementitious products with a reduced water content (Garcia-Lodeiro et
al. 2018). It was found that the curing the CAP cements for 28 days under higher temperatures up to
95oC successfully reduced the water content of the system by maximum of > 60 %, as well as reducing
the micro-cracks in the products (Garcia-Lodeiro et al. 2018) that are often observed in the CAP systems
cured in lower temperatures (Swift et al. 2013).
In order to further improve the curing process, present study investigates the feasibility of shortening the
curing period from 28 to 7 days. Both CAC and CAP systems have been prepared at 35, 60, 95 and 180
°C as previously studied (Garcia-Lodeiro et al. 2018) but with a much shorter curing time of 7 days. After
general observation in the strength development, detailed materials characterisation has been
conducted focusing on: the water content in the products; the reaction products formed in the systems;
and the integrity of the microstructures. Curing temperature of 110°C has also been investigated for the
detailed study, to gain further insight into the effects of curing temperature, especially because the curing
temperature of 180°C was previously found to cause a negative impact on the microstructural
development, although it allowed > 90 % removal of water content from the CAP system (Garcia-Lodeiro
et al. 2018).
2.

EXPERIMENTAL

2.1

Raw materials

Calcium Aluminate Cement (CAC, Secar 51, Kerneos) was used as the main precursor. Sodium
metaphosphate (NaPO3)n (97% purity, Acros Organics, referred to as polyphosphate) and a sodium
orthophosphate NaH2PO4·2H2O (99% purity, Acros Organics, referred to as monophosphate), were
used as source of phosphates. The monophosphate was added to avoid the rapid setting caused by the
reaction of polyphosphate and CAC. The oxide composition of cement analysed via X-ray fluorescence
(XRF) is shown in Table 1. The X-ray diffraction (XRD) analysis (not shown, an example can be seen in
Garcia-Lodeiro et al. 2018) indicated monocalcium aluminate (CA) as the major component, with
secondary phases such as gehlenite and perovskite. A trace of gibbsite was also observed, which
suggests that this cement has been slightly hydrated.
Table 1. Oxide composition of Secar 51
Oxides

CaO

Al2O3

SiO2

Fe2O3

TiO2

MgO

SO3

K2O+Na2O

wt.%

38.39

50.77

4.83

1.82

2.04

0.40

0.24

0.63

2.2

Methodology

Two sets of cement pastes were prepared; CAC system, composed of 100 % Secar 51 without
modification; and CAP cement system, which contains additional 40 wt.% of sodium polyphosphate and
5 wt.% of sodium monophosphate (Table 2). All cement pastes were prepared with a water to cement
ratio (w/c) of 0.35. For CAP cement, prior to the preparation of the paste, the phosphates were dissolved
in distilled water using a roller mixer for 24 h at room temperature. The phosphate solution was then
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added to the CAC clinker and hand mixed for 30 s followed by 120 s of high shear mixing with a Silverson
L4RT mixer at 2500 rpm. All samples exhibited a rapid development of rigidity, especially CAP samples.
Table 2. Cement formulations and curing conditions
Secar 51 (g)

(NaPO3)n (g)

NaH2PO4 (g)

Water (g)

Curing Temperature (°C)

CAC

100

--

--

35

35, 60, 95, 110*, 180

CAP

100

40

5

35

35, 60, 95, 110*, 180

* 110°C was not studied for the initial observation in the strength development, but studied for detailed
materials characterisation.
For the initial observation of strength development, samples were cast in a steel mould for 24 hours at
room temperature to obtain cubic specimens (3 cm x 3 cm x 3 cm), then placed in the ovens at 35, 60,
95 or 180 °C for 2 and 7 days. The obtained materials, 3 specimens for each system were subjected to
the compressive strength testing. For the detailed study, samples were cast in plastic centrifuge tubes
or Teflon tubes in direct contact with the air without lids, to allow the evaporation of the water from the
top surface exposed to the air. Two samples per system were cured at 35, 60, 95, 110 or 180 °C for 7
days. During the curing period, the sample weight was monitored to estimate the remaining water in
each system. After 7 days, pastes were demoulded and cut into cylinders with 5 mm thickness using a
slow saw and immersed in acetone for 24 hours, then vacuum dried and characterised using XRD and
thermogravimetry (TG) to study their mineralogy and using mercury intrusion porosimetry (MIP) and
scanning electron microscopy (SEM) to study their microstructural development.
2.3

Characterisation technique

Elemental compositions of starting materials was determined by a XRF (Philips PW 1404/00/01), using
radiation at an acceleration voltage of 100 kV and 800 mA current. Compressive strength testing was
conducted in a Zwick/Roell BT2-FROSOTH testing machine. XRD data were obtained using a Siemens
D5000 diffractometer with a copper source, scanning at 5-60° 2θ with a step size of 0.02° at a rate of
1°/min. TG analysis was performed with a Perkin Elmer Pyris 1, in an alumina crucible, heating from
room temperature to 1000°C at 10 °C/min, under flowing nitrogen. FTIR analysis was conducted in a
Perkin Elmer FTIR Model 1600 on 1 mg of the powered sample mixed with 200 mg of KBr and pressed
into a thin disk. Samples were ground using a pestle and a mortar, with sieving to < 63 μm when
necessary. MIP measurements were performed using Micrometrics Poresizer 9320 with the samples
that had been dried by immersion in acetone followed by drying in a desiccator. SEM observation was
performed using a JEOL JSM6400 with an integrated Link ISIS EDX analyser in backscattered electron
(BSE) mode. Samples were mounted in epoxy resin, and the observation surface was polished to 1/4
μm fineness using diamond paste. Energy Dispersive X-ray spectroscopy (EDX) was used to examine
the elemental distribution.
3.
3.1

RESULTS AND DISCUSSION
Strength development

The CAC system indicated a general increase in the strength with curing at higher temperatures
compared with the 35°C curing (Figure 1), but the duration of curing did not have observable effects in
their compressive strength. This is consistent with our previous observation on heat-treatment of CAC
system (Garcia-Lodeiro et al. 2018), where the hydration of the cement and the evaporation of the free
water take place simultaneously in the initial 24 hours of curing process and little change takes place
after this period due to the formation of stable C3AH6 and AH3 phases. In contrast, the CAP system
indicated a clear effect of curing time. At the curing of 2 days, the impact of curing temperature was not
clear, but it became observable at 7 days of curing. The compressive strength increased with the curing
temperature, achieving the highest strength at 95°C. However, the strength significantly decreased
when the curing temperature became 180°C. This is also consistent with our previous observation,
where the curing at 180°C resulted in a significant crack formation in the CAP system likely due to the
rapid removal of water content (Garcia-Lodeiro et al. 2018). The obtained results suggest that it is
possible to obtain materials with sufficient strength in a short curing period, and the 7 day curing allows
to take advantage of curing temperature and further strength development in CAP system.
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Figure 1. Strength development of CAC and CAP paste cubes after 2 and 7 days of curing
3.2

Reduction of water

Figure 2 a-c show the water reduction in CAC and CAP systems during the 7 days of curing period.
CAC experienced the majority of water loss during the first day (Figure 2a), while CAP cements show a
more gradual water loss (Figure 2b). These results are in good agreement with our previous study. It is
most interesting to see the different impacts of 110°C curing. As previously mentioned, the reduction of
water in CAC relies on how much free water is removed before water is used to form stable C3AH6 and
AH3 (Garcia-Lodeiro et al 2018). Increasing temperature from 95°C to 110°C appears to have little
effects on this, even though it is above the boiling temperature of water (Figure 2a). On the other hand,
the increase of curing temperature from 95°C to 110°C resulted in a significant water reduction in CAP
system (Figure 2b), suggesting that a small temperature increase in this range can play an important
role for the removal of water from the CAP system. Figure 2c summarises the clear effect of curing
temperature on the water reduction in the CAP system. In 7 days of 95°C curing, the water content in
CAP was reduced by > 45 %, slightly lower than > 60 % observed in the 28 days of curing at the same
temperature (Garcia-Lodeiro et al 2018).
(a)

(b)

(c)

Figure 2. Water loss during 7 days of curing: (a) in CAC, (b) in CAP, (c) final water contents
3.3

Reaction products

XRD patterns of CAC and CAP samples after 7 days of curing are shown in Figure 3a and 3b, together
with the anhydrous Secar 51. As expected, CAC (Figure 3a) showed a conventional hydration to
produce only stable phases: hydrogarnet (C3AH6) and gibbsite (AH3). Since samples have been cured
at temperatures of ≥35°C, metastable phases (CAH10 and C2AH8) were not detected (Perez et al. 1983).
Peaks corresponding to the unreacted clinker phases (Monocalcium aluminate, gehlenite and
perovskite) were also found. CAP samples (Figure 3b) had very different XRD results. As previously
reported (Swift et al. 2013, Garcia-Lodeiro et al 2018), the addition of phosphates inhibits the
conventional hydration of CAC, and most of the diffraction peaks are attributed to the unreacted CAC
clinker phases. the presence of gibbsite observed in CAP systems must be associated with the minor
hydration of CAC presented in the raw material. The amorphous hump located between 25-35° 2,
associated with the presence of amorphous products is also consistent with the previous studies (Swift
et al 2013, Garcia-Lodeiro et al 2008). This is most significant in the sample cured at 95°C, likely
because of the presence of a poorly crystallised hydroxyapatite (Ca5(PO4)3(OH)). Similar results were
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found in analogous systems after 28 days of thermal curing, where the formation of hydroxyapatite was
positively identified in the XRD of samples cuffed at temperatures ≥ 60°C (Garcia-Lodeiro et al 2018).
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Figure 3. XRD data of samples at 7 days, together with anhydrous Secar 51: (a) CAC and (b) CAP
systems -- CA: monocalcium aluminate CaAl2O4 (PDF 70-0134), P: perovskite CaTiO3 (PDF 752100), G: gehlenite Ca2Al(AlSiO7) (PDF35-0755), b:bohemite AlO(OH) (PDF 21-1307), n:
nostrandite Al(OH)3 (PDF 18-0050), g: gibbsite Al(OH)3 (PDF 12-0460), C3AH6: hydrogarnet
Ca3Al2(OH)12 (PDF 02-1124), Hp: hydroxylapatite Ca5(PO4)3(OH) (PDF 01-074-9769)
TG data are shown in Figure 4 a-d. Figure 4a is the TG curves of the CAC systems, and Figure 4b is
the differential thermogravimetric (DTG) curves derived from the corresponding TG data. Figures 4d
and 4e are results corresponding to the CAP cements.
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Figure 4. TG data of 7 day cured samples: (a) TG and (b) DTG curves of CAC systems; (c) TG and
(d) DTG curves of CAP systems
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In CAC systems, the total weight loss heating up to 1000°C generally decreases when the samples had
been cured at higher temperature (Figure 4a). Most of the weight loss events take place between 200400°C, associated with the dehydroxylation of gibbsite at ~290°C and the decomposition of C3AH6 at
~300°C (Bushnell-Watson et al 1992). The behaviour of CAP cements was also as expected; the total
weight loss decreases with the increasing of the curing temperature. DTG curves showed two weight
loss events at ~100°C and 280°C are respectively the loss of free water plus water from the amorphous
products and the dehydroxylation of gibbsite, (Garcia-Lodeiro et al 2018). The sample cured at 180°C,
only shows a minor weight loss associated with the dehydroxylation of gibbsite, resembling that in the
anhydrous Secar 51.
However, the CAP cured at 110°C indicated a significant weight loss event peaking at ~380°C (Figure
4d). In our previous study (Garcia-Lodeiro et al 2018), a similar weight loss event was observed in the
TG of the sample cured at 180°C for 28 days and was assigned for the decomposition of a sodium
calcium phosphate salt (NaCaPO4∙xH2O) (Palou et al. 2013). Curing temperature of 95°C might have
helped the formation of this phase, but it was not observed in our previous study with 28 day curing.
Further study is required to clarify this.
3.4

Phosphate phases

The nature of phosphate phase(s) was further investigated using the CAP sample cured at 95°C, Figure
5 shows the FTIR spectra obtained for the CAP samples cured at 95°C for 1 and 7 days, together with
those of the raw materials i.e., NaH2PO4.2H2O (MP), (NaPO3)n (PP), and Secar 51.
Both CAP samples show their main absorption band located at ~1090 cm −1, with a shoulder at 1010
cm−1. The appearance of these signals suggests the formation of orthophosphate groups (PO4)
(Sugama 1995), but different from those in the raw materials, which can be confirmed by the
disappearance of the band located at 1260 cm −1. Orthophosphates usually have strong and broad
absorptions in 1150–1000 cm−1 (Coybridge et al.1954). The band at 1110 cm−1 was previously reported
for the formation of a sodium calcium orthophosphate hydrate salt NaCaPO 4∙xH2O (Sugama 1995),
however in this sample, the band appears shifted to 1090 cm-1.
Hydroxilapatite and amorphous dibasic calcium phosphate Ca(HPO4)∙xH2O, have been identified in this
systems (Garcia-Lodeiro et al. 2018). They usually show their main FTIR bands around 1070 and 1060
cm-1 respectively. Considering that we have detected hydroxyapatite (Figure 3b), probably the broad
peak appearing in the obtained FTIR spectra is the results of the overlapping absorptions associated
with these phases and an amorphous orthophosphate precipitating as a mayor phase.
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Figure 5. FTIR spectra of CAP95oC, NaH2PO4 (MP), (NaPO3)n (PP) and Secar 51
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3.5

Changes in microstructure

Figure 6 a-d show the MIP data of CAC and CAP systems after 7 days of curing. The total porosity was
similar in both systems (Figure 5a), indicating a general increase with the curing temperature. However,
the nature of pore size was significantly different; CAP cements show much smaller pore size compared
with CAC (Figure 5b).
The CAC samples have pore diameters ranging mainly in 3000~100 nm, with the largest distribution
around 1 μm (1000 nm) (Figure 6c). The distribution of the pore size appears to slightly shift towards
larger diameter when cured at 180°C. The slight increase in the total porosity of 110°C sample observed
in Figure 6a appears to be due to the increase in large pores of > 100 μm (100000 nm). On the other
hand, CAP cements have a narrower pore size distribution mainly located at 100~10 nm, peaking at
~45 nm. As previously observed (Garcia-Lodeiro et al. 2018), the pore size appears to slightly shift
towards smaller diameter at 60 and 95 °C, but it shifts towards larger diameter when cured at 110 and
180 °C. CAP system cured at 180°C shows an additiona distribution located between 60000 and 6000
nm. These results are in good agreement with those obtained after 28 days of curing at similar conditions
(Garcia-Lodeiro et al 2018).
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Figure 6. MIP data of CAC and CAP samples after 7 day of curing: (a) total porosity, (b) average
pore diameter, (c) pore size distribution of CAC and (d) pore size distribution of CAP
BSE images for CAC samples are shown in Figure 7 a-e. All samples, cured at different temperatures,
show similar general features; angular particles with lighter grey shades are unreacted clinker phases
(CA, Gehelenite and perovskite), surrounded by a porous matrix considered to be the combination of
stable hydration products C3AH6 and AH3. Large pores are easily observable, in agreement with the MIP
results.
Figure 8 a-e show BSE images for CAP samples. In the CAP systems, differing from the CAC systems,
the angular clinker phases are surrounded by much denser matrix. The sample cured at 35°C has a
significant amount of cracks, which is associated with the initial exothermic acid-base setting reactions
and successive the shrinkage (Sugama & Carciello 1991, Sugama et al. 1992, Swift et al. 2013, GarciaLodeiro et al. 2018). The shrinkage may also be due to the dehydration of the amorphous calcium
phosphate components partially losing their bounded water over time (Alshaaer et al. 2011).
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In our previous study with 28 day curing time (Garcia-Lodeiro et al. 2018), these cracks were eliminated
by curing at 60 and 95 °C, as the use of elevated temperature can modify the pore size distribution, and
favour the formation of more stable products with less water, allowing to prevent or minimise the bulk
shrinkage during the treatment (Garcia-Lodeiro et al. 2018). Although significantly reduced, presence of
cracks is apparent in the 60°C sample in the present study (Figure 8b), suggesting that 7 day curing
was insufficient to eliminate the cracks at this temperature. However, there is no obvious cracks
observable in the 95°C sample (Figure 8c), suggesting that 7 day curing is sufficient for this temperature.
Cracks appears again at T  110°C (Figures 8d and 8e). These are likely associated with the rapid
evaporation of water during the curing period, especially in sample cured at 180°C, consistent with the
systems cured for 28 days (Garcia-Lodeiro et al. 2018).
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Figure 7. BSE images of CAC systems after curing for 7 days at: (a) 35°C, (b) 60 °C, (c) 95 °C, (d)
110 °C and (e)180°C
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Figure 8. BSE images of CAP systems after curing for 7 days at: (a) 35°C, (b) 60 °C, (c) 95 °C, (d)
110 °C and (e)180°C
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Figure 9 shows the elemental maps for the CAP sample cured at 95°C for 7 days. The dense matrix
contains a significant amount of P and Na, with less amount of Ca and Al, in a good agreement with our
previous observation in the 28 day cured sample (Garcia-Lodeiro et al. 2018). In the matrix, there are
regions that appear rich in Na, suggesting the matrix may be composed of multiple phases e.g., Naincorporating Ca(HPO4)∙xH2O and hydroxyapatite or NaCaPO4∙xH2O, as previously reported (GarciaLodeiro et al. 2018).
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Figure 9. EDX elemental maps of Ca, Al, P and Na in CAP95 after 7 days
4.

CONCLUSIONS

The nature of the products formed in the tested systems after 7 days of curing is similar to those cured
for 28 days observed in our previous study. The product phases and the microstructures obtained after
7 days of curing are in good agreement with those obtained after 28 days.
It should be noted that 7 day curing may not be sufficient for 60°C curing, based on the presence of
cracks that were eliminated in 28 day curing. 7 day curing seems sufficient for 95°C suring, as the cracks
were not observed.
The 110°C is attractive curing temperature to further reduce water content in CAP system, however, this
particular system was also suffered from cracks after 7 days of curing, and thus, this temperature is not
suitable for 7 day curing.
The obtained results show that it is feasible to reduce the curing time of CAP system from 28 to 7 days.
Sufficient strength development was observed within 7 days, and the most promising temperature is
95°C, in which > 45 % reduction of water content was achieved with a good microstructural integrity.
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ABSTRACT
Wollastonite-based brushite cements are mainly used for refractory material applications, but they may
also offer new prospects for the solidification/stabilization of hazardous wastes. Most studies on these
binders have been focused on the characterization of the final products, on the associated
microstructure or on the functional properties of the resulting materials. This work provides new insight
into their setting and hardening process, by characterizing the evolution of both the liquid and solid
phases with ongoing hydration.
The investigated binder was a two-component system, consisting of wollastonite and of a phosphoric
acid solution containing borax and metallic cations (Al3+, Zn2+). The hydration process was
investigated using a cell allowing the simultaneous measurement of the elastic modulus and the
electrical conductivity during setting. The phase assemblage was characterized by X-ray diffraction,
scanning electron microscopy and 31P and 27Al MAS-NMR.
Hydration was a multi-step process which yielded several products: amorphous silica, monocalcium
phosphate monohydrate (Ca(H2PO4)2.H2O) which precipitated transiently during the first stage of
hydration, and brushite (CaHPO4.2H2O) which crystallized at higher pH. In addition, elemental
mapping by SEM-EDS showed the precipitation of an amorphous phase containing phosphate,
aluminum and zinc, which tended to get richer in calcium with ongoing hydration. Its structure was
investigated by NMR spectroscopy (one pulse 31P and 27Al and REDOR 27Al/31P). It mainly
contained hexavalent aluminum bonded to orthophosphate moieties. This amorphous phase was
shown to play a key role in the consolidation process of the material and its final strength.
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1.

INTRODUCTION

During the decommissioning of old nuclear facilities, cleaning operations can produce acidic waste
streams which have to be stabilized and solidified before their final disposal. Portland cement is
extensively used for the conditioning of low- or intermediate-level radioactive wastes. However, its high
alkalinity is a serious obstacle in the case of acidic waste. Indeed, an exothermic acid-base reaction
occurs between the highly acidic waste and hydroxide ions released by the dissolution of cement
phases, resulting in significant temperature rise and flash setting of the grout. The waste thus needs to
be neutralized, at least to some degree, prior to cementation. This pre-treatment step has several
drawbacks.(i) The final volume of the waste to be cemented is increased.(ii) Neutralization of the waste
causes the precipitation of flocs of metallic hydroxide (aluminum, iron, zinc, uranium…). A significant
amount of water can be bound to the floc particles and is unavailable to contribute to workability,
explaining why a floc / cement paste can be highly viscous despite its high water content (Collier, 2009).
(iii) When the pre-treatment reagent is a concentrated sodium or potassium hydroxide, significant
amounts of alkalis are added to the waste, and thus to the cement-waste forms, with possible deleterious
effects in the long term (such as the formation of a gel-like product due to alkali-aggregate reaction
(Stanton, 1940)).
This study aims at investigating phosphate binders which may show an improved chemical compatibility
with acidic wastes, as compared to usual calcium silicate cements. Phosphate binders are often referred
as “chemically bonded phosphate ceramics” because they can produce materials with very low porosity
and high mechanical strength (Wagh, 2002). Their setting and hardening result from the precipitation of
crystallized hydrates with low solubility, often associated with poorly characterized amorphous phases.
This work is focused on a brushite cement prepared from wollastonite (CaSiO3), a natural calcium metasilicate, and phosphoric acid (H3PO4), as firstly described by Semler (Semler, 1976). The reaction starts
in very acidic medium (pH close to zero), but the pH increases rapidly to reach equilibrium at a value
close to 6 (Semler, 1976). For P/Ca molar ratios between 0.39 and 1, the sole precipitated calcium
phosphate is brushite (CaHPO4•2H2O). Amorphous silica is also formed according to balance reaction
(1) (Semler, 1976).
CaSiO3 + H3PO4 + (1+x) H2O  SiO2•xH2O + CaHPO4•2H2O

(1)

The objective of this work is to provide a deeper understanding of the setting and hardening process by
using a robust methodology previously developed with success to investigate hydration of calcium
sulfoaluminate and silicate cements (Champenois, 2013).
2.
2.1

EXPERIMENTAL
Materials and specimen preparation

The wollastonite-based binder was provided by Sulitec under the trade name of Fotimine. It was a twocomponent system comprising:
- a powder containing wollastonite (98.4 wt.%) and calcite (1.6 wt.%),
- a phosphoric acid solution (9 mol/L), containing metallic cations (Al3+, Zn2+) (1.3 mol/L) and borax
(0.15 mol/L) as a retarding agent.
The weight ratio of the mixing solution to the cement powder was fixed to 1.25 in all samples, resulting
in a Ca/P molar ratio of 1.2. Mixing was performed during 5 min using a laboratory mixer equipped with
an anchor stirrer and rotating at 250 rpm. Some paste samples were cast into airtight polypropylene
boxes (20 mL of paste per box), and cured at 25 ± 1°C.
Additional cement pastes were prepared using the same ratios by mixing the powder with a phosphoric
acid solution (9 mol/L) containing Al3+ and borax in variable concentrations, as shown in Figure 1. 4x4x4
cm plugs were cast and cured for 28 d in sealed bag at room temperature (21 ±1 °C).
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Figure 1. Selected experimental design: investigated concentrations of Al and B in the mixing
solution.

2.2

Characterization techniques

The hydration process was followed by monitoring the viscoelastic properties and the electrical
conductivity of the paste with ongoing hydration, using a specifically designed device (Champenois,
2013). The cell, cylindrically shaped with two annular stainless steel electrodes, was thermostated at
25°C by circulation of cooling water in a double envelope. It was connected to an electrochemistry meter
(Consort C 861) with a BNC cable, to collect electrical conductivity data. The conductivity cell was
calibrated using a 12.888 mS/cm standardized KCl solution at 25°C. Evolution of the viscoelastic
properties of the paste was followed by dynamic mode rheometry using a strain-driven controlled stress
rheometer (AR-G2 TA Instrument, USA). A sinusoidal shear strain (γ) was applied to the cement paste
at constant frequency (ω). The resulting stress (τ) was measured via a torque and was also sinusoidal
with a δ phase lag with respect to the applied strain. In order to stay in the linear viscoelasticity domain
of the materials, and thus to avoid destructive measurement, experiments were performed using a 10 -4
shear strain and a 1 rad/s frequency. The ratio between the stress and the shear strain was equal to the
complex modulus G* defined as:
G* = G’ + iG’’

(2)

with G’ the shear storage or elastic modulus and G’’ the shear loss or viscous modulus. A specific
minivane geometry (stainless steel, radius of 20 mm, length of 3 cm, Kγ = 2.479 and Kσ = 42050 cm-3)
was used to perform all the experiments.
Cement hydration was also stopped after fixed periods of time by successively immersing the crushed
paste into isopropanol and drying it in an oven at 38°C for 24 h. The phase assemblage of samples
aged from 30 min to 48 h was characterized by X-ray diffraction using the Debye-Scherer configuration
(transmission mode) (PanAlytical X’pert Pro, copper anode, λKα1=1.54056 Ǻ, 45 mA and 40 kV, scanning
from 2θ = 5° to 120° in 0.017° steps, for a total counting time of 6 h). Powders were ground by hand at
a particle size below 80 µm and mixed with 10 wt.% of silicon used as an external standard for
quantitative analysis. Fullprof_suite software was used for semi-quantitative analysis of the different
phases with the Rietveld method (Frontera, 2003). The Rietveld calculation provided the weight fraction
of each crystalline phase and of the total amorphous phases.
Since hydration not only consumed water but also aqueous phosphate, aluminium and zinc species,
quantitative elemental analysis of the paste samples was also performed in order to calculate the mass
of each phase over time. The samples were first submitted to solid digestion in lithium metaborate (to
quantify Ca, Al, Zn, P, Na and Si) and in sodium carbonate (to quantify B), and then analysed by ICPAES. Analyses of the pore solution (not shown here) revealed that the dissolved silicate concentration
was negligible. Thus, the total mass of solid phase at time t was given by equation 3:
ms(t)= m(Si)0 / %Si(t)

(3)
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with m(Si)0 the initial mass of silicon and %Si(t) the weight fraction of silicon in the solid phase
determined by ICP-AES. Knowing the mass of solid for a given hydration time, the masses of each
phase were calculated using the weight fractions determined by Rietveld analysis. Then, the amount of
amorphous silica was assessed by subtracting the amount of silica in wollastonite and in quartz from
the total amount of silica. Finally, the amount of aluminum, calcium, phosphorus and zinc in amorphous
phase(s) were calculated by mass balance.
The paste samples were also characterized by 31P and 27Al MAS NMR spectroscopy. Spectra were
recorded on a Bruker Avance 600 NMR spectrometer (field strength of 14.1 T) applying 20 kHz spinning
rate on a 3.2 mm CP MAS probe using ZrO2 rotors. 31P and 27Al MAS NMR spectra were recorded at
242.86 MHz and 156.29 MHz respectively. Single-pulse experiments were carried out by applying 90°
pulses decoupling and recycle delays of 240 s for 31P spectra and of 1 s for 27Al spectra. The 31P and
27Al chemical shifts were referenced externally with respect to K HPO (4.1 ppm) and Al(NO ) solutions
2
4
3 3
respectively.
The chemical environment of Al nuclei was characterized employing 27Al{31P}-REDOR (Rotational Echo
Double Resonance) NMR. This technique, which combines magic angle spinning with rotorsynchronized radiofrequency pulses, is interesting in interpreting spectra of nuclei with magic spin
quantum number I = ½ (e.g. 31P) that are coupled via heteronuclear dipolar interactions to quadrupolar
nuclei (e.g. 27Al).The objective of the pulse sequence was to obtain, for each rotor period, one spectrum
which was not affected by Al/P coupling, as in classical MAS-NMR analysis, and one which was affected
by this coupling if it exists (Gullion, 2008). Between two sets of pulse sequences, the number of rotor
rotations was incremented from 1 to 39 with a step of 2. The first pulse sequence was a classical 27Al
ECHO sequence and the second one a 27Al ECHO sequence with a π pulse on 31P in the middle of the
ECHO time (Chan, 2000).
The compressive strength of hardened paste samples was measured on 4x4x4 cm plugs following
European standard EN 196-1.
3.
3.1

RESULTS AND DISCUSSION
Description of the hydration process

The evolution of the elastic modulus and electrical conductivity of the cement paste during the first 48 h
after mixing is shown in Figure 2. The hydration process could be divided into three steps according to
the rheometric measurements.
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Figure 2. Evolution of elastic modulus and electrical conductivity with ongoing hydration.
During the first stage of hydration (0 to 4 h), the elastic modulus exhibited a first rise, while the electrical
conductivity started to decrease, which could be explained by a decrease in the acidity of the interstitial
solution (dissolution of wollastonite consuming H+ ions according to reaction (4)) and by the precipitation
of the first hydrates.
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CaSiO3 + 2H+ + xH2O  Ca2+ + SiO2.(x+1)H2O (am)

(4)

The mineralogical evolution inferred from the XRD patterns (Figure 3) showed a slight dissolution of
wollastonite, with precipitation of traces of crystalline monocalcium phosphate monohydrate (MCPM:
Ca(H2PO4)2.H2O) and of large amounts of an amorphous phase containing phosphate, aluminum and
zinc. Its Ca/P, Al/P and Zn/P molar ratios, determined by SEM-EDS after 30 min of hydration, were 0.13
± 0.06, 0.28 ± 0.05 and 0.22 ± 0.04 respectively. Such kind of phase has already been reported for zinc
phosphate dental cement (Jabri, 2012), but has never been fully characterized. Its stoichiometry,
assessed
from
mass
balance
calculations
and
Rietveld
analysis,
was
(ZnO)0.20±0.03(Al2O3)0.12±0.04(P2O5)1.0±0.1.xH2O. The Zn/P and Al/P ratio were in rather good agreement with
those determined by EDS analysis. However, the calculated composition was free of calcium whereas
this element was detected in small amount by EDS analysis. Two hypotheses could explain these
contradictory results: (i) the amorphous phase actually contained small amounts of calcium which were
not evidenced by mass balance calculation due to experimental uncertainties, (ii) the calcium detected
by EDS analysis was due to intermixing at the submicronic level of the amorphous phase with other
calcium-containing minerals (wollastonite, MCPM).
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During the second step (4 to 24 h), the elastic modulus exhibited a second rise up to 3 MPa, meaning
that the paste started to consolidate (the beginning of setting, measured using a Vicat needle, occurred
during this period), while the electrical conductivity went on decreasing. Wollastonite dissolved more
rapidly, forming amorphous silica (incongruent dissolution) and significant amounts of MCPM. The
amorphous phase precipitated more slowly than in step 1 and it tended to get richer in calcium, as shown
by the evolution of its Ca/P molar ratio determined by EDS analysis (Figure 4).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
During the third period (after 24 h), the electrical conductivity first remained constant (2 mS/cm), and
then decreased again, while the elastic modulus exhibited a third rise, corresponding to the end of
setting. Wollastonite continued to dissolve. MCPM was destabilized during this period and brushite
precipitated. As for the amorphous phosphate phase, it did not evolve notably during this stage. Its
stoichiometry,
derived
from
mass
balance
calculations,
was
(ZnO)0.19±0.03(Al2O3)0.11±0.04(CaO)0.4±0.2(P2O5)1.0±0.2.yH2O at 48 h. The transient levelling-off of the electrical
conductivity could be explained by the occurrence of two antagonistic processes:
conversion of MCPM into brushite which released H+ and H2PO4- ions in solution (reaction (5));
Ca(H2PO4)2.H2O + H2O  CaHPO4.2H2O + H+ + H2PO4(5)
dissolution of wollastonite which continued to consume H+ ions (reaction (4)).
Its final drop at a value close to zero was mainly explained by the loss of mobility of the ionic species in
the pore solution due to the setting and hardening of the material.

Figure 4: Evolution of the Ca/P, Al/P and Zn/P molar ratios (determined by SEM-EDS analysis) of the
amorphous phosphate phase.
3.2

NMR characterization of the amorphous phase

31P

and 27Al MAS-NMR spectra were recorded on a 30 min-old-sample (Figure 5, Figure 6). The 31P
NMR spectrum showed the presence of MCPM (peaks at 0.1 and -4.3 ppm (Legrand, 2009)), but also
of one or several other phosphate minerals (resonances at-1.3, -6.7 and -12.5 ppm). In addition, the 27Al
spectrum showed the presence of a peak at -14.1 ppm, characteristic of six-fold coordinated aluminum
bound to orthophosphate moieties(Al-(PO)6) (MacKenzie, 2002). Therefore, 27Al and 31P NMR
experiments suggested the formation of an alumino-phosphate phase at the beginning of hydration,
which is in agreement with the conclusions drawn from Rietveld and ICP-AES analyses.
At 48 h, the 31P MAS NMR spectrum showed a sharp peak characteristic of brushite at 1.4 ppm
(Legrand, 2009), but other contributions were still noticed at -1.4 and -4.4 ppm. The 27Al MAS NMR
spectrum still showed the presence of octahedral aluminum bound to orthophosphate moieties.
However, the resonance peak was shifted to less negative chemical shifts (from -14.1 ppm at 30 min to
-8.7 ppm at 48 h). This shift revealed a change in the environment of Al-(PO)x between 30 min and 48h,
which could be attributed to the enrichment of the amorphous phase in calcium.
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Figure 5. 31P MAS-NMR spectra of the 30 min- and 48 h-old samples.

Figure 6. 27Al MAS-NMR spectra of the 30 min- and 48 h-old samples.

27Al{31P}

REDOR experiments were performed on the 30 min- and 48 h-old samples to probe the
environment of aluminum and its spatial proximity with phosphorus in the amorphous phase. The
REDOR curves are shown in Figure 7. They overlaid, meaning that the coupling of aluminium to
phosphorus nuclei was the same at both hydration times. Note that the fluctuations observed for the 30
min-old sample curve were due to a bad signal/noise ratio.
The experimental curves of the cement paste samples were then compared to those of reference
samples with known crystallographic structure: VPI-5 (experimental curve); AlPO4 and Al(PO3)3 (Chan
et al., 2000). VPI-5 is an aluminophosphate zeolithe (Al3(PO4)3.7H2O) with three types of Al
environments (Cheetham et al., 1996): two corresponding to Al in coordination IV coupled to 2 P and
one assigned to Al in coordination 6 coupled to 4 P (Figure 8). In this study, we were only interested in
the last type of Al nuclei. As for AlPO4 and Al(PO3)3, they contain only sixfold-coordinated Al coupled to
6 P. The curves relative to the cement paste samples and to VPI-5 overlaid, indicating the same Al
environment regarding phosphorus nuclei in these materials. Therefore, the amorphous
aluminophosphate phase of the cement paste contained 6-fold coordinated aluminium coupled to 4 P
nuclei.
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Figure 7. 27Al {31P} REDOR curves of the 30 min- and 48 h-old samples compared to those of
reference compounds.

Figure 8. VPI-5 crystalline structure.

3.3

Influence of the amorphous phase on the mechanical properties of the cement paste

To investigate the influence of the amorphous aluminophosphate phase on the properties of the
hardened cement paste, twelve samples were prepared with mixing solutions containing variable
concentrations of Al3+ and borax. Their phase assemblage was determined using Rietveld refinement
after 28 d of curing in sealed bag at room temperature (Table 1).
Table 1. Mineralogical composition and compressive strength of the 28 d-old cement pastes.
Concentration in the
mixing solution
[Al3+]
[B] (mol/L)
(mol/L)
1.5
0.2
2.5
0.2
1.5
0.6
2.5
0.6
1.5
0.4
2.5
0.4
2.0
0.2
2.0
0.6
2.0
0.4
2.0
0.4
2.0
0.4
2.0
0.4

Phase fraction (wt.%) at 28 d
Wollastonite

Brushite

10.4
10.1
17.2
17.7
15.7
14.7
12.0
15.3
15.2
12.2
11.0
12.7

52.9
343
55.3
35.5
51.9
35.2
47.8
43.4
50.3
45.8
41.0
47.9

Amorphous
aluminophosphate
12.5
31.5
6.6
26.5
10.9
28.3
16.7
19.6
12.5
18.7
24.4
16.4

Compressive
strength
(MPa)
30.6
57.5
35.6
55.8
30.8
47.7
40.5
45.6
45.5
36.5
461
43.9
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All the samples contained approximately the same amount of residual wollastonite (13.7 ± 2.7 wt.%). As
expected, increasing the initial concentration of aluminium in the mixing solution promoted the formation
of the amorphous phase at the expense of brushite (Figure 9). Figure 9-c shows that it also improved
greatly the compressive strength.
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Figure 9. Influence of the B and Al initial concentrations in the mixing solution on the weight
fractions of brushite (a) and amorphous phase (b) in the 28-d old cement pastes, as well as on
their compressive strength (c).
SEM observations performed on polished sections of the 28 d-old cement pastes revealed a much
denser microstructure of the samples prepared with the highest Al concentration in their mixing solution,
and thus containing the highest fraction of amorphous phase. This explained their better mechanical
properties (Figure 10).

Figure 10. Comparison of the microstructure of 28 d-old cement pastes prepared with a mixing
solution containing 1.5 or 2.5 mol/L of Al3+ ([B] = 0 mol/L): BSE images (left) and elemental
mapping (right).
4.

CONCLUSION

This work led to the following conclusions:
1. The reaction of wollastonite with a phosphoric acid solution containing aluminum, zinc and borax is
a three-step process.
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2. Monocalcium phosphate monohydrate is formed transiently before brushite.
3. An amorphous phosphate phase containing aluminum, zinc and calcium precipitates at early age.
This phase tends to get richer in calcium with ongoing hydration. However, the environment of aluminum
nuclei regarding phosphorus nuclei (6-fold coordinated Al coupled to 4 P) remains unchanged between
30 min and 48 h of hydration.
4. Increasing the amorphous fraction of the cement paste greatly improves its compressive strength.

5.
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ABSTRACT
The performance of alkali-activated slag concrete was examined after being subjected to different 28day curing methods, including air, intermittent water curing (7 days in water followed by 21 days in air),
and continuous 28-day water curing. Concrete mixes were prepared with dry components of slag,
desert dune sand, and coarse aggregate. The slag was activated by an alkaline activator solution
consisting of sodium silicate and sodium hydroxide. While dry mix components were kept constant, the
alkaline activator solution-to-slag ratio was varied between 0.45 and 0.55. Samples were tested to
assess transport, mechanical, and short-term durability properties. Based on the experimental findings,
the performance of alkali-activated slag concrete was more influenced by the curing regime rather than
mix design. Nevertheless, a solution/slag ratio of 0.50 was shown to provide optimum performance.
Among the different curing regimes employed, air and intermittent water curing were least and most
effective. A compressive strength of over 70 MPa was recorded after 28 days, with 70 and 95% being
attained after 1 and 7 days, respectively. This provided evidence to the accelerated reaction in alkaliactivated slag concrete. While compressive strength did not differ significantly between intermittent
and continuous water curing techniques, the former produced a more durable concrete with higher
resistivity and lower sorptivity and absorption. An analytical study showed that the modulus of elasticity
of water-cured (intermittent or continuous) alkali-activated slag concrete could be practically estimated
using standardized equations.
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1.

INTRODUCTION

Alkali-activated slag-based materials have been proposed as a notable substitute to ordinary Portland
cement (OPC) as the binding material in concrete, owing to impressive rheological, mechanical and
durability performance (Juenger et al. 2011, R. J. Thomas et al. 2016). This binder is produced as a
result of the chemical activation reaction of ground granulated blast furnace slag (GGBFS or slag) by
an alkaline activator solution. Based on a life-cycle assessment conducted by Jiang et al. (2014), this
sustainable alternative could reduce greenhouse gas emissions, energy consumption, and water use
by 73, 43, and 25%, respectively. While it exhibits excellent performance and provides an
environment-friendly substitute to cement, their adoption by the construction industry has been
hindered, owing to the need for heat curing. This limits its applications to precast concrete products.
Accordingly, alternative curing regimes should be proposed for in-situ construction, while
simultaneously reducing cost and energy demand of curing.
Heat curing has been the primary curing mechanism for alkali-activated materials. Its effect on
performance has been extensively studied. Elevated curing temperatures have resulted in a reduction
in shrinkage, an increase in compressive strength at early age, but a decrease late-age strength (T.
Bakharev et al. 1999). Steam-cured alkali-activated slag/GGBFS concrete (AASC) attained high
compressive strength with improved pore size distribution and accelerated hydration reaction (Yang et
al. 2011, Aydın & Baradan 2012). Gu et al. (2015) reported that sub-ambient temperature-cured
samples experienced a slight reduction in strength at early age while increasing that at later age. In
other work by Wardhono et al. (2015), results of curing alkali-activated GGBFS-based materials at
ambient conditions highlighted the accelerated activation reaction with 83% of the 28-day compressive
strength being achieved within the first three days. Nevertheless, it should be noted that while the
energy and cost attributed to heat curing could be eliminated, these ambient-cured counterparts
experienced reduced mechanical performance.
The effect of mixture proportioning, specifically the alkaline activator solution, on the performance of
AASC has also been investigated. Compressive strength results of slag-based alkali-activated
materials ranged between 60 to 150 MPa (Tatiana Bakharev et al. 1999, El-Hassan & Ismail 2018).
Experimental findings of Palomo et al. (1999) showed that a combination of sodium hydroxide and
sodium silicate was most effective among the various high pH alkaline solutions tested. In other work
by Al-Otaibi (2008), it was reported that higher alkaline activator solution content and modulus
improved the mechanical properties. Also, Aydın & Baradan (2014) found that alkali-activated binders
activated by a sodium silicate activator solution had high workability and compressive strength,
whereas Laskar & Talukdar (2017) noted improved rheology and mechanical performance in slagbased mortars made with a sodium hydroxide activator solution.
Although AASC has a great potential to replace conventional concrete as a sustainable building
material, currently proposed heat curing regimes prevent its adoption by the construction industry for
in situ applications. This paper provides an overview into the mechanical performance of AASC
subject to different curing regimes, including air, combined, and water curing. Compressive strength
was evaluated at different ages (1, 7, and 28 days) and correlated with 28-day modulus of elasticity.
To assess the short-term durability properties, AASC transport properties, including water absorption,
sorptivity, and bulk electrical resistivity, were measured.
2.
2.1

MATERIALS AND METHODS
Materials

Ground-granulated blast furnace GGBFS (GGBFS) was used as the primary precursor material. Table
1 shows its chemical composition, including calcium oxide, silicon dioxide, and aluminum oxide. Its
physical properties, as specific gravity, unit weight, and basicity coefficient, are noted as 2.7, 1209
kg/m3, and 0.99, respectively. The particle size distribution, shown in Figure 1, was determined as per
the procedure of ASTM C136. Figure 2 shows the glassy and angular particles of the GGBFS in the
form of a SEM micrograph, while its mineral characterization is presented in the XRD pattern of Figure
3. Coarse aggregates used in this work were in the form of crushed stone. Their properties include a
nominal maximum size of 10 mm, unit weight of 1660 kg/m 3, specific gravity of 2.78, and water
absorption of 1.5%. To ensure mixing water was not absorbed by the aggregates, they were prepared
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to surface saturated dry (SSD) condition prior to adding them to the concrete mix. Desert dune sand
from the United Arab Emirates were employed as the fine aggregates with a specific gravity of 2.57
and unit weight of 1670 kg/m 3. Their size ranged between 50 and 600 µm. A mixture of grade N
sodium silicate (SS) and 14M sodium hydroxide (SH) served as the alkaline activator solution. To
enhance the well-known limited workability of AASC, a polycarboxylic ether polymer-based
superplasticizer (SP) was used. Unlike water, it does not compromise the mechanical properties
(Palacios & Puertas 2005).
Table 1. Chemical composition of as-received GGBFS
Component

GGBFS (%)

Silicon dioxide, SiO2

34.7

Aluminum oxide, Al2O3

14.4

Ferric oxide, Fe2O3

0.8

Calcium oxide, CaO

42.0

Magnesium oxide, MgO

6.9

Loss on ignition, LOI

1.1

Figure 1. Particle size distribution of GGBFS

2.2

Figure 2. SEM micrograph of GGBFS

Mixture proportions, preparation and curing

Table 2 summarizes the AASC mix design. Based on previous extensive parametric work (El-Hassan
& Ismail 2018), GGBFS, fine aggregate, and coarse aggregate contents were set to respective 450,
600, and 1100 kg/m3. The AAS was formulated following an SS/SH ratio of 2.5 (solution modulus, Ms =
1.2). The ratio of solution to binder varied between 0.45 and 0.55. A superplasticizer dosage of 2.5%,
by binder mass, was used to enhance the workability of AASC. In summary, three mixes were
designed and grouped by method of curing, namely air curing (AC), combined curing (CC), and water
curing (WC), leading to a total of 9 mixes.
Concrete samples were cast at ambient temperature (24 ± 2°C) and relative humidity (50 ± 5%).
GGBFS, coarse and fine aggregates were mixed together for 3 minutes in a pan mixer. Separately,
the SH solution was prepared, mixed with SS solution, and left for 24 hours to allow for heat
dissipation from the chemical reactions. The dry and wet components were then incorporated along
with the superplasticizer and mixed for 3 minutes to ensure a homogeneous and uniform mix. The
obtained AASC mix was cast into 100 x 200 mm cylindrical moulds in two layers and compact-vibrated
on a vibration table for 10 seconds. For every mix, three replicate specimens were cast for each
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experimental performance test. AASC samples were left to rest in the mould for 24 hours at ambient
conditions and then demoulded for successive curing.

Figure 3. XRD pattern of GGBFS

Table 2: Mixture proportions of AASC (kg/m3)
Binder

Aggregates

Alkaline Activator
Solution

Mix
Designation

Curing
Condition

GGBFS

Coarse

Fine

SS

SH

SP

Total

1A

AC

450

1100

600

177

70

11.25

2408.25

2A

AC

450

1100

600

161

64

11.25

2386.25

3A

AC

450

1100

600

145

58

11.25

2364.25

1C

CC

450

1100

600

177

70

11.25

2408.25

2C

CC

450

1100

600

161

64

11.25

2386.25

3C

CC

450

1100

600

145

57

11.25

2363.25

1W

WC

450

1100

600

177

70

11.25

2408.25

2W

WC

450

1100

600

161

64

11.25

2386.25

3W

WC

450

1100

600

145

57

11.25

2363.25

The three proposed curing regimes are: air, combined, and water curing. Specimens undergoing air
curing were kept in open air at ambient conditions until test age. For the combined curing method,
specimens were placed in a water storage tank for 7 days, followed by 21 days of open-air ambient
curing. It is proposed that this method simulates conventional curing of in-situ concrete on construction
sites. In comparison, water-cured samples were left in a water storage tank for 28 days.
2.3

Transport properties

Water absorption was employed to assess the transport properties of AASC after 28 days of age. The
test was conducted on 100 x 50 mm disc specimens, in accordance with ASTM C642. Samples were
oven-dried at 105°C until a mass change < 0.5% was reached, and then, immersed in water until a
constant mass was attained. To determine the water absorption, (1) was used:
Water absorption = (Wet mass – Dry mass) / (Dry mass) x 100

(1)

The sorptivity test was carried out on 28-day AASC disc specimens (100 x 50 mm), according to
ASTM C1585. Such samples were vacuum-saturated, pre-conditioned, and tape-sealed from the
sides. A loosely attached plastic sheet covered the unexposed end of each sample while being

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
secured with elastic bands. Accordingly, water was only allowed to penetrate from the bottom with no
evaporation taking place during test measurements. Samples were placed on supports resting at the
bottom of the pan, which, in turn, was filled with tap water until it reached 1 to 3 mm above the
supports. The mass change was measured systematically from time of initiation to 9 days. The
associated absorption was calculated using (2). To obtain the sorptivity, the water absorption was
plotted against the square root of time. The initial sorptivity was determined as the slope of the line
between 1 minute and 6 hours, while that between 1 day and 9 days represented the secondary
sorptivity.
Absorption = (Change in mass at time t) / (Exposed area x Density of water)

(2)

ASTM C1760 was employed to determine the bulk resistivity of AASC samples. After pre-conditioning,
saturated samples were mounted in a voltage cell (cells filled with NaCl). Once the specimen attained
a surface dry condition, a voltage of 60 ± 0.1 V was passed into the cell and the resulting current was
measured at 1 minute ± 5 seconds. The bulk resistivity was then measured following (3):
Bulk Resistivity = (Applied voltage x Sample diameter) / (1273.2 x Current x sample length)
2.4

(3)

Mechanical properties

The mechanical performance was characterized by the compressive strength. In this test, cylindrical
AASC specimens (100 mm diameter x 200 mm height) were employed. The compressive strength was
measured at 1, 7, and 28 days of age, as per ASTM C39.
The static chord modulus of elasticity was obtained in accordance with ASTM C469. The applied
compressive load was recorded using a 500-kN compression load cell. The axial deformation was
measured using four 60 mm-long strain gauges mounted at mid-height on diametrically opposite
points of the cylinder’s circumference.
3.

RESULTS AND DISCUSSION

3.1

Absorption and sorptivity

Absorption test results of 28-day AASC subject to different curing methods are shown in Table 3. The
lowest absorption (average = 3.50%) was noted for samples cured following combined curing
procedure, while those of water and air-cured samples were in the range of 5-7%. Among all
specimens, sample 2C, with an AAS/GGBFS ratio of 0.50, presented the least absorption of 3.25%
after being cured in a combination of 7 days in water and 21 days in air. In fact, it was 40 and 43%
lower than its water and air-cured counterparts, respectively. It is possible that the hydration of calcium
oxide in GGBFS within the first 7 days rendered the extended water curing (up to 28 days) ineffective.
Yet, 21-day air curing permitted the continuous activation of other compounds, a reaction that may not
have been possible when samples were placed in water. The possible formation of hydrotalcite as a
reaction product may have led to an increase in volume of hydrates with higher space-filling ability
(Haha et al. 2011, Haha et al. 2012). For the proposed 28-day monitoring period investigated in this
work, it is clear that the alternation of air and water curing in the combined curing technique formed
more reaction products, provided greater pore-filling capacity to the alkali-activated GGBFS-based
matrix, and, consequently, reduced the water absorption.
The ability of AASC to absorb and transport water through its matrix by capillary suction is represented
by its sorptivity. Initial sorptivity related to the sorption process controlled by capillary pores, while
secondary sorptivity is attributed to the sorption process limited by gel pores (Martys & Ferraris 1997).
As shown in Table 3, the former was much larger than the latter. This is mainly owed to water filling up
larger capillary pores at a faster rate than smaller gel pores. Apparently, combined curing was more
effective in reducing the sorptivity, due to a denser structure with the formation of more reaction
products. Also, it should be noted that mix 2, with a solution-to-GGBFS ratio of 0.50, had the lowest
absorption, and was thus found to be optimum. It is possible that a higher solution-to-binder ratio led
to excess solution evaporation prior to reacting, leaving a porous structure; a lower ratio, on the other
hand, resulted in insufficient solution for the activation reaction to take place.
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Table 3. Absorption and sorptivity of 28-day AASC

3.2

Mix
Designation

Absorption
(%)

Initial Sorptivity
(mm/s0.5)

Secondary Sorptivity
(mm/s0.5)

1A

6.62

43.45

1.21

2A

5.73

40.29

0.71

3A

6.49

42.25

0.91

1C

3.81

27.62

0.52

2C

3.25

22.63

0.51

3C

3.44

23.99

0.51

1W

5.47

35.86

0.60

2W

5.09

34.79

0.66

3W

5.34

35.60

0.68

Bulk electrical resistivity

The bulk electrical resistivity of AASC samples was assessed at the age of 28 days. Table 4
summarizes the results. The bulk electrical resistivity of mix 2, with solution-to-GGBFS ratio of 0.50,
was the highest. Yet, among all curing methods, it should be noted that combined curing was the most
effective, leading to respective 197 and 116% higher resistivity than air and water-cured counterparts.
This is possibly attributed to the free metallic ions in the pore solution of air-cured AASC that provided
more electric current to be transported and resulted in a lower bulk resistivity (Noushini & Castel
2016). Also, a comparison between water absorption of Table 3 with the bulk resistivity of Table 4
shows an inversely proportional relationship, as lower absorption is associated with less pore
connectivity and higher resistivity.
Table 4. Bulk resistivity of 28-day AASC

3.3

Mix
Designation

Curing
Method

Bulk Resistivity
(Ω.cm)

1A

Air

541.9

2A

Air

679.5

3A

Air

573.6

1C

Combined

1634.2

2C

Combined

1972.6

3C

Combined

1709.6

1W

Water

873.6

2W

Water

734.4

3W

Water

891.5

Compressive strength

The compressive strength of AASC concretes was measured after 1, 7, and 28 days of age. The
results are shown in Figure 4. Independent of curing mechanism, it is observed that a decrease in
solution-to-GGBFS ratio from 0.55 to 0.50 resulted in higher strength, while a decrease in strength
was noted with lower ratio of 0.45. This signifies that the optimum AASC mix is that with a ratio of
0.50. Experimental findings also highlight the rapid compressive strength development at early age. In
fact, 90% of the 28-day compressive strength was achieved within the first 7 days of age, owing to the
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high molarity of sodium hydroxide solution (Saha & Rajasekaran 2017). The high solution modulus of
1.2 (SS/SH = 2.5) played a critical role in attaining compressive strengths above 50 MPa. It is believed
to have densified the AASC structure, reduced the porosity, and enhanced the binding ability of the
hydrate gel (Bakharev et al. 2000, Aydın & Baradan 2014).
100

Compressive Strength (MPa)

1-day

7-day

28-day

80

60

40

20

0
1A

2A

3A

1C
2C
3C
Mix Designation

1W

2W

3W

Figure 4. Compressive strength development of AASC exposed to different curing regimes

At the age of 1 day, samples were all subject to air curing. This explains the same compressive
strength at this age. At the age of 7 days, combined and water-cured concretes were left in water for 7
days, resulting with the same 7-day strength. As such, a comparison may be made at the age of 7
days between water and air-cured AASC specimens. It is clear that water-cured samples performed
better than air-cured counterparts, with increases from 1 day in the range of 54 to 186%. The highest
increase was associated to the weakest 1-day sample, as the limited reaction at early age provided
more reactants for the reaction to progress over the remaining 6 days in water and, consequently,
resulted in higher compressive strength.
A much lower increase in compressive strength is noted between 7 and 28 days. As such, it can be
concluded that an accelerated chemical reaction took place within the first few days of curing. With
respect to the curing regimes adopted, air-cured samples could not surpass the 55 MPa mark,
whereas combined and water-cured equivalents could exceed 65 MPa. Nevertheless, a comparison
between the two water curing regimes shows higher increases for the former method. In fact, the total
increase from 1 to 28 days for combined curing was in the range of 70 to 192%, while for water curing
was between 59 and 187%. Apparently, the hydration reaction occurring during early-age water curing
(1 to 7 days) was more effective than that at a late age of 28 days. For combined-cured AASC
specimens, the reaction continued after 7 days and up to 28 days, resulting in a denser concrete
structure and superior mechanical performance.

Figure 5. Relationship between 28-day transport and mechanical properties
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Figure 5 presents the relationship between 28-day compressive strength and both bulk electrical
resistivity and water absorption. A linear correlation can be noted for AASC samples below 70 MPa.
Such specimens were air and water-cured. Other samples (>70 MPa) that were subject to combined
curing showed lower absorption, higher bulk resistivity, and impressive compressive strength. A
comparison between sample 2C and 3W, for example, showed a compressive strength, bulk
resistivity, and absorption of 74.6 MPa, 1972.6 Ω.cm, and 3.25% for the former, and 69.1 MPa, 891.5
Ω.cm, and 5.34% for the latter. This shows that while the compressive strength increased by only 8%,
the bulk resistivity and water absorption were 121% higher and 39% lower. Accordingly, the combined
curing regime produced a much more durable AASC with improved mechanical properties.
3.4

Modulus of elasticity

The stress-strain curves of AASC were employed to estimate the modulus of elasticity (E in GPa). The
slope of the chord between the stress corresponding to 40% of the ultimate load (S2) and that
attributed to a longitudinal strain of 0.00005 (S1). To calculate the chord modulus of elasticity, (4) was
used:
E = (S2 – S1) / (ε2 – 0.00005)

(4)

Where ε2 is the longitudinal strain produced by stress S2.
Regression analysis of the experimental results was performed to provide theoretical prediction
models of the work presented herein. The proposed regression equation for the modulus of elasticity
of all AASC samples is presented as (5):
E = 5.095(f’c0.5) – 9.224

(5)

Where f’c is the 28-day compressive strength of AASC in MPa.
Typically, the modulus of elasticity of concrete is estimated using codified equations, including those
provided by ACI 318 (ACI Commitee 318 2014), ACI 363 (ACI Committee 363 1992), AS3600
(AS3600 2009), and CEB-FIB (Comité euro-international du béton & Federation International de la
Precontrainte 1993). The accuracy of utilizing such equations in addition to (5) is assessed in Figure 6.
The developed model of (5) can predict the experimental elastic modulus with high accuracy (R2 =
0.992). Yet, it should be noted that there is some similarity in the rate of increase of the results of (5)
to those of the ACI 318 equation (ACI Commitee 318 2014). Nevertheless, the modulus of elasticity of
combined and water-cured AASC can be estimated, with reasonable accuracy, using codified
equations. This however is inapplicable to air-cured equivalents.
40

Experimental Data

Modulus of Elasticity (GPa)

ACI 318 (2014)
ACI 363 (1992)

35

AS3600 (2009)
CEB-FIB (1993)

30

25

20
5.5

6.0

6.5
7.0
7.5
8.0
Compressive Strength, √f'c (MPa)

8.5

9.0

Figure 6. Modulus of elasticity as a function of 28-day compressive strength of AASC
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4.

CONCLUSIONS

The effect of subjecting alkali-activated GGBFS concrete to three different curing regimes (air,
combined, and water) was investigated. Performance of AASC was assessed at the age of 1, 7, and
28 days. Experimental findings showed that mix 2, with solution to GGBFS ratio of 0.50, was found
optimum. It presented the lowest absorption and sorptivity of 3.25% and 22.63 mm/so.5, respectively.
Its compressive strength was in the range of 71 to 74 MPa. Among the three proposed curing
techniques, combined curing was most effective with superior durability and mechanical properties. It
was also noted that the high molarity of sodium hydroxide solution led to rapid compressive strength
development with more than 95% of the 28-day strength being achieved within the first 7 days. An
analytical model for AASC was proposed to predict the modulus of elasticity using the 28-day
compressive strength. Yet, it was found that codified equations of ACI 318, ACI 363, AS3600, and
CEB-FIB could be used to estimate the modulus of elasticity of combined and water-cured AASC with
high accuracy. However, lower strength air-cured counterparts diverged from the majority. Based on
the current study, the combined curing mechanism provides superior mechanical and durability
performance of AASC, while eliminating the need for energy-intensive heat treatment and promoting
its adoption by the construction industry for in-situ and precast concrete applications.
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ABSTRACT
Although alkali-activated slag (AAS) materials have been developed and studied for over a century,
much remains unknown about the correlation among mix design parameters, kinetics of reaction,
fresh- and hardened-state microstructural features, and mechanical and durability properties. This has
led to a large body of disconnected literature claiming the production of ‘optimised’ formulations for
producing AAS materials with high mechanical strength, whose results, in many instances, cannot be
replicated after minor changes in composition of the slag or the activation conditions adopted.
In this study we report detailed characterisation of commercial blast furnace slags with different
chemical compositions, and of alkali-activated binders produced by blending these slags with high
alkalinity solutions (e.g. sodium silicate) and near-neutral salts (e.g. sodium carbonate or sulfate). A
correlation between slag compositions and kinetics of reaction is developed, as a function of the
activator used, and linked to the microstructural features these materials develop over time.
Identification of the most suitable activator as a function of slag composition is discussed, considering
reaction kinetics, and the type of reaction products forming. These results can be used as a guideline
for the design of AAS materials with desired performance.
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1.

INTRODUCTION

The increasing needs for infrastructure, and its associated environmental impact due to the growing
demand for construction materials, have been some of the motivations for extensive research on
Portland clinker free cements. One of the most promising alternatives is alkali-activated cements, which
are produced from a poorly crystalline aluminosilicate source and an alkali-activator, to form hardened
binders that can be used for manufacture of concrete (Provis et al., 2014). These alternative cements
can provide an effective pathway for the management and valorisation of industrial by-products and
wastes derived from agricultural and other activities (Bernal et al., 2016), while developing desirable
strength and durability properties making them suitable for applications requiring high stability to specific
aggressive environments (Bernal et al., 2014).
For the particular case of blast furnace slag-based alkali-activated cements, significant advances have
been made in recent years in understanding the effects of slag chemistry, and of the type and amount
of activator used, on the phase assemblage (i.e. mineral phases forming) and the consequent
mechanical strength development. Several studies have been centred on determining the kinetics of
reaction of sodium silicate activated slag cements when varying the MgO and/or Al 2O3 content within
the slag. Bernal et al. (Bernal et al., 2014) observed that an increase in MgO content (between 1.7 and
7.4 wt.%) and a consequent decrease in Al2O3 resulted in slower kinetics of reaction in silicate-activated
slag cements, which was associated with the formation of layered double hydroxides (LDHs) (e.g.
hydrotalcite type products) in addition to an aluminium-substituted calcium silicate hydrate
(C-(A)S-H) type gel, as the MgO content increased. Ben Haha et al. (Ben Haha et al., 2011) identified a higher
degree of reaction at increased MgO content (up to 13.4 wt.%) within slags. At a constant slag MgO
content, an increased Al2O3 content reduced rates of reaction during the first few days of curing (Ben
Haha et al., 2012). These results are evidence that there is an intimate correlation between slag MgO
and Al2O3 availability, and the reaction kinetics of alkali-activated cements.
Winnefeld et al. (Winnefeld et al., 2015) reported that there is a correlation between slag chemistry,
precipitation of reaction products, and extent of reaction of the slag. This study considered quality moduli
for slag glasses reported by Smolczyk (Smolczyk, 1980), including the formula used in the standard EN
197-1 (European Committee for Standardization (CEN), 2000). However, a recent study of several
commercial slags activated with sodium metasilicate (Criado et al., 2018) demonstrated that slight
differences in slag chemistry induce notable changes in the reaction kinetics, and a correlation between
reaction kinetics and quality moduli for slags was not identified. Instead, a correlation between the Al2O3
and MgO contents within the slag and the kinetics of reaction was observed. This elucidates that the
reaction kinetics of these systems are strongly dependent on the Al2O3 content in the slag, and the
dissolution rates of CaO and MgO at high alkali concentrations, which controls the phase assemblage
development in these cements.
Although there has been a burgeoning interest in utilising near-neutral salts such as sodium carbonate
or sodium sulfate as activators for producing alkali-activated slag cements, little is known about how
changes in slag chemistry can influence the kinetics of reaction, phase assemblage, and consequently
the mechanical performance of these cementitious systems (Bernal, 2016). Ke et al. (Ke et al., 2015)
demonstrated that in sodium carbonate activated slag cements, changes in the slag chemistry promote
different reaction kinetics associated with the formation of LDHs with different chemistry and structure,
depending on the MgO and Al2O3 content. In particular, it has been revealed that the formation of MgAl LDHs accelerates the kinetics of reaction in these cements, and they act as sorbents within the alkaliactivated slag cements, consuming the CO2 provided by the sodium carbonate. Formation of LDHs in
these cements promotes a reduced chloride permeability (Ke et al., 2015, Ke et al., 2017) and increased
carbonation resistance (Ke et al., 2018). Similar studies for sodium sulfate activated slag cements have
not been carried out, although it has been reported that increasing the slag finesses improves the early
and long-term strength of sodium sulfate activated slags (Rashad et al., 2013), and utilising high
concentrations of sodium sulfate does not seem to have a significant impact on either kinetics or the
degree of reaction of the slag (Mobasher et al., 2016).
In this study, the influence of slag chemistry and the type of alkali activator used on the kinetics of
reaction and phase assemblage of alkali-activated blast furnace slags is discussed. Particular emphasis
is paid to identifying the most suitable activator for specific slag chemistries, in order to maximise
reactivity of these systems, and also microstructural features that can contribute to their potential
strength development and long-term performance.
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2.

EXPERIMENTAL PROGRAMME

2.1. Materials characterisation and sample preparation
In this study three commercial blast furnace slags were used, whose chemical composition (determined
by X-ray fluorescence), Blaine fineness and average particle size (d50) are reported in Table 1. All the
slags IDs are assigned considering their MgO content.
Table 1. Chemical composition of anhydrous slags (wt.%). Loss on ignition (LOI) was
determined at 1000°C. All elements are represented on an oxide basis regardless of their
oxidation state in the slag
Slag
ID

CaO

SiO2

Al2O3

MgO

SO3

Fe2O3

Others

LOI

Blaine
fineness
(cm2/g)*

d50
(mm)**

S01

42.9

31.6

14.6

1.2

2.0

1.1

1.2

2.0

4012  49

14.8

S06

41.3

36.0

11.3

6.5

0.7

0.3

1.5

2.0

5056  22

11.2

S14

33.9

37.4

9.0

14.3

0.7

0.4

2.3

1.9

4794  44

14.3

*

Conducted according to ASTM C204-11; quoted uncertainties are the standard deviation of four replicate measurements

**

Determined by laser diffraction using a dry dispersion unit, at least 4 measurements were taken for each slag, with standard
deviation ±0.1 m

Three different activators were used in this study: an analytical grade sodium metasilicate powder
(Sigma Aldrich, Na2SiO3 ≥99.5%); an analytical grade sodium carbonate powder (Sigma Aldrich,
Na2CO3 ≥ 99.5%) and analytical grade sodium sulfate (Sigma Aldrich, Na2SO4 ≥ 99.5%). The activating
solutions were produced by pre-dissolving the powdered activators in distilled water until full dissolution
was reached. All the cements were produced with a binder (slag + anhydrous fraction of activator) to
water ratio of 0.40. Cements produced with sodium metasilicate were activated by adding 7 g of
metasilicate per 100 g of slag. Those cements produced with sodium carbonate or sodium sulfate were
activated by adding 8 g of sodium carbonate or sulfate per 100 g of slag.
2.2. Test conducted
For fresh pastes, isothermal calorimetry experiments were conducted using a TAM Air isothermal
calorimeter at a base temperature of 25 ± 0.02°C. The fresh paste was prepared by external handmixing for 3 minutes, weighed into an ampoule, and immediately placed in the calorimeter to record heat
flow for up to 300 hours of reaction. All results were normalised by the total mass of paste.
3.
3.1

RESULTS AND DISCUSSION
Influence of activator type in kinetics of reaction

Isothermal calorimetry curves for the different alkali-activated slag cements are shown in Figure 1. Alkaliactivated cements based on slag S01 (Figure 1a) activated with sodium silicate show a short induction
period of less than 1 h, followed by an acceleration/deceleration period associated attributed to the polycondensation and precipitation of reaction products. Conversely, when using either sodium carbonate
or sulfate as activators, a long induction period characterised by a slight heat release was recorded prior
to 100 h of reaction. Between 100 h and 300 h of reaction, an acceleration/deceleration period is
observed for the sodium sulfate activated slag cements, indicating a multi-stage process of formation
and precipitation of reaction products. For sodium carbonate activated slag cements, the acceleration/
deceleration period was solely observed after 150 h of reaction, and was significantly less intense than
that identified for sodium sulfate activated cements. These results are clear evidence of the correlation
between the slag composition and the type of activator used.
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Figure 1. Isothermal calorimetry curves of alkali-activated slag cements produced with (A) S01,
(B) S06 and (C) S14, as a function of the activator type
In spite of the significant differences in kinetics of reaction observed for slag S01 when using different
activators, particularly during the first 5 days after mixing, the heats of reaction of these cements show
that after extended curing times (e.g. 300 h) a comparable degree of reaction could be achieved when
using either sodium silicate or carbonate activators. Regardless of the fact that the sodium sulfate
activator presents a lower alkalinity (pH 7) than that of sodium silicate (pH 13) or carbonate (pH 11)
solutions, the reaction heat generated using this activator promoted the highest degree of reaction for
the S01 based activated cements, ast the cumulative heat output can be positively correlated to reaction
extent.
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A sharper and more intense acceleration/deceleration period is identified in sodium silicate activated
S06 cements (Figure 1b), compared with that observed for S01. This is consistent with a higher degree
of reaction during the first 100 h (see insert Figure 1b). Using the S06 slag instead of S01 significantly
reduces the induction period of sodium carbonate (<50 h) and sodium sulfate (<60 h) activated slag
cements compared with what was identified for S01 slag. This was followed by the acceleration/
deceleration period, which is sharper for sodium carbonate based cements, compared with the sulfate
activated slag binders. Similarly to the trend identified for S01, during the first 100 h of reaction (Figure
2) using sodium silicate promoted the highest heat of reaction, followed by sodium carbonate and then
sodium sulfate as the activator. However, at extended curing times, higher heats of reaction are
recorded for sodium sulfate activated slag cements, compared with those produced with sodium silicate.

Figure 2. Correlation between the MgO content in the slag, and the heat after 100 hours of
reaction of alkali-activated slag cements
Conversely to the observations when using S01 or S06 slags, comparable induction periods and
acceleration/deceleration periods are identified in activated S14 based cements (Figure 1c) produced
with either silicate, carbonate or sulfate based activators. When using this particular slag, comparable
heats of reaction are observed independent of the activator used, particularly during the first 100 h after
mixing (Figure 2). This demonstrates that the reactivity of this particular slag does not seem to be
strongly influenced by the functional group within the activator used. It is worth noting that the heat of
reaction for this slag is significantly higher, particularly when using sodium carbonate or sulfate as
activators, compared with the trends observed when using S01 or S06 slags. Criado et al. (Criado et al.,
2018) identified that when using sodium silicate activator, the onset of the acceleration/deceleration
period for activated S14 cements was insensitive to the activator dose as well. This was attributed to
the dominant reaction of the Mg2+ released from the slag with dissolved aluminates, instead of with
silicates provided by the activator. It might be expected that this could also be the case for other type of
activators.
When using sodium silicate as the activator, only slight differences in the kinetics of reaction are
observed when using slags of different chemistries, although a longer induction period is recorded for
the S14 slag compared with S01 or S06 slags, consistent with the observations of Ben Haha et al. (Ben
Haha et al., 2011) who identified delayed reaction of high-MgO slags. A more notable influence of the
slag chemistry on the kinetics of reaction is observed when using near-neutral salts as alkali activators.
It seems that increased MgO and reduced Al2O3 contents within the slag accelerate the reaction kinetics
of cements based on those activators, for a given concentration of activation, particularly in the early
hours after mixing, which are critical in defining the potential applicability of these materials. Independent
of the slag chemistry, in all cases, cements produced with sodium sulfate exhibited the higher reaction
heat at more extended times (e.g. 300 h), which indicates that a higher degree of slag reaction is
achieved in these systems, compared with those produced with either silicate or carbonate activators,
if the products of are of roughly equivalent enthalpy of formation in each case.
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3.2

Differences in phase assemblage as a function of the activator type

The functional group of the activator used seems to have a strong influence on the early kinetics of
reaction of alkali-activated slag cements, particularly for those produced with near neutral salt activators
(Bernal, 2016), and also on the type of secondary reaction products forming in alkali-activated slag
systems. There is a general consensus that independent of the activator type or concentration, C-(N)A-S-H type gels are identified as the main reaction product (Bernal et al., 2014). The differences and
evolution of the nanostructure and chemistry of C-(N)-A-S-H type gels forming in alkali-activated
cements, particularly during the first hours of reaction, as a function of activator type remain largely
unknown, and require detailed investigation.
Recent advances in thermodynamic modelling of alkali-activated slag cements (Myers et al., 2014,
Myers et al., 2015, Myers et al., 2017), validated with experimental data, have enabled the development
of phase assemblages for these cements as a function of slag composition and type of activator.
Predicted phase diagrams of alkali-activated slag cements produced with the activators evaluated in
this study are shown in Figure 3. Each region in the phase diagrams corresponds to a given predicted
solid solution, and detailed information of the phases comprising these solid solutions, as a function of
slag chemistry can be found in (Myers et al., 2017).
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Figure 3. Phase diagrams in the CaO-Al2O3-MgO chemical system adapted from Myers et al. (Myers
et al., 2017) for (A) sodium silicate, (B) sodium carbonate and (C) sodium sulfate activated slag-based
cements, determine by thermodynamic modelling simulations of slags containing sulfide at a molar
equivalent to 2 wt.% SO3, and 40 wt.% SiO2. The water/ cement ratio is 0.40, the slag reaction extent
is 60% and the units are in mole fraction. Red dots correspond to the oxide composition of the slags
used in this study. The letters indicating each region correspond to a particular phase assemblage,
described in detail in (Myers et al., 2017) and summarised in Appendix 1.

In sodium silicate activated cements produced with S01 and S06, comparable phase assemblages are
predicted, whose major secondary reaction products include: Mg-Al LDHs, Ca-heulandite and natrolite,
where the prediction of zeolites is taken to represent the formation of a disordered N-A-S_H type gel in
the actual cements; there are no data for N-A-S-H gel yet available for inclusion in this type of model.
For the S01 slag upon activation, formation of strätlingite at extended degrees of slag reaction is also
predicted. Experimental data has shown that for slags with low MgO and high Al 2O3 contents, formation
of Ca-Al LDHs (e.g. AFm type phases) instead of Mg-Al LDHs is plausible (Ke et al., 2018). In these
cements formation of zeolite type phases such as gismondine has also been reported (Bernal et al.,
2011). As the content of MgO content increases formation strätlingite formation is no longer predicted,
and instead formation of Mg-Al LDHs is favoured, consistent with experimental observations for slags
with similar compositions to those evaluated here (Bernal et al., 2014, Walkley et al., 2017).
In sodium carbonate activated systems formation of strätlingite is only predicted when using slags with
compositions comparable to S01. When using slags with low to intermediate MgO contents (e.g. S01
and S06) formation of kaotite and small traces of ettringite are predicted at extended degrees of slag
reaction; the ettringite appears in the phase assemblage because the slag used in the simulations of
(Myers et al., 2017) was quite rich in sulphur, which was allowed to oxidise, and no sulfate sorption onto
gel products was considered. For slags with high MgO and low Al2O3 content (e.g. S14), formation of
Mg-Al LDHs is predicted as the main secondary reaction product, consistent with experimental
observations (Ke et al., 2015). In all cases a natrolite type (zeolite / N-A-S-H) phase is predicted to form,
independent of the slag chemistry, along with calcite which is the final phase containing the carbonate
from the activator. Similarly to the predictions when using other activators, comparable phase
assemblages are predicted in sodium sulfate activated slag cements when using slags with
compositions of S01 and S06. For all slags, formation of ettringite is predicted under sulfate activation.
However, in experimental data of sodium sulfate activated slag cements produced with slags with high
MgO content, ettringite was not identified as a reaction product in these systems (Bernal, 2016). Instead,
it seems that an Mg-Al sulfate rich LDH phase was formed in those experiments, but this phase is not
present within the thermodynamic database used in (Myers et al., 2017). Further investigation of the
effect of slag chemistry in sodium sulfate activated slag cements is required.
The differences in phase assemblage will impact the mechanical and durability performance of alkaliactivated slag cements. In the particular case where formation of Mg-Al LDHs is favoured, it has been
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identified that resistance to carbonation of these cements significantly increases (Bernal et al., 2014),
as well as the chloride binding capacity (Ke et al., 2017).
3.3

General remarks

The mix design of alkali-activated slag cements can be improved by following a bottom up approach,
where it is considered the chemistry of the slag used, and the phase assemblage evolution development
by these cements, as a function of the type of activator used. It is clear that there is a strong correlation
between the slag chemistry and the type of activator, and the type and amount of reaction products
formed, hence, these cements can be tailored with desirable microstructural features controlling
mechanical and durability performance against different environmental threats. When using a slag with
low MgO and high Al2O3 content, sodium silicate seems to be the most effective activator, particularly if
rapid hardening is required. Near neutral salts are not a recommended activator for slags with this
particular composition, however, different strategies can be adopted to speed up the kinetics of reaction
(e.g. addition of smart chemical admixtures (Ke et al., 2015)) when using this combination of slag and
activator, so that hardening of these materials can be achieved at time scales comparable to
conventional Portland cement systems. Slag with moderate to high MgO contents are more reactive
when using near neutral salts, compared with those with low MgO content, so that no differences in the
kinetics of reaction are identified for high MgO content slags when using different types of activators.
Although most studies of alkali-activated slag cement systems have been centred on using sodium
silicate as activator, it is evident that near-neutral salts have great potential for the production of these
cements, and further investigation is required to elucidate which factors control the degree of slag
reaction under the alkalinity conditions achieved in those systems. This is particularly interesting for
sodium sulfate activated systems that showed a higher degree of reaction 300 h after mixing, despite
the reduced initial pH of this activator compared with silicate or carbonate based activating solutions.
Combining experimental and thermodynamic modelling approaches has enabled significant advances
in the understanding of alkali-activated slag cement systems, particularly those produced with sodium
silicate as alkali activator, and elucidated the ranges of compositions of slags that will favour formation
of desirable reaction products for controlling performance of these materials for a given exposure
condition. The rational design of alkali-activated slag cements is achievable by using the existing
scientific tools to create materials with given microstructural features, and hence desirable mechanical
and durability performance.
4.
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APPENDIX 1. List of phase present in the different phase assemblages reported in Figure 3. Solid
phases are classified by quantity, with major, minor, and trace phases denoted in the legend by X, M,
and T, respectively. Multiple letters are used where more than one category applies. The simulated solid
phases are: 1, CNASH_ss; 2, MA-OH-LDH_ss; 3, strätlingite; 4, katoite; 5, ettringite; 6, C4AṠH_ss; 7,
natrolite; 8, Ca-heulandite; 9, portlandite; 10, brucite; 11, AH3 (mc); 12, C4ACH11 ; 13, MA--LDH; 14,
calcite
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ABSTRACT
The production of red-clay hollow bricks belongs to the sources of ceramic waste which is related to
the current trend of utilization of the thin joint technology. Since the current technologies of hollow brick
production do not enable to provide sufficiently smooth and even surfaces, the brick blocks have to be
ground generating waste red brick powder. This product contains reactive aluminosilicate phases that
can be used as precursors for the geopolymer binder. Geopolymers based on the blends of red brick
powder and metakaolin having three different ratios of aluminosilicate components and two different
alkaline activators were prepared. Substitution of metakaolin by red brick reduces the viscosity of a
fresh mixture and diminishes the thixotropic behaviour of metakaolin geopolymer. Although the
mechanical properties of pure red brick geopolymer are quite poor, the blends containing up to 50% of
red brick show similar mechanical properties as the pure metakaolin geopolymer.
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1.

INTRODUCTION

The continual growth of the construction industry is closely linked with the growing need of traditional
Portland cement that is the second most consumed commodity in the world (Barnes 2014).
Unfortunately, its production requires a high volume extraction of natural resources and energy
consumption that significantly contribute to emissions of CO2 and other harmful substances to the
atmosphere (Mehta 2001). On the contrary, the technology of alkali-activated binders allows the use of
a wide range of both primary and secondary products (blast furnace slag, fly ash, silica fume, metakaolin
etc.). The estimated CO2 savings, comparing alkali-activated materials to Portland cement based on the
life-cycle studies, range from 30 to 80 % (Provis 2014) and together with reduced storing capacities
needed for unutilized industrial by-products are promising values for the future.
Alkali-activated materials result from the reactions of raw materials with a high content of amorphous
aluminosilicate phase and the alkaline activator solution. Alkaline activator, in most cases alkaline
hydroxide and/or alkaline silicate, ensures the appropriate conditions for the raw materials dissolution
and formation of new phases. The first theoretical background of alkaline activation was developed by
Glukhovsky in 1959 (Gluchovsky 1959). Afterward, in 1981, prof Davidovits introduced the term
“geopolymer” after studies concerning the alkaline activation of a burnt mixture of kaolinite, limestone,
and dolomite resulting in a material with regular polymeric three-dimensional structure (Davidovits
1981). Besides the better environmental performance, engineering properties of alkali-activated binders
are comparable or superior to Portland cement in terms of strength, chemical and thermal resistance
(Duxson 2007).
Ceramic waste represents a huge amount of industrial waste materials produced. Mostly, it comes from
the processing of construction and demolition waste, such material is frequently contaminated by other
constituents, e.g. concrete, masonry mortar, etc. Thus, it is primarily used as an inexpensive recycled
aggregate for road construction and terrain works. The other source of material, more suitable for use
in binder technology, is represented by fine ground brick powder that is recently widely produced as a
by-product of a high-precision plane grinding process of clay blocks (Keppert 2014). In spite of present
effort to maximize re-utilization of ceramic waste, the major part is still directed to disposal in landfills
(Pachego-Torgal 2010).
Since the ancient times, the finely ground brick powder is used as a pozzolanic admixture to lime plasters
to enhance their mechanical performance, heat insulation properties and durability (Baronio 1996). In a
similar way, it is nowadays applied to concrete technology. Various studies confirmed higher strength
and durability of concrete with brick powder that exhibits lower chloride permeability, reduced
autogenous shrinkage and volume changes caused by alkali-silica reaction (Turanli 2003). Use of
recycled ceramic aggregate in structural concrete is rather limited due to its higher water absorption and
therefore reduced freeze-thaw resistance.
Although the ceramic matrix dominantly consists of the crystalline phase (quartz, cristobalite) and the
reactive vitreous content is generally lower, studies focused on the alkaline activation of red ceramic
waste already confirmed its reactivity in the geopolymerization process (Robayo 2016). The lower rate
of reactions could be increased by a higher specific surface of the material (additional grinding), thermal
treatment during setting and tailored alkaline activator. When alkali silicate is used for the
geopolymerization, mechanical properties show significant improvement (Sun 2013). The application of
brick powder in blended alkali-activated materials was predominantly studied in binders with slag; slag–
brick powder system allows alkaline activation of brick powder with insufficient reactivity for onecomponent geopolymers (Rakhimova 2015).
2.
2.1

EXPERIMENTAL PART
Materials

The geopolymers were composed of red brick powder (RBP) supplied as a waste from grinding of hollow
red-clay bricks by HELUZ CZ from the location Libochovice and metakaolin Mefisto K05 from České
lupkové závody (MK). A commercial sodium silicate solution with Ms(SiO2/Na2O) = 1.6 was used as an
activator. Lower silicate modulus (Ms1.3) was attained by mixing of water glass with solid NaOH p.a. in
the weight ratio 17.8:1. The chemical composition of both the aluminosilicates and the water glass is
presented in Table 1. The geopolymer mortars were prepared using quartz sand with a maximum grain
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size of 2.5 mm as aggregate. The particle size distribution of both aluminosilicate precursors was
determined by laser granulometry measurement. The mean particle size of the RBP (d50 = 8.5 µm) was
larger than that of the metakaolin (d50 = 6.3 µm). The maximum size of RBP was 1 mm, whereas it was
only 25 µm for the MK.
Table 1. The chemical composition of metakaolin, red brick powder and water glass (wt.%) and
pozzolanic activity

2.2

Component

Metakaolin

Red brick powder

Water glass

SiO2

58.70

52.37

26.43

Al2O3

38.50

12.50

-

Fe2O3

0.72

2.41

-

CaO

0.20

22.83

-

MgO

0.38

1.44

-

Na2O

0.04

0.24

16.61

K2O

0.85

2.46

-

SO3

0.02

3.71

-

TiO2

0.49

0.40

-

LOI

1.67

0.00

-

Pozzolanic activity
(mg Ca(OH)2 / g)

1120

467

-

Mix composition and testing methods

The composition of the aluminosilicate precursor varied between pure brick powder (MK0) and pure
metakaolin (MK100), which were used for two of the mixtures. In the other mixtures, 25, 50, and 75% of
the brick powder were replaced by metakaolin. The water content was adjusted according to the EN
1015-3 procedure in order to reach the same workability of mortars. The mix composition is presented
in Table 2. In the case of rheological measurements, geopolymer pastes were prepared. In order to
assess the effect of different RBP/MK ratio in the rheological properties, the water content was kept
constant at water-to-binder ratio 0.42 with respect to the aluminosilicate precursor.
Table 2. The composition of the mixtures

Mixture

Red brick powder
(g)

Metakaolin
(g)

MK 0

700

0

MK 25

525

175

Water glass
(g)

630
(Ms1.3, Ms1.6)

Sand
(g)

2100

Water (g)
Ms 1.3

Ms 1.6

108

106

144

92

166

150

MK 50

350

350

MK 75

175

525

225

226

MK 100

0

700

247

232

The specimens prepared for the mechanical testing were cast in the prismatic moulds
(40 × 40 × 160 mm) and sealed with PE foil. The fresh mixtures were first stored for 24 h under ambient
conditions and then cured for 4 h at 40 °C in an electric oven. After this period, the hardened specimens
were demoulded and stored in plastic bags under laboratory conditions till testing.
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The mechanical properties (compressive and flexural strength) were tested at the age of 7 and 28 days.
Flexural strengths were determined using a standard three-point-bending test and compressive
strengths were measured on the far edge of each of the two residual pieces obtained from the flexural
test according to the EN 196-1 standard. For each mixture, a set of three specimens was used. The
pozzolanic activity of the red brick powder and metakaolin was determined via a modified Chapelle test.
The Chapelle test consisted in heating a sample of pozzolan with freshly annealed lime and water in a
tightly closed container at a temperature of 93 °C for 24 h. The mixture was stirred with a magnetic
stirrer. The residual calcium hydroxide was determined by titration with a standard solution of
hydrochloric acid in the presence of sucrose. The results are expressed in the mg of Ca(OH) 2 which are
consumed in the reaction with 1 g of pozzolan per 24 hours (Navrátilová & Rovnaníková 2016).
Rheological measurements of the pastes were performed by means of a Discovery HR-1 (TA
Instruments) hybrid rheometer and TRIOS 4.0.2 software was used for data evaluation. The
measurements were performed in a Peltier Concentric Cylinder system with a DIN rotor at 25 °C. The
paste was introduced into the measurement system at the end of the mixing cycle. The rheological
measurements were started after a period of rest of 60 s. Paste properties were estimated from the flow
curves determined for increasing and decreasing values within the shear stress range from 0.1 to
150 s−1. Parameters (yield stress and viscosity) were estimated from the linear part of the decreasing
branch of the flow curves using the Bingham model (1):
𝜏 = 𝜏0 + 𝜂𝛾̇

(1)

where 𝜏 is shear stress, 𝜏0 is yield stress, 𝜂 is viscosity and 𝛾̇ i̇ s shear rate. Investigations were
performed at a constant temperature of 25 °C.
Pore distribution was evaluated by means of mercury intrusion porosimetry analysis, which was
conducted on paste samples using a Micromeritics Poresizer 9310 porosimeter that can generate a
maximum pressure of 207 MPa and can evaluate a theoretical pore diameter of 0.006 μm. The MIP test
is performed in two steps: first, the low-pressure step evacuates gases, fills the sample holder with
mercury and performs porosimetry from about 7 to 179 kPa; and second, the high-pressure step reaches
pressures between 414 kPa and 207 MPa. The contact angle and surface tension assumed for all tests
were 130° and 485 mN m−1, respectively. Micrographs of the geopolymer mortars were taken on a
TESCAN MIRA3 XMU scanning electron microscope in SE mode. The experiments were carried out on
dry samples that were sputtered with gold, and an acceleration voltage of 20 kV was used.
3.

RESULTS AND DISCUSSION

Mechanical properties of RBP/MK geopolymers are presented in Figure 1. Generally, both compressive
and flexural strength of the pure brick powder geopolymer (MK 0) were quite low. The strengths of the
mixture with silicate modulus of 1.3 were slightly higher due to a higher alkaline content, and thus better
ability to dissolve aluminosilicate network. The flexural strength of these mixtures decreased with time
which can be attributed to the microcrack formation caused by drying shrinkage. A partial replacement
of red brick powder with metakaolin significantly improved the mechanical performance. Especially, the
mixture activated with waterglass having higher silicate modulus (Ms1.6) showed strong improvement
in mechanical properties. Replacement of just 25% of RBP with metakaolin improved the compressive
strength seventeen times. Blended binder made from the red brick powder and metakaolin also exhibited
a rather intensive synergistic effect in strength. The best mechanical properties were achieved with the
metakaolin content of 50% (Ms1.6) or 75% (Ms1.3), respectively.
The mechanical properties are in good accordance with a pore size distribution of the samples (Figure
2). Geopolymers with low or no content of metakaolin contained primarily large pores and the volume
of capillary and gel pores was almost negligible. When the metakaolin content rose above 50%, the
binder was characterized by an increased number of gel pores and a reduced volume of macropores.
Although the total porosity of these samples was slightly higher, it influenced negatively neither the
compressive nor flexural strength. The porosity of binders with 75% of metakaolin was lower compared
to the pure metakaolin geopolymer (in case of both types of waterglass), which means that the red brick
powder in low dosage modifies the pore structure and is involved in the strength enhancement of the
material.
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Figure 1. Compressive strengths of RBP/MK geopolymers at the age of 7 and 28 days

Figure 2. Flexural strengths of RBP/MK geopolymers at the age of 7 and 28 days

Figure 3. The cumulative intruded volume of RBP/MK geopolymers with two types of alkaline
activator
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Matrix homogeneity highly depended on the ratio of input materials. Matrix with a lower content of
metakaolin exhibits less homogenous structure with a large number of microcracks which contribute to
an increased volume of macropores (Figure 4). As the brick powder content decreased the matrix
became more homogenous and compact with the reduced cracking tendency. These morphological
characteristics are also reflected in the pore size distribution and mechanical properties, respectively.
Although the metakaolin particles are not completely reacted and can be observed as lamellar residuals
in the geopolymer matrix (Figure 4C), they do not cause substantial deterioration of the mechanical
properties.

Figure 4. SEM images of RBP/MK geopolymers: (A) MK 25, (B) MK 75, (C) detail of unreacted
metakaolin particle
In the study of the rheological behaviour, a constant water-to-solid ratio was used in order to prevent
the mixing water from influencing the rheological properties of the prepared geopolymers, although
during practical applications the same workability should be maintained and thus the amount of mixing
water would differ. Flow sweep curves recorded for the pastes with different RBP/MK ratio are shown in
Figure 5. The rheological behaviour of the geopolymer mixture based on red brick powder as an
aluminosilicate precursor substantially differs from that which is based on metakaolin. The curves
indicate the strong thixotropic behaviour of the pure MK-based geopolymer. As the MK content
decreased, the thixotropic effect diminished, and no thixotropy was observed for the MK 0 and MK 25
mixtures. A strong thixotropic effect indicates the existence of attraction forces between MK particles in
the fresh paste which are able to resist Brownian motion. This is caused by dipole-dipole interactions
between the edges of aluminosilicate layers in the metakaolin and the molecules of sodium silicate
activator, which result in the flocculation of the metakaolin particles. The rheological parameters which
were assessed from the curves based on the Bingham model are given in Table 3. The yield stress
values are almost zero, except for the mixes MK 75 and MK 100 activated with a Ms1.3 solution.
However, even in these cases, the yield stress is very low compared to cement-based mixtures
(Grzeszczyk & Janowska-Renkas 2012). The initial viscosity increased with increasing content of
metakaolin. The relatively high viscosity of metakaolin-based geopolymer is mainly controlled by the
viscosity of the alkaline silicate solution (Favier et al. 2014). In this study, the difference in viscosity
between geopolymer based on red brick powder and metakaolin, respectively, can be partially attributed
to the different granulometry of the aluminosilicate precursors. Metakaolin contained much smaller
particles and as a result, it had a larger specific area and adsorbed more mixing water, which caused a
reduction in the amount of rheological fluid. Another viscosity-enhancing effect is associated with the
irregular spiny plate-like structure of metakaolin particles. With growing metakaolin content, pastes
exhibited higher viscosity and the viscosity of mixtures with water glass of lower silicate modulus (Ms1.3)
is almost doubled with respect to the mixtures with the other type of water glass (Ms1.6). The mixtures
up to 25% of metakaolin showed rather Newtonian behavior, but as the metakaolin content increased
pseudoplastic behavior with increasing thixotropic effect was observed.
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Figure 5. Flow sweep curves of RBP/MK geopolymer pastes with two types of alkaline activator

Table 3. Rheological parameters of RBP/MK pastes
Yield stress (Pa)

Viscosity (Pa s)

Ms1.3

Ms1.6

Ms1.3

Ms1.6

MK 0

0.12

0.06

0.18

0.10

MK 25

0.18

0.10

0.35

0.24

MK 50

0.64

0.65

0.92

0.50

MK 75

1.62

0.44

2.21

1.31

MK 100

2.59

0.62

3.52

2.19

Mixture

4.

CONCLUSIONS

This study aimed to analyse the possibility of use of red clay brick powder in a binary alkali-activated
binder with metakaolin. Five different geopolymer mixtures with metakaolin and red brick powder as
aluminosilicate precursors were tested for their mechanical and rheological properties and the results
were correlated with microstructural analysis. The mechanical properties of hardened geopolymer
depend on the reactivity of the aluminosilicate precursor, and therefore higher compressive and flexural
strengths were achieved for mixtures with a higher proportion of metakaolin. The best performance in
terms of mechanical properties was observed in case of mixtures with 50% of metakaolin for Ms1.6 water
glass activated system and 75% of metakaolin for the Ms1.3 system, respectively, which implies that the
red brick powder and metakaolin clearly have a synergistic effect on the mechanical properties.
Measurement of flow parameters revealed that substitution of metakaolin-based geopolymer mixture
with red brick powder considerably affects its rheological properties. While geopolymer with low
metakaolin content behaved as a Newtonian fluid, the increasing amount of metakaolin led to a strongly
thixotropic behaviour. The substitution of metakaolin with red brick powder also caused a decrease in
the plastic viscosity of the fresh geopolymer mixture, but it had no effect on the yield stress value, which
was close to zero for all mixtures except for mixtures MK 75 and MK 100 activated with water glass
Ms1.3. However, even in these cases, the yield stress was about ten times lower than for the pure
Portland cement paste.
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ABSTRACT
The French National Agency for Radioactive Waste Management (Andra, Agence Nationale pour la
gestion des Déchets RAdioactifs) currently prepares the industrialization of a deep underground
repository for high level and intermediate level long lived radioactive waste (CIGEO project). In this
context, metallic radioactive waste will be packed in Portland-based concrete matrix, but this solution is
not adapted to magnesium alloy parts, e.g. from fuel claddings. The latter are not chemically stable in
the highly alkaline pore water of Portland-based materials. On the opposite, geopolymer (GP) cements
provide electro-chemical passivation to magnesium alloys, inducing slower corrosion and hydrogen
gas production. However, their durability in presence of Portland concretes, used for waste
overpacking, is not sufficiently well-known.
This contribution investigates the leaching of (1) GP mortars and of (2) interfaces between mature
Portland concrete and geopolymer mortars, by subjecting them to a flux of typical Portland-cement
pore water. Water permeability is measured over time. Mineralogical changes are analyzed by XRD
and SEM+EDX.
When injected with typical concrete pore water (pH=13.3+/-0.1), GP mortar and high performance
CEMV concrete (tested separately) have similar water permeability. When tested as an interfacial GP
mortar/CEMV concrete mock-up, water permeability is on the same order as for the materials tested
alone, and it decreases over time, by a factor of 2.4 within three days testing. This is related to the
release of hydrated sodium carbonate at the outlet of the test cell. These findings are evidence of the
good durability of GP mortars in a Portland concrete environment.
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Reply to review 645_1246_2
This is an interesting study on water permeability of geopolymer mortars, designed for the potential
encapsulation of radioactive magnesium claddings. Some minor comments for the authors:
Thanks for this positive review!
-

The title of the paper does not reflect the content of the study. No leaching results of
geopolymer specimens are reported here, hence this needs to be modified

This was done as suggested. We changed the term leaching to assessing the durability (of geopolymer
mortars and of their interfaces with CEMV concrete).
-

Please specify how many days the specimens were injected prior to XRD analysis

This was done as suggested, see Table 1.
-

In all the water permeability plots, in the y-axis labels, superscripts for the units are needed

This was done as suggested.
-

The XRD results correspond to Sample 1, although in the experimental programme the only
samples described are sample 3, 4 and 2. Please check this.

You are right, we made a mistake by stating in Table 1 that there are 2 interface samples, whereas there
are 3 (sse Fig. 6). In fact, our Table 1 is not sufficiently clear, because it indicates the number (meaning
amount) of samples per type of material. This means that there are 3 CEMV concrete samples named
(1), (2) and (3) (see Fig. 5), 4 samples of geopolymer mortar alone (two without NaF and two with NaF
named (1) and (2) see Fig. 5) and 3 samples of interfaces, named Sample 1, Sample 2 and Sample 3.
The Table description was changed. Thanks for spotting this mistake!
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1.

INTRODUCTION

The French National Agency for Radioactive Waste Management (Andra, Agence Nationale pour la
gestion des Déchets RAdioactifs) currently prepares the industrialization of a deep underground
repository for high level and intermediate level long lived radioactive waste (CIGEO project). In this
context, metallic radioactive waste will be packed in Portland-based concrete matrix, but this solution is
not adapted to magnesium alloy parts, e.g. from fuel claddings. The latter are not chemically stable in
the highly alkaline pore water of Portland-based materials. On the opposite, geopolymer (GP) cements
provide electro-chemical passivation to magnesium alloys, inducing slower corrosion and hydrogen gas
production [Rooses et al. 2013]. However, their durability in presence of Portland concretes, used for
waste overpacking, is not sufficiently well-known.
This contribution investigates the leaching of (1) GP mortars and of (2) interfaces between mature
Portland concrete and geopolymer mortars, by using water permeability as a privileged durability
indicator [Basheer et al. 2001, Baroghel-Bouny 2002, Berndt 2009]. Each sample is subjected to a flux
of typical Portland-cement pore water and water permeability is measured over time for several days.
Mineralogical changes are analyzed by X Ray Diffraction analysis.
2.

MATERIALS AND METHODS

Materials. Geopolymer mortars (GP) are manufactured according to [Lambertin et al. 2013], to achieve
(1 Na2O; 3,8 SiO2; 1 Al2O3; 12 H2O), with a silica sand/metakaolin mass ratio of 1.5. Metakaolin is Argical
M100 by Imerys (France), and silica sand is Fulchiron VX800 LS 0/2mm (France). Prior to mixing, the
metakaolin powder and the sand are mixed together and homogenized. Corrosion inhibitor NaF is added
to the mix for all samples except two (see Table 1), in a proportion of 31.8 g/l mortar. NaF is directly
added to the sodium silicate solution (made with a mix of Betol 39T liquid sodium silicate by Woellner,
Germany, 99% pure NaOH micro-pearls and demineralized water), prior to mixing with the dry solids.
For samples made of GP mortar alone, the fresh mortar paste is poured in 37 mm diameter Viton
polymer jackets over a height of 10-20 mm, and sealed for at least 28 days. High performance concrete
samples, made of CEMV composed Portland cement, are retrieved from the same batch as [Brue et al.
2012, Brue et al. 2017], i.e. they have been kept under lime-saturated water since 2008. They are cored
to cylinders of 37mm diameter and 10-15 mm height, placed in a Viton polymer jacket (ASTM D1418
and ISO 1629) and poured with the same fresh geopolymer mortar paste as the GP mortar samples;
over a height of 10-20 mm, in order to provide CEMV/GP interface mock-ups. These mock-ups are
designed with interfaces perpendicular to the cylinder axis (Figure 1). Curing is performed in a sealed
envelope for at least 28 days. Viton jackets are chosen because they are compatible with the triaxial cell
used for water permeability experiments, i.e. the samples are kept in their tight Viton membrane all over
the duration of curing and water permeability testing. The number and type of samples presented in this
research are given in Table 1.

Figure 1: Principle of the manufacture of the CEMV/GP mock-ups with interfaces perpendicular
to the cylinder axis.
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Table 1: Description of the samples tested in this study.
Durability measurement. For durability assessment, water permeability is chosen as a primary order
parameter, analogous to chloride diffusion coefficient, and more relevant than porosity alone [Basheer
et al. 2001, Baroghel-Bouny 2002, Berndt 2009]. To this purpose, each cylindrical sample is placed in a
triaxial permeability cell [Davy et al. 2005], at a hydrostatic stress of 3 MPa, and subjected to a water
pressure gradient (P1-P0) of 0.5 MPa using a GilsonTM pump (Figure 2). Water permeability is calculated
in the Darcy’s sense, for a uniaxial flow of uncompressible fluid of dynamic viscosity  of 1.0 mPa.s, and
by neglecting gravity, as:
K =  L Qvaverage / A (P1-P0)
where L is the sample length, A is its section area and Q vaverage is the average volumetric flowrate given
by the Gilson pump (in ml/min). Qvaverage is recorded between two successive changes in the values
given by the pump. K is calculated over time for durations of up to several days. Unless otherwise stated,
all K data presented in this contribution are obtained after fluid percolation, i.e. after fluid appears on the
triaxial cell outlet (Fig. 3, left). This requires several days for each sample. The GP mortar is placed after
the CEMV concrete in the cell, so that any matter released by GP mortar degradation is retrieved at the
cell outlet.

Figure 2: Principle of the water permeability experiment using alkaline water mimicking the
CEMV porewater. Inside the cell, in blue: GP mortar, in grey: CEMV concrete.
Synthetic Portland-cement pore water is manufactured by mixing (in this order) 2.67 g/l NaOH, 7.48 g/l
KOH and 0.074 g/l Ca(OH)2, so as to reach a pH of 13.3 +/-0.1 (checked with a Mettler-Toledo phmeter). Carbonation of this water is avoided by continuously flowing argon over its surface (checked by
a dedicated bubbling system).
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X Ray Diffraction (XRD). After several days water injection, CEMV/GP samples may display solid
matter deposited at the sample outlet (Fig. 3 right). These solids are retrieved, dried at 20°C and
analyzed by XRD (when their amount is sufficient). Qualitative XRD is performed using a D8 Advance
Bruker diffractometer, equipped with a Lynx Eye detector and a Cu Kα cathode. The investigated
diffraction angles are from 5 to 80°, with a 0.02°/0.5s step. The analysis uses the EVA phase
identification software (also by Bruker).

Figure 3: Triaxial cell outlet when percolation is obtained (left) and when solid matter is formed
(case of CEMV/GP perpendicular interface – Sample 1, right)
3.

RESULTS AND DISCUSSION

Water permeability K is given in Fig. 4 for GP mortar (four samples) and CEMV concrete (three samples)
all tested alone. Fig. 4 shows that the presence of NaF has a stabilizing effect on the GP water
permeability. From Fig. 5 it is deduced that K is on the same order of magnitude for both CEMV and GP
mortar (10-18 m2), although slightly smaller for GP mortar.
All data for CEMV/GP mortars are given before percolation occurs. For the first CEMV concrete/GP
mortar interface (Sample 1, Fig. 6), K decreases by a factor of 2.4 over three days, with an average
value of 1.6 x 10-17 m2 +/- 0.6 x 10-17 m2 measured during the first three hours, and an average value
after three days of 6.6 x 10-18 m2 +/- 3.4 x 10-18 m2 (measured over about ten minutes). The average K
over the three day period is of 8.5 x 10-18 m2 +/- 8.6 x 10-18 m2. For the two additional interface samples
tested, namely Sample 2 and Sample 3, longer experiment durations show that water permeability
decreases down to values as low as 1.9 x 10-19 m2, obtained 11 days testing of Sample 3. After sample
dismantling, an almost full water saturation is observed, meaning that permeability at saturation is almost
achieved, and on the order of 10-19 m2 or less. Such low permeability is indicative of a difficult and long
fluid passage through the perpendicular CEMV/GP mortar interface, hinting at an excellent durability.
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Figure 4: Water permeability results for GP mortars alone, without NaF (in red) and with NaF (in
green).

Figure 5: Water permeability as a function of time for CEMV concretes (in blue) and GP mortars
(in green) tested individually
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Figure 6: Water permeability as a function of time for a CEMV/GP mortar interface tested
perpendicularly to water flow
Solid matter is retrieved from the cell outlet after the experiment on Sample 1, and analyzed by
qualitative XRD (Figure 7). A sodium carbonate hydrate named thermonatrite Na2CO3.H2O is identified
as the sole phase present, and the amorphous content is negligible. No silicate or aluminate crystalline
phase is observed, nor any significant amount of amorphous matter, which presence would indicate a
significant degradation of the GP cement matrix. As a complementary analysis, X Ray fluorescence
analysis of the solid matter will be conducted to ensure that no chemical element, coming from the GP
paste, could be present as a trace element.

Figure 7: XRD spectra and qualitative identification of the solid matter retrieved at the triaxial
cell outlet after the water permeability experiment on CEMV/GP perpendicular interface
(Sample 1)
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4.

CONCLUSION

This experimental research shows that GP mortar and high performance CEMV concrete have similar
water permeabilities when injected with typical concrete pore water (i.e. highly alkaline water, at
pH=13.3). The permeability of GP mortar is even smaller than that of CEMV concrete. Moreover, when
tested as an interfacial GP mortar/CEMV concrete mock-up (interface perpendicular to fluid flow), water
permeability is on the same order as for the materials tested alone, and it decreases over time, down to
an order of magnitude of 10-19 m2. This is related to the release of a sodium carbonate hydrate at the
outlet of the test cell, which is not indicative of any degradation of the GP cement matrix. These findings
are evidence of the good durability of GP mortars in a Portland concrete environment.
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ABSTRACT
Geopolymer mortars were synthesized using commercially available metakaolin. Four different ratios
of sodium silicate to potassium hydroxide were used. The specimens were initially cured at various
temperatures. The physical and mechanical properties of the produced mortars were evaluated.
Compressive strength test, mercury intrusion porosimetry and x-ray diffraction with Rietveld analysis
were performed. The effect of synthesis approach on various properties is evaluated.
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1.

INTRODUCTION

While the use of ordinary portland cement (OPC) as the primary binder in concrete is convenient, it is
well established that the production of OPC has a negative impact on the surrounding environment.
Previous studies reported that the production of one tone of OPC releases one tone of carbon dioxide
(Hardjito & Rangan, 2005). Hence, the search for environmentally friendly alternatives became the
target of several researches.
Alkali-activation was discovered in the 1940’s as a successful technique for enhancing the pozzolanic
properties of calcium-rich aluminosilicate minerals (Lee, 2002). Using asimilar concept, a new material
called geopolymer was introduced by professor Joseph Davidovits in 1978 (Davidovits, 1989).
Geopolymer is known for its excellent mechanical properties, as well as its fire resistance (Sun, 2006).
Geopolymer can be used as a cement for concrete and mortar, as a material for coating and
adhesives, and also as a binder for fiber composites and waste encapsulation (Davidovits, 2008).
Geopolymer can be synthesized by reacting material rich in aluminum (Al) and silicon (Si) with high
alkaline solutions. In previous studies, class N pozzolans and metakaolin were considered as a source
of Al and Si to synthesize the geopolymer (Alonso & Palomo, 2001a, 2001b; Bondar, Lynsdale,
Milestone, Hassani & Ramezanianpour, 2011; Duxson et al., 2007). The alkaline solution, in most
cases, is a combination of alkaline silicate solution and alkali hydroxide solution. Bakharve (2006)
reported that using a potassium based alkaline activator to synthesize the geopolymer increases the
thermal stability of the final product.
The polymerization is a fast reaction and the required curing period is within 48 hours. Although the
geopolymer could be cured at ambient temperatures, higher curing temperatures (up to 90° C)
enhance the polymerization and improve the compressive strength of the final product (Hardjito et al.,
2004).
The objective of this study was to experimentally evaluate the effect of the type of alkaline solution and
curing regime on the compressive strength, crystal structure, and microstructure of the metakaolinbased geopolymer mortars.
2.

EXPERIMENTAL PROGRAM

2.1

Materials

In order to maintain a constant mixing temperature, the materials used to prepare the metakaolinbased geopolymer mortars were stored at a room temperature of 23±2°C. Additionally, the materials
were taken from the same batch to minimize differences that could arise from using different material
batches. The materials used in this study included the following:


Metakaolin: ASTM C 618 class N pozzolan prescribed as “high reactivity metakaolin” with the
commercial name Burgess Optipozz. The metakaolin was supplied by Burgess Pigment. X-ray
fluorescence spectroscopy (XRF) results of the metakaolin are illustrated in Table 1, and the
X-ray diffraction (XRD) results are shown in Figure 1.



Fine Aggregate: well-graded natural sand with a bulk specific gravity of 2.72, absorption of
0.65%, a water content of 0.18%, and a fineness modulus of 2.67 was used.



Sodium Silicate Solution: a 3.22 weight ratio of sodium silicate was used, which was a 37.5%
solution in water having a pH of 11.3 and a specific gravity of 10.62 lbs/gal (~28.7% silica to
~8.9% sodium oxide).



Potassium Hydroxide (KOH): potassium hydroxide pellets with 85% minimum potassium
hydroxide, 2% maximum potassium carbonate, and 10-15% water were used.
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Water: distilled water was used to avoid impurities that may be introduced by local tap
water having a 298 parts per million (ppm) hardness, categorized as ‘very hard’ (LVVWD,
2012).
Table 1. Metakaolin X-ray fluorescence spectroscopy.

Oxide

Metakaolin
wt%

Element

Detection
limit

Metakaolin
(ppm)

SiO2

52.62

Sc

5

26

Al2O3

45.00

V

5

289

TiO2

1.391

Ni

-

43

Fe2O3

0.51

Cu

-

34

MgO

0.00

Ga

5

70

Na2O

0.49

Rb

5

11

K2O

0.25

Sr

5

108

MnO

0.003

Y

5

13

CaO

0.12

Zr

5

89

P2O5

0.096

Nb

5

32

Total

100.48

Ba

20

420

La

20

74

Hf

5

0

Pb

10

49

H2O-

0.25

Th

10

33

H2O+

1.17

U

5

0

Figure 1. X-ray diffraction analysis of metakaolin
2.2

Specimen Preparation

A potassium hydroxide (KOH) solution with a concentration of 7.5 M was prepared by dissolving
potassium hydroxide pellets in distilled water. The KOH was prepared 24 hours before the mixing of
the metakaolin-based geopolymer mortars. Saturated surface dry (SSD) condition, as specified by
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ASTM C 128 (2000), was maintained for the fine aggregate before mixing to avoid the absorption of
the alkaline solution by the fine aggregate. Four different mixtures were prepared using different ratios
of sodium silicate to potassium hydroxide: 0.75, 1.00, 1.25 and 1.50. The alkaline solution to
metakaolin ratio and the sand to metakaolin ratio were kept constant at 1.45 and 2.75 respectively.
These ratios were chosen in order to maintain a flow of 110 ± 5% following the mortar flow test
illustrated in ASTM C 109 (2002). Using an electrically driven mechanical mixer of the kind equipped
with a paddle and a mixing bowl, as specified by ASTM C 305 (1999), the mixing procedure was
carried in three steps. In the first step, the metakaolin and sodium silicate were mixed for 5 minutes.
Subsequently, the potassium hydroxide was added over 30 seconds followed by mixing for 5 minutes.
At the final step, the fine aggregate was introduced over 1.5 minutes and the final product was mixed
for 4.5 minutes. The total mixing time was 16.5 minutes. The specimens were prepared using a 2 inch
cube plastic molds in two layers, each layer was vibrated for a minute. After molding, the specimens
were put for an hour at room temperature (23±2°C) inside of heat resistant plastic bags that retain
humidity. A period of three days was chosen for the initial curing. During this period, the specimens
were cured inside a forced air drying oven. Three different initial curing temperatures were used: 45°,
60°, and 75°C, to evaluate the effect of initial curing temperature on the properties of the geopolymer
mortars. To avoid any potential thermal cracking associated with rapid cooling, at the end of the curing
period, the oven was turned off and the specimens were left to cool to room temperature for 6 hours
inside of the oven. Three specimens were used to compute the three days compressive strength;
meanwhile, the rest of the specimens were kept at room temperature in a sealed container until further
testing. Table 2 provides information about the 12 different metakaolin-based geopolymer mixtures
used in this study. The mixtures names, ratios of sodium silicate to potassium hydroxide, and initial
curing temperatures are illustrated in Table 2.
Table 2. Compressive strength of metakaolin-based geopolymer mortars

3.
3.1

Compressive
strength (psi)

Geopolymer
Mortar Name

Initial curing
Temperature
°C

sodium silicate to
Potassium
hydroxide liquid
ratio by mass

3 Days
(Mpa)

7 Days
(Mpa)

A1

75

0.75

29.51

29.48

A2

75

1.00

30.47

31.03

A3

75

1.25

32.13

34.27

A4

75

1.50

9.45

9.47

B1

60

0.75

24.32

25.12

B2

60

1.00

28.06

28.06

B3

60

1.25

28.27

31.36

B4

60

1.50

7.45

9.45

C1

45

0.75

24.27

24.13

C2

45

1.00

27.03

27.10

C3

45

1.25

27.49

29.09

C4

45

1.50

9.03

11.72

EXPERIMENTAL PROGRAM
Compressive Strength

The compressive strength test was performed according to ASTM C 109 using a hydraulic operated
machine. The testing was conducted on specimens at day 3 and day 7.
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3.2

Porestructure Analysis

The pore structure of the geopolymer mortars was studied through the mercury intrusion porosimetry
test (MIP) using Micromeritics AutoPore IV mercury porosimeter. Pea-sized samples were used to
perform the MIP. At the age of 14 days the samples were dried in a conventional oven at 60°C for 24
hours. The samples were left to cool to room temperature inside of the oven before they were
transferred to a desiccator, under low pressure (-23 INHG from the atmosphere) for 24 hours. The MIP
test establishes a relationship between the cumulative intrusions and the pore diameter of the tested
specimens, estimates the percentage of the micropores )under 0.1μm in diameter), and determined
the threshold diameter, which is the diameter of the smallest pore that is continuous throughout the
sample (Garboczi, 1990).
4.

RESULTS AND DISCUSSION

4.1

Metakaolin Based Geopolymer Mortars Compressive Strength

Two factors that affect the compressive strength are discussed in this section. These three factors are
the curing temperature, and the sodium silicate to potassium hydroxide ratio. The compressive
strength results for all the metakaolin based geopolymer mortars are illustrated in Table 2.
4.1.1

Effect of the Curing Temperature and the Age of Testing

Figures 2 shows the relationship between the three day compressive strength of the metakaolin-based
geopolymer mortars and the initial curing temperature for mortars prepared using different sodium
silicate to potassium hydroxide ratio. In general, the metakaolin-based geopolymer mortars
compressive strength increased with the increase of the initial curing temperature within the tested
range. Table 2, which presents the compressive strength test results for different metakaolin-based
geopolymer mortars, shows that increasing the initial curing temperature from 45°C to 60°C had no
major effect on the geopolymer mortars compressive strength with an increase of up to 1.03MPa
(3.8%). On the other hand, increasing the initial curing temperature from 60°C to 75°C, caused an
increase in the metakaolin-based geopolymer mortars 3 day compressive strength ranging between
2.00 and 5.18 MPa (8.6% to 26.85%). Figure 3 illustrates the increase in the 3 days compressive
strength for metakaolin-based geopolymer mortars made with different sodium silicate to potassium
hydroxide ratios associated with increasing the initial curing temperature from 45°C to75°C. As
presented in Figure 3, mixture with a sodium silicate to potassium hydroxide ratio of 0.75 showed the
highest increase in strength of 5.24 MPa (21.6%).
Table 2 shows that the metakaolin-based geopolymer mortars change in compressive strength with
age was insignificant. This seems to agree with the findings by Kong and Sanjayan (2008); Lloyd and
Rangan (2009).

Figure 2.The effect of the initial curing temperature on the 3 day compressive strength of
metakaolin-based geopolymer mortars for different sodium silicate to potassium hydroxide
ratios
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Figure 3.The effect of increasing the curing temperature from 45 to75°C on the 3 day
compressive strength of metakaolin-based geopolymer mortars for different sodium silicate to
potassium hydroxide ratios
4.1.2 Effect of the Sodium Silicate to Potassium Hydroxide Ratio
Figure 4 shows the relationships between the sodium silicate to potassium hydroxide ratio and the
metakaolin-based geopolymer mortars compressive strength for mortars cured at different initial curing
regimes. As shown in Figure 4, the optimum sodium silicate to potassium hydroxide ratio required to
acquire the highest compressive strength was 1.25. Figure 4 also shows that increasing the sodium
silicate to potassium hydroxide ratio to 1.50 caused a rapid decrease in the compressive strength.
This decrease is related to the access of the sodium silicate in the geopolymer which delays water
evaporation and structural formation (Kong and Sanjayan, 2008).

Figure 4. The effect of the alkaline solution on the 3-day compressive strength of metakaolin
based geopolymer mortars for different initial curing temperatures
4.2

Mercury Intrusion Porosimetry (MIP)

Four geopolymer mortars (A1, A3, and C3) that reported relatively high compressive strength having
sodium silicate to potassium hydroxide ratios of 0.75 and 1.25 were used to study the pores structure
of the metakaolin-based geopolymer using mercury intrusion porosimetry (MIP). The MIP results are
illustrated in Table 3 and Figure 8. Table 3 shows that increasing the initial curing temperature from
45°C (C3) to 75°C (A3) caused a reduction in the threshold diameter and an increase in the
percentage of micropores. This finding aliens with the reported higher compressive strength for
specimens that were initially cured at 75°C. On the other hand, changing the sodium silicate to
potassium hydroxide ratio from 0.75 to 1.25 did not significantly change the MIP test results. Figure 8
shows the relationship between cumulative intrusion and the pore diameter for all tested geopolymer
mortars. From Figure 8, the MIP tests for A2 and A3 yielded relatively similar results.
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Table 3. MIP results for metakaolin-based geopolymer mortars

Mixture

Threshold Pore
Diameter (μm)

Percentage of Small Pores
(<0.1μm) (%)

A1

0.08

85.98

A3

0.08

87.49

C3

0.10

82.72

Figure 8. Relationship between the threshold diameter and the cumulative intrusion for
metakaolin-based geopolymer mortars
5.

CONCLUSION

Metakaolin-based geopolymer mortars made with different alkaline solutions and cured under various
temperatures were evaluated in the current study. For the range of studied parameters, the following
can be concluded:
Metakaolin-based geopolymer specimens made with sodium silicate to potassium hydroxide ratio of
1.25 and cured at 75°C yielded the highest 3 days compressive strength of 32.13 MPa.
Increasing the sodium silicate to potassium hydroxide ratio beyond the optimum ratio causes a rapid
reduction in the compressive strength. This reduction is caused by the access of sodium silicate in the
geopolymer.
Higher compressive strength was obtained by increasing the initial curing temperature within the
testing range.
There was no significant change in the geopolymer mortar compressive strength after the initial curing.
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ABSTRACT
The French National Agency for Radioactive Waste Management (Andra, Agence Nationale pour la
gestion des Déchets RAdioactifs) currently prepares the industrialization of a deep underground
repository for high level and intermediate level long lived radioactive waste (CIGEO project). In this
context, metallic radioactive waste should be packed in Portland-based concrete matrix, but this
solution is not adapted to metallic aluminium parts. The latter corrode quickly, with significant
hydrogen gas production, in the highly alkaline pore water of Portland-based materials. Among varied
alternatives, magnesium potassium phosphate cements (MPC) have a porewater pH providing electrochemical passivation to metallic aluminium. However, MPC durability in presence of Portland cementbased concretes, used for waste overpacking, is not sufficiently well-known.
This contribution investigates the leaching of (1) MPC mortars and of (2) interfaces between mature
high performance concrete from blended Portland cement (clinker + fly ash + blast furnace slag) and
MPC mortars, by subjecting them to a flux of typical Portland-cement pore water. Permeability K is
deduced in the Darcy’s sense.
MPC mortar and high performance Portland concrete have stable and similar water permeabilities.
When tested as MPC mortar/Portland concrete interfaces, K decreases by one to two orders of
magnitude, depending on the initial sample state (K of Sample 1, decreasing by two orders of
magnitude, had been injected previously with isopropanol). These findings are evidence of the good
durability of MPC mortars in a Portland concrete environment. Further research is planned to
investigate the mineralogical changes explaining the permeability decrease.
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Reply to review 645_1248_1
This study reports some results of water permeability of MPCs compared with CEM V based
materials. The paper needs a detailed revision before it can be accepted. This paper is very similar
study submitted by potentially the same group of authors, studying geopolymer cements.
Considering both studies will be included in the same proceedings, it is recommended to make
some significant changes in the text, so these two documents do not read so similar.
You are entirely right, this contribution is the sister contribution to that on interfaces between
geopolymers and CEMV concrete. We thought that there was sufficient results in both cases to
justify two contributions, but this was a hard decision to make. The aim is to give the best possible
coverage to this research.
-

The title indicates that leaching results are presented in this study, which is not the case. This
needs to be changed.
This was done as suggested. We changed the term leaching to assessing the durability (of MPC
mortars and of their interfaces with CEMV concrete).
-

It is not clear what is the difference among the different CEM V and MPCs, whose results are
reported in Figure 4, as this is not explained in the experimental methodology.

Table 1 was not sufficiently clear, so we clarified that there are 3 CEMV concrete samples tested
during the study (identical to those tested in our companion study on geopolymer/CEMV concrete
interfaces), 2 MPC mortars (without interfaces with CEMV) and two interfaces between MPC and
CEMV concrete. Test duration for each sample has also been added.
-

Figure 4 & 6 – the units of the labels of the y-axis need superscripts.

This was done as suggested.
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1.

INTRODUCTION

The French National Agency for Radioactive Waste Management (Andra, Agence Nationale pour la
gestion des Déchets RAdioactifs) currently prepares the industrialization of a deep underground
repository for high level and intermediate level long lived radioactive waste (CIGEO project). In this
context, metallic radioactive waste should be packed in Portland-based concrete matrix, but this solution
is not adapted to aluminium parts. The latter corrode quickly, with significant hydrogen gas production,
in the highly alkaline pore water of Portland-based materials (pH on the order of 13). Among varied
alternatives, magnesium potassium phosphate cements (MPC) have a porewater pH in the range
between 5 and 8. This provides electro-chemical passivation to metallic aluminium (pH necessary
ranging between 4 and 9). Slower corrosion and hydrogen gas production are promoted [Cau-DitCoumes et al. 2014, Lahalle et al. 2016]. However, MPC durability in presence of Portland cementbased concretes, used for waste overpacking, is not sufficiently well-known.
This contribution investigates the leaching of (1) MPC mortars and of (2) interfaces between mature
Portland concrete and MPC mortars, by using water permeability as a privileged durability indicator
[Basheer et al. 2001, Baroghel-Bouny 2002, Berndt 2009]. Each sample is subjected to a flux of typical
Portland-cement pore water and water permeability is measured over time for several days.
Mineralogical changes are analyzed by X Ray Diffraction analysis.
2.

MATERIALS AND METHODS

Materials. MPC mortars are manufactured according to [Cau-Dit-Coumes et al. 2014], where cement
denotes MgO and KH2PO4. We use cement powder proportions (wt%): MgO: 22.9%; KH 2PO4: 77.1%;
fly ash: 100%; H3BO3 = 1.5%, a water to cement ratio (W/C) of 0.56, and a silica sand/cement mass
ratio (S/C) of 0.49. Corrosion inhibitor LiNO 3 is added to the mix, with LiNO3=2.0wt% of the cement
powder mass. Half of the fresh mortar paste is poured in 37 mm diameter Viton polymer jackets over a
height of 10-20 mm, and sealed for at least 28 days.

Figure 1: Principle of the manufacture of the CEMV/MPC mock-ups with interfaces
perpendicular to the cylinder axis (which is also the water flow axis).
High performance concrete samples, made of CEMV composite Portland cement, are retrieved from the
same batch as [Brue et al. 2012, Brue et al. 2017], i.e. they have been kept under lime-saturated water
since 2008. They are cored to cylinders of 37 mm diameter and 10-15 mm height, placed in a Viton
polymer jacket (ASTM D1418 and ISO 1629) and poured with the other half of the fresh MPC mortar
paste over a 10-20 mm height to provide CEMV/MPC interface mock-ups with interfaces perpendicular
to the cylinder axis (Figure 1). Curing is performed in a sealed container for at least 28 days. Viton
jackets are chosen because they are compatible with the triaxial cell used for water permeability
experiments, i.e. the samples are kept in their tight Viton membrane all over the duration of curing and
water permeability testing. The number and type of samples presented in this research are given in
Table 1.
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Table 1: Description of the samples tested in this study.
Durability measurement. For durability assessment, water permeability is chosen as a primary order
parameter, analogous to chloride diffusion coefficient, and more relevant than porosity alone [Basheer
et al. 2001, Baroghel-Bouny 2002, Berndt 2009]. To this purpose, each cylindrical sample is placed in a
triaxial permeability cell [Davy et al. 2007], at a hydrostatic stress of 3 MPa, and subjected to a water
pressure gradient (P1-P0) of 0.5 MPa using a GilsonTM pump (Figure 2). Water permeability is calculated
in the Darcy’s sense, for a uniaxial flow of uncompressible fluid of dynamic viscosity  of 1.0 mPa.s, and
by neglecting gravity, as:
K = L Qvaverage / A (P1-P0),
where L is the sample length, A is its section area and Qvaverage is the average volumetric flowrate given
by the Gilson pump (in ml/min). Qvaverage is recorded between two successive changes in the values
given by the pump. K is calculated over time for durations of up to several days. Unless otherwise stated,
all K data presented in this contribution are obtained after fluid percolation, i.e. after fluid appears on the
triaxial cell outlet (Fig. 3, left). This requires several days for each sample. The MPC mortar is placed
after the CEMV concrete in the cell, so that any matter released by MPC mortar degradation is retrieved
at the cell outlet.

Figure 2: Principle of the water permeability experiment using alkaline water mimicking the
CEMV porewater. Inside the cell, in blue: GP mortar, in grey: CEMV concrete.
Synthetic Portland-cement pore water is manufactured by mixing (in this order) 2.67 g/l NaOH, 7.48g/l
KOH and 0.074g/l Ca(OH)2, so as to reach a pH of 13.3 +/-0.1 (checked with a Mettler-Toledo ph-meter).
Carbonation of this water is avoided by continuously flowing argon over its surface (checked by a
dedicated bubbling system).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
X Ray Diffraction (XRD). After several days water injection, MPC or CEMV/MPC samples may display
solid matter deposited at the sample outlet (Fig. 3 right). These solids are retrieved, dried at 20°C and
analyzed by XRD (when their amount is sufficient). Qualitative XRD is performed using a D8 Advance
Bruker diffractometer, equipped with a Lynx Eye detector and a Cu Kα cathode. The investigated
diffraction angles are from 5 to 80°, with a 0.02°/0.5s step. The analysis uses the EVA phase
identification software (also by Bruker).

Figure 3: Triaxial cell outlet when percolation is obtained (left) and when solid matter is formed
(case of CEMV/MPC perpendicular interface – Sample 1, right)
3.

RESULTS AND DISCUSSION

Water permeability K is given in Fig. 4 for CEMV concrete (three samples) and MPC mortar (two
samples) tested alone. For CEMV concrete, K is on average 3.4x10-18 m2 (+/-1.9x10-18 m2). Permeability
for MPC mortars is stable and very close to values for CEMV, with an average of 8.6 x10-18 m2 (+/7.0x10-18 m2), but within a wider range. In particular, Sample n.1 has a small K value of 1.6 x10 -18 m2
(+/-0.3x10-18 m2), while Sample n.2 has a greater K of 16.0 x10-18 m2 (+/-15.0x10-18 m2). After seven
days water injection, the release of solid matter is observed at the triaxial cell outlet, while no liquids are
present. The released solid matter is identified by qualitative XRD analysis as two different phases,
namely potassium nitrate KNO3, in relation with the presence of corrosion inhibitor LiNO3, and arcanite
K2SO4, attributed to the presence of sulfates in fly ash (Figure 5). Despite this, the water permeability of
Sample n.1 remains stable over the test duration.
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Figure 4: Water permeability as a function of time for CEMV concretes (in blue) and MPC
mortars (in green) tested individually

Figure 5: XRD results after 7 days water injection on a MPC mortar sample (Sample n.2)
Comparatively, for two distinct CEMV concrete/MPC mortar interfaces (Fig. 6), K decreases significantly
for about two weeks, by one or two orders of magnitude, before stabilizing at an asymptotic value. For
Sample n.1, the initial K is of 5.9 x10-18 m2 (+/-2.3x10-18 m2), and it is at 9.3 x10-20 m2 (+/-3.4x10-20 m2)
after 28 days water injection. Before injection by cement water, this sample had been injected with
isopropanol for one month, because this fluid was initially thought to have very limited interactions with
the MPC solid matrix. The decrease of K by two orders of magnitude within 28 days is attributed to the
chemical destabilization of the pore water (and potentially of the MPC solid matrix) by isopropanol.
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Figure 6: Water permeability as a function of time for CEMV/MPC mortar interfaces tested
perpendicularly to water flow
For Sample n.2, the initial K is of 1.9 x10-17 m2, and it is at a stable value of 3.1 x10-18 m2 (+/-1.2x10-18
m2) after 15 days water injection. This value is within the range measured for MPC samples alone (Fig.
2), meaning that the permeability of MPC mortar drives the overall permeability of the CEMV/MPC
interfaces. For Sample n.1, some solid matter is observed at the permeability cell outlet after 28 days,
but in too small quantity to be analyzed by XRD. No solid matter is observed at the cell outlet for Sample
2 (tested for 15 days).
4.

CONCLUSION

This experimental research shows that MPC mortar and high performance CEMV concrete have similar
water permeabilities when injected with typical concrete pore water (i.e. highly alkaline water, at
pH=13.3). MPC mortars have a stable permeability despite the release of arcanite and potassium nitrate
over 7 days testing. When testing perpendicular interfaces between CEMV concrete and MPC mortar,
water permeability decreases by one to two orders of magnitude, depending on the initial sample state.
Only very limited amount of solid matter is released from these interface mock-ups, despite up to 28
days experiment, not allowing any chemical analysis by XRD. These findings are evidence of the good
durability of MPC mortars in a Portland concrete environment. Further research is planned to investigate
the mineralogical changes explaining the permeability decrease.
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ABSTRACT
In the search for new eco-cements it has been found that ternesite (2C2S·CaSO4), which has
traditionally been regarded as a hydraulically inactive phase, can be activated by aluminum hidroxides
(AH3) and some calcium aluminates. This research, in particular, studies the role of ternesite on C3A
hydration, with and without gypsum. After laboratory synthesis, C3A was blended with ternesite,
gypsum and ternesite+gypsum. The early hydration of those blends was monitored with isothermal
conduction calorimetry at 25 °C for 7 days. The resulting pastes were analysed with XRD, FTIR and
DTA/TG. Additionally, mixtures of C3AH6 and ternesite in water were prepared in order to study their
compatibility. The calorimetric results showed a higher total heat per gram of aluminate in the sample
containing gypsum and ternesite than in the sample C3A+ternesite. XRD diffractograms and DTG-TG
analysis revealed the presence of AFm in all the samples with gypsum but not in C3A+ternesite which
shows no evidence of ternesite activation by C3A.
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1.

INTRODUCTION

It was not until 2013 when it was proven that ternesite (C 5S2𝑆̅), a mineral found as crusts in areas of
the kiln where temperature reaches less than 1250ºC (Ben Haha et al. 2015) or in belite containg CSA
cements with and excess of anhydrite and in which temperatures reach ≤1200ºC (Bullerjahn et al.
2015), has hydraulic activity in the presence of amorphous AH 3 as reported by Bullerjahn et al. (2014)
yielding ettringite, strätlingite and C-S-H as hydration products.
Synthetic calcium aluminates such as C12A7, CA and C4A3𝑆̅ (ye’elimite), which are among the variable
phases of CSA clinkers, activate ternesite with varying degrees of effectiveness as shown by Montes
et al. (2018). C12A7 and CA activate ternesite more intensively than ye’elimite, yielding the former two
the same hydration products, AFm (C3A.C𝑆̅.H12) and strätlingite (C2ASH8) and the latter AH3 and AFm.
Recent studies (Montes et al., unpubl.) on the influence of gypsum in the reactivity of blends of
ternesite with C12A7 or CA revealed that ternesite is still activated by both aluminates but the presence
of other source of sulfates reduces its reactivity. On the hydration of CSA clinkers containing ternesite,
the phase is active (Bullerjahn et al. 2015). However, it also was reported that the oversaturation of
Al(OH)4- in the pore solution and the presence of sulfates, different from gypsum and anhydrate, can
hinder ternesite dissolution (Bullerjahn et al. 2014).
Given the increasing interest of CSA binders as reduced-carbon footprint cements, studies on the
reactivity of ternesite are of special relevance as shown by recent developments of “belite-(ferrite)ye’elimite-ternesite” cements (Dienemann et. al. 2013; Gartner & Hirao, 2015). However, there is still
insufficient knowledge on the reactivity of ternesite as the hydration kinetics varies notably depending
on the amount of sulfates in the systems. To gain more knowledge, in this study was explored the role
of gypsum on the reactivity of ternesite in the ternary system, ternesite+C3A+gypsum.
2.

EXPERIMENTAL

C3A and ternesite were synthesised from stoichiometric blends of laboratory-grade CaCO3, SiO2,
Al2O3 and gypsum (CaSO4·2H2O) and their phase purity, verified by the Rietveld refinement method:
ternesite (94.0 % C5S2 + 6.0 % C2S) and C3A (100%). Particle size distribution of ternesite, C3A and
gypsum was determined on a Malvern Mastersizer S particle size analyser fitted with 632.8 nm He-Ne
laser optics (Figure 1) being their respective mean diameter (D[4,3]) 35.13; 21.17 and 107.14 μm.
Blends of C3A+gypsum, C3A+ternesite and C3A+ternesite+gypsum were prepared to the following
ratios by weight: C3A/gypsum=2.5/0.5; C3A/ternesite=1/2; and C3A/gypsum/ternesite = 1/0.2/1.8 and
mixed with water in a liquid/solid ratio = 0.7. The hydration of the samples (3 grams of solid and 2.1 g
of water) at 25ºC was monitored on a Thermometric TAM Air isothermal conduction calorimeter for 7
d.
To stop hydration, crushed samples were submerged in acetone for 10 min followed by gentle vacuum
for 1 h to eliminate the solvent and then characterized on a Bruker D8 Advance X-ray diffractometer
(2θ range=5-60º; step size=0.019746º; step time= 0.5 s); a Thermo Scientific Nicolet 600 FTIR
spectrometer (spectral resolution=4 cm -1); and a TA Instruments Q600 TGA-DSC-DTA differential
gravimetric analyser (T range=ambient to 1000ºC; ramp rate=10ºC/min; nitrogen flow rate=100
mL/min).
A supplementary study on the compatibility of C3AH6 with ternesite was carried out through FTIR
spectroscopy. First, C3AH6 was obtained by hydrating the synthesized C 3A (5g C3A in 200ml water) at
80 °C with magnetic stirring for 10 days. Most of the XRD reflections of the synthetic phase were
attributed to C3AH6 with small peaks assigned to C3A and calcium monocarboaluminate hydrate.
Through TG-DTG analysis, which shows a main inflection in its DTG curve at 286ºC, its purity was
quantified: 86% C3AH6, 7.9% C3A and 6% calcium monocarboaluminate hydrate. Ternesite and C3AH6
were mixed on a stoichiometric ratio of 1:1 with excess of water and stirred for another 10 days at
room temperature when the reaction was stopped as previously described.
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Figure 1. Particle size distribution of synthethic C3A and ternesite and of commercial gypsum
(From Montes et al. 2018)
3.

RESULTS

3.1

Isothermal conduction calorimetry

Figure 2 shows the heat flow and heat of hydration curves for C 3A with ternesite and
gypsum+ternesite per gram of aluminate at 25ºC. For sample of C 3A mixed with ternesite there is only
an exothermal peak due to the species dissolution after which heat flow slowly declines to zero at 7.5
hours. On C3A+gypsum+ternesite blend, the decrease of the heat flow after dissolution was more
abrupt reaching 0.002 W/g at 4 hours, however as it happens in C3A+gypsum systems (Pommersheim
& Chang, 1988) after the induction period, that lasted 6 hours, a second exothermal peak was
recorded as a result of gypsum consumption. Until the appearance of that second peak at 10 hours,
total heat released by C3A+ter blend was higher than that of C3A+ter+gyp mix. After that, more heat
was emitted by C3A+ter+gyp than C3A+ter and after 7 days, the total heat released per gram of
aluminate by the former blend was 1.8 times higher than that of the latter.
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Figure 2. Heat flow (a) and heat of hydration (b) curves of C3A+ternesite and
C3A+ternesite+gypsum at 25ºC per gram of aluminate
3.2

XRD

The XRD patterns for the 7-day pastes, C3A+ternesite, C3A+ter+gyp and C3A+gypsum as a reference
are shown in Figure 3 with the one of synthetic ternesite.
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The main hydration product for 7-day C3A+gypsum mix was AFm-12 (C3A.C𝑆̅.H12) accompanied by
C4AH19 and calcium hemicarbolauminate (C3A.C𝐶̅ 0.5.H12) as reported in literature (Black et al. 2006)
and unreacted C3A.
The diffractogram for the C3A+ternesite paste mainly exhibited reflections attributed to the anhydrous
phases. The presence of poorly crystallized hemicarboaluminate and C3AH6 as it points the broadness
of their respective strongest peaks 2θ 10.8º and 17.3º was also recorded.
On the XRD pattern of the C3A+ter+gyp paste were identified peaks associated with AFm-12, poorly
crystallized hemicarboaluminate, ternesite and C3A.
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Figure 3. XRD patterns for ternesite and 7-day hydrated pastes: C3A+ternesite
C3A+gypsum+ternesite, C3A+gypsum. T=ternesite; AFm = calcium monosufoaluminate
hydrate; Hc = calcium hemicarboaluminate hydrate; K= C 3AH6

To further identify the presence of poorly crystalline hydrates, FTIR spectra of the aforementioned 7day pastes were also recorded (Figure 4).
The three spectra exhibited O-H stretching bands in the 4000-3000 cm-1 range and a band at 1650
cm-1 from H-O-H bending generated by hemicarboaluminate and monosulfoaluminate hydrates. Bands
in the region of 1450-1300 cm-1 are attributed to the vibration of CO32- groups, specifically signal at
1368 cm-1 is characteristic of hemicarboaluminate (Horgnies et al. 2013).
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In C3A+ter and C3A+ter+gyp were identified some of the characteristics band of ternesite at 1153,
1121 and between 947-837 cm-1 (Chukanov 2014). Regarding C3A, its presence was only observed in
samples containing ternesite (band at 894 cm -1; Fernández-Carrasco et al. 2012).
At 1100 cm-1 in C3A+gyp and C3A+ter+gyp was identified the characteristic S-O stretching band of
SO42- groups in calcium monosulfoaluminate hydrate and below 900 cm -1, they were recorded Al-O
vibrations generated by calcium aluminate hydrates.
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Figure 4. FTIR spectra for 7-day hydrated pastes: C3A+ternesite C3A+gypsum+ternesite,
C3A+gypsum
To explore the hydraulic activity of ternesite in the presence of C 3AH6, FTIR spectrum of C3AH6+ter
paste hydrated for 10 days was also recorded (Figure 5). No products of hydration were identified,
only bands attributed to the individual species blended together (C 3AH6 main distinctive signal at 3664
cm-1; Horgnies et al. 2013); ternesite characteristic bands at 1155, 1123, 945,876 and 517cm-1
(Chukanov 2014)) which indicated that bot phases are compatible.
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Figure 5. FTIR spectrum of synthetic C3AH6 and of C3AH6+ternesite paste hydrated for 10 days
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3.3

TG-DTG

Finally, TG-DTG analyses were carried out on 7-day hydrated pastes (Figure 6). Results are
consistent with previous findings. Only on the samples containing gypsum, C 3A+gyp and C3A+ter+gyp,
were identified the main peaks of loss of interlayer water of AFm (81, 111 and 171ºC; (Lothenbach et
al. 2017)).
On the three pastes, main dehydration peak of hemicarboluminate was recorded at 149ºC and its CO 2
loss above 800ºC (Huang et al. 2014). Dehydroxylation weight loss of aluminium hydroxide mainly
from AFm and hemicarboluminate was identified between 200-300ºC also in all the samples
(Lothenbach et al. 2017).
In C3A+ter, the presence of C3AH6 was inferred from the inflection in DTG curve at 276ºC. AH3 could
also be present as an amorphous phase (Zhang et al. 2018)
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Figure 6. TG (a) and DTG (b) analysis of C3A+gypsum; C3A+ternesite and
C3A+ternesite+gypsum (DTG curves vertical displaced for better visualization)
4.

DISCUSSION

Heat flow curves of samples containing C3A+ ternesite exhibited a single exothermal dissolution peak,
unlike analogous samples with C3A+ternesite+gypsum and C3A+gypsum systems that shows a
second one after gypsum consumption as described in the literature (Quennoz & Scrivener 2012).
After 7 days of hydration in samples with gypsum and with and without ternesite, AFm-12 is the main
hydration product as found through XRD, FTIR and TG analysis whereas for C3A+ternesite they were
C3AH6 and calcium hemicarboaluminate (C3A.C𝐶̅ 0.5.H12). Unreactive ternesite and C3A were also
found after 7 days in their respective blends. From these results, no evidence of ternesite activation
can be reported in the presence of C3A, regardless of the gypsum content unlike CA and C 12A7 that
recently were found to be ternesite activators, specially in the absence of gypsum. Ternesite hydration
in the presence of those aluminates yielded AFm and strätlingite with the amount of undissolved
ternesite being 59-75% at 7 days (Montes et al. unpubl.). In the presence of another ternesite
activator, AH3, ettringite precipitation was reported (Ben Haha et al. 2015).
Neither can C3AH6 activate ternesite after 10 days of hydration as also found with infrared
spectroscopy since no reaction products were formed.
5.

CONCLUSIONS

Further to XRD, FTIR, TG-DTG and calorimetric analyses, C3A cannot be regarded to activate
ternesite at 25ºC for 7 days in its own and therefore neither in the presence of gypsum. Neither C3AH6
in the absence of gypsum after 10 days of hydration is a ternesite activator.
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Ternesite hydration in the presence of C3A produces C3AH6 and calcium hemicarboaluminate
(C3A.C𝐶̅ 0.5.H12) whereas in the presence of C3AH6.no hydration products apart from the hydrated
aluminate precipitated. The reaction of ternesite with C3A and gypsum yields also calcium
hemicarbolauminate hydrate, due to the contact of the paste with atmospheric CO2, and calcium
monosulfoaluminate hydrate (C3A.C𝑆̅.H12) as a result of C3A and gypsum reaction that raises the heat
of hydration per unit of aluminate in C3A paste with ternesite at 25ºC.
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ABSTRACT
In the context of radioactive waste conditioning, geopolymer (GP) cements are widely investigated as
alternatives to Portland cement based cements, when direct contact with the highly alkaline pore water
of Portland cements induces excessive interactions and degradation of the waste.
Moreover, owing to the current regulations existing for radioactive waste storage, interactions between
GP and Portland cements are expected. The durability of GP cements in contact with Portland
cements, and in particular with their pore water (pH on the order of 13), needs to be investigated.
In this contribution, durability is assessed through leaching experiments. The GP mortar is injected
with a pressure gradient of synthetic Portland cement pore water. Its water permeability is deduced in
the Darcy’s sense over several days testing. Water carbonation is avoided by continuously flowing
argon over the water container. Preliminary results show that GP mortars made with metakaolin (MK)
alone have a water permeability similar to high performance Portland concretes (10-18 m2). This
provides interesting durability performance to GP mortars, which we aim to improve, as follows.
GP cements possess both a macroporosity (with two main characteristic sizes, of a few 100nm and on
the order of 1 micron) and a mesoporosity (4-10nm). These may be decreased in volume and size by
adding blast furnace slag to the MK solids right before alkali-activation. This is expected to lead to
refined pore structure, and significantly smaller water permeability than GP mortars made with MK
only, hence favouring long term durability.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

In the cement industry, geopolymers (GP) cements represent a niche market [Davidovits 1991, Duxson
et al. 2007, Provis et al. 2009, Bai et al. 2018], but they provide decisive advantages when compared to
traditional Portland cements. In particular, GP cements have the ability to encapsulate significant
amounts of organic liquids without detrimental effect on their setting and general performance [Cantarel
et al. 2015, Cantarel 2017, Cantarel et al. 2018]. In practice, fresh GP pastes are mixed with organic oil
to form a stable emulsion, which hardens and forms homogeneous GP-oil composites [Davy et al. 2018].
This feature allows to design a variety of tailored porosity-controlled cements, e.g. as insulating foams
or filtration supports [Medpelli et al. 2014, Glad et al. 2015, Medpelli et al. 2015, Bai et al. 2016, Cilla et
al. 2017, Barbosa et al. 2018], for radioactive waste management [Cantarel et al. 2015, Cantarel 2017,
Cantarel et al. 2018, Davy et al. 2018], and as phase change materials (PCM) [Lambertin et al. 2017].
In the industrial context of radioactive waste management, in situ, the GP-oil composites will be placed
in contact with traditional Portland concretes, widely used as containers, overpacks and structural
elements in the engineered barrier of the storage site (e.g. in France). Interactions with the highly
alkaline pore water of Portland cements is expected. This may induce chemical reactions (e.g.
dissolution and re-precipitation of swelling phases), degrade the GP-oil composites and limit their
durability.
The aim of this contribution is precisely to investigate the durability of GP-oil composites when subjected
to an accelerated flux of highly alkaline water, which mimicks Portland concrete porewater. To this
purpose, GP-oil mortar composites are made with varying oil proportion (0, 20, 40 and 60%vol) and
compared to mature Portland High Performance Concrete (HPC). Durability of both material types is
assessed through accelerated leaching tests. The sample is injected with a pressure gradient of
synthetic Portland cement pore water. Its water permeability is deduced in the Darcy’s sense over
several days testing. Water carbonation is avoided by continuously flowing argon over the water
container. Any solid matter released out of the triaxial cell is analysed by qualitative X Ray Diffraction
(XRD).
2.
2.1

MATERIALS AND METHODS
Materials
Table 1: Composition of CEMV reference HPC (water-to-cement ratio of 0.39)
Nature

Source

Amount (kg/m3)

CEMV/A 42.5 N

Calcia, France

450

Limestone (0-4 mm)

Boulonnais quarry, France

800

Limestone (0-4 mm)

Boulonnais quarry, France

984

Glenium 27

BASF

11.5

water

tap

176.3

Reference CEMV concrete is retrieved from former research in our laboratory [Brue et al. 2012, Chen
et al. 2012, Brue et al. 2017]. This High Performance Concrete is made of CEMV (Type V) composed
Portland cement, silica-limestone aggregates and super-plasticizer, as detailed in Table 1. It is matured
for six months, cored to 37 mm diameter cylinders, and cured again for several years at 20°C under
lime-saturated water, and finally cut to a height of 26.5 mm +/-0.1 before being tested for water
permeability.
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GP cement is made with a stoichiometry of 1 Al2O3 1 Na2O 3.8 SiO2 12 H2O. It uses metakaolin (MK)
purchased under the brand name Pieri Premix MK from Grace Construction (France), sodium silicate
solution (Betol® 39T) obtained from Woellner (Germany), and sodium hydroxide NaOH (purity >99%)
from VWR International (USA). In order to formulate mortars, the GP dry cement is combined with pure
silica sand (Le Beausset, Lafarge, France) to a sand-to-MK mass ratio (S/MK) of 1. GP mortar is mixed
with 0, 20, 40 and 60% total volume of non reactive industrial Spirax oil (Shell, USA), see Table 2.
In practice, the dry powders (metakaolin and sand) are mixed for 5 mins until homogeneity. The sodium
silicate solution is adjusted with NaOH and demineralized water to the adequate stoichiometry, let to
cool down and mixed with the powders to make a fresh mortar paste. Mixing is continued to incorporate
non reactive oil by emulsification, until homogeneity (lasting at least 5 mins).
Each mortar paste is poured into 37 mm diameter plastic moulds up to a height H ranging between 12
and 22 mm, and cured in hermetic bags at 20°C for at least 28 days. After this period, it is assumed that
geopolymerization is sufficiently advanced not to modify anymore the pore network useful for fluid
transport.
Table 2: Composition of GEOIL mortars,
namely reference without oil (REF), GEOIL20, GEOIL40 and GEOIL60
Nature

Source

Amount (kg/m3)

Metakaolin

Grace Construction,
France

557.4

Sodium silicate

Woellner, Germany

635.0

Sodium hydroxyde

VWR International,
USA

99.9

Silica sand

Le Beausset, Lafarge,
France

557.4

Water

demineralized

47.5

Oil

Sample name

REF, GEOIL20,
GEOIL40, GEOIL60

0

REF

175.4 (20%vol)

GEOIL20

350.8 (40%vol)

GEOIL40

526.2 (60%vol)

GEOIL60

Spirax, Shell, USA

Table 3: Summary of the samples tested in this study
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Metakaolin Oil proportion
proportion
(%vol)
(%mass)

Material

Sample
quantity

CEMV concrete

2

0

0

1

100

0

1

100

20

1

100

40

1

100

60

Sample
name

Accelerated
leaching test
duration

Solid matter
present at the
cell outlet

CEMV

3 days (71 h)

No

REF

2 days

Yes (enough
for XRD)

GEOIL20

40 days

Yes (enough
for XRD)

GEOIL40

9 days

Yes (enough
for XRD)

GEOIL60

18 days

Yes (enough
for XRD)

GP mortar

A summary of all samples tested with the accelerated leaching test set-up is given in Table 3.
2.2

Accelerated leaching test

The experiment is derived from a typical triaxial cell experiment for liquid permeability measurement
[Davy et al. 2007, Chen et al. 2012]. The sample is wrapped in a protective Viton membrane and placed
in the triaxial cell, which is filled with confining fluid at a given pressure of 3 MPa (+/-0.2). This avoids
any fluid leakage around the sample, so that fluid passes consistently through its pores, while being at
a low enough value not to damage the mortar. The triaxial cell also allows to inject fluid at a given
pressure 𝑃𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 on its upstream side, while the sample downstream side is at atmospheric pressure
𝑃𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑃𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 . This provides an imposed pressure gradient Δ𝑝 = 𝑃𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 − 𝑃𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 of
0.5 MPa. The injecting pump (Gilson, USA) provides the measurement of volumetric fluid flowrate Q v
(in m3/s) versus time. By assuming a unidirectional flow of a Newtonian fluid through the sample, and
by neglecting gravity effects [Davy et al. 2007], Darcy’s law provides water permeability as:

𝐾=

𝜇𝐻𝑄𝑣
𝐴 Δ𝑝

(1)

where H is sample height (in m), A is its surface area (in m 2),  is liquid dynamic viscosity in Pa.s at the
considered temperature (here 20°C, for water, it is taken at a value of 1 mPa.s). Each permeability
experiment is performed until several days after fluid percolation on the downstream sample side (Table
3). All water permeability data presented in this contribution are obtained after fluid percolation, i.e. after
fluid appears on the triaxial cell outlet (Fig. 1 left). This requires several days for each sample.
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Figure 1: Triaxial cell outlet when percolation is obtained (left) and when solid matter is formed (case
of GEOIL40 mortar, right)
Synthetic CEMV porewater is made according to Andra’s technical note RTS.NT.ASCM.17.0002 by
mixing 2.666g NaOH micro-pellets, 7.48g KOH micro-pellets and 0.074 g Ca(OH)2 powder in 1l
demineralized water. Andra is the French national agency in charge of radioactive waste management.
The pH of the solution is checked after each mixing at an average value of 13.3 +/-0.1 with a MettlerToledo (USA) pH-meter. Water carbonation is avoided by continuously flowing argon over the water
container.
3.3. Post mortem X Ray Diffraction (XRD) analysis
After several days accelerated leaching, GEOIL samples may display solid matter deposited at the
sample outlet (Fig. 1 right), which is retrieved, dried at 20°C and analyzed by XRD (when its amount is
sufficient, Table 3). Qualitative XRD is performed using a D8 Advance Bruker diffractometer, equipped
with a Lynx Eye detector and a Cu Kα cathode. The investigated diffraction angles are from 5 to 80°,
with a 0.02°/0.5s step. The analysis uses the EVA phase identification software (by Bruker).
3.

RESULTS AND DISCUSSION

4.1. Leaching test results : reference materials
Using the typical porewater of CEMV concrete, water permeability is measured at an average value of
3.7 x10-18 m2 +/-2.6 over 1 to 3 days (Fig. 2). As a matter of comparison, the reference GP mortar,
without oil, is at an average water permeability value of 1.4x10-18 m2 +/-3.0 measured over 2 days (Fig.
3). It is a slightly smaller average, with a statistically significant difference with CEMV concrete, but both
permeabilities are on the same order of magnitude, corresponding to low permeability media.

Figure 2: Water permeability results for reference CEMV Portland concrete
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4.1. Leaching test results : GEOIL mortars

Figure 3: Accelerated leaching test results: water permeability over time for GEOIL mortars (reference,
20%vol oil and 40%vol oil)
When testing GEOIL mortar with 20%vol oil, a significantly smaller water permeability is obtained when
compared to reference GP mortar REF (Fig. 3). To ascertain the absence of leaching over time, the
experiment is conducted for 40 days. A remarkable stability of water permeability is obtained with
GEOIL20 mortar, with an average of 4.2 x10-19 m2 +/-1.6. This smaller fluid transport ability, when
compared to the GP mortar REF (without oil) is attributed to the increased tortuosity of the fluid pore
paths due to the presence of 20% vol oil in the case of GEOIL20. An effect of pore refining of the GP
cement matrix could be considered, but, to our knowledge, this is not documented in the literature.
In our former publication [Davy et al. 2018], X Ray micro-computed tomography has been performed on
GEOIL cement pastes at a voxel size of 1 micron, for oil proportions ranging from 5 to 60%vol. Image
analysis shows that the connectivity density of the oil system in the GP cement matrix is greater by a
factor of 5.6 to 10.7 (than that at 5, 10 or 20%vol oil) for proportions of 30%vol and more. Owing to the
oil droplet median aspect ratio (of 1.6-1.75 +/-0.3), percolation theory [Garboczi et al. 1995] shows that
for GEOIL cement paste, the percolation threshold is obtained from 27%vol oil. According to this study,
provided that the GP paste is of identical morphology as in the GEOIL mortars, the GEOIL40 mortar
(with 40%vol oil) has a percolating oil system.
However, over the course of 9 day experiment, the GEOIL40 mortar does not display a significantly
increasing permeability (Fig. 3). The average water permeability of GEOIL40 is of 3.9 x10-19 m2 +/-1.2,
which is comparable with (i.e. not statistically different from) GEOIL20. Apart from the shorter test
duration when compared to GEOIL20, this result means that the decrease in water permeability, when
compared to reference GP mortar REF (without oil), is not solely due to the amount of oil present in the
system. Rather, an effect of the oil on the pore system, contributing to hindering liquid flow, is anticipated.
It is understood as a surfactant effect, whereby the pore structure of the fresh GP cement matrix is
modified towards smaller fluid pore paths, and also as a consequence of modified interfacial surface
tensions between water and oil inside the pore network of GEOIL mortars. This interpretation will be
investigated in future research.
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Figure 4: Accelerated leaching test results: water permeability over time for GEOIL mortars (reference,
20%vol oil, 40%vol oil, and 60%vol oil)
Finally, for GEOIL60 mortar, for the first 8 days, water permeability is on average 5.4 x10-19 m2 +/-2.6
(Fig. 4). Again, this value is similar to those obtained for a similar duration with GEOIL20 and GEOIL40,
meaning that the oil proportion is not the main parameter driving fluid transport through these materials.
Since a more important percolation volume is expected than with GEOIL20 and GEOIL40, meaning that
water permeability is expected to increase due to water pushing the oil out of the system, the experiment
has been conducted for ten more days (Fig. 4). A significant increase in water permeability is observed
after this duration, with a mean value of 10.1x10-19 m2 +/-6.1 for the last 3 days. As a matter of
comparison, average water permeability for the first three days is of 4.1 x10-19 m2 +/-1.1. For this oil
percentage, water permeability is not stable over time, which is attributed to sample leaching. However,
over 18 days, the extent of this leaching is limited.
4.1. XRD of the solids released at the triaxial cell outlet
Whenever possible, the solid matter formed at the triaxial cell outlet is analysed by XRD. In the case of
GEOIL20 (Fig. 5) and GEOIL60 (not shown), the same two crystalline phases are recorded, namely two
sodium carbonate hydrates Na3H(CO3)2.2H2O i.e. trona and Na2CO3.H2O i.e. thermonatrite. These
correspond an excess in sodium present in the porewater system of GEOIL mortars, coming from both
the CEMV porewater used for fluid injection and the sodium silicate solution used to manufacture the
GP paste. At the cell outlet, sodium is hydrated and gradually carbonates in contact with the CO 2 present
in the laboratory ambient air. No silicate or aluminate crystalline phase is observed, nor any significant
amount of amorphous matter, which presence would indicate a significant degradation of the GP cement
matrix. No crystalline phase containing typical chemical element present in the oil is either present. This
means that the GP mortar including up to 20% oil has an excellent durability, and this feature is also
retained for 60% oil. As a complementary analysis, X Ray fluorescence analysis of the solid matter will
be conducted to ensure that no chemical element, coming from either the GP paste or the industrial oil,
is present at the cell outlet.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 5: Qualitative XRD results for the solid matter released out of the triaxial cell after the
accelerated leaching test of 20%vol oil GEOIL mortar (identifying two sodium carbonate hydrates
Na3H(CO3)2.2H2O i.e. trona and Na2CO3.H2O i.e. thermonatrite)
4.

CONCLUSION AND FURTHER RESEARCH

This experimental research has shown that geopolymer mortars have a comparable water permeability
as industrial High Performance Concrete made with composed CEMV Portland cement. When added
with 20 to 60%vol industrial oil, water permeability is even smaller than without oil, and it does not vary
significantly with increasing oil amount. This means that the increased tortuosity in the pore pathways
of the GP cement matrix, due to the presence of oil droplets, is not sufficient to explain this observation.
Rather, a surface tension effect is inferred, which either modifies the capillary threshold of water through
the pore system, or modifies the pore structure of the GP during its hardening. This will be investigated
in future research.
Moreover, the solid matter released after the accelerated leaching experiment of GEOIL20 and
GEOIL60 only shows the presence of sodium carbonate hydrates by qualitative XRD, meaning that the
solid structure of the GP cement matrix is not affected by the flow of CEMV concrete porewater. The oil
does not seem to be released either from the GEOIL composites. This last conclusion needs to be
confirmed by analysing complementarily the solid matter by X Ray fluorescence.
5.
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ABSTRACT
This paper summarises a long-term study organized in two consecutive steps. The first, which
involved exploring a number of laboratory-synthesised belite clinkers with slightly different mineral
compositions in depth, culminated in the industrial-scale manufacture of one of those materials. In the
second a hybrid alkaline belite cement was prepared containing 48 % of the industrial belite clinker, 48
% fly ash and 4 % chemicals. The hybrid binder was subsequently analysed to determine its
mechanical strength and hydration products. The findings showed that the hybrid alkaline belite
cement designed met the compositional, mechanical and setting time requirements laid down in
European standard EN 197-1 and that its hydration favoured the simultaneous precipitation of a mix of
cementitious gels: C-(A)-S-H and N-(C)-A-S-H.
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1.

INTRODUCTION

Interest in belite cements arose in the wake of the nineteen seventies energy crisis (Sark et al.
1981, Nagaoka et al. 1994, Chatterjee 1996), for these cements have a lower lime saturation
factor than ordinary portland cement (LSF≤90) and C 2S can be manufactured at approximately
200 °C below the temperature needed to form C3S. As a result of those two particulars, belite
cement production requires less energy and entails lower CO2 emissions than ordinary portland
cement manufacture (Chatterjee 1996, García-Díaz et al. 2011).
As a rule belite cement yields more durable concretes than ordinary portland cement (OPC), for
its hydration is associated with the generation of more basic conditions. These cements are
more difficult to grind, however, and their hydration kinetics are slower than in OPC (Propescu
ef al 2003, Staněk and Sulovský 2015).
The scientific community has adopted a number of approaches to activate belite cements with a
view to enhancing their reactivity and consequently their early age strength development.
Thermal activation of C2S (for instance) is related to clinker cooling, which plays a key role in
polymorphic transformation (reactivity varies from on polymorph to another) and in increasing
C2S specific surface (Staněk and Sulovský 2015).
In the chemical activation of belite, the crystalline structure of C2S is distorted via the uptake of
external elements (including alkalis, SO3, P2O5, B2O3, Fe2O3, Cr2O3, BaO, V2O5 or MgO) or by
stabilising high temperature polymorphs. Belite clinkers typically contain 4 wt% to 5 wt%
impurities in solid solution (Sark et al. 1981, Chatterjee 1996).
Lafarge in 2006 patented sulfoaluminate belite cements SAB cements activated with 30 %
C4A3Ŝ, in which the belite forms are stabilised by adding borax (sodium tetraborate
decahydrate) (Li et all. 2006). Calcium sulfoaluminate cements CSACs, in turn, consist in a
blend of C4A3Ŝ (35 % to 70 %), belite and an aluminium-high phase. The behaviour and
properties of these belite cements have been studied by Quillin (2001) and Glasser and Zhang
(2001), among others, who observed that 1 d CSACs develop strength of 35 MPa to 55 MPa
while the values in the 28 d materials amount to 55 MPa to 70 MPa.
A new approach to activating belite (alternative to those explored in the past) is discussed in this
paper, which contends that commercial belite cements can be produced with mechanical,
setting and other properties that meet the requirements presently in place for commercial
cements. The alternative proposed lies within the authors’ main lines of research, which have
focused on alkaline activation (Palomo et al 2014) and hybrid cement design (García Lodeiro et
al. 2013)
2.-MATERIALS, METHODS AND RESULTS
2.1.- Materials
Limestone and slate were used as the primary raw materials to prepare both laboratory and
industrial scale belite clinker, with gypsum and fluorite as mineralisers and fluxes (García-Díaz
et al. 2011, García-Lodeiro et al 2016). The belite clinker prepared was ground with fly ash and
an alkaline activator, a very simple procedure to produce the hybrid alkaline belite cement
that constituted the ultimate objective of this study. The chemical compositions of the
materials used are given in Table 1.
Table 1. Chemical composition of the materials studied (in wt% of oxides)
Material
SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O
F
L.I.(1)
Limestone 13.1
3.5
1.4
43.2
1.4
0.8
0.9
35.3
Slate
65.3
21.3
2.8
0.1
0.7
0.1
3.9
4.7
Gypsum
19.1
7.6
2.7
20.5
2.8
25.5
1.5
19.7(2)
Fluorite
9.2
0.5
0.4
50.4
0.4
0.5
0.1
27.5
9.7
Fly ash
51.4
25.8
5.7
4.6
1.5
0.8
1.7
6.2
(1) Loss on ignition, 100 °C to 1000 °C (2) Loss on ignition, 0 °C to 100 °C

Other
0.4
1.1
0.6
1.3
2.3
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2.2.- Clinker preparation in the laboratory
After characterisation, the aforementioned materials were used to prepare a total of 20 raw
belite mixes in the laboratory: 14 without and six with gypsum and fluorite. They were clinkered
at 1250 °C to 1350 °C for a constant furnace time of 1 h. All the resulting clinkers were
characterised in depth and their hydration was studied. Based on the findings, two mixes were
chosen for the rest of the study: one with (CBm) and the other without (CB) gypsum+fluorite.
The two raw mixes chosen were batched as shown in Table 2.
Both were clinkered in an electric furnace. The clinkers obtained were ground and sieved to a
particle size of under 45 µm. The free CaO content was found with the ethylenglycol method,
while the mineralogical phases were identified with XRD and quantified using the Rietveld
method (Table 3).
Table 2. Raw mix batching
Raw mix

Raw material (wt%)

Modulus

Limestone
CaF2/CaSO
Slate4

1

2

3

MF

MS

LSF

CB

95.9

4.1

-

2.82

2.69

86.75

CBm

91.1

3.9

5.0

2.82

2.69

86.75

1M = Al O / Fe O
F
2 3
2 3
2M =SiO / (Fe O +Al O )
S
2
2 3
2 3
3LSF=[CaO / 2.8 SiO + 1.18
2

Al2O3 + 0.65 Fe2O3)] x 100

Prismatic specimens (1x1x6 cm3) were moulded for the mechanical strength tests. With a view
to the ultimate aim of this study, i.e., the preparation of a hybrid alkaline belite cement, blends
containing 48 % belite clinker + 48 % fly ash + 4 % gypsum+sodium sulfate were mixed in a
laboratory ball grinder. These materials were subsequently hydrated at a liquid/solid ratio of
0.45.

Clinker

Table 3. Clinkerisation temperature, mineralogical phases and free CaO
Mineralogical phase
Free
T(ºC)
lime
C3S
C2S
C3A 1C12A7ss
C4AF
K2SO4·2CaSO4

KB
1350
32.7
53.1
7.4
5.7
1
6.3
KBm
1250
30.2
50.4
0.5
7.6
1
3.4
KBI
27.1
56.5
2.3
7.3
1C A is actually a solid solution of the type C A .CaF (Fluormayenite)
12 7
11 7
2

---1.8

0.62
0.40

The specimens were chamber cured at 21 ºC and 95 % relative humidity for 24 h, after which
they were stored in a climatic chamber until the test age (2 d, 7 d or 28 d). Further to the
compressive strength findings shown in Figure 1, the highest values were recorded for the
mixes made with mineralised belite clinker.

Figure 1.- Paste compressive strength
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2.3.- Industrial-scale manufacture of mineralised belite clinker
Mineralised belite clinker KBm was chosen for industrial manufacture. Although initially the
laboratory batching was used, namely with the same 0.6 % of CaF2 in the industrial as in the
laboratory raw mix, the fluorite content was subsequently raised at the cement plant to counter
the effect of the fuel used to synthesise the clinker, which left a 2.55 % SO3 residue in the
furnace. That measure ensured that all the sulfate present in the furnace would react with the
CaF2 in the raw mx, thereby avoiding the undesirable formation of alkaline sulfates in the
furnace and in the clinker.
The XRD- and Rietveld method-determined mineralogical composition of the industrial belite
(KBI) and other two clinkers (Table 3) revealed minor compositional differences among them.
KBI, for instance, contained a small amount of langbeinite (K 2SO4·2CaSO4) formed in the
furnace in keeping with the alkali cycle. Its presence was an indication that the clinkerisation
temperature was >1250 °C.
A reflected light optical micrograph of the industrial belite clinker is reproduced in Figure 2, in
which the clinker surface was attacked with a 10 vol% solution of nital (HNO3+ethanol) to better
distinguish the phases. The angular crystals (with sharp edges) visible in the figure were
identified as C3S and the granular, irregular crystals with rounded edges as C2S. The pale
coloured, scant interstitial phase comprised C3A, C12A7 and C4AF. Belite was more abundant
than alite and no free lime was observed, confirming that the product was a low lime saturation
belite clinker. Belite morphology denoted slow C2S clinker cooling [14-15].

Figure 2.- Micrographs of industrial belite clinker.
2.4.- Preparation and physical-mechanical characterisation of hybrid alkaline belite
cement
The industrial-scale belite clinker was used to prepare cement with the same composition as
established in the laboratory (48 % belite clinker + 48 % fly ash + 4 % gypsum + sodium sulfate,
Table 4) was ground with the rest of the components in an industrial ball grinder. Approximately
1000 t of hybrid alkaline belite cement were produced. The 2 d and 28 d mechanical strength
values listed in Table 4 were found on prismatic mortar specimens (4x4x16 cm 3) made with this
cement at a sand/cement ratio of 3:1 and a water/cement ratio of 0.45. On the grounds of the
strength values, the hybrid alkaline belite cement produced in this study would be classified as a
European standard EN 197-1 type 32.5N binder.
Table 4. Hybrid alkaline belite cement batching and mechanical strength of mortars.
Blended cement composition
Mortar strength
KBI
48

FA
48

Gypsum
1.5

Na2SO4
2.5

Flexural
2d
28 d
3.4±0.15 7.9±0.2

Compressive
2d
28 d
10.8±0.2 39.9±1.14
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No significant differences were observed in particle size distribution, setting times or mechanical
strength between the hybrid alkaline belite cement and a commercial 32.5N material.
According to the laser-determined particle size and particle size distribution graphed in Figure 3,
96 % of the particles in the hybrid cement had a diameter of under 45 µm, compared to 93 % in
the 32.5N commercial product.

Figure 3.- A) Hybrid and reference cement particle size; B) Hybrid and reference cement
particle size distribution
The cement setting times given in Table 5 show that although setting began and ended later in
the hybrid than in the reference cement, the former material was European standard EN 196-3compliant in that respect.

Table 5.- Hybrid and reference cement setting times
Setting (min)

Standard EN 197-1

Reference 32.5N

Hybrid

Initial

>45

145

215

Final

-

185

377

The 2 d, 28 d and 90 d compressive
strengths of the alkaline belite and 32.5N
cements found on (4x4x16 cm 3) mortar
prismatic specimens are compared in
Figure 4. Although the hybrid material
exhibited lower initial strength than the
reference, the 28 d values for both cements
were >32.5 MPa. Compressive strength
rose much more steeply between 28 d and
90 d in the hybrid than in the reference
cement.

Figure 4.- Hybrid and reference cement
compressive strength
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2.5.- Hybrid alkaline-belite cement hydration products
After the paste specimens were tested for strength they were crushed to a powder and mixed
with acetone and ethanol to detain hydration and prepare the materials for mineralogical and
microstructural characterization via XRD BSEM/EDX

The XRD patterns for the hydrated
hybrid cement and the 28 d and 90 d
pastes are reproduced in Figure 5.
Diffraction
lines
associated
with
ettringite and calcite were observed in
the diffractograms for the pastes at both
ages. The hump observed was
associated with the vitreous fraction of
fly ash and the presence of one or more
cementitious gels. The intensity of the
diffraction lines associated with belite
was observed to decline steadily with
hydration time.

Figure 5.- Diffractograms for anhydrous
hybrid cement and its 28 d and 90 d hydrated
pastes;(Legend: b:C2S; a:C3S; q:quartz;
g:gypsum; l: mullite; n:Na2SO4; e:ettringite;
c:calcite; *:C12A7)

The BSEM/EDX findings for 28 d and 180 d pastes confirmed the precipitation of different types
(or mixes) of C-(A)-S-H, N-(C)-A-S-H-like cementitious gels (Figure 6). Due to the interaction
between these gels as hydration progressed, the cementitious mix evolved toward the
precipitation of a fairly uniform product reminiscent of N,C-A-S-H gel (Qu et al 2016, GarcíaLodeiro et al. 2011, Walkley et al. 2016).
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Figure 6.- BSEM/EDX micrographs of 28 d and 180 d hybrid cement pastes

3.- CONCLUSIONS
The conclusions that may be drawn from this study are listed below.
- A laboratory-designed mineralised belite clinker was reproduced on an industrial scale with no
incidents worthy of note.
- The mineralised belite clinker produced industrially contained 56.5 % C2S, which optical
microscopic analysis showed to constitute type I belite.
- The hybrid alkaline belite cement containing 48 % fly ash prepared met the mechanical
strength and setting time requirements laid down in European standard EN 197-1.
- The mechanical strength and setting times of the hybrid alkaline belite cement produced were
comparable to those of a standard 32.5N cement.
- Hydration of this hybrid alkaline belite cement favoured the simultaneous precipitation of a mix
of cementitious gels that varied in nature: C-(A)-S-H and N-(C)-A-S-H. These gels interacted
and over time evolved toward an N,C-A-S-H gel, with no detriment to the mechanical strength
developed by the cement.
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ABSTRACT
The objective pursued in this study was to determine the mechanical properties and some
technological characteristics of a few concrete formulations containing a high level of fly ash. Three
concrete options were considered with respect the fly ash addition: i) concrete TO (prepared by adding
original fly ash); ii) concrete TM (prepared with mechanically activated fly ash); iii) concrete TMA
(prepared with mechano-chemical activated fly ash). The pozzolanic activity of the fly ash as function
of the type of activation procedure (TO, TM or TMA) was determined by the Frattini method and also
by the Activity Index. The effect of the fly ash in the hydration kinetics was also determined by
conduction calorimetry. Finally the effect in the mechanical strength development was determined in a
H-30 concrete. Results of this research indicate that the mechano-chemical treatment of the fly ash
(TMA), allows to develop a compressive strength of 30 MPa at 28 days for a replacement level (fly ash
for OPC) of 50%.
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1. INTRODUCTION
The need for greater sustainability in the construction industry has prompted action in a number of
directions, one of which is the increased use of mineral additions in concrete (Lothenbach, et al. 2011;
Lorca Aranda 2014; Yoo et al. 2015; Cárdenas Pulido et al. 2016). Some researchers propose the
development and use of portland cement-free binders consisting in duly alkali-activated aluminosilicates
such as blast furnace slag, fly ash or metakaolin. Such approaches are gaining in acceptance (PachecoTorgal, et al, 2008; Shi et al. 2011; Bernal et al. 2011; Palomo et al. 2014). Alkali-activated cements, also
known as geopolymers, have proven to be a valuable alternative in concrete manufacture (Palomo et al.
2014; Fernández-Jiménez et al. 2006)
The use of fly ash in the construction industry can be traced back to 1895 when cement plants began to
use pulverised coal as a fuel. Attendant upon the increased use of coal was an accumulation of fly ash,
which began to be recovered essentially to prevent air pollution. The ash was first added to concrete in
1930 in the United States, where construction on the first major structure using this material, the 172 m
high Hungry Horse Dam, was begun in 1948 (Fernández de Sanmamed 1978).
Spain’s structural concrete code EHE-08 (EHE-08 - 2008) limits fly ash additions to the cement used in
concrete structural members in buildings to 35 wt% of the OPC, since higher proportions may
substantially reduce concrete strength, particularly early age strength. Limiting the amount of ash that
may be added to concrete is on two grounds: a) the availability of Ca(OH)2; and b) ash reactivity
(especially its reactive SiO2 content). When the amount of cement is reduced, less free Ca(OH)2 is
available to react with the ash, part of which may remain unreacted (Dunstan et al 2011).
This study aimed to substantially increase the fly ash content in concrete at the expense of cement. An
inorganic chemical activator was added to the mix as a possible approach to prevent the presence of
‘excess’ ash. Several recent papers (Donatello et al. 2013; Martauz et al, 2016; Alahrache et al. 2016;
Garcia-Lodeiro et al. 2016) have shown that cements with up to 70 % ash are viable when chemically
activated. Mechanical pre-activation of the ash is also proposed here as a procedure to hasten early age
strength development in concretes with a high ash content. With a view to using more ash and less
clinker in concrete preparation, the viability of 50 % and up to 70 % cement replacement ratios is explored
by activating the ash both chemically and mechanically.
2. MATERIALS
The CEM I 52.5R portland cement (OPC) used in this study was sourced from a Spanish cement factory
and the fly ash from a steam power plant in the Spanish province of Teruel. The chemical composition of
these two materials is given in Table 1. Based on its properties, the fly ash was classified like a type F
material according to the ASTM C618 standard. Figure 1, shows the particle size distribution for the fly
ash as it was delivered (TO) and after grinding in a ball grinder for 30 min (TM), as well as for the OPC
(reference). Particle size distribution measurements were taken on a COULTER LS 130 laser with a
range of 0.1 m-900 m. A comparison of the TO to the TM curve revealed that the latter had a larger
percentage of smaller particles. The OPC had much more small particles than both TO and TM,
particularly regarding the percentage of particles <45 m (see Figure 1). These data suggest that a longer
grinding time might have been needed to obtain a particle size distribution closer to that of the reference
cement. Ash density determined on a Le Chatelier device rose after grinding, from 2.42 g/cm3 for TO to
2.62 g/cm3 for TM, although both were lower than the 3.15 g/cm3 found for the reference cement.
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Table 1–Chemical composition of cementitious materials (expressed as oxides in wt%)
Oxide
(%)

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

Other

Loss on
ignition

OPC

20.51

5.37

2.10

57.05

3.86

6.37

0.64

1.44

---

0.31

2.35

Fly ash

39.03

27.06

19.5

6.401

1.04

1.76

0.162

1.41

0.958

0.85

1.82

Fly ash TM
OPC

3

2

1

100

100

80

80

60

60

(%)

Fly ash TO

4

Cumulative volume (%)

Differential volume (%)

5

40

TO
TM
OPC

40

Fly ash T0
20

Fly ash TM

20

OPC
0

0

0
0,1

1

10

Particle size (µm)

100

1000

0,1

1

10

Particle size (µm)

100

10 m

45 m

90 m

1000

% of particles passing the sieve of: 10µm, 45 µm and 90 µm

Figure. 1–OPC and original (TO) and ground (TM) fly ash particle size distribution

Ash pozzolanicity was determined using the Frattini method (UNE 196-5:2011) and the strength Activity
Index (ASTM C311). As noted in the introduction, in addition to grinding, a chemical activator was added
in some cases in order to improve the ash reactivity. For the pozzolanicity tests this activator was mixed
with the ash as a solid: the resulting blend was labelled TMA.
All concrete samples studied in this investigation contained 300 kg/m 3 of cementitious material (CM)
being the CM either a mixture 50% OPC + 50% FA, or 30% OPC + 70% FA (Table 2). The fine aggregate
used to prepare concrete was siliceous sand with a fineness modulus of 2.89. The coarse aggregate
consisted in a 50 % mix of ground (10-20mm) siliceous pebbles and (6-12 mm) crushed gabbro stone.
The aggregate particle size distribution curves were adapted to the Spanish code EHE-08-compliant. The
concrete was made by mixing with potable Madrid tap water.
Tabla 2: Composition of concrete mixtures, in kg/m3.
Cementitious materials (CM)
Aggregate
Admixture
“W/CM”
Ratio
Coarse
Fine
OPC
TO
TM
TMA
SF
=TM+Al
300
------984
784
1.50
0.62
OPC
150
150
----1.50
0.58
TO-50
984
784
150
--150
--1.50
0.58
TM-50
984
784
90
----150
1.50
0.58
TMA-50S
984
784
90
----1.50
TMA-70S
210
984
784
1.50
984
784
(*)The activator was incorporated in the solid state with the cementíceous materials (4% in weight
with respect to FA content).

In all cases, a commercial superplasticizer additive based on polycarboxylate was used. Cylindrical
specimens (100 x 200 mm) were prepared and then cured in a climatic chamber at RH> 95% and T = 20
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± 2°C until testing time. In addition, tests were carried out to determine the total heat of hydration and the
rate of heat evolution at 25°C by means of isothermal conduction calorimetry; the equipment used was a
Thermometric TAM Air. Five grams of CM were mixed with 2 grams of water (water / mc = 0.40) and then
the paste was mixed manually and ex-situ for 3 minutes; finally the paste was kept into the calorimeter
and the data recording started.
3- EXPERIMENTAL AND RESULTS
3.1. Fly ash reactivity
Fly ash reactivity was determined with the Frattini test and also with the strength Activity Index test.

[CaO] mmol/l

Pozzolanicity test. In the Frattini test (UNE 196-5:2011), the calcium fixed by the ash after 7d and 28d
was determined in order to establish whether mechanical or mechanical-chemical activation improved the
ash reactivity. Results for the mixtures 75 % OPC-25 % TO, 75 % OPC-25 % TM and 75 % OPC-25 %
TMA fly ash blends are shown in Figure 2. Ashes TO and TM exhibited similar behaviour, whilst more
calcium was consumed in the blends including a chemical activator (TMA). In other words, only with
mechanical activation (TM) the ash proved to be no more reactive than the original material (TO). By
combining mechanical and chemical activation (TMA), however, the CaO consumption increased,
together with the concentration of OH ions in the medium.

20
18
16
14
12
10
8
6
4
2
0
20

TO-3d
TM-3d
TMA-3d

TO-7d
TM-7d
TMA-7d

TO-28d
TM-28d
TMA-28d

No Puzzolanic

Puzzolanic
30

40

50 60 70
[OH ] mmol/l

80

90 100

Fig. 2- Frattini test for cement and fly ash blends.
Strength Activity Index (SAI). A second method for assessing pozzolanicity was carried out. This
second method is set out in the standard ASTM C311 and is based on comparing the mechanical
strength of two cement mortars: one prepared with “pure cement” and the second one containing 20% of
pozzolanic material. In this particular investigation the SAI was slightly modified: the mortars were
prepared with 25 % or 50 % instead of 20 % fly ash and the compression tests took place on 4 cm cubic
specimens (as per Argentinian standard IRAM 1654 and Spanish standard UNE 83-451. Mortars were
prepared with a sand/”OPC+FA” (binder) ratio of 3/1 and a water/binder (w/b) ratio of 0.5, according to the
Spanish standard. This new index, was called modified SAI (SAIM) and was calculated attending the
equation (1)
SAIM (%) = 100 . (A/B)
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where: A is the mean compressive strength (MPa) of fly ash-bearing specimens and B the mean
compressive strength (MPa) of OPC specimens.
Tests were designed by using the original (TO) and the activated ashes (TM and TMA). The findings are
given in Table 2. All the mortars with 25 % ash exhibited 28d strength of at least 52.5 MPa. Results for
TM and TMA mortars (with 50 % replacement of PC) were over 45 MPa. According to standard ASTM
C618, concretes containing fly ash must have a SAI of at least 75 %. The SAIM values for all the mortars,
except the one bearing 50 % TO, met that requirement (Table 2). According to this index, a 50 %
replacement (PC by fly ash) would be acceptable for the activated ashes TM and TMA.

Comp.
Strength
28d (MPa)
SAIM

Table 2–Modified strength activity index
25% TO+50%FA
50% OPC+50%FA
TO
TM
TMA TO
TM
TMA
52.9
53.9
56.7
40±
46.7
49.9
±1.24
±1.23
±1.27
±0.56
±0.53 1.55

100%
OPC
59.5
±0.97
100

89

91

95

67

78

84

30% OPC + 70% FA
TO
TM
TMA
21.6
24.4
33
±0.82
±0.76
±0.57
36.3

41

55

3.2. Hydration kinetics.
Figure 3 shows the velocity of heat release of pastes with 50% and 70% substitution of OPC by (TO, TM
and TMA). It can be observed that mixtures prepared with the original ash (TO) and the ground ash (TM)
have an induction period of hydration which is longer than in 100% OPC pastes; simultaneously the
intensity of the peak associated with the cementitious gel precipitation (Shi, and Day, 1995;; GarciaLodeiro, et al 2013; Donatello, et al. 2014) is clearly reduced. In the case of replacing Portland cement
with ash TMA these effects are not so pronounced. As the ash content increases in the CM, the different
ashes (original, mechanically activated or mechano-chemically activated) leave much more noticeable
effects.
6
OPC
50% TM

5

50% TO
50 % TMA

5

Heat Flow (mW/g,)

Heat Flow (mW/g,)

6

4
3
2
1
0

0

10

20

30

40

50

OPC
70 % TM

4
3
2
1
0

0

10

TIME (h.)

Figure 3: Velocity of heat release.
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3.3. Concrete
The main batching criterion for concreting inside the cylindrical moulds was to maintain a constant binder
content “OPC+FA” (CM) of 300 kg/m3 (see Table 2).
Analysis of concrete samples: with a 50 % of replacement (OPC by FA), concrete was highly cohesive.
The packing enhanced by the particle size distribution of aggregates yielded a very compact material.
The uniform distribution of the aggregate particles is visible in Figure 4 (for TMA-50 and TMA-70).

Fig. 4–Distribution of aggregate particles in a) TMA-50% concrete mix; and b) TMA-70% concrete
Concrete samples with 50% and 70% OPC replacement by Fly Ash have compressive mechanical
stength lower than the Reference material (100% OPC) at all ages of the study (see Table 3). The
mechanical strength with 50% substitution of OPC by original ash (TO-50) or ground ash (TM-50) shows
quite similar results. In this case the contribution of the ash to the mechanical strength development of the
CM is associated only to the pozzolanic reaction (Fernández de Sanmamed, 1978; Lothenbach, et al
2011; Lorca Aranda 2014). However, at 28 days with 50% replacement of OPC by TMA, 30 MPa can be
achieved. These results show that the mechanical-chemical activation of the ashes notably improves the
reactivity of the ash.
Table 3. Compressive strength in concrete containing 50 % or 70% fly ash
Time (days)
OPC
TO 50
TM-50
TMA-50
TMA-70
2
25,25
7,2
8,15
12,65
6
7
34,5
12,3
14,6
18,7
8,4
28
42,3
19,66
21,95
29,56
20,53
90
46,2
25,85
29,02
36,85
30
3.4. Microstructural analysis
Figure 5 shows a micrograph of the TMA-50 concrete at 28 days. The existence of a mixture of
cementitious gels is observed: the N-A-S-H gel from the alkaline activation of the FA (point 1), the C-S-H
gel (with small contents of Al) from the hydration of the OPC (point 2), and C-A-S-H gels of the pozzolanic
reaction of the Fly Ash (point 3).
According to the literature, these gels tend to evolve to C-A-S-H gels (point 3), (Dunstan et al 2011;
Abdullah et al. 2012; Donatello et al. 2013) but the proportion of each gel in the mixture (at early ages)
depends on the alkalinity generated in the medium; and obviously also on the percentage of FA in the CM
and on the hydration time. Additionally, in the concrete matrix, the presence of unreacted cement
particles (point 4), unreacted FA (point 5) and aggregates (point 6) is also observed.
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In summary, the reaction products formed in this type of concrete include C-S-H gel from OPC hydration,
C-(A)-S-H gel from the fly ash-induced pozzolanic reaction and N-A-S-H gel from fly ash alkaline
activation. When different gels are present, they tend to evolve toward C-A-S-H and (N,C)-A-S-H gels,
respectively (Garcia-Lodeiro, et al 2011 and 2016; Yip, et al 2005). The use of activators with different
level of alkalinity has a direct impact on reaction kinetics but does not modify the most prominent final
products, C–A–S–H and (N,C)–A–S–H gels. The proportion of each gel in the mix does, however, depend
on the alkalinity generated in the medium and the replacement ratio.

Figure 5.- Micrography (x 800) of a concrete sample. Composition of gels NASH (1), C-(A)-S-H (2)
and C-A-S-H (3); and C3S (4), unreacted FA (5) and aggregate particles (6).
CONCLUSIONS
The main conclusions of this work are:
- The ash used exhibited substantial pozzolanic activity in portland cement mortars as determined by the
Frattini and strength activity index tests for all the replacement ratios studied but especially when the
alkaline activator was present in mix (TMA mixtures).
- The mechanical-chemical activation of the ash accelerates the hydration reactions with respect to the no
activation of the ash or even with respect the ginding of the ash with no alkaline chemicals.
- At 50 % OPC replacement by fly ash, 28 days compressive strength values of ≈ 30 MPa were obtained..
- The microstructural analysis of the concretes with activated ash (TMA) allowed to observe a mixture of
cementing gels: the N-A-S-H resulting from the alkaline activation of the FA, the C-(A)-S-H from the
hydration of the OPC and C-A-S-H of the pozzolanic reaction of FA.
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ABSTRACT
This study aimed to determine the physical, mechanical, mineral and microstructural properties of a
industrially manufactured hybrid cement (HYP), consisting 47,5 % Belite clinker + 47,5 % FA + 5 %
solid alkaline activator. The effect of the curing temperature (25ºC, or 85 ºC) on hydration kinetics and
on compressive strength development (in paste prisms and mortar prisms) was determined. Isothermal
conduction calorimetry shows that curing at 85ºC, accelerates relevantly the hydration process. The 3
days compressive strength achieved by curing at 25oC was 9 MPa, but 30 MPa was the mechanical
strength after 3 days if mortars were cured at 85ºC. After 28 days, the compressive strength of the
specimen cured at 25oC was 33 MPa, and 43 MPa after 90 days. The specimens cured at 85oC
exhibited a slightly better compressive strength. The hydration products formed were characterized
using XRD, SEM/EDX and 27Al and 29Si MAS-NMR. The main reaction product formed was found to
be a mixture of cementitious gels: C-(A)-S-H /C-A-S-H/(N,C )-A-S-H. The initial curing at 85°C for 20 h
inhibited the formation of ettringite (or favored its rapid decomposition), at least during the first 90 days
(maximum age of the materials analyzed in this work). On the contrary, curing at 85ºC favors the
precipitation of the sulphates in the form of Phase U
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1. INTRODUCTION
OPC concrete is the most used material, after water, by humans. Its widespread use is
essentially due to the availability, in a large part of the planet, of the raw materials necessary for
its manufacture; also to the good “quality/price” ratio, and naturally to its good technological
properties (Biernacki, et al 2017). However, due to the high level of OPC consumption
worldwide, the Portland cement manufacturing process entails a serious environmental problem
related to the high emissions of greenhouse gases into the atmosphere; also with the high
consumption of fossil fuels and finally with the large consumption of mineral resources
(Scrivener et al 2018). Therefore, cement manufacturers and the scientific community have
been working for years on the development of low energy Clinkers (Belitic Clinker, for example)
and/or on the development of cements with a low Clinker factor (pozzolanic cements, hybrid
alkaline cements, etc.) (Chatterjee, et al 1996; Malhotra and Mehta, 1996; García-Lodeiro et al.
2013a,2013b, Alahrache, et al. 2016). In fact the interest in the belitic cements goes back to the
beginning of 1970. Common Portland clinker is usually produced having more than 60% of Alite
and about 15%-20% of Belite. In order to reduce the consumption of energy and the CO2
emissions during the fabrication of Clinker we can try to increase the Belite content and
simultaneously to reduce the Alite fraction (Martín-Sedeño, et al 2010). However, the Belite
cement has a serious drawback: The velocity of hydration of C2S is too slow, which makes the
initial development of mechanical resistance to be poor.
On the other hand, alkaline cements (also called geopolymers) are characterized by not
including Clinker in its composition (Palomo et al. 2014; Luukkonen et al. 2018). Alkaline
cements, in fact, are obtained by the chemical reaction between silicoaluminous materials
(having amorphous or vitreous nature) and some alkaline product. The main reaction product is
a gel type N-A-S-H (Fernández-Jiménez and Palomo, 2005); and the type of secondary products
that can be identified in alkaline cements varies depending on the chemical composition of the
precursor, the alkaline activator (nature and concentration) and the curing conditions (Duxson,
et al. 2005; Hajimohammadi, et al. 2010 and 2011; Fernández-Jiménez, et al 2005, 2006 and
2017).
In this work, the mixture of both types of cement is proposed: A Belite Cement and an Alkaline
Cement, in order to give birth to a Hybrid Alkali Cement. Specifically, a dosage is proposed:
47.5% of Belite Clinker + 47.5% of fly ash (FA) + 5% of an alkaline activator in solid state. This
cement after hydration with water sets and hardens. The ultimate goal of the research was to
determine the effect of the curing temperature (25ºC or 85ºC) on the hydration kinetics of said
Hybrid Cement as well as on the development of mechanical strength and on the nature of the
hydration products.
2. EXPERIMENTAL
2.1 Material
The Belite cement used to make the "alkaline-belitic" hybrid cement was manufactured in a
regular Portland cement plant (with exclusive research purposes). The programmed
composition of the hybrid alkaline cement was 47.5% of Belite clinker + 47.5% of flying ash +
5% of solid activator. This cement has been called HYP. The 5% solid activator consisted of a
cocktail of alkaline salts with a predominance of Na2SO4. The cement was made in a ball mill.
Some thousand tons were prepared. The chemical composition and the mineralogy composition
of the cement are presented in Table 1.
Table 1. Chemical composition (wt %) and cement mineralogy of HYP
Chemical
CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O
composition

%

29.1 38.5

14.9

4.93

C2S

C3A

C3AF

C12A7

8.10 24.0

1.30

3.00

1.10

Mineralogy C3S
%

2.18 3.26

1.61

K2O

TiO2 MnO/Mn2O3 Other aLoI

1.61

0.86

Gypsum Activator Quartz
1.20

1.60

4.00

0.04

0.27 2.82

Mullite

Amorphous

3.80

52.0
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Losson Ignition (1000 ºC)

The chemical composition of HYP was determined by X-ray fluorescence (Bruker S8 TIGER)
and the quantitative mineral composition was determined by DRX (BRUKER AXS D8
ADVANCE), applying the Rietveld method. The mineral analysis showed a Clinker and Activator
content somewhat lower than the programmed one and a higher content of fly ash. These
variations were associated with a low crystallinity of some clinker phase (Sánchez-Herrero et al
2019) and also with small errors in the dosing process. The particle size distribution of HYP was
determined by laser granulometry (SYMPATEC diffractometer with a measuring range of 0.90175 microns). 96.5% of the particles were found to be smaller than 45 μm and more than 40%
smaller than 10 μm, (see Figure 1).
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Figure 1. Particle size distribution of HYP

2.2 Method
HYP cement was used to prepare prismatic mortar specimens according to EN 196-1 (4 × 4 ×
16 cm), with a "water/cement" ratio = 0.5 and “sand/cement” ratio = 3. In order to determine the
effect of the curing temperature on the hydration of HYP, two curing temperatures were applied
to the hybrid cement paste: a) Ambient temperature: 25ºC and 99% RH for 20 h; b) 85ºC and
99% RH for 20 h. (Palomo et al. 2014; Qu, et al 2016). After this initial curing period, the
specimens (all of them) were extracted from the molds and stored in a curing chamber (25ºC ±
1°C and 99% RH) till the testing age (3, 28 or 90 days). For the materials characterization paste
samples with a "water/cement" ratio = 0.3 were prepared. At the testing age the hydration was
stopped by freezing the material with acetone/ethanol. The mineral and microstructural
characterization was carried out with different instrumental techniques: X-ray diffraction (XRD)
using a Philips diffractometer, CuKα 1.2 radiation with a step time of 0.5 s; Electron microscopy
(SEM/EDX) using a JEOL JSM scanning electron microscope equipped with a solid state BSE
detector and an energy dispersion X-ray analyzer LINK-ISIS (EDX); Nuclear magnetic
resonance in solids (NMR MAS) using a Bruker Avance-400 spectrometer (27Al: 104.3 MHz,
rotation speed, 10 kHz, 200 acquisitions, reference, [Al(H2O)6]3+, 29Si: 79.5 MHz, rotation speed,
10 kHz, 1,000 acquisitions, reference TMS). The rate of heat of hydration of the cured cements
at the two tested temperatures was determined by isothermal conduction calorimetry
(THERMOMETRIC TAM).
3. RESULTS AND DISCUSSION
3.1 Reaction kinetics
The hydration rate and the total heat released by the two hybrid cements (respectively cured at
25°C and 85°C) were determined by isothermal conduction calorimetry (see Fig. 2). In both
curves of Fig. 2 an initial pre-induction peak has been detected, but the signal occurs so quickly
that the measurement cannot be done accurately. After a very short induction period, the
presence of a double peak is observed both in the material cured at 25°C and in the one cured
at 85°C. At 25°C, an intense peak is observed at the age of 4.9 h. and a second small one at
8.9h. According to the bibliography (Shi, and Day, 1995; Escalante-Garcia and Sharp, 2000 and 2001;
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Garcia-Lodeiro, et al 2013a; Donatello, et al. 2014) the first peak is normally related to the

precipitation of the main reaction products and the second peak might be related mainly to the
formation of ettringite. The fact that HYP contains only 8.1% of C3S, 24% of C2S and a high
content of fly ash makes the total heat released by this cement to be relatively low (130 J/h).
When the cement is hydrated at 85ºC, again two peaks are observed: one little signal at 3.5 h.
and a second intense one at 4.6 h. The total heat released in this case is 380 J/h which is
associated with a high level of reactivity (clinker phases react and fly ash reacts from the very
beginning of the hydration).

Figure 2. Heat flow and total heat released by HYP pre-cured at 25 or 85 ºC

3.2 Mechanical strength
Fig. 3 describes the development of compressive strength in HYP mortars and pastes (two
curing temperatures and all the tested ages). Mortars and pastes cured at 25°C have relatively
low compressive strengths at 3 days (9 MPa and 20 MPa respectively). However, these values
progress over time: the mortars reach 33MPa after 28 days, and 43 MPa after 90 days. A
similar behavior is observed in the pastes (see Fig. 3 (b)), where 60MPa are reached after 90
days. According to European Standards, HYP could be classified as Type 32.5N cement. The
initial curing temperature (25ºC or 85ºC) significantly affects the initial compressive strength: 30
MPa at 3 days in mortars and 45 MPa in pastes. In contrast, the development of mechanical
strength at longer time (28 and 90 days) was very slow in materials cured at 85ºC; much slower
than mortars and pastes cured at room temperature. These results indicate that the curing
temperature has an effect in the hydration of HYP cement similar to that observed in the
hydration of OPC under similar thermal conditions (Escalante-Garcı́a, and Sharp, 2000 and
2001).

Figure 3. Compressive strength of HYP corresponding to: (a) mortar and (b) paste. Tests
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were run at two curing temperatures and 3 ages (3, 28 and 90 days).

3.3 Mineral and microstructural characterization
Figure 4 shows the XRD patterns of the anhydrous HYP and the hydrated pastes at 3, 28 and
90 days (both, HYP cured at 25ºC and also at 85ºC). The starting HYP shows several signals
associated with the presence of alite, belite, tricalcium aluminate and ferritic phase (clinker
phases). The intensity of these peaks decreases as a function of the hydration time. The
diffractogram pattern of the anhydrous HYP also presents peaks associated with mullite and
quartz-like phases associated with fly ash included in HYP. These signals do not vary in
intensity neither by the time of hydration nor by the curing temperature. It is important to note
that in the hydrated cement pastes no portlandite is detected; however, the presence of calcite
and some carboaluminates is observed. The amount of calcite formed in the pastes at 25ºC is
greater than in pastes cured at 85°C. Comparing the diffractogram patterns of pastes cured at
25°C and 85°C, a very interesting difference has been observed: at 25°C the ettringite signal is
detected, while at 85°C the sulphates precipitate in the form of phase U. Phase U is a calcium
sulfoaluminate containing a certain amount of sodium in the microstructure. Its morphology is
very similar to the one of calcium monosulphoaluminate (Dosch, and Strassen, 1967; Li, et al.
1996).
Legends:
A: Alite, C3S, 031-030
Al: C3A, 033-0302
B: Larnite, C2S, 032-1018
C: Calcite CaCO3, 083-0578
E: Ettringite, 𝐶6 𝐴𝑆3 𝐻32 , 041-1451
F: Brownmillerite, Ca(Al, Fe+3)2O5,
030-0226
Q: Quartz, SiO2, 046-1045
M: mullite, 084-1045
G: Gypsum, CaSO4·2H2O, 037-1496
α: Hemicarboaluminate,
C3A·Ca[OH·(CO3)0.5]·11.5H2O; 041-0221
β´:Monocarboaluminate, 041-0219
C3A·CaCO3·32H2O
χ: U-Phase, 𝐶4 𝐴𝑆1.5 𝑁0.5 𝐻15 , 044-0272

Figure 4. 3-, 28- and 90-days XRD
pattern
for
HYP
at
different
temperatures

The anhydrous HYP and the hydrated pastes after 28 days were selected for analysis through
MAS-NMR. In Fig. 5, all selected HYP spectra (27Al and 29Si MAS-NMR) are shown. The 27Al
spectrum of anhydrous HYP presents a wide and asymmetric signal centered at +54 ppm
together with a shoulder at +80 ppm, both associated with Al(IV). The deconvolution of this
signal shows that it is formed by the sum of three components: + 62 ppm and + 47 ppm, both
related to the content of tetrahedral aluminum in fly ash (Fernández-Jiménez, et al 2006), and
the + 80 ppm signal associated with AlT in the Clinker phases (Colombet, and Grimmer, 1994).
Additionally, a very low intensity signal centered around + 2 ppm is observed in the spectrum. It
is mainly associated with the presence of Al(VI) in the mullite of the fly ash (FernándezJiménez, et al 2006). When HYP is hydrated, the spectrum of 27Al is remarkably modified. As far
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as the Al(IV) signal is concerned, the +80 ppm shoulder disappears completely while the wide
signal centered at +54 ppm shifts to + 58 ppm. On the other hand, there appears some very
sharp and intense signals between +15 and 0 ppm associated with the formation of phases
having Al(VI). The changes observed in the area of Al(IV) are associated both with the reaction
of the clinker phases and with the reaction of the fly ash. The AT present in the Clinker phases is
transformed in AlO after clinker hydration; but the Al of the ash is considered will be a part of the
cementing gels (it means no changes in the coordination of the Al). By deconvolucion of the
spectra, the wide signal centered at +58 ppm is broken down into three signals that appear
around +68 +59 and + 47 ppm. The first is associated with the presence of AlT in type C-(A)-S-H
or C-A-S-H gels (Andersen, et al 2003; Richardson, 2014). The signal of +59 ppm is interpreted as
due to the presence of AlT in type gels (C, N)-A-S-H or N-A-S-H (although the contribution of AlT
present in the ash can not be excluded even without reacting); and with respect to the signal of
+47 ppm this can be associated with the aluminum present in the ash, even without reacting
(Garcia-Lodeiro et al 2010a and 2010b).
As far as the Al(VI) signal is concerned, the deconvolution shows that said signal is also formed
by the sum of several signals. In the case of the paste cured at 25ºC, the overlapping of three
signals respectively centered on +13.21, +9.05 and +6.09 ppm is detected. The first two signals,
of great intensity, are respectively associated with the presence of Al O in ettringite and AFm
phases. The signal of low intensity centered at +6.09 ppm is associated with the remains of Alo
present in mullite together with the possible formation of a non-crystalline Aluminum Hydroxide
(not detected by XRD) similar to Gibbsite [this phase is commonly referred to in the bibliography
as the third aluminate hydrate (TAH)] (Andersen, et al 2006). When the curing temperature was
85°C, the deconvolution of the wide signal centered at + 9.4 ppm indicates the overlapping of
two signals: one centered at +10.2 ppm and the other one at +2.5 ppm. The first could be
related to the presence of phase U and/or AFm phases (detected by XRD). The signal of low
intensity centered at +2.5 ppm again is associated with the presence of Al O either of mullite or in
TAH. These results confirm those observed by XRD: Curing temperature seems to decisively
influence the type of calcium sulfoaluminate formed in these cements.

Figure 5. 27Al and 29Si MAS-NMR spectra for the anhydrous HYP and its 28-day pastes
pre-cured at 25 ºC and 85 ºC
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The 29Si MAS-NMR spectrum of anhydrous HYP shows a narrow and symmetric signal
centered at - 71.6 ppm, which is related to the belite content in the clinker and which is almost
overlapped with a wide signal at -74ppm, associated with the presence of C3S (see Figure 5).
One more signal of low intensity is also observed between -80ppm and -120ppm; it is
associated with the presence of silicon in the fly ash (Fernández-Jiménez et al. 2006). When
the cement is hydrated, it is observed that the intensity of the signals associated with the
anhydrous phases (Clinker and ash) decrease and new signals appear; especially in the area
between -80 and -90 ppm. These new signals are associated with the formation of the hydration
products. The deconvolution of these spectra again shows the overlapping of different signals.
In the 25ºC paste spectrum, the presence of several signals centered at -79 ppm, -82 ppm and 85 ppm can be observed. They can be respectively associated with the presence of Q1, Q2 (1Al)
and Q2 (0Al) units (Andersen, et al 2003; Richardson, 2014), which are normally identified in gel
C-(A)-S-H. However, other signals appear at more negative shifting: -89, -93, -95 and -101
ppm; these signals can be associated with both, the presence of units Q3 (mAl) and Q4 (mAl).
The authors of this work consider that this group of signals can be associated with the possible
formation of a mixture of gels C-A-S-H and/or (N,C)-A-S-H (gels with more polymerized
structures than the CSH gel formed in a paste normal OPC) (Garcia-Lodeiro et al 2010a and
2010b, Myers et al 2013, 2015). The signals appearing at more negative values (-108ppm) are
related with different crystalline forms of SiO2 in the ash (i.e. quartz (Fernández-Jiménez et al.
2006).
When HYP pastes were cured at 85°C for 20 h., the spectrum of 29Si (hydration age =28 days)
is relatively similar to that of 25°C. New signals appear again centered at -79 ppm -82 and -85
ppm indicating the formation of gels C-(A)-S-H or C-A-S-H. At more negative ppm we observe
the appearing of signals at -88, -93, -98 and -103 ppm. They are associated with Q3 (mAl) as Q4
(mAl) units in gels C-A-S-H and/or (N, C)-A-S-H. Although the 27Al spectra showed clear
differences in the type of curing (25ºC or 85ºC), the poor resolution obtained in the spectra of
29Si makes it difficult to draw conclusions, except that in both pastes it seems very probable the
formation of a mixture of gels.
3.4 SEM - EDX study
The SEM/EDX analysis on the 28-day pastes (cured at 25ºC and 85ºC) is described in Figure 6.
In both cases a fairly compact matrix is observed associated to the formation of a mixture of
cementing gels coexisting with unreacted ash particles. The EDX analysis of the matrix shows
that it is mainly composed of calcium and silicon together with some aluminum and some
sodium (see points 1, 2, 3, 4). The percentage of these elements varies locally: near the ash
particles the composition of the gel is rich in Si and Al and poor in Ca, but close to the OPC
particles (still unreacted particles) or in zones where an OPC particle was reacting, the gel is
rich in Ca and poor in Al. These results confirm that a mixture of gels [C-(A)-S-H/C-A-S-H/(NC)A-S-H] is being formed as it has been explained for some other hybrid cements (Garcia-Lodeiro,
et al 2016, Alahrache,et al. 2016). The small sodium content in the gel is coming from the solid
alkaline activator added to the HYP. This element becomes a part to the structure of the gel in
order to balancing the charge deficit that occurs when Al in the gel is replacing Si. The EDX
results also show the presence of a small amount of sulphates likely adsorbed on the surface of
the gel. Scientific literature about the up-taking of sulfate ions on the C-S-H surface reports that
this adsorption is favored by the presence of alkalis and high curing temperatures (Fu, et al.
1994; Thomas, et al 2003). Nonetheless, the impact of the sulfate ions absorbed into the gel
structure has yet to be determined. In contrast, the risk posed by the release of sulfate at
mature cement ages is better understood.
In summary, the results described in this work show that it is possible to produce belitic cements
with high contents of fly ash (and using an alkaline activator) within a real and viable
technological context. The results obtained by calorimetry and XRD show that increasing the
initial curing temperature (25ºC or 85ºC in the first 20 hours) involves some acceleration in the
early hydration of HYP. This likely explains the good mechanical strength development after 3
days (≈30 MPa in mortars and 45 MPa in pastes). However, at longer reaction times, the
beneficial effect of a high curing temperature is (85ºC) is considerably attenuated. This may be
due to the fact that reaction products, that formed rapidly at 85°C, will rise a compact barrier
around the unreacted particles, which hydration will be delayed (Escalante-Garcı́a, and Sharp,
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2000 and 2001). The NMR and EDX results are clearly indicating that a mixture of C-(A)-S-H/CA-S-H/(N,C)-A-S-H gels is being formed at 28 days. The differences due to the curing
temperature are observed in the formation of some secondary reaction products. Curing at 25
ºC involves the precipitation of sulfates (in the form of Aft), while at 85 ºC the formation of U
phase was observed. This can be due to two causes: i) on one hand the curing temperature
destabilizes the formation of ettringite; ii) the curing temperature increases the solubility of
sodium sulphate used as activator, increasing more rapidly the Na content (and pH) in the
medium, which favors the stabilization of the U phase instead of ettringite.

Figure 6. SEM micrographs and EDX analysis of 28-day HYP pre-cured at: (a) 25 ºC; (b) 85
º
4. CONCLUSIONS
This work shows that it is possible to make a cement from a Belite Clinker and a high content of
fly ash and a solid activator in low concentrations (<5%). This cement is able to set and harden
giving rise to a material with good mechanical performance. The mechanical strength
development is due to the formation and precipitation (as the main reaction product) of a
mixture of cementitious gels C-(A)-S-H /C-A-S-H/(N,C )-A-S-H. These gels contain a higher
percentage of aluminum and are more polymerized than the traditional C-S-H gel. In hybrid
cement, a high curing temperature accelerates hydration reactions in the same way as in OPCs
andn also like in alkaline cements developing quick mechanical strength. However, the
subsequent development of the mechanical strength is slower than when the cement is cured at
room temperature. The initial curing at 85°C for 20 h inhibited the formation of ettringite (or
favored its rapid decomposition), at least during the first 90 days (maximum age of the materials
analyzed in this work). On the contrary, curing at 85ºC favors the precipitation of the sulphates
in the form of Phase U.
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ABSTRACT
The application of expansive concretes to construction projects is gradually becoming popular for both
new construction and refurbishment. Expansive concretes are mainly made by using expansive agents
with different chemical compositions that result in the increase of certain hydrates contents within the
concrete matrix. The most usual agents promote the formation of ettringite (type-K) or portlandite
(type-G). Many parameters influence the efficacy of the expansive agents and the performance of the
corresponding expansive concretes such as curing, restraining conditions or concrete composition.
These parameters affect the content, chemical composition and morphology of the expansive
hydrates, and the resulting expansion is closely related to these modifications in the hydrates
characteristics. Therefore, different concrete mixes were designed in this work, most of them selfcompacting concretes, in order to evaluate these effects. Two expansive agents, two supplementary
cementitious materials, two expansion conditions and two curing conditions were considered. The
microstructure of the concretes was evaluated by BSEM and XRD.
The results obtained indicate that restraining conditions influence the morphology and the chemical
composition of the expansive hydrates formed. An eminently amorphous ettringite type was identified
as responsible for the expansion when using type-K agent. Regarding the concretes with type-G
agent, denser portlandite plates better integrated in the cement paste matrix were formed in the
concretes cured in more restrained conditions. Curing conditions and concrete composition also
influence the reactivity of the expansive agents.
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1.

INTRODUCTION

The application of expansive concretes to construction projects is gradually becoming popular for both
new construction and refurbishment. Limitation of shrinkage strains is of practical importance for the
concrete industry since considering certain structural uses, concrete shrinkage may cause cracking,
decreasing its durability (Shah et al. 1998). In this sense, the development of expansive concretes by
using expansive agents with different chemical compositions has demonstrated to be an effective
means of reducing shrinkage thus also reducing the related crack formation. There are already many
cases where expansive concretes are applied, such as pavements without expansion or contraction
joints, watertight walls, roofs made of monolithic concrete without roofing or taxiways without joints,
and even structural applications based on concrete filled tubes-CFT, usually steel tubes for columns or
bridge beams.
Different types of expansive agents are described in literature and some of them are based on the
formation of certain hydrates. In the present study, two types of expansive agents were used: type-K
(ettringite-based) agent, which is a mix of calcium sulfoaluminate, calcium oxide and calcium sulfate
that promotes the ettringite formation, and type-G (CaO-based) agent mainly formed by calcium oxide
that promotes the portlandite formation. Although the phenomena involved in the expansive
mechanisms generated by both agent types are not fully understood yet, the crystallization pressure
generated by the oversaturation of crystals (ettringite or portlandite) when the agents hydrate would
result in a significant expansion in the hardened state (Ogawa et al., 1981, 1982; Lilkov et al., 1999;
Carballosa et al., 2015; García Calvo et al., 2017). However, many parameters or factors influence the
resulting expansion. For example, when using expansive agents ettringite-based (type-K) or CaObased (type-G) their effectiveness relies on the water mix content and the free access of outer
supplied water, mainly for the formers. Thus, the curing conditions (Nagataki et al., 1998; Liu et al.,
2016; García Calvo et al., 2017), the cement composition and the use of different supplementary
cementitious materials (SCM) do influence the expansive performance obtained (Carballosa et al.,
2015).
As the expansive agents used in the present paper are based on the formation of hydrated phases
already existing in a Portland cementitious matrix, and the factors mentioned above clearly influence
the resulting concrete expansion, these factors are expected to also modify the characteristics of the
hydrated phases formed from the mentioned agents. In order to evaluate the influence of the concrete
composition, the curing conditions and the restraining conditions both in the performance and the
microstructure of the hydrated phases formed different concrete and pastes mixes were designed and
evaluated in this work.

2.

EXPERIMENTAL PART

2.1

Study in concretes

Six different concrete mixes were evaluated. All of them were expansive concretes and four of them
were also self-compacting concretes. CEM I 42.5R according to EN 197-1 was used in all of them.
Two crushed siliceous gravels (12/20 mm and 4/12 mm) and one siliceous sand (0/4 mm) were used
as aggregates. In the self-compacting concretes (SCC) the fine content was increased by using class
F low CaO fly ashes (FA) or limestone filler (LF). Two expansive agents were also considered: a typeK agent (based on calcium sufoaluminate) and a type-G agent (based on calcium oxide). The
expansive agents contents were different for each type considered: 15% in weight cement for type-K
and 5% for type-G. These contents were selected according to previous results where lower contents
of type-G agent promoted larger longitudinal restraining expansions than type-K agent when no water
curing was carried out (Carballosa et al., 2015; García Calvo et al., 2017). Table 1 shows the chemical
composition of the expansive agents used. It is well known that modifications in the cement content,
w/c ratio and chemical additives contents promote modifications in the expansion performance. Thus,
in order to avoid any influence of the cement content and the w/c ratio in the obtained results, both
parameters were maintained constant in all the samples, as well as the content of the policarbolixate
based superplasticizer used. Table 2 shows the nominal compositions of the six evaluated concretes.
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Table 1. Chemical composition (%) of the expansive agents used.
Expansive agent

CaO

SiO2

Al2O3

SO3

Fe2O3

MgO

Type K

54.0

1.88

13.6

26.5

0.49

1.33

Type G

95.6

1.97

-

-

0.19

0.69

Table 2. Nominal composition (kg/m3) of the fabricated concretes.
Material (kg/m3)

EC-K

EC-G

ESCCFAK

ESCCFAG

ESCCLFK

ESCCLFG

Water

195

195

195

195

195

195

CEM I 42.5R

385

385

385

385

385

385

FA

-

-

116

116

-

-

LF

-

-

-

-

116

116

Coarse aggregate (12/20)

587

599

-

-

-

-

Medium aggregate (4/12)

376

383

654

669

667

682

Sand (0/4)

775

791

924

945

942

963

Superplasticizer

-

-

5

5

5

5

Agent type-K

58

-

58

-

58

-

Agent type-G

-

19

-

19

-

19

The mechanical properties of the concretes were evaluated in free and restraining expansion
conditions. Ø100 x 200 mm sized cylindrical concrete specimens were fabricated and their
compressive strength evolution was measured at 7, 28 and 90 days according to EN 12390-3. Three
samples for each age and concrete type were used. The specimens were cured under water at 20ºC,
except three samples for each case that were cured in their own steel moulds at 20ºC. The exposed
face was wrapped in retractable film in order to avoid the water loss from concrete. For these last
samples the compressive strength was measured at 28 days in order to analyse the influence of the
confinement in the development of the concrete strength gain. Smaller cylindrical specimens (Ø75 x
150 mm sized) were fabricated to evaluate some microstructural characteristics. In this case half of the
samples were cured under water and the other half of the samples were cured in their own steel
moulds and wrapped in retractable film. After 28 days of curing, concrete samples of approximately
1cm3 were characterized by means of a scanning electron microscope Hitachi S-4800 equipped with
an energy dispersive analyser BRUKER 5030 (BSEM with EDX analyses). The samples were
embedded into an epoxy resin, cut, polished and then coated with carbon.
Prismatic specimens were fabricated to measure the expansion under uniaxial restraining following
the ASTM C878 “Standard Test Method for Restrained Expansion of Shrinkage-Compensating
Concrete”. In every prismatic sample two square end steel plates connected by a steel bar were
placed on each end of the prismatic moulds before specimens of 254 x 76 x 76 mm size were cast (six
per concrete mix). The longitudinal expansion along the main axis of the prisms was measured by
using a digital comparator with 0.002 mm accuracy. All the fabricated specimens were cured during
the first 6 hours at 20±2ºC and wrapped in retractable film. After that, they were demoulded and
subjected to two different curing conditions. Half of the specimens were cured under water at
20ºC±2ºC and the other half of the specimens were maintained in drying conditions (20ºC±2ºC and
50%RH). In this sense, the influence of the curing conditions in the resulting restraining expansive
performance was assessed.
2.2

Study in cementitious pastes

Due to some of the results obtained in the concretes with type-K agent, cement pastes with 5% in
weight cement of expansive agent were fabricated. CEM I 42.5R according to EN 197-1 was used and
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the water cement ratio was 0.5. They were cured under three different conditions: C-1: cured in a
humidity chamber (98%RH and 20ºC); C-2: wrapped in film and maintained at 20ºC; C-3: maintained
in drying conditions (50%RH and 20ºC). The hydration of these cement pastes was characterized at
several curing ages: 1, 3, 7 and 28 days. The hydration processes were stopped after powdering the
samples and removing the free water using ethanol and acetone to minimize leaching of solid phases
(C-S-H gel and portlandite) as considered in (Zhang et al., 2011). Several characterization techniques
were used: 1) XRD patterns were recorded at room temperature in the interval 5º<2θ<60º, with a step
size of 2θ = 0.01973º and 0.5 s per step. 2) DTA/TGA data were obtained with a resolution of 0.01 mg.
The sample was heated to 1000ºC at a heating rate of 10ºC/min using nitrogen as a medium under
static condition. Alumina powder was used as reference material.

3.

RESULTS IN CONCRETES

3.1

Performance of the expansive concretes

The compressive strength values obtained in the six different expansive concrete mixes tested are
showed in Figure 1. The lower compressive strength measured in the expansive concretes in free
expansion regime is due to the expansion generated in the concretes cured under water could
promote certain microcracks in the concrete matrix that limit the strength values. The lower values
obtained in the concretes with type K agent are namely related to their total degree of expansion (see
the corresponding results showed below). These results agree with recent studies where it has been
demonstrated that the addition of type-G expansive agent contents below 8% of cement weight did not
reduce the compressive strength in concretes, even promoting higher initial compressive strengths
(Corinaldesi et al., 2015; García Calvo et al., 2017). In the case of the concretes cured in restraining
conditions, the ones with type K agent thoroughly exceed the compressive strength values of the
corresponding concretes with type G agent, except for the ESCC with limestone filler, since the type K
agent content was higher than that of type G.

Compressive Strength (MPa)

50

EC mixes

ESCCFA mixes

ESCCLF mixes

40

30

Type-K

Type-G
20

10

0

Figure 1. Compressive strength values measured in the expansive concretes at 7, 28 and 90
days of curing (Rest. = curing made in restraining conditions)
The expansion behaviour of the fabricated concretes was evaluated in two different curing regimes in
order to analyse the influence of the external conditions in the efficacy of each expansive agent for
each concrete type. Figure 2 shows the uniaxial-restrained expansion behaviour of the concretes
cured under water and Figure 3 the corresponding results of the samples “cured” in drying conditions.
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In the first case, the maximum expansion value is similar in the concretes with the same expansive
agent in each curing conditions and once the maximum expansion value is reached, the magnitude is
maintained during all the test period. However, in the concretes in drying conditions the maximum
expansion value is higher in the conventional concretes and a decrease of the expansion is detected,
being this relative decrease higher for the concretes with type-K agent. Thus, the addition of water
favours the expansion of both expansive agents, but with a stronger influence in the type-K case.
Moreover, in all the cases the maximum expansion value in the concretes with type-G agent is
obtained earlier which agrees with its reported faster hydration (Collepardi et al., 2005). The fact that
in drying conditions the conventional concretes reach higher maximum expansion value is due to the
delay in the setting time of the SCC promoted by the addition of superplasticizer. On one hand the
hydration of the expansive agents is faster than that of the Portland cement so the very initial
expansion would be higher in the studied conventional concrete, since no superplasticizer was used.
On the other hand, the subsequent loss of concrete mix water due to the low RH would limit its
complete hydration.

0.2
0.18

Expansion rate (%)

0.16

EC-K

EC-G

ESCCFA-K

ESCCFA-G

ESCCLF-K

ESCCLF-G

Under water / 20ºC
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0.12
0.1
0.08
0.06
0.04
0.02
0
0
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Figure 2. Evolution of the restrained expansion of the concretes cured under water
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0.03

EC-K

EC-G

ESCCFA-K

ESCCFA-G

ESCCLF-K

ESCCLF-G

0.01

-0.01

-0.03

-0.05
0

5

10

15

20

25

30

Time (days)

Figure 3. Evolution of the restrained expansion of the concretes in drying conditions
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It is remarkable that at 50±5%RH, where all the samples experimented shrinkage, the shrinkage was
lower in the concretes with type-G agent for each concrete type, regardless of their lower agent
content (15% for type K vs. 5% for type G). Even the maximum expansion value is higher in EC-G
concrete than in EC-K. Therefore, the humid curing is more essential when type-K agent is used. This
agrees with previous studies that already pointed out that its effectiveness relies on the free access of
outer supplied water (Nagataki et al., 1998; Liu et al., 2016). Due to this higher shrinkage in concretes
based on type K agent with respect to the ones based on type G, not only typical drying shrinkage
processes must be taken part in the concrete matrix but also some microstructural changes should
occur as shown in section 3.3.
3.2

Microstructural development of the expansive concretes

The fabricated concretes, under both free and restraining expansion conditions, were observed by
BSEM. In all the cases, the presence of cement anhydrous phases is higher in the samples cured in
their own moulds than in the samples cured under water. In the case of the concretes fabricated with
type K agent, different morphologies are found in both cases and the chemical composition of the
ettringite formed is slightly different in each condition. As shown in the BSEM images of Figure 4,
many of the ettringite phases formed in restraining conditions have thinner plates/needles that the
ettringite nodules formed in the samples cured under water. It is also remarkable from the BSEM
images showed that in both curing conditions, the ettringite phases formed are a kind of amorphous
hydrate or at least they have a cristallinity degree lower than the typical one detected in ettringite
directly formed from Portland cement anhydrous phases. Thus, possibly the ettringite formed from the
anhydrous phases of the expansive agent type K has different morphology (or even crystallinity) than
that formed from the anhydrous phases of Portland cement.

ESCCFA-K-under water

ESCCFA-K-confined

Figure 4. BSEM images (x4000) of the ettringite morphology detected in the expansive
concretes with type K agent
Regarding the chemical composition of the ettringite formed in each curing condition, Table 3 shows
the A/C and S /C ratios calculated according to the EDX microanalysis made. Results refer to the
mean value of at least 25 microanalyses for each case. In this sense, the results obtained in the
different concrete types are quite similar. The sulfur, calcium and aluminum contents of these ratios
can be
 overestimated due to the size of the microanalysis area and the presence of expansive agent
unreacted microparticles around all the hydrates phases in the samples, but they are useful for
comparison reasons. In the chemical composition of the ettringite nodules formed in the samples
cured under water, calcium enrichment is detected. Since the hydration of the expansive agent is
faster than the one of the anhydrous of the cement, in the samples cured in their mold and wrapped in
film the available water is lower and firstly will hydrate the anhydrous of the expansive agent. Thus,
initially will be higher relative dissolution of sulfur and aluminum with respect to calcium than the one
expected from the anhydrous cement particles. On the contrary, in the samples cured under water, the
higher water availability will promote the almost complete dissolution of all the anhydrous cement
particles thus decreasing the relative proportion of sulfur and alumina dissolution with respect to
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calcium dissolution. Regarding the C-S-H gels, the C/S ratio is slightly lower in the samples cured
under water but the most remarkable thing is an increase in the alumina and sulfur contents of the CS-H formed under water. The higher availability in the pore solution of Al and S in the concretes cured
under water could explain this fact.
Table 3. Chemical composition of the hydrates formed in the expansive concretes with FA and
type K agent (mean values).
Ettringite
Expansion condition
Free (under water)
Restraining

C-S-H- gel

A/C

S /C

C/S

A/C

S /C

0.162

0.220

2.1

0.154

0.078

0.176 

0.234

2.3

0.146


0.064

With respect to the concretes based on type G agent, there are slight differences in the morphology
and the size of the portlandite plates depending on the expansion condition (free under water or
restrained). Denser CH plates and better integrated in the cement paste matrix are formed in the
concretes cured in restraining conditions. The preferential formation of portlandite near ferrite cement
anhydrous phases was observed in all the cases. With respect to the C-S-H gel composition, not
significant differences were detected.

4.

RESULTS IN CEMENT PASTES

As mentioned in the introduction, once the expansive materials based on agent type K reach their
maximum expansion value, they suffer from shrinkage when they are in conditions with lack of water
curing. Thus, in order to detect possible microstructural modifications that could explain this shrinkage
phenomenon, the evolution of the hydrates formed in expansive cement pastes with type K agent
under different restraining and curing conditions was evaluated.
Figure 5 shows the XRD obtained in the cement pastes at different curing times. The specific spectra
obtained from 2θ values of 5 to 30 are shown. In all the cases the main cement hydrates formed are
portlandite and ettringite. From 1 to 7 days an increase in the etttrignite signals is detected but at 28
days the peak associated to ettringite seems to be less significant. However, this decrease of ettringite
is not clearly detected. Anyway, as seen in BSEM, the ettringite phases formed from the anhydrous of
the expansive agent type K have lower crystallinity than those typically formed from cement anhydrous
grains. Then, many of the ettringite formed in the expansive cement pastes could be not reflected in
the XRD. However, following this possible decrease of the ettringite peak over time, calcium
monocarboaluminate (C4AcH11) peak materializes and increases over time in all cases. At 28 days,
the intensity of the C4AcH11 peak is higher in C-3 conditions than in the other curing conditions.
Moreover, a peak possibly associated to hemicarbonate is detected at 3 and 7 days and, again, its
intensity is higher in C-3 conditions. In fact, this last peak is very low in C-1 conditions with water
curing supply.
Figure 6 shows the DTA/TGA analysis of concretes in C-3 conditions. The most remarkable thing is
the increase in the signal associated to C4AcH11/hemicarbonate with time which agrees with the XRD
results. The intensity of this peak is also higher in C-3 conditions than in the other two cases (results
not shown). Other important aspect is the existence of a signal in the DTA between 220 and 270ºC
which could be related to monosulfate dehydration. This signal increases over time so possibly some
of the ettringite formed transform to monosulfate. Monosulfate has not been detected in the XRD (see
Figure 5). However, since the ettringite formed from agent type K anhydrous phases seems to have
low crystallinity, the formation of monosulfate with low cristallinity is not disposable. Moreover, the
intensity of the monosulfate signal at 28 days seems to be higher in the samples cured under C-2 and
C-3 conditions than in the sample cured under C-1 conditions.
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Figure 5. XRD of the cement pastes with 5% of type K agent
In fact, the decrease in the ettringite content postulated has sense when calculating the hydrates
contents. Bound water and portlandite contents derived from TGA were calculated in all the samples.
The bound water was calculated from the water loss between 40 and 550ºC. Moreover the specific
bound water content up to 140ºC was also calculated. The obtained results are shown in Table 4. Nor
the bound water neither the portlandite contents decrease with time in any case. However, considering
only the bound water from 40 to 140ºC, which is just before the peak related to monocarboaluminate
and/or hemicarbonate, there is a clear decrease from 7 to 28 days. This aspect could be associated to
a decrease of certain hydrates contents with time. Before 140ºC the hydrates that mainly contribute to
the DTA signal are C-S-H gel and ettringite. Thus, the decrease of ettringite by forming monosulfate is
possible and this monosulfate formation is higher in curing conditions without water supply. However,
the formation of monocarboaluminate could be contradicting this aspect.
The close connection between ettringite and calcium monocarbolauminate is well known (De Weerdt
et al., 2011). Monocarboaluminate usually causes the stabilization of ettringite and avoids its
transformation in monosulfate, thus increasing the volume of hydration products. However, in present
case the transformation of ettringite in monosulfate is not effectively avoided even although C4AcH11 is
formed. In this sense, two main aspects could explain the observed hydrates evolution. On one hand,
the inclusion of type K expansive agent should significantly increase the availability of Al in the pore
solution. Thus, even aluminium ions take part in the formation of monocarboaluminate, there should
be remaining Al that can react with ettringite to form monosulfate. On the other hand,
monocarboaluminate is formed very fast in the evaluated pastes with type K agent due to the high Al
availabitity thus possibly limiting its formation at longer ages. In fact, the presence of
monocarboaluminte peak in XRD is detected at 3 days in C-2 and C-3 conditions. Thus, the further
ettringite formation could not be stabilized by C4AcH11 formation instead of monosulfate formation. This
lack of ettringite stabilization when monocarboaluminate is formed in the very short term has been
also described in non-expansive ternary cement pastes when the C3A content of the Portland cement
used is very high (Fernández et al., 2018).
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Figure 6. DTA/TGA of the cement pastes with 5% of type K agent cured in dry conditions (C-3)
Table 4. Bound water, bound water from 40 to 140ºC and portlandite content of the pastes with
5% of type K agent.
Curing
conditions

C-1
(98%RH and
20ºC)

C-2
(film and 20ºC)

C-3
(50%RH and
20ºC)

Hydration time
(days)

Bound water
(% mass)

Bound water
40-140ºC (%
mass)

Portlandite
content (%)

1

11.5

6.04

9.70

3

17.3

8.47

13.2

7

18.4

8.59

14.5

28

19.0

8.07

15.8

1

10.3

4.86

9.50

3

16.9

7.83

13.6

7

18.7

8.08

16.1

28

19.1

7.52

17.1

1

13.0

6.69

10.8

3

17.0

7.90

13.7

7

18.3

8.14

15.2

28

18.9

7.50

16.5

In the end, the transformation of low crystalline ettringite in low crystalline monosulfate will cause lower
volume of hydration products which agrees with the expansion results obtained. According to the
obtained results, this phenomenon is closely related to the curing/environmental conditions. The
higher the restriction imposed for the expansion and the lower the relative humidity, the higher the
significance of this phenomenon is. Nevertheless, further studies must be made in order to
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corroborate this hypothesis. Additionally, the higher and faster formation of monocarboaluminate in
curing conditions without water supply must be also playing a significant role regarding this issue.
5.

CONCLUSIONS

The expansion behaviour of expansive concretes strongly depends on the environmental and curing
conditions. The lack of water supply promotes shrinkage once the maximum concrete expansion value
is obtained and the shrinkage value is more important when using expansive agent type K than type
G. In fact, according to the BSEM images with EDX analyses reported in this study, the curing
conditions have stronger influence in the chemical composition of the ettringite phases formed from
agent type K anhydrous than in the portlandite formed form agent type G.
BSEM images have demonstrated that the ettringite phases formed from type K expansive agent have
lower crystallinity than the one usually observed in ettringite phases formed from the anhydrous grains
of the Portland cement. This low crystalline ettringite seems to partially transform into low crystalline
monosulfate thus decreasing the total hydrates volume of the material and subsequently decreasing
the material volume. The transformation of low crystalline ettringite into low crystalline monosulfate
occurs even if calcium monocarboaluminate is formed in the very short term. This transformation
process is more significant in curing/environmental conditions without water supply. Further
microstructural studies must be made in order to corroborate this hypothesis.
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ABSTRACT
A thermochromic mortar based on an eco-efficient belite cement is presented. The cement is
synthesized at the laboratory by hydrothermal treatment of fly ashes and the mortar includes reversible
thermochromic pigments based on microencapsulated organic compounds. The mortar morphological
composition has been optimized to allow for the chemical stability of the pigments within the
cementitious matrix while assuring proper physical properties. Chemical and morphological properties
of the optimized mortar are analysed by different analytical techniques (SEM, FTIR) to confirm pigment
stability within the matrix. Moreover, surface appearance and optical reflectance measured by a
portable spectrophotometer are monitored at a vertical north-oriented mortar coating exposed to
outdoor environment for 5 dry-sunny days in Madrid (Spain). A light colour and high solar reflectance is
observed for temperatures higher than the expected transition value of 25 °C, while a change to a dark
colour and low solar reflection for temperatures below this value confirm the reversible thermochromic
behaviour of the mortar. A good stability of the mortar is observed in the particular conditions tested.
Finally, taking into account the potential application of this material as an eco-efficient building
envelope coating, suitable physical-mechanical properties are obtained, as well as a proper behaviour
of surface temperature to improve building energy efficiency.
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1.

INTRODUCTION.

Thermochromic materials are defined as those with optical properties changing with temperature. They
are already in the market for safety applications, in which a change in colour usually warns of a danger
by high temperatures. Applications in construction have also been developed in glazing and in
elastomers or paints for building envelope coatings (Granqvist 2016, Sharma et al. 2017, Karlessi et al.
2009). These opaque coatings are based on microencapsulated organic pigments and show a dark
colour with a high absorption (low reflection) of solar radiation when temperature is low, thus favouring
heating of the envelope and reducing heating demand for indoor comfort. The same material reversibly
changes to a light colour with low solar absorption (high reflection) when temperature is high, thus
avoiding envelope overheating and reducing cooling demand. Consequently, the dynamic behaviour of
thermochromic coatings on the building envelope may improve energy efficiency, especially in the case
of climates with extreme temperatures both in winter and in summer. In these climates, conventional
coatings with constant optical response may reduce energy demand for heating in wintertime but will
show demand penalties in summertime, and vice versa (Park & Krarti 2016).
In spite of this interesting application of thermochromic materials in construction, only a work by Ma &
Zhu (2009) studied the viability of producing a cement paste with this functionality. In fact, up to our
knowledge, our group (Perez et al. 2018) recently published the first paper on development of a cementbased thermochromic material for application as building coating. In that work, a smart reversible
thermochromic mortar based on ordinary white Portland cement and organic microencapsulated
thermochromic pigments was presented. Mortar composition was optimized to assure compatibility with
pigments and results on chemical-morphological analysis of pigment stability, optical properties at
different temperatures and physical-mechanical properties were presented for the case of a black
pigment with transition temperature of 31 °C.
In the present work, we propose a thermochromic mortar based on an eco-efficient belite cement
synthesized in our laboratories by hydrothermal process from industrial wastes. The use of a waste as
raw material and the significantly lower synthesis temperature imply a significant environmental benefit
from its production with respect to ordinary Portland cement (Guerrero et al. 2004). In terms of material
properties, the main advantages of belite cement are a low heat of hydration and a high durability, while
the main disadvantage is a low hydration rate. The subsequently slow strength development prevent
the use of this cement in certain applications, but this is not the case of envelope coatings, in which
mechanical resistance is not a restrictive requirement. Moreover, the light colour characteristic of this
eco-efficient cement is especially suitable for the intended application.
Chemical compatibility of belite thermochromic mortar with microencapsulated organic pigments is
analysed by morphological and chemical characterization, together with main physical-mechanical
properties for application at envelope coatings. Finally, an outdoor test on mortar coated slabs is
performed to characterize the mortar variable optical properties with temperature, the durability upon
outdoor environment and the thermal impact of the thermochromic behaviour.
2.
2.1

MATERIALS AND METHODS
Synthesis of eco-efficient belite cement

Belite cement was synthesized through hydrothermal treatment from a class F fly ash with the chemical
composition collected in Table 1, as obtained by X-ray fluorescence. Calcium oxide of a 96% purity was
used in order to obtain the Ca/Si ratio equal to 2 characteristic of belite for the initial solid mix. This solid
was hydrothermally activated in demineralized water (water-to-solid ratio of 3) for 4 hours at 200°C with
continuous stirring, using a Parr pressure reactor equipment model 4522. After this process, the reactor
was cooled, and the filtered solid was dried at 80 °C for 24 hours to obtain the belite cement precursor.
The precursor was subsequently heated at a rate of 10 °C/min up to 600 °C and then at 5 °C/min from
600 °C to 800 °C to obtain the final belite cement (BC), having the chemical composition collected in
Table 1. The cement has a predominant amorphous character with some contribution from α´ y β
crystalline phases of dicalcium silicate (belite, C2S) and a minor contribution from calcium aluminosilicate phases (Guerrero et al. 2004).
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Table 1. Chemical composition in percentage of oxides of the fly ash (FA) used as raw material
and the belite cement (BC). L.I. stands for loss on ignition.

2.2

Na2O

MgO

Al2O3

SiO2

P2O5

SO3

K2O

CaO

TiO2

Fe2O3

L.I.

FA

0,3

1,1

26,1

44,7

0,9

0,7

2,6

5,4

1,4

5,5

10,9

BC

0,2

1,2

14,3

26,5

0,4

0,1

0,9

48,1

0,7

3,1

-

Preparation and characterization of thermochromic mortar specimens

In order to achieve a thermochromic cementitious material, a commercial thermochromic pigment
Chromazone Slurry Black 25 from LCR Hallcrest Ltd was used. This is an organic reversible
thermochromic pigment with transition temperature of 25 °C, changing from a black colour for
temperatures below this value to light grey for temperatures beyond it. The pigment itself, formed by a
colour former, a colour developer and a solvent, is enclosed in melamine formaldehyde microcapsules
as a protection from aggressive environments and the aqueous slurry contains a 50% of capsules.
A mortar was designed for application as façade coating, with a composition optimized to achieve a
proper behaviour of the organic thermochromic pigments. The resulting composition (protected under
Spanish Application Patent number 201731186 and shown in Table 2) contains a combination of three
different calcareous sands with different particle sizes in order to obtain a well-compensated
granulometric curve. A small percentage of siliceous sand was also added to improve distribution of
water and additives and to increase mechanical resistances. A set of additives, namely water repellent,
water retainer, organic resin, pozzolanic addition, cellulosic fibres and polyacrilate, was added to the
blend. Details on the different mortar components are described elsewhere (Perez et al 2018).
Table 2. Mortar composition
Product

kg/m3

Water

365,74

Belite cement

235,34

Calcareous sand 0,1-0,8 mm

238,52

Calcareous sand < 0.6 mm

127,21

Limestone filler 0,01-0,9 mm

801,52

Siliceous sand 0,1-0,6 mm

111,31

Water repellent

1,91

Water retainer

1,99

Resin

36,57

Fibre

2,39

Pozzolan

31,80

Polyacrilate

1,59

For the preparation of thermochromic belite mortar (TBM), a 23% of weight of solid of water was mixed
with a 3% of weight of solid of pigment and stirred before pouring into the solid blend, prepared with the
proportions collected in Table 2. The pigment and water proportions in the Chromazone Slurry Black 31
were always taken into account in the formulations. The mixing of the mortars was performed with the
following sequence: 15 s at 140 rpm, followed by 30 s at 285 rpm, then 15 s at rest and finally 1 min at
285 rpm. A four-minute’s resting time was respected before casting the specimens that were demoulded
after 24-48 hours and stored for 2 days in plastic bags, before being kept in a climatic chamber at 20 °C
and 60% relative humidity until a total curing time of 28 days.
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Chemical and morphological analysis of the mortar specimes cured for 28 days was performed by the
Scanning Electron Microscope (SEM) HITACHI S-4800, equipped with a Bruker system for Energy
Dispersive X-ray sprectroscopy (EDX) and by Fourier Transform Infrared spectroscopy (FTIR) in
vacuum conditions, using a Bruker iFS 66v/S spectrophotometer. The consistency of the fresh mortar
was measured according to the spread test defined in the UNE-EN 1015-3 standard. Prismatic
specimens of 4x4x16 cm3 cured in the previously described conditions were used to determine the bulk
density of hardened mortar as well as its mechanical resistance, both flexural and compressive,
following UNE-EN 1015-11:1999 standard. Finally, the dynamic elastic modulus of the mortar was
determined by the forced resonance test described at ASTM C-215 standard in 2,5x2,5x28 cm3
prismatic specimens. The same tests were performed on specimens of the belite mortar with no pigment
addition (BM) as a reference.
2.3

Test of thermochromic mortar at outdoor environment

In order to study the behaviour of the thermochromic mortar in outdoor conditions, 10 by 10 cm concrete
slabs with one-cm thick mortar coating were prepared. The same procedure as for the prismatic
specimens was used for mortar preparation and curing was carried out in this case in laboratory
conditions (around 22 °C and relative humidity lower than 40%). In order to compare the behaviour of
the thermochromic mortar with that of conventional coatings of constant optical response, the belite
mortar with no pigment addition (BM) and a standard grey cement mortar (GM) were applied to similar
concrete slabs. A thermocouple was embedded in each mortar coating, in centred position, covered by
the mortar, but close to the coating surface.
Once cured for 7 days, the slabs were located on a platform free from shadowing elements, separated
from the ground to avoid overheating sources, in vertical position, and oriented to the north, to avoid
direct incidence of solar radiation. The mortar coating of the slabs was subjected to outdoor environment
for 5 dry-sunny days in Madrid (Spain). Maximum temperatures were well beyond 30 °C and minimum
temperatures well below 25 °C so that it should be possible to observe the dynamic optical response of
the mortar, with expected transition temperature of 25 °C. In order to characterize this variable optical
response, reflectance spectra of the mortar coating in the visible-near infrared range were measured
every day early in the morning and in the afternoon with a portable optical fibre spectrometer from
Stellarnet. Finally, to analyse thermal effect of the thermochromic mortar coating, the surface and
environmental temperatures were also monitored during the experiment by the thermocouples
embedded in the coating of each slab and by a portable device, respectively.
3.
3.1

RESULTS AND DISCUSSION
Morphological and chemical properties of eco-efficient thermochromic mortar

Figure 1 shows a representative SEM image of the belite mortar with no pigment addition (BM) cured
for 28 days. Spherical structures and crystals are observed as those marked by 1 and 2, respectively.
Their composition is coherent with calcium alumino-silicates characteristic of this cement (Guerrero et
al. 2004), as seen in representative EDX spectrum associated to these points on the left of Figure 1.
The high signal from Au in the spectrum comes from the conductive coating deposited on the sample.
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Figure 1. SEM-EDX results of BM mortar cured for 28 days
Moreover, calcareous aggregates may be identified, as in point 3 of the same Figure 1. In other areas
of the surface, fibres are identified by their morphology and siliceous aggregates and structures with
significant C signal are also observed, the latter related to the different organic compounds included in
the mortar composition (see Table 1).
In the image corresponding to the thermochromic belite mortar, similar morphologies are present, but in
addition, spherical microcapsules may be identified within the matrix, as noted by point 1 of Figure 2,
which is zoomed in Figure 3. It is also interesting to note the higher C content in the spectrum on the
right in Figure 2, representative of the cementitious matrix in the thermochromic mortar as compared to
BM mortar. This effect may be due to the presence of these organic microcapsules enclosing the
thermochromic pigments.

Figure 2. SEM-EDX results of TBM mortar cured for 28 days
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Figure 3. SEM image of microcapsules in TBM mortar cured for 28 days
The infrared spectrum of thermochromic mortar cured for 28 days is compared in Figure 4 to that of
belite mortar with no pigment addition (BM) and the spectrum of the raw pigment. The predominant
absorption bands appearing in the spectra of both mortars (TBM/BM) are those centred at 1423 cm -1,
876 cm-1 and 714 cm -1. These are associated to vibrations in the carbonate ion of the calcareous
aggregates, which are the main constituents in the mortar composition (Table 2). The band associated
to hydrated silicate vibrations around 980 cm -1 is also observed, together with some minor bands
common in both spectra that must be related to the additives. However, a clear increase of band intensity
appears in the spectrum of TBM as compared to that of BM in the positions marked by an asterisk in
Figure 4. These positions correspond to the main absorption bands of the raw pigment and are
associated to the metyl stearate, probably used as solvent in its formulation (Xu et al. 2014). This result
is a further evidence of the stability of pigments in the cementitious matrix of TBM mortar at 28 days.

Figure 4. Infrared spectra of mortars cured for 28 days and raw thermochromic pigment.
3.2

Physical-mechanical properties of eco-efficient thermochromic mortar

The consistency of the thermochromic mortar in fresh state, as obtained from the spread test, gave a
mean spread diameter slightly lower than 140 mm, which indicates a dry consistency according to EN
1015-6:1999. As seen in Table 3, the diameter obtained for the BM case in the consistency test was
140 mm, in the lower limit for plastic consistency. This is the same value obtained for the spread
diameter of thermochromic mortar with white Portland cement (TWM) (Perez et al. 2018).
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Table 3. Physical-mechanical properties of the mortars
FRESH STATE

TBM

BM

Consistency (mm)

133

140

Bulk density (kg/m3)

1342

1435

Flexural strength (MPa)

1,4

4,0

Compressive strength (MPa)

3,2

9,8

Dynamic elastic modulus (MPa)

1393

4692

HARDENED STATE

Regarding the hardened state, the belite thermochromic mortar shows a bulk density lower than that of
BM and TWM mortars. This property is advantageous for applications as building coating to avoid
charge excess in the building structure. The low value of dynamic elastic modulus obtained for the belite
thermochromic mortar (1393 MPa), lower than for plain BM (4692 MPa) and for white cement mortar
(3662 MPa) (Perez et al. 2018), is also important for application as façade coating as it assures the
capacity of the mortar to deform without cracking upon movement of the substrate.
The TBM mortar shows a flexural resistance of 1,4 MPa and a compressive resistance of 3,2 MPa.
These values are significantly lower than those obtained for BM without pigments (4,0/9,8 MPa for
flexural/compressive resistance), probably due to incorporation of pigment microcapsules that may act
as weaker points in the mortar matrix (Perez et al. 2015). The strength is also lower than in TWM (4,2
MPa/9,7 MPa) (Pérez et al. 2018) probably due to the lower hydration rate characteristic of belite cement
that gives rise to a slower strength development. In spite of these effects, the thermochromic TBM mortar
may be classified as CSII according to EN 998-1 standard, which is suitable for the application as
external building coating.
3.3

Behaviour of eco-efficient thermochromic mortar in outdoor environment

A concrete slab covered with the thermochromic mortar (TBM) was exposed to outdoor environment for
5 days of large variation in day to night temperatures, covering the range for optical variation of the
mortar that is expected to occur around 25 °C. Slabs covered by the belite mortar with no pigment
addition (BM) and by a standard grey mortar (GM) were exposed in the same conditions as reference
for conventional mortar coatings with constant optical response. Figure 5 shows representative
reflectance spectra of the thermochromic mortar surface acquired at subsequent days during this test
at environmental temperatures beyond and below the expected transition value.

Figure 5. Reflectance spectra of TBM mortar exposed to variable temperature
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A clear contrast in reflectance is observed between measurement A, taken at high temperature in the
first day of exposure, and measurement B, taken at low temperature, early in the morning of the second
day. This effect confirms the thermochromic behaviour of the mortar in outdoor conditions that is also
evident from the variable appearance of the mortar coating shown in Figure 6. In fact, in the picture
corresponding to measurement A, the TBM coating shows a light-coloured appearance very similar to
that of the belite mortar with no pigments (BM), while in that of measurement B, its appearance has
changed to a grey colour slightly darker than that of standard grey mortar.
The following spectrum C was taken in the afternoon of the second day and shows a reflectance similar
to spectrum A, both taken at high temperature, thus confirming the reversible character of the
thermochromic behaviour. However, a smoothing of the spectral curve may be observed in the visible
range that relates to the slightly yellowish appearance of the coating surface that remains for high
temperatures until the last test day (measurement E) as may be seen in Figure 6. A similar smoothing
is progressively observed in the spectra corresponding to low temperatures (D and F) with respect to
the initial spectrum B. In any case, contrast in reflectance and change in surface appearance with
temperature change are clearly observed until the end of the test (E and F).
The results confirm the durability of the thermochromic behaviour in the test conditions of the present
work. Previously published works (Karlessi & Santamouris 2015) report a degradation upon exposure
to direct solar radiation of thermochromic non-cementitious coatings also based in microencapsulated
organic pigments. The reason for the better stability of the thermochromic coating of the present work
may be related to the different composition, mainly based in eco-efficient belite cement and calcareous
aggregates, and/or to the fact that direct incidence of solar radiation is avoided by the north orientation
of vertical slabs.
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Figure 6. Appearance of coated slabs along the exposure to outdoor conditions
Apart from the aesthetical effect, the dynamic optical response of thermochromic mortar is expected to
have a thermal effect that may improve energy efficiency in building applications. Figure 7 shows the
surface temperatures of the three coatings during the first days of the outdoor test.

Figure 7. Surface temperature of coatings along the exposure to outdoor conditions
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The environmental temperature (also included in Figure 7) shows narrow high temperature peaks due
to uncontrolled incidence of solar radiation on the measuring device. Apart from this specific feature, the
curves indicate that overheating of the slabs at high environmental temperatures is highest for the grey
mortar with a temperature difference around 1,5 °C. This behaviour is due to the lighter colour of both
belite mortars associated to a higher solar reflectance and, consequently, to a lower absorption of solar
heating energy.
In applications of the TBM mortar coating at building envelopes, this lower surface temperature will help
reduce cooling demand to achieve indoor comfort during summertime, as much as a light coloured
coating will. The main interest of the thermochromic mortar is that, at low temperatures, characteristic
of wintertime, the same material shows a dark colour related to a low reflectance (high absorptance) of
solar radiation, as may be confirmed in Figure 5 and Figure 6. This means that surface temperature of
the thermochromic envelope will increase due to solar heating as much as the surface of a similarly dark
coating and will help reduce heating demand. The total energy demand along the year will then benefit
from both optical responses, improving energy efficiency with respect to conventional coatings of
constant optical properties that are only suitable for part of the year conditions.
4.

CONCLUSIONS

The analysis of a thermochromic mortar based on an eco-efficient belite cement synthesized in our
laboratories by hydrothermal process from industrial wastes gives rise to the following results:










5.

Analysis of mortar specimens cured for 28 days by SEM-EDX and FTIR spectroscopy
confirm that microencapsulated organic thermochromic pigments are stable within the
proposed cementitious matrix.
Physical-mechanical properties of the thermochromic belite mortar are suitable for
application at building envelopes. A spread diameter of 133 mm, a bulk density of 1342 kg/m3
and a dynamic elastic module of 1393 MPa were obtained. Flexural and compressive
resistance (1,4 MPa and 3,2 MPa, respectively) are lower than in the mortar with no pigment
addition, probably due to the microcapsules acting as weak points. Mechanical properties
are also lower than in the thermochromic mortar based on ordinary white Portland cement,
which is related to the lower hydration rate of belite cement.
Changes in reflectance and surface appearance confirm the thermochromic behaviour of the
mortar exposed to outdoor environment north-oriented in concrete vertical slabs placed on
a shadow-free platform. The mortar shows a low solar reflectance (high absorptance) for
temperature below the expected transition temperature of 25 °C and appears dark greycoloured. The optical response reversibly changes to high reflectance (low absorptance) for
higher temperatures, showing a light colour similar to that of belite mortar with no pigment
addition.
Contrast in reflectance and change in surface appearance with temperature remain during
exposure to outdoor environment for 5 dry-sunny days in Madrid (Spain). Further analysis
on mortar durability under outer environment must be performed considering different
orientations, cement composition and climatic conditions.
Overheating of the thermochromic mortar surface at high environmental temperatures is
similar to that of belite mortar with no pigment addition with a maximum surface temperature
1,5 °C lower than a grey mortar tested in the same conditions.
According to the measured surface temperatures, the thermochromic mortar as building
envelope coating favours a reduction of cooling demand for indoor comfort in summertime,
as light coloured coatings do. According to reflectance measurements and observed
appearance, the same material must reduce heating demand in wintertime as dark coatings
do. In conclusion, the dynamic thermochromic behaviour will be useful to improve building
energy efficiency.
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ABSTRACT
When ground granulated blast-furnace slag (GGBS) is used to produce geopolymer cement, rapid
setting is an issue. Final setting time is less than 60 minutes, generally 20 minutes at room
temperature, even if less active fillers such as coal fly ash is mixed. However, nearly 120 minutes of
work time is usually requested for concrete construction on site from agitator transportation to finishing
work. To solve this problem, chemical retarders have been developed so far, but final setting time of
GGBS-based geopolymer exceeding 60 minutes is still impossible.
In this study, the authors developed a new retarding measure by pre-heating GGBS. The experimental
results indicated that 1) the properties of the preheated GGBS are governed by the glass transition
point (GTP=450°C) and the recrystallization point (RCP=780°C). 2) Below the GTP, annealing mainly
results in stress release, whereas above the GTP but below the RCP, weak devitrification is dominant.
3) At 800°C glassy GGBS completely crystallizes to yield gehlenite associated with a small amount of
merwinite, resulting in over 7 hours work time. If combining the crystalline type GGBS, which is preprocessed at 800 °C, with the amorphous type GGBS obtained by preheating below RCP, specifically
at 400°C and 700°C, The work time of GGBS-based geopolymer can be so easily prolonged over 120
minutes and flexural strength of 5-9 MPa can be realized.
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1.

INTRODUCTION

Blast furnace slag is by-product of iron industry, of which recent discharge is rising up to around 24
million tons per annum solely in Japan. Ground granulated blast-furnace slag (GGBS) is produced by
water-cooling molten slag then grinding. The main application of GGBS is widely known as a
pozzolanic substitute of Portland cement or as raw material of slag cement. On the other hand, GGBS
is used as active filler or precursor of alkali-activated material or geopolymer (GP), as a substitute of
metakaolin in some countries where kaolin resource is poor. However, the addition of GGBS generally
yields so short work time that difficulties are encountered in transporting, casting and finishing of GP
materials. Desirable work time is more than 2 hours specifically for in-situ construction, generally by
means of concrete’s agitator transportation.
Many efforts have been made to solve this issue. Current method is the addition of retarders, like as
the means for Portland cement concrete. Although the results are not very exciting, it is reported
recently that the addition of sodium tartrate (C4H4Na2O6·2H2O) or sodium gluconate (C6H11NaO7) is
effective, shedding a light on this problem (Li and Okada 2016). To the contrary, only 1% addition of
sodium phosphate (Na3PO4) is also effective, as retarder of GP using magnesio-GGBS that contains
MgO of 10.5% by mass, with no marked strength drop of hardened GP (Kalina et al. 2016). Though it
is said that sodium phosphate is superior to sodium tartrate and sodium gluconate in view of required
dosage and economy, this kind of retarder is not effective to GP using low magnesio-GGBS that has
MgO content of 4-6% in Japan.
This paper presents a novel technique to contribute to this issue from the aspect of thermal alteration
of GGBS, which is quite different from the conventional concept of retarder.
2.

EXPERIMENTAL

Commercially available GGBS in Japan, of which chemical compositions and physical properties are
represented in Table 1, was weighed as much as 70-80 g in a batch and transferred to a 120 mL
alumina crucible, and heated in air for 24 h, employing a muffle type electric furnace, Yamato F36, at
temperature from 100 to 800 C°. The TG-DTA thermal analyses were carried out up to 1000°C
purging air at a heating rate of 10°C/min, employing Rigaku Thermo Plus EVo TG 8120. Also, XRD
diagrams were taken by Rigaku RINT-2550 under the following conditions: monochromatized CuKα
radiation of 40kV-120mA power, 1°-1°-0.3mm slit system, 4°/min scanning speed, 0.02° step scan,
and 3-60° 2θ range. The GGBSs were chemically analyzed by XRF technique, using Rigaku ZSX101e
with FP method. Crystallite size was determined by Scherrer’s equation shown in the following.
D = Kλ / B cosθ

(1)

where D, λ and θ are crystallite size, X-ray wavelength, and diffraction angle (rad.), respectively, K is a
constant called shape factor conventionally 0.9, and B is defined as follows.

Table 1. Chemical compositions and other relevant characteristics of GGBS
Major
SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O K2O P2O5 SO3 %Σ1 %Total-12 1
Sample
GGBS-A

31.15 0.66 12.77 0.29 0.23 47.17 4.57

tr.

0.30 0.04 2.58 99.76

100.01

GGBS-B

31.15 0.57 12.75 0.30 0.21 47.25 4.65

tr.

0.30 0.04 2.57 99.79

100.04

GGBS-C

31.54 0.61 12.75 0.31 0.21 46.83 4.59

tr.

0.30 0.04 2.55 99.73

99.99

Minor
SrO Y2O3 ZrO2 BaO
Sample

Cl

%Σ2

Apparent density Specific surface
Blaine (cm2/g)
(g/cm3)
4080
2.81

GGBS-A

0.07 0.01 0.04 0.12 0.01

0.25

GGBS-B

0.07 0.01 0.04 0.13

tr.

0.25

2.83

3830

GGBS-C

0.07 0.01 0.05 0.13

tr.

0.26

2.85

4130

1. %Σ1 + %Σ2

area
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B = (Bexp2 – Bi2)1/2

(2)

where Bexp and Bi are FWHMs of the objective and a standard material of well-crystalline, respectively
(Miyauchi et al. 2010, Ida 2007).
The data of Bexp and Bi were collected by employing Rigaku MiniFlex 300/600 fine focus XRD
apparatus. Operating conditions were as follows: 40kV-15mA doubly monochromatized CuKα
radiation, 1.25°-13mm-13mm slit system, and 4°/min step scan with 0.01° interval ranging 5-90° 2θ. A
standard material of well-crystalline gehlenite was used, and DB card number is 3183. Thus, crystallite
sizes perpendicular to reflection planes concerned were determined. More details are available online
(Rigaku, B-XRD 1071).
Photomicrographs were taken by using a polarizing microscope, Meiji Techno MT9430. A few
milligrams of GGBS powders were put on a slide glass and immersed by a few drops of olive oil
(refractive index n=1.47), and then covered with a cover glass to take photos under open and crossed
Nicol conditions.
In our Laboratory, work time (or handling time) was measured by so-called the micro-spatula sticking
method. The work time indicates elapsed time of solidification nearly corresponding to final setting
time of Portland cement materials. Geopolymer pastes using the GGBSs were prepared by handmixing at room temperature of 20±2°C. The alkaline liquor/filler (L/F) ratio was 0.40, and 20 g of the
GGBS filler was used for a batch. Then, each GP paste was cast into a 100mL plastic vessel. Work
times were measured by sticking a micro-spatula blade, having a tip dimension of 0.4x6.6mm, into the
paste. The work time was the elapsed time from mixing alkaline liquor and GGBS filler to the time
when the indentation mark remained so clear with no invasion of fluid. Incidentally, there is yet no a
standard method for the measurement of work time, thus the measuring methods are different from
researchers now (Harada et al. 2012, Yamaguchi et al. 2013, Yamaguchi and Li 2018).
Commercially available water glass, called JIS (Japanese Industrial Standards) No. 1 aqueous sodium
disilicate solution (nominal composition, Na2O•2SiO2•aq) with specific gravity (S.G.) of 1.54, was
diluted with deionized water to prepare a sodium silicate stock solution called #1 GP-liquor with S.G.
1.27. Then, the #1 GP-liquor was mixed with caustic soda aqueous solution of 10 mole concentration
by a volume ratio of 3:1 to obtain so called #0 GP-liquor with S.G. 1.30.
Test pieces of geopolymer mortar were prepared from the heat-treated fillers, sand, and the #0 GPliquor. First, GGBS filler and sand were mixed at a filler/sand ratio of 0.5 by mass. Then, fresh mortar
mixtures were obtained by hand-mixing in a 500mL plastic beaker at a liquor/filler ratio of 0.65. The
sand used was Toyoura sand commercially available In Japan. Second, the fresh mortars were cast
into 3-cell type molds with prismatic dimensions of 20 x 20 x 80mm. After pre-curing in the air of 20°C100% RH overnight, the hardened mortars were demolded and kept curing in the same curing
condition until the scheduled ages that are 1, 3, 7 and 28 days. At every age, flexural strength was
measured, employing NMB Techno Graph, TG-5kN tester, under the conditions of 50mm span and
0.2mm/min cross-head speed. Flexural strengths were calculated by the following well-known formula:
S =(3L/2bd2)·P = kP (k: const.)

(3)

where S, P and L are flexural strength, fracture load, and span, respectively, and b and d are width
and height of the cross section of specimen. The constant k becomes 9.375x10-3 in present case.
3.

RESULTS AND DISCUSSION

3.1

Compositions and structure of heat-treated GGBS

3.1.1 XRD results
As represented in Fig. 1, XRD charts showed amorphous nature of the GGBS heated below 750°C
and no marked change was found among the GGBS samples pre-treated from room temperature to
750°C. However, drastic change took place in 800°C sample and crystalline phase of gehlenite, C2AS
was identified, associated with minor merwinite, C3MS2. Also, small amount of MgO component might
be incorporated into the gehlenite, estimating from the chemical compositions shown in Table 1.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

GGBS-A

800°C

750°C

700°C

600°C

400°C
GGBS-A
RAW

Fig. 1. Representative XRD diagrams of heat-treated GGBS-A
(M: Merwinite, No label: Gehlenite)
If seen well the amorphous samples that were heated at the temperature below 750°C. Primarily, they
showed humps or halos in the range of approximately 20-38°2θ. Secondly, some very small intensity
peaks are recognized as indicated by the dotted lines. They might be some crystals of gehlenite and
merwinite, judging from the peak positions, as compared with the sample heated at 800°C. The
crystals may be formed during the water-cooling process of molten blast-furnace slag to obtain GGBS.
Details will be discussed further in Section 3.1.3.
3.1.2

TG-DTA results

Fundamentally, two exo-thermic events can be seen in the DTA-charts shown in Fig.2. Regarding to
the peak top, one occurred at around 500°C and the other at around 920°C. On the other hand, onset
temperatures indicate 450°C and 780°C, respectively. The former corresponds to a glass transition
point (West 2016) and the latter answers to recrystallization point. According to our work time results,
these temperatures were at 400°C and at 775°C, respectively, as discussed in Section 3.2.1.
In addition, there is another exo-thermic event centred at around 260°C, presumably corresponding to
oxidation of organic matters, most probably carbon. This peak is very broad, and accompanied with
gradual decrease of weight loss as seen in TG-chart. This is due to the effect of surrounding glass
phase that prohibits smooth oxidation.
An endo-thermic event centred at around 650°C is clearly recognized only for the sample GGBS-C,
accompanied with a sudden weight loss. Moreover, although the endo-thermic peak is unclear, a slight
weight loss corresponding to this event can also be seen in TG-chart of GGBS-B at around 620°C. At
the moment, however, the reason of these peaks is unknown, but most probably due to
decarbonation.
It is worthy to take note of TG diagrams. Due to the heating, gradual weight loss was observed,
sometimes accompanied with sudden weight loss as mentioned. When heating temperature reached
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Fig. 2. TG-DTA diagrams of GGBS-A, B and C recorded in air atmosphere
910°C, however, the weight loss ceased and conversely weight gains began. This is probably due to
some oxidation of transitional elements such as FeO and MnO components into sesquioxides after the
turning point at elevated temperature.
3.1.3

Photomicrographs of polarizing microscope

Crossed-Nicol photomicrographs of GGBS-A are only represented in Fig. 3 due to limitation of space.
The blue-purple portions may be halation caused by a certain technical problem. Firstly, some high
birefringence crystals that are bright and white can be seen. These crystals would be corresponding to
the small peaks of gehlenite and merwinite detected by XRD for the amorphous samples (Fig. 1). The
high birefringence crystals are few in some photomicrographs because they are outside of
photographic sight by chance, but they can be seen, irrespective of GGBS samples.
Secondly, the photomicrographs can be classified into two groups: the heating temperature was lower
than or equal to the glass transition point of 450°C of onset, and higher than this glass transition point.
In the former group, glass fragments were not completely amorphous and exhibited a weak
birefringence over a wide area of fragment. This fact is much clearer, if compared with dark and black
areas that depict the basement of slide glass that is optically isotropic. The anisotropy of the GGBS
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100µm
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RAW

600°C

200°C

400°C

700°C

800°C (All crystalline by XRD)

Fig. 3. Crossed-Nicol photomicrographs of GGBS-A heated at different temperatures
Table 2. Work times and other relevant values as a function of heating temperature
GGBS-A
Heating App.
SSA
Temp.1 Density 2 (Blaine) 3

GGBS-B
Work
time 4

App.
SSA
Density2 (Blaine) 3

GGBS-C
Work
time 4

App.
SSA
Density 2 (Blaine) 3

Work
time 4

℃

g/cm3

cm2/g

min.

g/cm3

cm2/g

min.

g/cm3

cm2/g

min.

Raw
100
200
300
400
450
500
600
700
750
800

2.81
2.81
2.82
2.82
2.80
2.82
2.81
2.84
2.85
2.81
2.97

4080
3980
3890
3970
3920
3850
3810
3910
3500
3330
3420

23
28
38
53
83
63
53
33
68
88
340

2.83
2.83
2.90
2.97

3830
3790
3680
3380

14
68
63
340

2.85
2.84
2.86
2.91

4130
4110
-

48
105
68
330

3670
3280

1. Heating temperature, 2. Apparent density, 3. Specific surface area, 4. Liquor/filler ratio of GP
paste was 0.40.
fragments would be caused by the secondary stress presumably generated in pulverization process of
GGBS.
On the other hand, in the latter group, partial aggregations of glass fragments are found presumably
due to low grade sintering, specifically from the samples heated at 700 and 800°C. This result well
reflects the effect of decreasing specific surface area, as shown in Table 2. Besides, spot-like roundshaped matters, globules, which have a weak birefringence, can be found. Specifically, they are so
well recognized in 700 and 800°C samples. This suggests that the GGBS weakly crystallized in 600 750°C range. The spot-like matters may be ill-crystallized crystallites so that little effect may be
involved in XRD charts (Fig. 1). The globules still remained in 800°C sample, which may be
completely crystalline caused by complete devitrification as detected by XRD. Crystallite size of
gehlenite for GGBS-A of 800°C was 29.1 nm for (2 1 1) peak that is the strongest peak as measured
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Fig. 4. Change of work time of GP paste with
heating temperature of GGBS-A

Fig. 5. Flexural strengths of GP mortar
using GGBS-A as a function of age

by Scherrer’s X-ray technique. Mean value was 24.4 nm for 34 peaks in number recorded up to 86.5°
2θ. Thus, the crystallite sizes are sufficiently below the resolving power of optical microscope, which is
1000 nm.
3.2

Properties of geopolymer paste and mortar

3.2.1

Work time of GP paste

As shown in Fig. 4, the work time of GP paste using the heat-treated GGBS-A varies with heating
temperature. There are two marked points at 400°C and 750°C, where remarkable elongation of work
time was noted. The work time firstly increased gradually from room temperature to 400°C of heating,
even exceeded 1 hour. Then, it decreased slowly from 400°C to 600°C, and turned to increase slowly
again at 600-750°C. However, after 750°C, the work time sharply increased and exceeded 7 hours if
using crystalline GGBS that was heated at 800°C. When the GGBS was heated in higher temperature
over 600°C, the end point of the work time became unclear, causing little larger errors (mostly ±10
min.) of work time, while at other points, the errors were only ±3 min. In addition, the work times of two
kinds of ordinary Portland cement paste were tested for reference by the present method, being 125
min and 145 min, respectively.
The change of work time seems to be closely related to the glass transition point (450°C as onset
point by DTA). The glass viscosity may gradually decrease from room temperature to the glass
transition point so that the prestress is released by annealing, resulting in a prolongation of work time.
Incidentally, in case of coal fly ash, it is known that leachability or reactivity can be enhanced in
alkaline solutions, when a stress is applied to the coal fly ash by grinding, which is generally called
mechano-chemical technique (Mucsi 2016, Rosas-Casarez et al., 2018, Lakatos et al, 2016, Patil and
Anandhan, 2012). This effect may be not only due to the surface distraction caused by reduction of fly
ash particles in size but also due to the storage of stress in the particle. Namely, fly ash case are
stress induced. Reversely, present case is stress reduced, when concerned with the glass transition
point.
Next, when the heating temperature exceeds the glass transition point, the glass viscosity may
extremely decrease and the glass softens. Subsequently, devitrification starts gradually, and fine and
round-shaped ill-crystalline matters, globules, are formed, as seen in the photomicrographs (Fig. 3).
As a result, the work time of GP is prolonged since the truly glassy portion decreases. GGBSs were
completely crystallized by devitrification at 800°C. Therefore, the mechanism of work time’s
prolongation is possible to be reasonably interpreted based on these phase changes.
Finally, it should be stressed that the work time reached the primary maximum value at 400°C. It
seems likely that this point is corresponding to the glass transition point of onset of DTA that is 450°C .
This discrepancy was caused by the difference of heating manners, dynamic for TG-DTA and static for
the muffle type furnace. At the same time, there are calibration issues of thermocouples as well as
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uniformity of temperature distribution especially for muffle type furnace. Taking the midpoint between
750°C and 800°C for muffle type furnace heating, 775°C was obtained for recrystallization point, which
is quite in agreement with 780°C of onset peak temperature of DTA, as already mentioned in Section
3.1.2. Onset temperatures of 450°C and 780°C may be more reliable as determined by DTA.
3.2.2

Flexural strength of GP Mortar

In Fig. 5, flexural strengths of GP mortars using GGBS-A are represented for different ages. 7 days
strength was almost the same to 28 days strength. Thus, the early strength characteristic of
geopolymer using amorphous type GGBS can be easily recognized. Among the series 1 to 3, 400°C
specimen of series 2 showed superior strength, having 9 MPa of flexural strength at 28 days age.
Other series using amorphous type GGBSs showed the similar trend, but a slight decreasing is
recognized at 28 day age. It is noted that GP mortar using raw GGBS had the highest early strength,
while 700°C specimen had the lowest early strength, and 400°C specimen was the middle. This
tendency was mainly caused by the effect of preheating treatment of raw GGBS, which retards the
setting time of GP as discussed above. The 800°C specimen of series 4, using crystalline type GGBS,
hardened slowly as coal fly ash geopolymer, and had over 5 MPa of flexural strength at 28 days age.
Usually, compressive strength is more than 5 times of flexural strength. Hence, it is considered that
geopolymer having 5 MPa of flexural strength is practical. Namely, 5MPa is a threshold.
3.2.3

Properties of GP paste and mortar using heat-treated GGBS

As mentioned, setting of GGBS-based geopolymer can be retarded by using heat-treated GGBS (see
Fig.4). In case of GGBS-A sample, it was also found that 400 and 700°C pre-heating are relatively
effective. More strictly, 750°C heating is preferable, but this temperature was avoided due to fear of
recrystallization of GGBS. Furthermore, we had run out of GGBS-A stock so that we had to use other
new samples designated as GGBS-B and GGBS-C and their characteristics are also tabulated in
Table 1. When using new 700°C GGBS samples, the work times of GP pastes were as same as using
the GGBS-A. Namely, work time became nearly constant irrespective of GGBS batches, focusing on
around 65 min. The same is true to the crystalline GGBS samples heat-treated at 800°C, focusing on
around 340 min. But when using new 400°C samples (GGBS-B and C), GP pastes exhibited shorter
or longer work time than that using the GGBS-A as shown in Table 2. This is the same for raw
GGBSs. Accordingly, if using GGBS pre-heated at a temperature above the glass transition point, the
work time of GP converges on a certain value irrespective of GGBS batches and this result is
preferable for practical application.
Fig. 6 shows the results of work time of GP pastes, which used the new GGBSs heat-treated at 400°C
and 700°C in addition to the raw GGBSs to replace the GGBSs heat-treated at 800°C at various mass
ratios. At a glance, replacement with 700°C fillers showed nearly the same trend between the GGBSB and C, reflecting the constant work time of GP mentioned above and 2-hour retarding point, for
instance, is 35% and 40% replacements, respectively. On the other hand, replacement with 400°C
GGBS fillers resulted in a wide range of work time, depending on GGBS batches and 25% and 85%
replacements were obtained as 2-hour retarding point for GGBS-B and C sample, respectively.
Replacement with raw GGBSs is impractical due to abrupt solidification and only 10% and 20%
replacements are available to obtain 2-hour retarding time for GGBS-B and C, respectively, leading to
lower strength too as mentioned next.
Fig. 7 shows the change of flexural strength of GP mortar with the mixing ratio of amorphous type
GGBSs, pre-heated at 400 and 700°C, against crystalline type GGBSs, pre-heated at 800°C, on
condition that 2 hours of work time was realized. Each point is a plot of the point where it crosses the
work time of 2 hours line in Fig. 6. The regression analysis result indicates that there is a good linear
correlation between flexural strength and mixing ratio of amorphous type GGBF. The two extremes,
0% replacement and 100% replacement, which have different work time from 2 hours as indicated in
Table 2 as well as Fig. 6, are also plotted as averaged strength and they are also taken in the
regression line. Even in the case of only using the crystalline type GGBS heat-treated at 800°C, the
flexural strength of GP mortar exceeded 5 MPa, a threshold value for practical application of
geopolymer.
Finally, it is worthy to note that the GP mixtures using the 700°C fillers to replace partly the 800°C
fillers are preferable to have a constant work time irrespective of GGBS batches. In view of practical
application, replacing 800°C fillers with 400°C fillers or raw fillers is not preferable due to obtaining an
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Fig. 6. Effect of mass ratio of amorphous GGBS replacing crystalline GGBS of 800°C
on the work time of GP paste.

Fig. 7. Variation of flexural strength with mass ratio of amorphous GGBS replacing
crystalline GGBS of 800°C when 2 hours work time is attained.
unstable work time depending on GGBS batches. Though the temperature gap between amorphous
and crystalline is very narrow, preheating at around 760°C has an advantage to obtain 2 hours work
time solely and directly.
4.

CONCLUSIONS

In this study, we investigated the changes in phases as well as micro-structure of GGBSs after they
were heat-treated at different temperatures in addition to the properties of geopolymers mixing heattreated GGBSs. The experimental results show that it is possible to prolong work time of geopolymer
using heat-treated GGBSs. The properties of the pre-heated GGBS are governed by the glass
transition point and the crystallization point, which are 450°C and 780°C, respectively, as determined
by onset peak point of DTA. Below the glass transition point, annealing results in stress release,
whereas after heated at any temperature between the glass transition point and the recrystallization
point, weak crystallization due to devitrification is dominant. At 800°C, slightly exceeding the
crystallization point, gehlenite crystallizes associated with a small amount of merwinite. However,
gehlenite crystal has not reached a recognizable size under the polarizing microscope. The X-ray
measurement by Scherrer’s technique showed that the crystallite size of gehlenite was 29.1 nm for the
strongest peak of (2 1 1) and mean value of 84 peaks in number was 24.4 nm.
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Pre-heating at 400°C and 700°C is effective in the prolongation of GP’s work time. 800°C pre-heating
would make GGBS-based GP have a similar setting characteristic as coal fly ash-based GP and its
work time can be prolonged to over 7 hours. Especially, pre-heating at 700°C is effective to obtain
constant work time irrespective of GGBS batches. 2 hours of work time is so easily regulated when
mixed crystalline GGBSs obtained by 800°C pre-heating with amorphous GGBSs obtained by 400°C
and 700°C pre-heating, respectively..
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ABSTRACT
The increasing use of eco-friendly construction materials such as alkali activated materials (AAM) as
an alternative to traditional cements requires deep understanding of their mechanical behaviour under
constant load, in other words, creep. The creep behaviour of a cement binder partially associates with
its molecular structure reorganization towards lower energy state. Herein, we investigated the
atomicscale creep aging mechanism of the prevalent glue component of alkali activated cement paste
– calcium aluminium silicate hydrates (C-A-S-H). Creep deformation was examined on the molecular
level as a function of Al/Si ratio and mean chain length of tobermorite 1.4 nm structures. Several series
of molecular dynamics simulations were performed to monitor the structure evolution and its potential
energy development in time. To mimic the impact of long-term constant pressure, the structure was
exposed to the shear stress cycles of small amplitude. Received creep strain curves have shown the
logarithmic behaviour with relaxation time shift. These findings offer new insights for deep
understanding and description of the creep mechanism in AAM.
Keywords: alkali activated materials, creep mechanism, nanostructure, molecular modelling.
Originality: The study gives new insights for understanding the mechanism of creep behaviour of alkali
activated materials on the nanoscale.
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1.

INTRODUCTION

The development of aluminosilicates alkaline activation technology to create a new type of eco-friendly
concrete remains the hottest topic in construction materials. It is expected that replacement of
Ordinary Portland concrete (OPC) with such green materials can reduce the CO2-emmissions up to
80% (P. Duxsod et al. 2007, A. Palomo et al. 2004, J.L. Provis et al. 2005) and increase the
sustainability of construction materials industry.
However, the substitution of traditional cements with alkali activated binders in the construction
industry faces numerous technical and loyal barriers. Such barriers are associated with conformity
assessment procedure and mandatory standardization of materials. This means that the application of
new materials requires deep advance research to predict their mechanical behaviour sufficiently.
Alkali activated concrete (AAC) demonstrates time-dependent deformation in response to the
sustained external load, called creep (Wallah, S. E., & Hardjito, D. 2015). Creep strain affects the
service properties of the aging concrete and reduces lifetime of the structure. Complete understanding
of the creep behaviour mechanism in AAC is critical for its application in building practice.
The majority of the studies of concrete creep focuses on long-term stress-strain relation received from
compliance function J (Bažant, Z. P., & Baweja, S. 1996, 2000). The phenomenological models
(Madhava, T. V. et al. 2013, Sagoe-Crentsil et al. 2013) allow to reproduce experimental results and
serve as an indispensable tool for engineering applications, but they do not show the nature of
materials physics and remain the actual creep mechanism to be understood.
There is still much debate on the creep deformation origin in both OPC and AAC. Intrinsically, the
creep is a multiscale phenomena, which consist of structural rearrangements happening on molecular
and nanolevels. It is generally agreed that on the nanoscale the creep is a complex viscous behaviour
of basic building blocks of the main hydration products of Portland cements - calcium–silicate–hydrate
(C-S-H), or in case of alkaline activation of blast furnace slag – calcium aluminium silicate hydrates (CA-S-H) gel (Ye, H. 2015, Vandamme, M., & Ulm, F. J. 2009, Morshedifard, A. Et al. 2018). Yet,
molecular-level mechanism behind creep remains to be undersrood.
Molecular dynamics (MD) serve as the most pervasive computational tool for investigation of the
atomic scale processes (Sanchez, F. & Sobolev, K. 2010). Atomistic simulations, in general, are
intended to ascertain and replicate the motion of each atom in the material structure. So, the MD holds
promises to provide a link between the atomic scale and nanoscale effects. The collective behaviour
of atoms allows to understand how the loading of the material results into rearrangement of the
structure and change of its energy state. In particular, a series of loading-unloading shear stress
cycles – an incremental stress-marching technique – can mimic aging of the material , i.e. creep
(Morshedifard, A. et al. 2018).
In this paper atomistic simulation were performed using the incremental stress-marching technique to
investigate creep deformation in C-A-S-H gel on the molecular level. The structure of C-A-S-H gel and
aluminium (Al) and silicon (Si) ratio were variated to demonstrate their influence on the creep strain
function. Our results point that on the nanoscale the creep strain function follows the logarithmic law
similarly to the C-S-H gel. The introduction of the defects as well incorporation of Al into the perfect
molecular structure enhances value of the creep modulus and enhances the relaxation time
maintaining the same character of the creep strain curve.

2.
2.1

METHODOLOGY
Molecular structure

The first step of MD simulations is to create a realistic molecular structure with accurate interatomic
interactions that reflects the properties of material in agreement with empirical measurements
(González, M. A. 2011). According to the recent research, alkaline activation of blast furnace slag with
sodium hydroxide (NaOH) and waterglass results into variations of the C-A-S-H gel having structure of
the tobermorite (Puertas, F. et al. 2011). The structure of the mineral has chemical formula
Ca5Si6O16(OH)27H2O and characterized by an interlayer spacing.
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In this work, tobermorite, having distance between adjusting layers of 1.4 nanometers (tobermorite14Å) was considered. For actual modelling purposes a model suggested by Bonaccorsi and Merlino
(2005) was taken. This model contains the important features of the tobermorite suggested on the
basis of the data from the nuclear magnetic resonance (NMR) spectroscopy and infrared (IR) analysis.
The ideal structure of the tobermorite presents infinitely long silicate chains. Starting from the infinite
mean chain length (MCL), every third tetrahedral on the bridging site was firstly removed to get
MCL=5 (Figure 1a). Then, every second bridging tetrahedral of infinite chain was deleted to get
MCL=2 (Figure 1b). Al/Si ratio of the perfect structure was varied from 0 to 0.2 replacing Si atoms with
Al on the most probable place of the substitution – bridging site (Figure 1c). The charging imbalance
appeared once the replacement was compensated by adding extra hydrogens.

Interlayer space
14Å

a

b

c

Figure 1. a. Tobermorite-14Å molecular structure (MCL=∞).
b. Tobermorite-14Å molecular structure (MCL=2).
c. Tobermorite-14Å molecular structure (MCL=∞, Al/Si ratio=0.09).
Interactions inside the molecule and intermolecular interactions were approximated by some empirical
potentials using molecular mechanics or so called force field (FF) methods. Such methods ignore
motion of electrons inside the compounds, and describe a molecule structure as a series of charged
spheres with constant weight and size (atomic nucleus) connected by springs (bonds). This reception
is based on the Born-Oppenheimer approximation, which allows for separating nuclear and electronic
motions and therefore consider the energy of a system as a function of nuclear weights and
coordinates only (Hagedorn, G. A., & Joye, A. 2007). The force field parameters fixes energy of each
atom and allow to calculate the entire potential energy of the system (González, M. A. 2011). In this
work, it was applied the reactive force field suggested by Van Duin et al. (2001). The set of the
parameters was further extended with Ca/O/H (Manzano, H. et al. 2012), Si/O/H (Van Duin et al.
2003). and Al (Joshi, K. L. et al. 2014) potentials.
2.2

Computational methods

Prior analysis of the mechanical behaviour under loading, the structure was optimized using GULP
code (Gale, J. D. 1998), such that it was brought to the local minimum of the lattice energy. The
optimization was done by Newton–Raphson/ Broyden–Fletcher–Goldfarb–Shanno (NR/BFGS)
algorithm (Fletcher, R. 2001). After volumetric relaxation of the structure, the elastic matrix, elastic
modulus (E), bulk modulus (K) and shear modulus (G) were calculated to verify mechanical properties
of the model (Table 1).
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Table 1. Calculated mechanical properties of the tobermorite-like structures of various MCL

Elastic modulus, GPa

Bulk modulus, GPa

Shear modulus, GPa

MCL = ∞

82.12

50.12

25.02

MCL = ∞
(Al/Si = 0.2)

79.71

46.97

19.63

MCL=5

51.98

31.58

13.11

MCL=2

43.34

23.97

12.26

To simulate creep deformation of a molecular system we employed LAMMPS code and the stressmarching technique (Bauchy, M. et al. 2017, Morshedifard, A. et al. 2018). The course of the
technique is comprised of series of consecutive loading-unloading cycles of an isostatic shear stress.
Such cyclic loading cause the system to deform in order to reduce the internal stress and minimize the
potential energy. This behaviour mimics evolution of the material during the aging.

Figure 2. Scheme of cyclic loading.
3.
3.1

RESULTS AND DISCUSSION
Impact of MCL on the creep strain

Figures 3 and 4 show evolution of the strain in tobermorite structure under the cyclic loading. Strain
curves exhibit logarithmic behaviour in agreement with previous simulations of creep in C-S-H
structure (Bauchy, M. et al. 2017, Morshedifard, A. et al. 2018) . The creep deformation γ can be well
described by a phenomenological formula, which reads:
𝛾(𝑁) =

𝜏0
𝑁
ln (1 + )
𝐶
𝑁0

Here C stands for the creep modulus and N0 is the relaxation time, N is loading cycles, 𝜏0 is the shear
stress. The summary of the fitting parameters is demonstrated in Table 2.
Inset on Figure 3 demonstrates that the structure demonstrates a pronounced reduction in the
potential energy. This indicates that such aging loading results into deformation of the system towards
lower energy state.
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Figure 3. Creep strain of the perfect tobermorite structure (mean chain length, MCL = ∞) as a
function of number of the loading cycles for various values of the external shear stress. The
simulation results were approximated with logarithmic law : γ(N)=(τ0/C)*ln(1+N/N0), where C is
the creep compliance and N0 is the relaxation time, N is loading cycles, 𝝉𝟎 is shear stress. The
inset shows evolution of molar energy of the system during the cycles.

a

b

Figure 4. Creep strain of tobermorite structure as a function of number of the loading cycles for
various values of the external shear stress (a) The structure with mean chain length, MCL = 5.
(b) The structure with mean chain length, MCL = 2. The simulation results were approximated
with logarithmic law : γ(N)=(τ0/C)*ln(1+N/N0), where C is the creep compliance and N0 is the
relaxation time, N is loading cycles, 𝝉𝟎 is shear stress.
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Table 2. Fitting parameters of the creep curves
MCL

C, GPa

Loading value, GPa

N0

∞

25

2

4.54

2.5

2.39

3

3.82

0.75

1.0E-6

1.0

0.12

1.5

52.8

0.5

3.8E-5

0.75

1.2E-4

1.0

1.2E-4

5

26

2

27

0,7

MCL:
infinite
5
2

0,6

Strain (a.u.)

0,5

GPa

0,4
0,3
0,2
0,1
0,0
0

200

400

600

800

Cyclic loading (N)

Figure 5. Creep strain of tobermorite structure as a function of number of the loading cycles for
various values of mean chain length (MCL) of tobermorite structure.
Figure 5 shows the evolution of the strain in tobermorite structure of different MCL under various
values of the external shear stress. The reduction of MCL reduces the amount of the creep strain. This
correlates well with variation of the mechanical properties (Table 1). The approximation with the
logarithmic law also indicates the increase of compliance of the structure and diminution of the
relaxation time (Table 2).
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3.2

Impact of Al/Si ratio on the creep strain

Figure 6. Creep strain of the tobermorite structure (mean chain length, MCL = ∞) as a function
of number of the loading cycles for various values of the aluminium (Al) and silicone (Si) ratio.
The simulation results were approximated with logarithmic law : γ(N)=(τ0/C)*ln(1+N/N0), where C
is the creep compliance and N0 is the relaxation time.

Figure 6 shows evolution of the strain in tobermorite structure of different Al/Si ratio. It is obvious that
the insertion of the Al atoms into the bridging sites diminishes the creep strain value which is
analogous to the cut of the MCL. The structure with high Al/Si ratio demonstrates the pliable behaviour
and requires less time (in our case number of loading cycles) to reach the strain saturation value.

4.

CONCLUSIONS

To conclude, in this work molecular simulations were employed to investigate the creep behaviour of
C-A-S-H gel structure under the cyclic loading at the atomic level. The structures of tobermorite-14 Å
with different mean chain length and Al/Si ratio were subjected to the cyclic loading of the amplitude
ranging from 0.5 to 3.5 GPa. Our results show that aging load causes creep and brings the material to
the lower energy state. The obtained creep strain curves demonstrate that time evolution of the strain
can be well approximated by the logarithmic law. The reduction of the length of the silicone chains as
well as incorporation of the Al enhances the compliance of the structure and increase the relaxation
time.
The findings of our study of the tobermorite-like structure can be used as a first step in development of
an exhaustive model of the realistic C-A-S-H gel and following investigation of the influence of the
atomic scale defects on the creep strain mechanism.

5.
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ABSTRACT
High autogenous shrinkage is one of the main problems hindering a wider application of alkaliactivated slag (AAS). This study aims at utilizing metakaolin to mitigate the autogenous shrinkage of
AAS. The results show that substituting 10% slag by metakaolin leads to a 40% reduction in
autogenous shrinkage at the early age. The self-desiccation within AAS paste is largely mitigated
when MK is present. The influence of metakaolin on the mechanical properties of ASS is also studied.
It is found that the compressive strength of AAS is slightly decreased when MK is incorporated, but the
flexural strength is greatly improved. The setting time of AAS is prolonged with metakaolin. The results
reveal that metakaolin is a promising admixture to mitigate the autogenous shrinkage of AAS without
compromising its mechanical properties.
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INTRODUCTION
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In recent decades, alkali-activated slag (AAS) as an eco-friendly binder material has attracted
increasing academic and industrial interest worldwide. With the rapid development of strength and
high resistance in aggressive environments (Provis et al. 2015), AAS is considered a promising
alternative to ordinary Portland cement (OPC). However, the application of AAS in the construction
industry is still limited due to several drawbacks of this material, such as the fast setting and the large
autogenous shrinkage. To mitigate the autogenous shrinkage of AAS, different methods have been
studied by researchers, such as internal curing (Sakulich & Bentz 2013, Ballekere Kumarappa et al.
2018, Oh & Choi 2018, Song et al. 2016, Tu et al. 2019), elevated temperature curing (Ye & Radlińska
2017; Bakharev et al. 1999), using shrinkage reducing admixtures and expansive agents (Ballekere
Kumarappa et al. 2018), etc. Incorporation of fly ash in AAS was also reported to be effective in
reducing the autogenous shrinkage of AAS (Li et al. 2017). Metakaolin (MK) has similar chemical
compositions to fly ash, i.e. high Al and low Ca contents, therefore, it may also have potential to
mitigate the autogenous shrinkage of AAS if used as a part of the precursor (Li et al. n.d.). However,
very few studies have been conducted in this area. The aim of this paper, therefore, is to investigate
the possible mitigation effect of MK on the autogenous shrinkage of AAS and the mechanism behind.
The influences of MK addition on the mechanical properties of alkali-activated slag are also studied.
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2.
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2.1
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The primary raw material used in this study was granulated blast furnace slag supplied by ORCEM
(the Netherlands). The chemical composition of slag was determined by X-ray fluorescence (XRF) (as
shown in Table 1). The loss on ignition of the raw materials was determined according to ASTM D
7348-08. The particle size, as determined by laser diffraction analyzer, ranges from 0.1 to 50 μm, with
a d50 of 18.3 μm. MK was supplied by Argeco (France). The particle size of the MK is between 0.15
and 142 μm, with a d50 of 69.4 μm.

26

Table 1. Chemical compositions of slag and MK measured by XRF

MATERIALS AND METHODS
Materials

Precursor

Component (mass% as oxide)
SiO2

Al2O3

CaO

MgO

Fe2O3

SO3

K2O

TiO2

Other

LOI

Slag

31.77

13.25

40.50

9.27

0.52

1.49

0.34

0.97

0.21

1.31

MK

55.14

38.43

0.55

-

2.6

-

0.17

1.12

0.14

1.85

27
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30
31
32
33
34
35

The mineralogical composition of slag and MK was studied by X-ray diffraction (XRD). XRD
diffractograms of slag and MK were acquired using a Philips PW 1830 powder X-ray diffractometer,
with Cu Kα (1.789Å) radiation, tube setting 40 kV and 40 mA, step size of 0.030°, rate of 2.0 seconds
per step and 2 theta range of 10-70°. Amorphous phase is dominant in slag (see Figure 1). The
presence of amorphous phases can be recognized by the broad hump centered at around 31 2 theta.
In contrast to slag, MK contains besides amorphous also lots of crystalline phases which are mainly
quartz. The reactive part of MK accounts for around 50% of the material, the detailed data was
reported elsewhere (Li & Ye 2018).
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Figure 1. XRD diffractograms for slag and MK

38
39
40
41

The alkaline activator was prepared by mixing anhydrous pellets of sodium hydroxide with deionized
water and commercial sodium silicate solution (27.5 wt% SiO 2, 8.25 wt% Na2O). The mix design of
AAS and alkali activated slag blended with MK (AASM) pastes is shown in Table 2. All the samples are
cured in sealed condition at 20° C before tested.

42

Table 2. Mixture proportions of AAS and AASM pastes
Mixture

Slag (g)

MK (g)

SiO2 (mol)

Na2O (mol)

H2O (g)

AAS

1000

-

1.146

1.5

420

AASM

900

100

1.146

1.5

420

43
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2.2

Methods

45
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The initial and final setting times of the mixtures were determined according to Vicat needle method
(ASTM C191 2013).
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The autogenous shrinkage of the pastes was measured by the corrugated tube method (ASTM C1968
2013), in which three sealed corrugated tubes of 420 mm (Ø28.5 mm) were tested for each mixture.
After mixing, the fresh paste was carefully cast into the corrugated tube and sealed by plugs. The
specimens and instrument were immersed in a box with glycol. The temperature of the glycol was
regulated at 20 ± 0.1 °C with a cryostat. The autogenous shrinkage of specimens was recorded every
5 min from final setting time to 7 days. In all tests, the autogenous shrinkage of parallel samples had a
similar trend with a deviation as small as 50 μm/m. The results are presented as the average value of
three replicates for each mixture.

55
56
57
58
59
60
61
62
63

The internal relative humidity (RH) of the bulk pastes and of the pore solutions extracted from the
pastes were measured. The internal RH of the pastes cured for 1 day and 7 days was monitored by
Rotronic hygroscopic DT station equipped with HC2-AW measuring cells (Huang & Ye 2015). The
paste samples were cut into thin slices (< 7 mm), which were then put into two plastic containers in the
measuring chambers. Samples and atmosphere equilibrated in 3-5 hours. Before the measurements,
RH probes were calibrated using standard saturated salt solutions with constant RH in the range of
65-95%. The RH of the pore solution (RHS) was measured in the same way as it was measured for the
bulk pastes. The deviation of test results was less than 0.5%. Therefore, the average values of three
parallel specimens for each sample is presented.

64
65

With the measured RH of the paste and the pore solution, the RH due to the curvature effects of the
menisci can be calculated by (1) (Lura et al. 2003).

66

RHK=RH/RHS

67
68

where RH is the internal RH of the paste, RHS is the RH of the pore solution caused by dissolved salts
and RHK is due to the curvature effects of the menisci at the gas-liquid interfaces.

(1)
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70

Initial and final setting times of the mixtures were determined according to Vicat needle method (ASTM
C191 2013).

71
72
73
74
75

Flexural strength and compressive strength of the pastes were tested in accordance with NEN-196-1
at the curing ages 1 day, 7 days and 28 days (NEN 196-1 2005). The flexural strength was measured
with the three-point bending test on 40 × 40 × 160 mm 3 prisms. The compressive strength was carried
out on 40 × 40 × 40 mm3 cubes. Three and six replicates were tested for flexural strength and
compressive strength, respectively.

76
77
78
79
80
81
82
83

The quasi-static elastic modulus of the pastes was measured on 40 × 40 × 160 mm3 prisms at the age
of 1 day and 7 days. The loading was provided by a hydraulic actuator with a maximum load of 100
kN. The strain was measured by four transducers (LVDTs) on each side of the sample. The loading
consisted of four cycles with the load ranges from 5% to 30% of the compressive strength and only the
stress and strain obtained from the latter three cycles were utilized to calculate the mean elastic
modulus. The loading and unloading were in displacement control and the rate was 0.004 mm/second
(around 0.6 MPa/second) (Delsaute et al. 2016). Three specimens were tested for each mixture at
each age.

84

3.

85

3.1

86
87
88
89
90

The Vicat setting time of the two mixtures is presented in Table 3. When 10% of MK is incorporated,
the initial setting time and final setting time of AAS are increased by 7 mins and 22 mins, respectively.
The prolonged setting time is beneficial for the application of AASM system since the plain AAS paste
is known to harden too fast than normally desired (Wang et al. 1995). A similar effect of MK on the
setting time of AAS was also found by Cheng and Chiu (Cheng & Chiu 2003).

91

Table 3. Setting times of AAS and AASM pastes

RESULTS AND DISCUSSION
Setting time

Mixtures

Initial setting (min)

Final setting (min)

AAS

33

59

AASM

40

82

92
93

3.2

Autogenous shrinkage

94
95
96
97
98

As shown in Figure 2, the AAS paste shrinks rapidly after the final setting, reaching around 5000 μ
strain at 1 day and around 6900 μ strain at 1 week. The large autogenous shrinkage exhibited by AAS
is consistent with the values reported in the literature (Melo Neto et al. 2008, Li, et al. 2017). When
10% slag is substituted by MK, the autogenous shrinkage is reduced by 44% at 1 day and by 38% at 7
days. These results indicate that MK is a very promising shrinkage reducing admixture for AAS.

99
100

Figure 2. Autogenous shrinkage of AAS and AASM pastes
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101

3.3

Internal RH

102
103

The measured internal RH and RHS and the calculated RHK of the two pastes at 1 day and 7 days are
shown in Table 4.

104
105
106
107
108

The internal RH of the pore solutions of AAS pastes with and without MK are in the range of 70% 80%, which are much lower than that of the pore solution in cement paste where a RHS of above 95%
was usually reported (Chen et al. 2013, Nedeljković et al. 2019). This is due to the high concentrations
of ions in the activator for AAS and AASM. The RHK values of the two mixtures decrease with elapse
of time, indicating the self-desiccation takes place in the pastes.

109

Table 4. Internal RH of AAS and AASM pastes
Mixture

Specimens cured for 1 day

Specimens cured for 7 days

RH (%)

RHS (%)

RHK (%)

RH (%)

RHS (%)

RHK (%)

AAS

71.6

73.9

96.8

65.9

74.1

89.0

AASM

76.7

77.9

98.4

73.9

78.9

93.6

110
111
112
113
114
115
116

By comparing the RHK values of different pastes, it can be seen that the drop of RHK is reduced by the
addition of MK at the ages studied. This indicates that the self-desiccation in AAS paste is mitigated by
MK. According to the literature (Ballekere Kumarappa et al. 2018, Ye & Radlińska 2016), capillary
pressure is an important driving force of the autogenous shrinkage of AAS. The mitigation on the
capillary pressure by incorporation of MK is probably the reason why the autogenous shrinkage of
AAS is mitigated.

117

3.4

118
119
120
121

As shown in Figure 3. (a), the compressive strength of AAS becomes lower after the addition of MK. At
1 day, for example, the compressive strength of AASM, 57 MPa, is 15% lower than that of AAS, 67
MPa. However, AASM experienced large increments in compressive strength with elapse of time and
the difference in the compressive strength between the two mixtures at 28 days is smaller than 5%.

Compressive and flexural strength

(a)

(b)

122
123

Figure 3. (a) Compressive strength and (b) flexural strength of AAS and AASM pastes

124
125
126
127
128
129
130
131

As shown in Figure 3. (b), the flexural strength of the two mixtures decreases from 1 day to 7 days.
This may be due to the development of microcracking within the paste (Nedeljković et al. 2018; Li,
Gao, et al. 2017). Although the pastes are not under external restrained condition, the unreacted
particles can act as local restraints to the surrounding gels and generate microcracking during
shrinkage (Lura et al. 2009, Li, et al. 2018, Li, et al. 2018). From 7 days to 28 days, the flexural
strength of both mixtures increases. It can be seen that AASM has a higher flexural strength than AAS
at all ages studied. At 28 days, the difference in flexural strength between the two mixtures is more
pronounced. The flexural strength of AASM is 50% higher than that of AAS at this age.

132

3.5

133
134
135
136

The elastic modulus results are shown in Figure 4. It can be found that the elastic modulus of the
mixtures is above 14 GPa at the age of 1 day and experiences a slight increase during the following 6
days. Compared with the AAS mixture, the addition of 10% of MK improves the elastic modulus at 1
day, but decreases slightly the elastic modulus at 7 days. Nonetheless, the differences among the

Elastic modulus
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138

elastic modulus values for the two mixtures at the same age are smaller than 5%. This means that the
addition of MK has minimal influence on the elastic modulus of the mixture.

139
140
141

Figure 4. Elastic modulus of AAS and AASM pastes
4.

CONCLUSIONS
(1) The incorporation of MK leads to pronounced mitigation of the autogenous shrinkage of AAS.
The reductions on the autogenous shrinkage of AAS by 10% MK are 44% and 38%, at 1 day
and 7 days, respectively. The mitigated self-desiccation in AAS when MK is present is
probably the reason for the mitigated autogenous shrinkage.
(2) The setting time of AAS is prolonged by adding MK. The compressive strength of AAS is
slightly decreased by adding MK, while the flexural strength is greatly improved. The elastic
modulus is only slightly influenced by adding MK.
(3) All the properties improvements, such as reduced autogenous shrinkage, extended setting
time and improved flexural strength with the incorporation of MK, suggest that MK is a very
promising admixture to AAS systems.
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ABSTRACT
Alkali-activated slag/fly ash or slag/fly ash based geopolymer have recently received extensive
attention by the industrial and research communities. It is considered to be as an environmentalfriendly binder system for construction materials with superior mechanical and durability properties
compared to conventional OPC. However, the available information on their fracture properties is still
quite limited.
This study is aimed at investigating the role of the alkali activator chemistry on the fracture properties
of binary alkali-activated slag/fly ash pastes. Four alkali activator (AA) modulus (SiO2/Na2O ratio 0.8,
1.0, 1.2 and 1.5) were used for mixture preparation. The effect of AA modulus on the fracture
toughness was determined by performing standard three-point bending tests on single edge notched
prismatic specimens cured for 28 days at ambient temperature. Modulus of elasticity and compressive
strength of the samples were also evaluated. The influence of AA modulus on compressive strength,
elastic modulus and fracture energy show a similar trend. With increasing AA modulus, those
properties first increase and then decrease with maximum reached at AA modulus 1. On the other
hand, the fracture toughness and crack tip roughness correlates well with each other, reaching the
maximum value at AA modulus of 1.0. This trend indicates an optimal alkaline activation condition at
AA modulus of 1.0-1.2. Furthermore, the changes in mechanical and fracture properties were
correlated with microstructural characterization and chemical nature of the reaction products
demonstrating the feasibility of fine tuning of fracture properties of alkali-activated slag/fly ash systems
by minor modification of the mixture design.
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1.

GENERAL INTRODUCTIONS

The recent technical development concerning a circular economy for mineral waste materials within
the Netherlands and the European Union (EU) has been proved to be highly sustainable and
economically profitable. Within construction sectors, alkali-activation technology has emerged as an
effective tool to reuse different wastes and industrial by-products within construction sectors to
produce cement-free building materials. Compared with traditional cementitious materials, alkali
activated materials (AAMs) or geopolymers derived by the reaction of an alkali metal source (solid or
dissolved) with a solid silicate powder (Davidovits, 1991; Shi et al., 2006) are environmental friendly
and need only moderate energy to produce. As one of the best alternatives for Portland cement, these
materials maintain comparable and even better performance to traditional cementitious binders. It has
been also reported that these materials can have superior mechanical properties as well as durability
compared with several types of existing (ordinary Portland cement) OPC concrete. Furthermore,
concrete made of alkali activated materials also can provide added advantage on greenhouse gas
emission reduction with up to 80% compared with concrete made of OPC (Duxson et al., 2007).
Up till now, the most intensively studied AAMs system is based on blast furnace slag and class F fly
ash mainly due to their large quantity of annual production as well as their relatively stable chemical
composition. Previous studies of alkali activated slag/fly ash system (AASF) or slag/fly ash based
geopolymers have focused on microstructure development, nature of reaction products and
mechanical properties largely using compressive strength as the sole evaluator (Puertas &
Fernández-Jiménez, 2003; Puligilla & Mondal, 2013; Ismail et al., 2014; Lee & Lee, 2015). However,
studies on fracture properties, which are essential for engineering design and applications of AASF,
are still quite limited compared with traditional cementitious systems. Few have reported the fracture
behavior of these systems: Nath & Sarker (2016) studied the ambient temperature cured geopolymer
concrete based on slag and fly ash. They found that slag/fly ash geopolymer concrete are more brittle
compared with their OPC concrete, with higher fracture energy and lower characteristic lengths Ding
et al. (2018) reported the fracture properties of ambient temperature cured slag based geopolymer
concrete with fly ash incorporations, and confirmed the influences of different materials parameters on
the concrete fracture behavior. Pan et al. (2011) measured the fracture properties of geopolymer
pastes and concrete. Except the lower characteristic lengths and higher brittleness compared to OPC
concrete counterpart, the fracture properties were found to be closely related to the compressive
strength of the mixtures. It could be seen that most studies concerning fracture properties of AASF or
slag/fly ash based geopolymer mainly focused on mechanical characterization while the study on
related microstructural aspects are quite scarce. Therefore, this study aims to further investigate the
influence of materials parameters on the fracture properties of AASF systems, especially the modulus
of alkali activator, through three-point bending tests along with other mechanical properties.
Furthermore, these fracture properties were correlated with the microstructural aspects of the AASF
pastes to provide further insights on the feasibility of fine tuning the fracture behavior of this system.
2.
2.1

EXPERIMENTAL PROGRAM
Materials

The solid precursors used in this study were ground granulated blast furnace slag and Class F fly ash
according to ASTM 618. Material density for slag is 2890 kg/m 3 and 2440 kg/m 3 for fly ash. The d50
particle size is 17.88 μm for slag and 33.19 μm for fly ash. The chemical compositions deduced from
X-ray Fluorescence along with other properties of precursors (including LOI at 950 °C and fineness
passing 45 μm) are shown in Table 1.
Table 1. Chemical compositions and properties of raw materials
Oxide
(wt. %)
Slag
Fly ash

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

LOI

32.91
52.90

11.84
26.96

0.46
6.60

40.96
4.36

9.23
1.50

1.60
0.73

0.17

0.33
-

1.15
3.37

Fineness,
%
passing 45μm
95
81

The crytallline phases were determined using powder X-ray diffraction (XRD) as described in previous
work (Zhang, 2015). The X-ray diffraction (XRD) patterns of slag and fly ash are shown in Figure 1.
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The major crystalline phases in fly ash are quartz, mullite and hematite, while the blast furnace slag
contains mainly amorphous phases. All precursors contain considerable amounts of amorphous
phases as can be reflected from the hump in the XRD patterns (from 17° to 35° for fly ash and from
25° to 35° for slag). The reactivity of slag could be indicatd by its abundant amorphous content (over
98%). On the other hands, the reactivity of fly ash is reflected by its reactive silica content of 43.04%
and reactive alumina content of 14.51%, as reported in other studies (Zhang et al., 2017). Sound
mechanical properties have been achieved using both solid precursors.

Figure 1 XRD patterns of solid precursors (Q:quartz, M:mullite, Hm: hematite and C: calcite)
The alkaline activator was prepared by dissolving NaOH pellets (analytical grade, purity≥98%) and
sodium silicate (Na2O: 8.25 wt.%, SiO2: 27.50 wt.%) in distilled water. The activator was cooled down
to room temperature prior to mixture preparation.
2.2

Mixture design and preparation

To study the fracture properties AASF, four levels of alkali activator (AA) modulus were considered for
preparation of AASF pastes with fixed binder combination of 30 wt.% blast furnace slag and 70 wt.%
Class F fly ash. The detailed mixture designs are shown in Table 2. In all the mixtures, the w/b ratio
and Na2O wt.% content (in alkali activator with respect to total binder mass) were kept constant to be
0.32 and 4%, respectively. The w/b ratio was chosen to maintain adequate workability for all the paste
mixtures. The mixtures were named M0.8, M1.0, M1.2 and M1.5 accordingly, with the number
representing the AA modulus (ratio of SiO2 wt.%/Na2O wt.%).
Table 2 Mixture design of AASF
Mixture
M0.8
M1.0
M1.2
M1.5

Slag (wt.%)

Fly ash (wt.%)

w/b ratio

Na2O%

30

70

0.32

4.0

Modulus
0.8
1.0
1.2
1.5

The solid precursors were firstly dry mixed for 5 min using a HOBART® mixer at a low speed. Alkaline
activator solution was then added gradually and the batches were mixed for additional 5 min at a
medium speed. The fresh pastes mixtures were cast in polystyrene prism molds (40 mm x 40 mm x
160 mm) and then compacted with a vibration table before finally sealed with a plastic foil. The
samples were demolded after 1 day and were cured in a climate room (20 °C and ≥98% RH) until
testing.
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2.3

Testing procedures

2.3.1 Compressive strength and elastic modulus
The compressive strength of AASF specimens cured for 28 days were measured in accordance with
NEN 196-1 standard (NEN, 2005). The 28-day elastic modulus tests were conducted using prism
samples following modified set-up according to ASTM C496 (ASTM, 2010).
2.3.2

Three-point bending tests on single notched beam

Single notched specimens with 40 mm in depth (W), 40 mm in width (B) and 160 mm in length were
used for fracture properties determination. Different ratio of the notch depth, a, to beam depth, W,
have been reported in fracture tests by previous studies. This ratio in general falls in the range of 0.2
to 0.5. Here the ratio is chosen to be 0.3, which is considered to be practical to conduct the
experiments under the current test configuration. The notches were prepared using a diamond cutting
saw at 28 day prior to testing. The three-point bending (3PB) tests were performed on a closed loop
INSTRON machine with the crack mouth opening displacement (CMOD) rate of 0.01 mm/min. The
CMOD is controlled using two LVDTs, which were attached at the two sides of the performed notch on
the side surfaces of the prism. The prism was supported over a load span (S) of 120 mm. The detailed
testing set-up is shown in Figure 2. At least 4 specimens were tested for each mixture.

Figure 2 Three-point bending test configuration for single notched prism specimen
The linear elastic fracture mechanics (LEFM) based stress intensity factor method is considered to be
reasonably effective for AASF pastes samples due to its better homogeneity compared with normal
concrete. The most common method of calculation of the mode I critical stress intensity factor, i.e.
fracture toughness, is to use the peak load from the 3PB as have been widely used in previous studies
and recommendations (TU1404, 2016). Thus, the fracture toughness is also calculated using the
maximum load considering the shape function in this study.
1.5 𝑃𝑀𝑎𝑥 𝑆 √𝜋𝑎
0.68 − 0.744𝛼
𝐾𝐼𝑐 =
(
+ 0.36 − 2.088𝛼 + 4.611𝛼 2 − 6.499𝛼 3 + 4.232𝛼 4 ) (1)
2
𝐵𝑊
1 − 2.155𝛼 + 1.161𝛼 2
where 𝑃𝑀𝑎𝑥 is the applied load, B is the specimen width, W is the specimen depth, S is the loading
span, a is the notch depth and α = 𝑎/𝑊 (0.05 ≤ 𝛼 ≤ 0.8) is the relative notch depth ratio.
Crack tip toughness Jtip or in other words the critical strain energy release rate is calculated to provide
insights from an energy perspective:
𝐾𝐼𝑐 2
(2)
𝐽𝑡𝑖𝑝 =
𝐸
where KIc and E are the fracture toughness and the elastic modulus of the matrix, respectively.
Fracture energy GF is calculated according to RLIEM recommendation by TC-FMC:
𝛿0
𝑊0 + 𝑚𝑔 𝛿0 ∫0 𝑃(𝛿) 𝑑𝛿 + 𝑚𝑔 𝛿0
(3)
𝐺𝐹 =
=
𝐴𝑙𝑖𝑔
𝑊 (𝐵 − 𝑎)
where W 0 is the area under the load-CMOD curve, mg is the self-weight of the beam between support,
δ0 is the final CMOD and Alig is the ligament area calculated by specimen dimensions.
2.3.3

Microstructural characterization

Microstructural characterization tests were performed on paste samples cured for 28 days as follows:
In order to understand the nature of chemical bonds of reaction products, Fourier transform infrared
spectroscopy (FTIR) analysis was carried out using a Spectrum TM 100 Optical ATR-FTIR
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spectrometer within the wavelength range of 600 to 4000 cm -1 at resolution of 1 cm -1.
Thermogravimetry analysis (TGA) along with differential thermogravimetry (DTG) were performed in a
TG-449-F3-Jupiter instrument. Around 0.1 gram of powdered paste sample was put in a small
aluminum oxide crucible and heated from 40 °C to 1100 °C at heating speed of 10 °C/min in an argon
protection atmosphere at a flow speed of 50 μL/min.
3.
3.1

RESULTS AND DISCUSSIONS
Compressive strength and elastic modulus

The compressive strength and the elastic modulus of AASF pastes at 28 day are plotted as a function
of the AA modulus ranging from 0.8 to 1.5, as shown in Figure 3. The compressive strength evidently
changes with different AA modulus values. It is worth noting that the influence of AA modulus on the
elastic modulus agrees well with its influence on the compressive strength. As it can be seen in Figure
3, the two curves follow a similar trend. In general, both properties first increase with increment of
modulus and then decreases after reaching the modulus of 1.2. The influence of AA modulus on
compressive strength has been confirmed by a previous study on AASF pastes/mortars (Gao et al.,
2015). Although it would be difficult to reach a universal consensus considering variation of raw
materials, optimum conditions for alkali activation do exist within each specific system. In this study,
the AA modulus has an optimum value of near 1.2, which yields the highest compressive strength and
elastic modulus.

Figure 3 Compressive strength and elastic modulus of AASF pastes as a function of alkali
activator modulus 0.8, 1.0, 1.2 and 1.5.
The reason behind such decline of compressive strength and elastic modulus is believed to be related
to the reaction products and microstructure formation. Previous studies in alkali activated slag/fly ash
systems indicated a higher AA modulus tends to retard the reaction speed and not necessarily lead to
facilitating strength development (Ravikumar & Neithalath, 2012; Gao et al., 2015). The declined
elastic modulus with a higher AA modulus could be the result of the higher amount of available Si
causing retardation of alkali activation.
3.2

Fracture properties of AASF

The fracture properties including fracture toughness, crack tip toughness and fracture energy derived
from 3PB tests on single edge notched prims specimens are discussed in this section. The
representative load vs CMOD curves of each AASF pastes are illustrated in Figure 4. Similar to loadCMOD curves of cementitious materials, the load-CMOD curves of AASF pastes consists of a linear
elastic part followed by an elastic-plastic stage before reaching the maximum load and then a
softening behavior is observed after the peak load. It can be seen already from the repressive curves
that the mixtures have different peak loads and fracture behavior. One might consider that the sample
with increment of the compressive strength the peak load should be higher since a stronger matrix
could enhance the crack propagation resistance. However, it seems that this is only valid in M0.8 and
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M1.0. The peak load of M1.2 is even lower than that of M1.0, which does not agree fully with the trend
of compressive strength.

Figure 4 Representative Load -CMOD curves for AASF paste M0.8, M1.0, M1.2 and M1.5.
The matrix fracture toughness KIc, generally increases from AA modulus of 0.8 to 1.0 and then
decreases with higher AA modulus as shown in Figure 5. The highest value of KIC reaches 0.241 J/m2
at the AA modulus of 1.0, which indicates that the influence of AA modulus on KIc follows a different
trend compared to that of compressive strength and elastic modulus. It is reported in previous studies
that the fracture toughness of concrete is mainly affected by the size, texture and angularity of
aggregates as well as the microstructure of the paste (Pan et al., 2011). Therefore, it can be inferred
that the most prominent reason for the difference in fracture toughness of AASF, lies in their different
AASF microstructures and reaction products. Other possibilities suggested by other researchers
includes the difference in the texture of the reaction products within matrices (Lange et al., 1993),
which could be also considered as microstructure related
Crack tip toughness (Jtip) shown in Figure 5 reveals a trend that is well consistent with KIC, which
reflects the effectiveness as well as the soundness of using 3PB for testing of AASF paste. As in
LEFM, KIC and Jtip (or the strain energy release rate) are uniquely related, the trend agreement
between Jtip and KIC proves that the assumption of using LEFM to determine the fracture properties of
AASF pastes is also reasonable as for cementitious pastes.
On the other hand, the influence of AA modulus on the fracture energy (G F), shown in Figure 6,
reveals a different trend compared to that of KIC. Nonetheless, it is well in line with the trend of
compressive strength and elastic modulus in Figure 3. Fracture energy calculated as the work of
fracture corresponds with the area under the load-CMOD curves. This disagreement of KIC and Jtip
with the compressive strength might serve as evidence that the microstructure and reaction products
also largely influence the fracture behavior of AASF pastes. The results of mechanical properties
suggest that AASF system could be very sensitive to alkali activation conditions. In this case,
changing of AA modulus from 1.0 to 1.2 might result in a difference in amount of reaction products
and/or in chemical nature of reaction products, making microstructural analysis indispensable in
studying fracture behavior of AASF.
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Figure 5 Fracture toughness KIC and crack tip toughness Jtip of AASF pastes as a function of
alkali activator modulus 0.8 to 1.5.

Figure 6 Fracture energy GF and fracture toughness KIC of AASF pastes as a function of alkali
activator modulus 0.8 to 1.5.
3.3

Microstructural correlations

In order to investigate the disagreement between the KIC/Jtip and the compressive strength influenced
by AA modulus, a microstructural analysis with focus on the amount of reaction products and the
chemical nature of reaction products was performed. The amount of reaction products within all the
AASF pastes were reflected by the mass loss during the thermogravimetry within the temperature
range of 105 to 300 °C, which is considered to be the for C-S-H type reaction products (Gao et al.,
2015). Only the summary of the results is shown in Figure 7(a). The mass reduction first increases and
then decrease, indicating AA modulus have considerable impact on the reaction product formation. An
optimum AA modulus is found between 1.0 and 1.2, with which the mixture yields higher amount of
reaction products. In fact, these trend sequences of mass loss and amount of reaction products are
almost similar with both compressive strength and elastic modulus.
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(a)

(b)

Figure 7 The influence of alkali activator on (a) mass reduction due to main reaction products
of AASF by TGA (b) main T-O bands wavenumbers of AASF by FTIR
For the chemical nature of the reaction products of AASF, FTIR analysis was conducted. The positions
of main T-O vibration bands in the FTIR spectra of AASF with different AA modulus are shown in
Figure 7(b). Located between the wavenumber of 800 and 1200 cm −1 as a result of phase overlapping
from both precursors and reaction products, this band is widely accepted in the literature as the main
T–O asymmetric stretching band and is intensively used to study the changes of the amorphous gel
structure (Ca/Si or Al/Si ratio) in AAMs/geopolymers. The main band AASF spectra are centered near
approximately 950 cm −1 and 960 cm-1 respectively. Main T-O band located at such wavenumber
positions is assigned to Si–O and/or Si–O–M bonds (M being alkali metal or alkali earth metal) (Lee &
Van Deventer, 2003) . More specifically, it could be associated with the Si–O–Si bonds of SiOn units
(n=2) (Clayden et al., 1999), which is the representative structure of aluminosilicate chains containing
C-A-S-H type gel formed in alkali activated slag and or of the C-(N)-A-S-H type gel in AASF (Puertas &
Fernández-Jiménez, 2003; Ismail et al., 2014; Lee & Lee, 2015).
As shown in in Figure 7(b), the T-O band clearly shift to higher wavenumbers with AA modulus higher
than 1.0. This trend is somewhat quite the opposite of the trend of changes of K IC and Jtip. It is
believed that the higher AA modulus yields the higher silica availability for incorporation into the
reaction products, which could shift the T-O band to higher wavenumbers. The phenomenon of main
band movement to higher wavenumbers is also reported in cementitious systems as hydration
proceeds and indicates a higher polymerization degree and/or higher cross-linking of silica network
with longer alumina silicate chains in C-S-H gel (Garcia-Lodeiro et al., 2010). The longer chain length
of the C-S-H type gel is associated with its lower Ca/Si ratio (L'Hôpital et al., 2016), which is believed
to increase the packing density and mechanical properties of the C-S-H gel on the nanoscale
(Beaudoin et al., 2009; Pelisser et al., 2012; Hou et al., 2014). This trend on the atomic level is
somewhat inconsistent with the experimental results, which might indicate that instead of the atomic
structure that governs the fracture toughness/crack tip toughness of AASF, other dominant factor such
as the cohesion of the networks of reaction products do play an important role (Plassard et al., 2005).
Therefore, it is rather difficult to directly correlate the fracture properties of AASF with the chemical
nature of the reaction products on an atomic level and further research regarding physical/chemical
attraction of reaction products surfaces is necessary. Nonetheless, the microstructural characterization
in this study has proved again the sensitivity of the influence of AA modulus on AASF, making it
possible for fine tuning the fracture properties of AASF by only minor modification of the mixture
design.
4.

CONCLUSIONS

This study presented an investigation on the effect of SiO2/Na2O ratio within alkali activator (AA
modulus) of binary alkali-activated slag/fly ash on their fracture properties.
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Through intensive experimental studies, it was found that all mechanical properties including fracture
properties are largely influenced by AA modulus. The influence of AA modulus on the compressive
strength, the elastic modulus and the fracture energy is similar. The properties increase initially and
then decrease with the peak value obtained at an AA modulus of 1.2. On the other hand, the facture
toughness and crack tip roughness correlates well with each other, reaching a maximum value at AA
modulus of 1.0. These changes indicate an optimal alkaline activation condition at AA modulus of 1.01.2. Preliminary microstructure study shows that the amount of reaction products agrees well with the
compressive strength, elastic modulus and fracture energy. However, the FTIR results reveal an
evident inverse correlation with fracture toughness, which is somewhat inconsistent with according
atomic level mechanical properties of C-S-H type reaction products. This discrepancy indicates that
other factor such as cohesion between reaction products might plan an important role on the fracture
properties of AASF. Additionally, this study confirms the sensitivity of the influence of AA modulus on
AASF, and the feasibility of fine tuning the fracture properties of AASF systems by only minor
modification of the AA modulus is also demonstrated.
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ABSTRACT
Ternary systems on the basis of OPC, CSA and C$ exhibit high early compressive strengths due to the
rapid formation of ettringite arising from the hydration of the anhydrous CSA phases (mainly ye’elimite),
aswell as high late strengths due to the hydration products formed from the OPC reaction (C-S-H). The
main reactive anhydrous phases in OPC are the calcium silicate phases C3S and C2S. With respect to
the pore solution composition during hydration these phases can either lead to the formation of C-S-H
and CH (portlandite) or C2ASH8 (straetlingite) and C3AH6 (katoite) if enough aluminum is available
form pore solution [1].
We compare the hydration kinetics of two different ternary CSA based blends. The systems were
chosen on the basis of thermodynamic modelling and differ in their expected hydrate phase
assemblage concerning the above mentioned silicon bearing phases. One system is expected to form
straetlingite, while for the other system the silicon is mainly going to be incorporated into C-S-H.
However the main hydration product in both blends is still always ettringite.
As soon as straetlingite precipitation commences, the hydration of the calcium silicates is accelerated
and after 28 days the potentially reactive anhydrous calcium silicate phases have been dissolved
completely. New contributions on the still widely discussed topic of tricalcium silicate hydration can be
withdrawn from the results.
References
[1] Bizzozero J. & Scrivener K.: Hydration and microstructure development of OPC blended with
calcium aluminate and sulfoaluminate cements. Proceedings of the first international conference on
sulfoaluminate cement, Wuhan, 2013.
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1.

INTRODUCTION

Calcium-sulfoaluminate cements (CSA) recently gained a lot of interest in the Western cement
industry while these binders have been used for decades in China (Zhang et al. 1999, Péra &
Ambroise 2004). These cements can be manufactured at a lower kiln temperature and are relatively
easy to grind, therefore the energy consumption during production is lower when compared to OPC
production (Winnefeld & Barlag 2009, Winnefeld & Lothenbach 2010). In addition, the calcium
contents in CSA cements are generally lower than in OPC which means that less CO2 is emitted due
to the calcination of the raw materials (Gartner 2004).
When combining OPC and CSA in binary or ternary blends the hydrating pastes show high early
strengths which can mainly be attributed to the fast formation of ettringite due to the reaction of the
CSA components (mainly ye’elimite under CaSO4 consumption) (Pelletier et al. 2010). Additionally,
these mixtures can also show high final strengths due to the formation of C-S-H. Compared to pure
OPC mortars or concretes these system also show higher sulfate resistance (Zhang et al. 1999) and
shrinkage compensating properties (Polivka & Wilson 1973). The formed hydrate phases in the
ternary system CSA-OPC-C$ depend heavily on the composition of the dry mix (Lothenbach &
Winnefeld 2017) and therefore also diverging properties can be expected in dependence of the
hydrate phase assemblages.
The topic of calcium silicate reactivity is still widely discussed. For the main OPC phase C3S different
theories have been proposed. Some researches attribute the hydration kinetics of this phase entirely
on the rate of the C3S dissolution and the different mechanisms leading to the observed kinetical
changes (Juilland et al. 2010, Nicoleau & Nonat 2016). Other studies attribute the nucleation and
growth of the formed hydrate phase C-S-H to be rate determining for the dissolution of C 3S (Jennings
1986, Garrault & Nonat 2001, Garrault et al. 2006, Thomas et al. 2009). If the main hydrate phase
formed by the hydration of C3S is not the typical semi-amorphous calcium silicate hydrate the
dissolution kinetics of the tricalcium silicate also seem to be altered (Horgnies et al. 2016, Nehring et
al. 2018, Wolf et al. 2018).
In this study we investigated the hydration kinetics of two different blends in the ternary system CSAOPC-C$. A thermodynamic model was employed to predict the stable hydrate phase assemblages for
both systems. With the help of QXRD we checked if the thermodynamic model holds true and to which
degree the stable state is reached within the timeframe of the experiments. According to the
thermodynamic model both systems are expected to form comparable amounts of AFt but their main
difference is the silicon bearing hydrate phase. The CSA rich mixture is expected to form straetlingite
whereas the hydration of the OPC rich mixture should result in the precipitation of C-S-H and
portlandite. The formed hydrate phase assemblages were linked to mechanical properties by
compressive strength measurements. Concerning the hydration degree within 28 d: the formation of
straetlingite seems to lead to higher reaction degrees for the reactive calcium silicate phases when
compared to the C-S-H forming system.
2.
2.1

EXPERIMENTAL METHODS
Materials & thermodynamic modelling

The components of the investigated ternary systems were a commercial 52.5R CEM I OPC, a high
ye’elimite (> 50 wt.-%) commercial CSA clinker and a natural anhydrite (C$). Characterization of these
materials was performed by means of quantitative X-ray diffraction (QXRD) and X-ray fluorescence
spectroscopy (XRF). In addition the particle size distributions of these materials were determined by
laser diffraction. The results of this characterization were recently published in (Wolf et al. 2018). On
the basis of the characterization of the binder materials a thermodynamic modelling for the whole
ternary system was performed with GEMS (Kulik et al. 2013) in conjunction with the CEMDATA 14.01
database (Lothenbach & Winnefeld 2006, Matschei et al. 2006, Lothenbach & Glasser 2007,
Lothenbach et al. 2008). From the resulting model two systems with different expected silicon
incorporating hydrate phases were chosen. One of them being rich in the CSA component with a dry
mix composition of 75 wt.-% CSA, 10 wt.-% OPC and 15 wt.-% C$ (hereinafter referred to as
75CSA_10OPC_15C$) which is predicted to form straetlingite (C2ASH8) as a silicon bearing phase in
equilibrium condition. The other blend was predominated by the OPC with a dry mix composition of 20
wt.-% CSA, 55 wt.-% OPC and 25 wt.-% C$ (hereinafter referred to as 20CSA_55OPC_25C$). For
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this system the model predicts the formation of C-S-H as silicon bearing phase in equilibrium
condition.
2.2

Hydration of the mixes and QXRD analysis

The blends were hydrated with a w/b ratio of 0.8 at a temperature of 23 + 0.2 °C. The high w/b ratio
was chosen to allow full hydration of the anhydrous phases and avoid turnover limitations of the
formed hydrate phases due to too low amounts of water. After mixing the pastes were transferred to
polycarbonate crucibles and sealed with a Parafilm to avoid atmospheric exchange (loss of water and
CO2 contamination) with the environment. The samples were cut with a low speed saw under
continuous cooling with isopropanol. The freshly cut surfaces were covered with a Kapton foil which is
mandatory when using the Rietveld compatible model for C-S-H quantification published by Bergold et
al. (2013). The XRD measurements were performed with a Bruker D8 Advance diffractometer,
equipped with a LynxEye detector in Bragg-Brentano geometry. The Cu X-ray tube worked at 40kV
and 40 mA. The divergence slit opening was fixed at 0.3° and the step size was 0.0236°. For the
Rietveld analysis TOPAS 5 from Bruker AXS was used. The quantification of the absolute phase
contents in the paste was performed by the G-Factor method (Jansen et al. 2011).
2.3

Compressive strength measurements

Standard mortar prisms (4 x 4 x 16 cm³) were cast in accordance with standard NF EN-196-1. Small
alterations to the w/b ratios were needed to avoid segregation within the pastes. Therefore, for these
experiments blend 20CSA_55OPC_25C$ was hydrated at a w/b of 0.62 and blend
75CSA_10OPC_15C$ with a w/b of 0.65. The theoretical w/b ratios for both mixtures for full hydration
are 0.57 for the high OPC mixture and 0.61 for the CSA rich mix, therefore no alterations in the formed
hydrate phase assemblages due to the reduction in water content can be expected. In addition, a
quartz filler was used in the preparations of the mortar prisms. The binder / filler ratio was 1:2. The
prisms were covered with a PE foil for three days and afterwards stored at 23°C at a relative humidity
of 50%.
3.
3.1

RESULTS
Thermodynamic modelling

The phase stabilities for straetlingite and C-S-H are shown in figure 1 for full binder hydration. Light
colours predict high wt.-% for either straetlingite (left) or C-S-H (right) in the fully hydrated paste.

Figure 1. Phase stability fields for straetlingite and C-S-H as predicted from the thermodynamic
model. The two investigated systems are shown by the white circles. Light colours indicate
higher quantities.
The expected equilibrium hydrate phase assemblages for both blends after full hydration at a
temperature of 23°C and a w/b of 0.8 are shown in table 1. As shown for both systems the main
hydrate phase formed should be ettringite with quantitites of 48 and 52 wt.-% with respect to the
paste.
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Table 1. Thermodynamically modelled stable hydrate phase assemblages in wt.-% for both
mixes after full binder hydration.
C6A$3H32

AFm_SO4

C2ASH8

microcyst.
AH3

C-S-H

CH

H

20CSA_55OPC_25C$

52

-

-

-

27

5

13

75CSA_10OPC_15C$

48

3

33

-

<1

-

11

From the OPC-rich mix (20CSA_55OPC_25C$) C-S-H should be formed as the silicon bearing
hydrate phase with an expected quantity of about 27 wt.-%. Furthermore, CH is predicted to be stable
as the calcium concentration in this mixture is relatively high and no excess aluminium or silicon is
available to form other hydrate phases. From the CSA-rich mix 75CSA_10OPC_15C$ the dissolved
silicon is predicted to be incorporated into straetlingite, minor amounts of SO4_OH_AFm solid
solutions are expected to form.
3.2

QXRD

Samples of each mix were cut and measured after 1, 2, 7, 14 and 28 days. The results from the GFactor quantification, which give the absolute amounts for the crystalline main phases in the pastes,
are shown in table 2 for the OPC-rich mix (20CSA_55OPC_25C$) & table 3 for the CSA-rich mix
(75CSA_10OPC_15C$).
Table 2. Phase quantities in wt.-% in the hydrating mixture 20CSA_55OPC_25C$ as quantified
by the G-Factor method.
time
(d)

C3S

C2S

C3 A

C4A3$

C1.7M0.3S

C$

C6A$3H32

C-S-H

CH

Time
of
mixing

19.3

6.0

3.0

6.2

1.5

13.8

-

-

-

1

13.4

5.8

1.7

-

1.3

5.5

32.3

2.6

-

2

8.1

5.2

0.8

-

1.4

1.8

49.6

2.0

-

7

3.5

4

-

-

1.1

0.4

46.7

12.0

2.8

14

2.6

3.4

-

-

1.1

-

47.0

12.0

3.4

28

1.5

2.0

-

-

1.2

-

49.5

17.6

3.8

Table 3. Phase quantities in wt.-% in the hydrating mixture 75CSA_10OPC_15C$ as quantified
by the G-Factor method.
time (d)

C3S

C2S

C3 A

C4A3$

C1.7M0.3S

C$

C6A$3H32

C2ASH8

CAH10

Time of
mixing

3.5

4.5

0.5

23.3

5.5

7.8

-

-

-

1

2.3

4.7

0.4

6.5

4.9

2.1

26.6

-

-

2

2.1

4.7

0.6

1.7

4.6

0.9

39.5

-

-

7

1.4

4.0

-

-

4.7

0.8

40.0

1.0

0.4

14

-

2.6

-

-

4.5

0.8

41.7

12.5

0.3
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28

-

-

-

-

3.8

0.5

45.6

21.2

For mixture 20CSA_55OPC_25C$ the only fully crystalline hydrate phase being formed withinin the
first 2d of hydration is ettringite. Ye’elimite is completely dissolved already after 24h of hydration and
basically no C2S is being consumed during the early hydration of this system. Anhydrite reaches full
turnover after 7d of hydration and all of the available sulfate is incorporated into ettringite, resulting in
relatively constant quantities for this phase over the remaining experimental timeframe. C-S-H can be
detected after 1d of hydration whereas the formation of portlandite can only be proven after 7d of
hydration, even though the consumption of the calcium silicates up to this point is quite substantial.
The magnesium bearing calcium silicate bredigite can be considered as inert within the first 28d of
hydration.
Anhydrous ye’elimite is still present in the CSA-rich mix (75CSA_10OPC_15C$) after 2d of hydration
and the ettringite quantities turn out lower than in the OPC rich mixture. The predicted occurrence of
straetlingite from the thermodynamic model can be proven after 7d of hydration and phase contents of
C2ASH8 successively increase with ongoing hydration. After 7 and 14d CAH10 is present in the
hydrating paste, although the quantities are very minor. After 28d this phase does not occur in the
diffractograms anymore. Differing from the OPC rich mixture, the calcium silicates C 3S and C2S show
full turnover after 28d of hydration and also the degree of reaction for bredigite is now relevant.
3.3

Compressive strength

Figure 2 presents the results from the strength measurements on the mortar prisms. The high OPC
mixture reaches a value of about 40 MPa after 7d of hydration and about 44 MPa after 28d. For
75CSA_10OPC_15C$ similar strengths of about 38 MPa after 7d and 45MPa after 28d are reached.

Figure 2. Compressive strengths of the two investigated mixtures. The tests were performed on
4 x 4 x 16 cm³ mortar prisms with a binder to filler ratio of 1:2.
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4.

DISCUSSION

The predicted stable hydrate phase assemblages according to the thermodynamic model have
qualitatively been reached for both mixtures. Ettringite, C-S-H and portlandite are present in the paste
of the OPC-rich mix after 28d of hydration (see figure 3). The measured C-S-H quantities turn out
lower than predicted which is partially due to the incomplete consumption of the calcium silicates after
28d of hydration (as in the model we assumed a full hydration of the binder materials) and also due to
the fact that the C-S-H present in the paste might contain relatively high proportions of aluminium. The
incorporation of aluminium is not accounted for in the used C-S-H model published by Bergold et al.
(2013) and also might lead to a reduction in the crystallinity degree of the C-S-H phase (Renaudin et
al. 2009).

Figure 3. Clipping of the Rietveld refined plots for the stored samples of the
20CSA_55OPC_25C$ system. The angular range chosen reaches from 6 – 12 °2Θ (to show the
formed hydrate phases) and from 28 – 36 °2Θ (focussing on the calcium silicates).
In the CSA rich mixture 75CSA_10OPC_15C$ ettringite and straetlingite are the only crystalline
hydrate phases detected. Minor amounts of AFm or C-S-H might be present in the paste but this
cannot be detected with the methods used. The first crystalline occurrence of straetlingite in the paste
is after 7d of hydration. Simultaneously also the presence of minor amounts of CAH 10 can be proven
as seen from the peak at 6.3° 2Θ in figure 4. After 28d of hydration CAH 10 is however not present in
the paste anymore and relatively high proportions of straetlingite are reached (with 21.2 wt.-%). The
reactive calcium silicates in the C2ASH8 forming mixture are completely consumed after 28d of
hydration whereas for the OPC rich blend anhydrous C 3S aswell as C2S are still present in the paste.
This is especially apparent when comparing the C2S contents. At the time of mixing comparable
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amounts of C2S are present in both blends, however the reaction degree for the C-S-H forming
mixture of this phase only amounts to 66% while the straetlingite forming mixture leads to total
consumption of this phase. As the C2S in these ternary systems stems from two different sources, one
being the OPC and the other one being the CSA clinker, it could also be possible that the different
degrees of hydration of this phase might be connected to the nature of the C2S and that the C2S from
the CSA clinker is more reactive than the C2S from the OPC.

Figure 4. Clipping of the Rietveld refined plots for the stored samples of the
75CSA_10OPC_15C$ system. The angular range chosen reaches from 6 – 12 °2Θ (to show the
formed hydrate phases) and from 28 – 36 °2Θ (focussing on the calcium silicates).
However up to 7d of hydration the C2S contents in the CSA-rich mix are unchanged, which indicates
that no dissolution of this phase could be detected. With the occurrence of crystalline straetlingite in
the diffractograms the consumption of the dicalcium silicate sets in (Figure 5). The crystallisation and
precipitation of straetlingite therefore seems to enhance the dissolution kinetics of C 2S. A similar result
was also published by Nehring et al (2018) where C3S was hydrated in the presence of CA. When the
silicon bearing phase straetlingite was formed the reaction rates for C3S reached their maximum
values and were about 5 times higher compared to the reaction rates of C3S when C-S-H was the
target phase for the dissolved silicon at a later point in time within the same mixture. We believe that
this observation does not only hold true for tricalcium silicate but can also be adapted to the reaction
rates of C2S which is supported by the data presented here. Further studies on the reaction rates of
C2S in straetlingite favouring pore solutions or environments should be employed to confirm these
observations. In the OPC rich mixture no C2ASH8 is formed and as a result the reaction degree of the
calcium silicates is lower after 28d.
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Figure 5. Contents of C2S and the silicon incorporating hydrate phases over time in the
hydrating mixtures.
When comparing the compressive strength measurements both systems seem to exhibit good values
and no real distinction can be made between the two. Especially when taking into account the high
w/b ratios (> 0.6) employed the strength values are respectable. Usually C-S-H is thought of to be the
strength giving phase in OPC rich mixtures. Therefore, it is remarkable that the straetlingite forming
mix does not seem to perform any worse in that regard. Still, as neither crystalline C-S-H nor
straetlingite are present at high quantities after 7d in the hydrating mortars, most of the measured
strength after 7 days must be attributed to the high proportions of ettringite. The gain in strength from
7d to 28d can be mainly attributed to the formation of C-S-H or C2ASH8 respectively. Also no loss in
mechanical strength could be detected in these systems which is often attributed to the crystallisation
pressure of ettringite and ongoing ettringite precipitation over longer timeframes. In the investigated
systems however, the ettringite contents reach high values of 40 to 50 wt.-% after 2 days of hydration
and afterwards only minor increases in the AFt content can be detected thus the cracking due to
delayed ettringite formation should be minimal.
5.

6.

CONCLUSIONS


Thermodynamic modelling allows accurate predictions concerning the hydrate phase
assemblages in ternary CSA-OPC-anhydrite after 28 days of hydration.



With the onset of crystalline straetlingite precipitation the dissolution of C 2S is heavily
accelerated which indicates, that the nucleation and growth of the silicon bearing hydrate
phase plays a key role in the hydration kinetics of calcium silicates.



The reaction degree of C2S turns out higher in the straetlingite forming environment.



The compressive strengths of the C-S-H forming mixture and the straetlingite forming mixture
are comparable. This indicates that formulations leading to straetlingite as the silicon bearing
hydrate phase (CSA rich mixtures) can be commercially applicable.
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ABSTRACT
The crystallinity and crystal size of the hydrate phase CAH10 of calcium aluminate cement (CAC)
cured at the temperature of 10°C can be promoted by extending curing time and addition of alumina
micro-powder. In order to explore the influence of the crystallinity and the crystal size of the hydrated
product CAH10 on the conversion rate of CAH10 to C3AH6 and AH3, the pastes of pure CAC and
mixture of CAC and alumina powder were cured at 10°C for different time to produce CAH10 with
different crystal size and further cured at 50°C for 24h to examine the conversion of CAH10 to C3AH6
and AH3. The hydration of the pastes was halted by freeze-vacuum drying, and the phases and
microstructure of hydrates were investigated by XRD and SEM respectively. The results indicated that
the crystallinity and crystal size of CAH10 were increased with the increase of curing time at 10℃, and
the hydrate CAH10 with higher crystallinity transforms to C3AH6 and AH3 at a slower rate during
further curing at 50 C for 24h. This work illustrates that CAH10 with higher crystallinity and larger
crystal sizes dissolves at a slower rate during further curing at 50 C for 24h and consequently the
precipitation rate of C3AH6 and AH3 is decreased.
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ABSTRACT
The crystallinity and crystal size of the hydrate phase CAH10 of calcium aluminate cement (CAC)
cured at the temperature of 10 °C can be promoted by extending curing time. In order to explore the
influence of the crystallinity and the crystal size of the hydrated product CAH 10 on the conversion rate
of CAH10 to C3AH6 and AH3, the pastes of pure CAC were cured at 10 °C for different time to produce
CAH10 with different crystal size and further cured at 50 °C for 24h to examine the conversion of
CAH10 to C3AH6 and AH3. The hydration of the pastes was halted by freeze-vacuum drying, and the
phases and microstructure of hydrates were investigated by XRD and SEM respectively. The results
indicated that the crystallinity and crystal size of CAH10 were increased with the increase of curing
time at 10 C, and the hydrate CAH10 with higher crystallinity transforms to C3AH6 and AH3 at a
slower rate during further curing at 50 C for 24h. This work illustrates that CAH10 with higher
crystallinity and larger crystal sizes dissolves at a slower rate during further curing at 50 C for 24h and
consequently the precipitation rate of C3AH6 and AH3 is decreased.

Key words: calcium aluminate cements; aluminate; curing time; transformation;

1. Introduction
It is known that calcium aluminate cement (CAC) reacts with water to form different calcium
aluminate hydrates which depend on curing temperature [1-4]. It has been reported that crystalline
CaO·Al2O3·10H2O (CAH10) forms at low temperatures (below 15 C) and 2CaO·Al2O3·8H2O (C2AH8)
and Al2O3·3H2O (AH3) are the predominantly hydration products in the temperature range between 15
and 25 C; at higher temperatures (above 40 C), the hydration product is prevailingly
3CaO·Al2O3·6H2O (C3AH6) together with AH3 [1, 2, 5-7]. It has been established that CAH10 is a
metastable phase and C3AH6 is the stable phase at temperatures of above 35 C [7-9]. Therefore,
CAH10 would be converted into stable C3AH6 and AH3 at temperatures of above 35 C [2, 7, 10]:
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3CAH10 → C3AH6 + 2AH3 + 18H
However, the conversion rate of CAH10 into C3AH6 and AH3 has not been looked into with
respect to the crystal size of CAH10. The crystal size of CAH10 produced at 10 C would be increased
with the increase of curing time as the nucleation and crystal growth of crystalline CAH10 is related
closely to the curing time [11, 12]. It has recently been established that conversion rate of CAH10 into
C3AH6 and AH3 takes place through dissolution of CAH10 and precipitation of C3AH6 and AH3 [13].
Therefore, the larger crystal sizes of CAH10 would dissolve into the solution at a slower rate, and
consequently the crystal size of CAH10 would have an effect on the conversion of CAH10 into C3AH6.
In this study, the CAC pastes cured at 10 C for 12h, 24h and 3d to produce CAH10 with different
crystal size were further cured at 40 C. The hydration was halted by freeze-vacuum drying method.
Then the phase composition and the morphology of the calcium aluminate hydrates were analyzed by
XRD and SEM, respectively.

2. Experimental procedures
Commercial calcium aluminate cement (CAC) (Secar 71, Kerneos (China) Aluminate
Technologies Co. Ltd) was used in this work. The cement, deionised water and the handling utensils
were kept at 10 C for 24h before use. The pastes of CAC with a W/C ratio of 1.0 were prepared to
allow free growth of the hydrate crystals. Then the prepared pastes were poured into flat-bottomed steel
plates which were covered with a layer of plastic film. As the hydration of CAC is highly exothermic,
the pastes in the steel plate were evenly distributed with a thickness of less than 2 mm in order to avoid
significant temperature rise because of CAC hydration self-heating. In order to investigate the effect of
the crystal size (related to the curing time) of CAH10 on the transformation rate of CAH10 into C3AH6
and AH3, the pastes were cured at 10C for 12h, 24h and 3d respectively (the first step curing) to
produce CAH10 with different sizes and then were continually cured at 40 C for 3d (the second step
curing). After that, the pastes were frozen at -50 C for 1.5h to halt the hydration process, and then
dried in a vacuum box under a pressure of 60 Pa at 20 C for 24h. The phase compositions and
morphology of the samples were characterized by XRD (D8 Focus, Bruker, Germany) and SEM
(ZEISS-FESEM, Merlin Compact, Germany), respectively.

3. Results and discussion
Figure 1 shows the XRD patterns of the CAC pastes cured at 10 C for 12h, 24h and 3d
respectively (the first step curing), followed by further curing at 40 C for 3d (the second step curing).
It is seen in Fig. 1 that the peaks of C3AH6 and AH3 in the CAC pastes cured at 10C for 12h followed
by the second step curing are quite high and the peaks of CAH10 are relatively low, indicating that
much of CAH10 in the CAC pastes cured at 10 C for 12h was transformed to C3AH6 and AH3 during
the second step curing at 40 C for 3d. As seen in Fig. 2, the C3AH6 crystals in the samples cured at 10
C for 12h followed by further curing at 40C for 3d are observed in the granular form and there are
extremely fine and long hexagonal prism-shaped CAH10 crystals besides C3AH6 crystals, which is in
agreement with the phase in Fig. 1. The above-observed typical morphology of the CAH10 hydrate
demonstrate that CAH10 with small crystal sizes are formed in the CAC pastes cured at 10 C in a short
time (12h). As a result, CAH10 with very fine prim crystals could be easily dissolved at 40 C in water
and then granular crystals of C3AH6 are subsequently precipitated [13].
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Fig. 1 X-ray diffraction patterns of CAC pastes cured at 10 C for different time with further cured at
40 C for 3d.

Fig. 2 SEM micrographs of CAC pastes cured at 10 C for 12h with further curing at 40 C for 3d.
However, it is noted that the peaks of the hydrate CAH10 formed in the sample cured at 10 C for 24h
and 3d respectively followed by further curing at 40 C for 3d are much higher than those in the sample
after at 10 C for 12h followed by the same second step curing. And correspondingly, the peaks of
C3AH6 and AH3 in the sample cured at 10 C for 24h and 3d and then at 40 C for 3d are much lower
than those in the sample after curing at 10 C for 12h followed by the same second step curing.
As shown in Fig. 3 and Fig. 4, the typical hexagonal prism-shaped CAH10 crystals in the sample cured
at 10 C for 24h and 3d respectively are about 100-200 nm in diameters, which are significantly larger
than the CAH10 crystals formed at 10 C for 12h followed by the same second step curing (Fig. 2). It is
noticeable that the granular-shaped C3AH6 crystals in the samples cured at 10 C for 12h followed by
further curing at 40 C for 3d are little observable, which is are in agreement with the phase
compositions shown in Fig. 1. Therefore the CAH10 crystals with large crystal sizes (Fig. 3 and Fig. 4)
convert to C3AH6 and AH3 at a quite low level during the second step curing.
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Fig. 3 SEM micrographs of CAC pastes cured at 10 C for 24h with further curing at 40 C for 3d.

Fig. 4 SEM micrographs of CAC pastes cured at 10 C for 3d with further curing at 40 C for 3d.
The above results and discussion illustrate that the crystal sizes of CAH10 produced at 10 C was
increased with the increase of curing time. CAH10 with larger crystal sizes resulting from the prolonged
curing time convert into the stable C3AH6 and AH3 at 40 C for 3d at a low speed. This is because
CAH10 with larger crystal sizes could be dissolved at 40 C in water at a lower rate and then granular
crystals of C3AH6 are subsequently precipitated at a lower rate.
It may be argued that the amounts of the residual CAH10 after the first-step curing at 10 C for
the prolonged time (24h and 3d respectively) and the second step curing is higher than that of the
residual CAH10 after the first-step curing at 10 C for a shorter time (12h) and the second step curing
because the first-step curing at 10 C for the prolonged time would produce more than the first-step
curing at 10 C for a shorter time. Indeed, it is seen in Fig. 1 that the peaks of CA are not present in the
samples after the first-step curing at 10 C for the prolonged time and the second step curing, while the
peaks of CA exist in the sample after the first-step curing at 10 C for a shorter time and the second
step curing.
Furthermore, also as shown in Fig.1, the peaks of CA 2 in the samples after the first-step curing at
10 C for the prolonged time and the second step curing are lower than those in the sample after the
first-step curing at 10 C for a shorter time and the second step curing. The above results indicate that
the samples after the first-step curing for the prolonged time and the second step curing are hydrated to
a higher degree than the sample after the first-step curing for a shorter time and the second-step curing.
However, it is seen in Fig. 1 that not only are the peaks of the remaining CAH10 in samples after
the first-step curing for the prolonged time and the second step curing much higher than those after the
first-step curing for a shorter time and the second-step curing, but the peaks of C3AH6 and AH3 in
samples after the first-step curing for the prolonged time and the second step curing much lower than
those after the first-step curing for a shorter time and the second-step curing. The above discussion
illustrates that CAH10 produced during the prolonged first-step curing time convert into the stable
C3AH6 and AH3 at 40 C for 3d at a lower level because the first-step curing for the prolonged time
generates CAH10 with larger crystal sizes, which are dissolved into the solution at a slower rate.

4. Conclusions
T

his work demonstrates that the crystal size of CAH10 has a strong effect on the conversion rate of

CAH10 into C3AH6 and AH3 at the conversion curing temperature of above 35 C. CAH10 with larger
crystal sizes generated during curing at 10 C for the prolonged time are dissolved into the solution at a
slower rate and accordingly C3AH6 and AH3 are precipitated at a lower speed. Therefore, CAH10 with
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larger crystal sizes convert into the stable C3AH6 and AH3 at 40 C for 3d at a lower level.
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ABSTRACT
As the main reaction product of ordinary Portland cement and alkali-activated slag, calcium silicate
hydrate (C-S-H) has a great influence on the carbonation resistance of ordinary Portland cement and
alkali-activated slag. Many researchers believed that the structure of C-S-H gels is a dominant factor
affecting the carbonation behavior of C-S-H gels, which affected by the Ca/Si ratio and uptake of Al. To
investigate the effects of Ca/Si ratio and Al on the carbonation resistance of C-S-H gels, C-S-H gels
with initial Ca/Si ratios range from 0.67 to 1.8 and initial Al/Si ratio of 0.2 were synthesized. The
carbonation behaviors of C-(A)-S-H gels were studied by means of XRD, TG and FTIR. The results
show that the Ca/Si ratio has a significant influence on the carbonation resistance and carbonation
products. When the Ca/Si ration is lower than 0.87, the main carbonation product of C-S-H gels is
vaterite, otherwise, the carbonation products are vaterite and calcite. C-S-H gels with a low Ca/Si ratio
have a better carbonation resistance than that with a high Ca/Si ratio. Al can improve the carbonation
resistance of C-S-H gel when it is incorporated into the structure of the gels.
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1. Introduction

Calcium silicate hydrate (C-S-H) is the main reaction product of ordinary Portland cement and alkaliactivated slag (Provis JL et al. 2015). The stability of C-S-H gels has a crucial influence on the service
life of ordinary Portland cement and alkali-activated slag (Li WG et al. 2013, Provis JL et al. 2015).
However, carbonation of C-S-H gels occur when carbon dioxide or carbonate ions exist in the
environment, resulting in the decomposition of C-S-H gels and damage of cementitious materials
(Baquerizo LG et al 2015, Sevelsted TF & Skibsted J 2015). Therefore, carbonation resistance of C-SH gels has an important effect on the durability of cementitious materials.
Some researchers believed that the Ca/Si ratio is a dominant factor affecting the carbonation
behavior of C-S-H gels (Chang J et al. 2014, Frías M & Goñi S 2013). To figure out the effect of Ca/Si
ratio on the carbonation behavior of C-S-H gels without the interference of other phases, a few
researchers studied the carbonation behavior of pure C-S-H gels which were obtained by mean of
chemosynthesis (Garbev K et al. 2007, Sevelsted TF & Skibsted J 2015). Black et al. studied the
carbonation of synthesized C-S-H gels with initial Ca/Si ratios from 0.4 to 1.5, and found that C-S-H gels
with low Ca/Si ratios (0.67 and 0.75) had a better carbonation resistance (Black L et al. 2007). However,
Sevelsted et al believed that the decomposition rate of C-S-H gels increased with the decrease of Ca/Si
ratio of C-S-H gels (Sevelsted TF & Skibsted J 2015). The opposite conclusions make the question of
how the C/S ratio affects the carbonation of C-S-H gels fuzzier. Moreover, due to the extensive use of
slag in supplemental cementitious materials and alkali-activated materials, the intake of aluminum in CS-H gels increased (Renaudin G et al. 2009). According to the literatures, Al enters the structure of CS-H gels by replacing the bridge-Si and C-A-S-H has a longer dreierketten chain and cross-linked
structure (Myers RJ et al. 2014). However, it was unclear whether this structure was beneficial to the
carbonation resistance of C-A-S-H gels.
In this study, a natural carbonation experiment for C-(A)-S-H gels with different Ca/Si ratios was
carried out. The C-(A)-S-H gels were synthesized by using sol-gel method. The aim of this paper was
to investigate the effects of Ca/Si ratio and Al on the carbonation behavior of the synthesized C-S-H. It
can provide essential information for regulating the properties of cement-based materials and alkaliactivated slag.

2. Experiments

2.1 Synthesis of C-(A)-S-H gels
The C-S-H gels with initial Ca/Si ratios from 0.67 to 1.8 were prepared using sol-gel method (GarcíaLodeiro I et al. 2008). The chemical reagents used in the following work were the analytical grade.
Calcium nitrate solution (Ca(NO3)2·4H2O, 150 ml) with molarity of 0.67 M, 0.10 M, 1.40 M and 1.80
M were added drop by drop into sodium silicate solution with molarity of 0.1 M (Na 2SiO3·5H2O, 150 ml),
1
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respectively. Sodium hydroxide particles (NaOH) were added into sodium silicate solution to keep the
pH value of the mixed solution over 13. Ultrapure water was boiled for 10 minutes to remove the
dissolved carbon dioxide. The mixed solution was stirred constantly for 24 hours. The entire synthesizing
process was under N2 atmosphere at a room temperature. A white gel was precipitated immediately as
the calcium nitrate solution drops to the sodium silicate solution. Separation of gel from the liquid was
conducted by using a centrifugal machine. After that, the gel was washed twice with ultrapure and
decarbonized water to remove the sodium and nitrate ions. Finally, the obtained gel was dried at 60 ℃
for 7 days in a vacuum drying chamber.
The procedures to synthesize C-A-S-H gel were the same as those to synthesize C-S-H gels. A
0.10 M sodium silicate solution (Na2SiO3·5H2O, 100 ml) was used as the source of silicon, a 0.10 M
calcium nitrate solution (Ca(NO3)2·4H2O, 100 ml) was used as the source of calcium, and a 0.02 M
aluminum nitrate solution (Al(NO3)2·9H2O, 100 ml) was used as the source of silicon aluminum.
The detailed information of the samples is listed in Table 1. The initial Ca/Si ratio of C-(A)-S-H gels
ranged from 0.67 to 1.80. The initial Ca/Si ratio and Al/Si ratio of C-A-S-H gels were 1.0 and 0.2,
respectively. After drying, the real Ca/Si ratio and Al/Si ratio of C-(A)-S-H gels were measured by means
of SEM/EDS.
2.2 Experiment of carbonation
All the C-(A)-S-H gels were ground into powder and passed through a sieve with 75 μm before
carbonation. Powders of the prepared C-(A)-S-H gels were exposed to atmospheric CO 2 for 28 days
with temperature of 23±2 ℃ and humidity of 65±5 %.
Table 1. The detailed information of synthesized samples
C-(A)-S-H gels

S0.67

S0.87

S1.10

S1.36_CH

S0.90_A

Initial Ca/Si ratio

0.67

1.0

1.4

1.8

1.0

Initial Al/Si ratio

0

0

0

0

0.2

Real Ca/Si ratio

0.67

0.87

1.10

1.36

0.90

2.3 XRD analysis
XRD patterns were recorded on a Panlytical X’Pert PRO X-ray diffraction (XRD) with Cu-Kα
radiation. The X-ray tube was operated at 40 kV and 40mA. Values were recorded at 2θ intervals from
5 to 70° with a step size of 0.08°.
2.4 FTIR analysis
FTIR spectra with frequencies from 2000 to 400 cm-1 were recorded on a Bruker Vector 33-MIR
Fourier transform infrared spectrometer.
2
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2.5 Carbonation degree
Quantitative analysis of carbonation degree was carried out by using a Simultaneous Thermal
Analyzer (Netzsch STA 182 449C) with a heating rate of 10℃ per minute in N2 atmosphere from room
temperature to 1000℃. All samples were characterized by means of TG with and without carbonation.
The carbonation degree was calculated by CO2 weight loss.

3. Results and discussion

3.1 Structure of C-(A)-S-H gels
The real Ca/Si ratios of synthesized C-(A)-S-H gels were presented in Table 1. The real Ca/Si ratios
of synthesized C-(A)-S-H gels were range from 0.67 to 1.36. The XRD patterns of synthesized C-(A)-SH gels were showed in Figure 1. The characteristic peaks of C-S-H gels (d: 3.07, 2.80, 1.83; PDF#340002) appeared in the all diffraction patterns, indicating the C-S-H gels were obtained. Though all
samples were C-(A)-S-H gels, their structures were differences. Comparing S0.67, S0.87, S1.10 and
S1.36_CH, as the Ca/Si ratio increased, the 2θ value of small angle diffraction peak (002) increased,
which means the basal spacing decreased from about 14 Å to 13 Å as other literatures described (Black
L et al. 2007). The interlayer distance decreased as the increases of Ca/Si ratio, which was
corresponded to the empty of bridging silica tetrahedron. By comparing samples S0.87 with S0.90_A,
although they had similar Ca/Si ratio, the 2θ value of small angle diffraction peak of S0.90_A shifted to
low angle, indicating that the basal spacing in C-A-S-H gel was larger than that in C-S-H gel. It may be
because the Al entered the structure of C-S-H gel by substituting Si that linked across interlayer, which
added the distance of layer spacing (Komarneni S et al. 1985).
To further characterize the structure of C-(A)-S-H gels, all samples were then tested by FTIR. Figure
2 presents the FTIR results of synthesized C-(A)-S-H gels. The Ca/Si ratio of C-(A)-S-H gels had a direct
influence on the structures and bonds of C-(A)-S-H gels as presented in Figure 3. The main bands
appeared at around 450 cm-1 (Si-O-Si band), 485 cm-1 (Si-O-Si band), 970 cm -1 (Si-O band, Q2), which
were typical bands of C-S-H gels. It showed that the main Si-O band of all samples on the spectra was
wide and centered at a frequency around 970 cm -1 (Q2 site). The frequency of the peak of Si-O band in
Q2 site increased from 962 cm -1 to 979 cm-1 as the Ca/Si ratio decreased from 1.36 to 0.67. It shifted
toward a higher frequency means a higher degree of polymerization of silicon chain (García-Lodeiro I
et al. 2009). Si-O band in Q1 site (about 850 cm -1) appeared in sample S1.10 and S1.36_CH, which was
attributed to lower degree of polymerization. Unlike other samples, sample S0.90_A had another peak
at 1021 cm-1 assigned to Si-O bond asymmetric stretching vibration in Q 3 tetrahedra. This peak
represented cross-linked structure of C-A-S-H gels, which was consistent with the aforementioned XRD
results.
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Figure 1. XRD analysis of synthesized C-(A)-S-H gels

Figure 2. FTIR spectra of synthesized C-(A)-S-H gels
3.2 Carbonation products
Figure 3 gives the XRD patterns of C-(A)-S-H gels after carbonation in atmosphere for 28 days at
a relative humidity of 65±5 %. The carbonation products were calcite and vaterite with a same chemical
formula expressed as CaCO3. It was no doubt that the Ca/Si ratio of C-S-H gels was important to the
carbonation products of C-S-H gels. When the Ca/Si ratio of C-S-H gels was low, such as S0.67 and
S0.87, the carbonation product was vaterite; otherwise, both vaterite and calcite appeared as
carbonation products.
The diffraction peaks of C-S-H gels were only found in S0.90_A and S0.87 after carbonation for 28
days. C-S-H gels with a low Ca/Si ratio may have a better carbonation resistance. Moreover, no obvious
diffraction peaks of CaCO3 emerged in sample S0.90_A as showed in XRD pattern. This phenomenon
implied that Al entered into C-S-H gel may improve the carbonation resistant ability of gels.
As in section 3.1, ν(C-O) bond, which was the sign for existence of CaCO 3, appeared in the FTIR
spectrum of all the samples (Figure 2), while there was no diffraction peaks of CaCO 3 in the XRD results
4
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(Figure 1), which indicates that the CaCO3 may exist as amorphous phase at the early stage of
carbonation. And as time changed, amorphous CaCO 3 crystallized as either vaterite or calcite (Black L
et al. 2007). Black et al. also believed an amorphous CaCO3 as initial carbonized product, but they found
that vaterite was the main crystal structure as the Ca/Si ration ranged from 0.67 to 1.5 (Black L et al.
2007). This result was inconsistent with our experiment result where we demonstrated that the crystal
structure of CaCO3 varies with the Ca/Si ratio of C-(A)-S-H gels.

Figure 3. XRD spectra of samples after carbonation in atmosphere for 28 days
3.3 Structure change of C-(A)-S-H gels during the carbonation process
The FTIR spectra of C-(A)-S-H gels after carbonation for 28 days are presented in Figure 4.
Combining with the FTIR spectrograms of C-(A)-S-H gel before carbonation (see Figure 2), some new
signals were observed at around 710 cm -1, 745 cm-1, 870 cm-1, 1080 cm-1, 1417-1492 cm-1 in Figure 4.
It was obvious that the C-O bands appeared in all samples, indicating that all of C-(A)-S-H gels reacted
with CO2.
A broad band (around 1417-1492 cm-1) assigned to ν(C-O) band may contain few peaks, e.g. 1420
cm-1 (C-O band for vaterite), 1458cm -1 (C-O band for calcite), and 1490 cm -1 (C-O band for vaterite). And
all of these peaks were close and strong, so these peaks were considered as a broad band. The CaCO3
with different crystal forms could be identified through C-O band at frequencies of 710 cm -1 (calcite) and
745 cm-1 (vaterite). It was clear that C-O band around 710 cm -1 was absented in sample S0.67 and S0.87,
which corresponded to the XRD result that the carbonation product was vaterite if the Ca/Si ratio was
low. C-O stretching vibration around 870 cm -1 was a typical bond for both vaterite and calcite.
As for Si-O bands, the number of bridging oxygen of silicon-oxygen tetrahedron changed obviously.
The intensity of Si-O band in Q1 and Q2 sites reduced distinctly. Moreover, some new bands appeared
in the Figure 4. For example, a peak at frequency of 1080 cm -1 was representative of the Si-O stretching
vibration in Q3 site (García-Lodeiro I et al. 2008). And a peak shoulder had been found at around
5
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1180cm-1, which was assigned to the Q4 silicon tetrahedron. These results indicated that the frequency
of Si-O band in C-S-H gels switched to higher wavenumber from Q 1 and Q2 sites to Q3 and Q4 sites,
which means the carbonation of C-S-H gels formed calcium carbonate and silica gel (or low Ca/Si ratio
of C-S-H gels) with high polymerization degree.

S0.90_A

S1.36_CH

S1.10
S0.87
S0.67
2000 1800 1600 1400 1200 1000 800 600 400 200

Wavenumbers (cm-1)

Figure 4. FTIR spectra of C-(A)-S-H gels after carbonation for 28 days
3.4 Degree of carbonation
Figure 5 and Figure 6 show the TG patterns of synthesized C-(A)-S-H gels before and after
carbonation, and the corresponding data of CaCO3 content is given in Table 4. The decomposition
temperature range of CaCO3 and Ca(OH)2 were around 600-900 ℃ and 450-550 ℃, respectively (Li
XG et al. 2017).
Sample S0.90_A had the smallest value of carbonation degree, which means it had the strongest
carbonation resistance among all the samples. It suggested that Al entered into C-S-H gels could
improve its carbonation resistance, just as the XRD patterns (Figure 3) showed that no obvious
diffraction peaks of CaCO3 in sample S0.90_A.
C-S-H gels with low Ca/Si ratio had a better carbonation resistance, while gels with a higher Ca/Si
ratio occur decalcification more easily, which agreed well with other researchers’ results (Black L et al.
2007, Black L et al. 2008). The quantitative results of carbonation degree were listed in Table 4, the
order of carbonation resistance of all the samples was as follows: S0.90_A (1.21) > S0.87 (7.45) > S0.67
(15.32) > S1.10 (19.42) > S1.36_CH (23.87).
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Figure 5. TG patterns of synthesized C-(A)-S-H gels before carbonation

Figure 6. TG patterns of C-(A)-S-H gels after carbonation for 28 days
Table 2. The contents of CaCO3 of synthesized C-(A)-S-H gels by TG analysis
Samples

Mass loss (wt. %) from TG data
CO2_B

CO2_A

CD

S0.67

6.72

21.95

15.23

S0.87

4.21

11.66

7.45

S1.10

6.31

25.73

19.42

S1.36_CH

4.69

28.57

23.87

4.98
6.19
1.21
S0.90_A
Notes: CO2_B: the content of CO2 before carbonation; CO2_A: the content of CO2 after
carbonation; CD: carbonation degree=CO2_A － CO2_B.
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3.5 Discussion on the effects of Ca/Si and Al/Si on carbonation
The structure of C-(A)-S-H gels had a crucial effect on their carbonation resistance and
carbonation products. As it is showed in Figure 3, the wavenumber of the main band (Si-O band
in Q2 site) of C-S-H gels shifts to a higher wavenumber as the decreasing of Ca/Si ratio,
implying higher polymerization degree, higher bond strength and shorter bond length.
Decalcification of such C-S-H gels is more difficult because the acting force of (Si-O) to Ca is
stronger. This can be the reason why C-S-H gels with a low Ca/Si ratio has a better carbonation
resistant than the one with a high Ca/Si ratio.
The Al in C-S-H gel tends to replace the bridge Si, and form cross-linked structure with
more Q3 or Q4 silicon oxygen tetrahedron. Therefore, C-S-H gel with Al content has more
polymerized units and stronger bond strength. The entrance of Al into C-S-H gels also causes
the enlargement of interlayer space of gels because of the filling of bridge silicon oxygen
tetrahedron. Therefore, C-A-S-H gels may have a higher gel porosity than the one without Al.
Even though C-A-S-H gels have a higher gel porosity, experimental results show that the
carbonation resistance of C-A-S-H is better than C-S-H of the same Ca/Si ratio. It is attributed
to the more polymerized units and stronger bond strength in C-A-S-H gels. Therefore,
compared with the bond strength the influence of porosity of the gels on carbonation resistance
is less significant.
In this paper, it is concluded that the main carbonation product was vaterite when the Ca/Si
ratio of C-S-H gels ranged from 0.67 to 0.87, while the main carbonation products are calcite
and vaterite when the Ca/Si ratio is higher than 1.10. This conclusion is different from those in
the literature. Some researchers believe that calcite is not appeared as a primary product [20].
The structure of C-(A)-S-H gels is an essential factor that influences the carbonation behaviors
of C-(A)-S-H gels, including carbonation rate, mechanical property, carbonation products. The
carbonation products depend on the bond type of C-S-H gels, crystal structure of C-S-H gels
and surface charge of C-S-H gels. Vaterite is formed firstly during the carbonation of C-S-H
gels with low Ca/Si ratio. It is suggested that C-S-H gels have a calcium octahedral sheets
structure, a similar symmetries and positive charge of gel surface to vaterite [20]. As for the CS-H gels with high Ca/Si ratio, both vaterite and calcite (negative surface charge) are generated
at the same time. It implies that Ca-rich C-S-H gels may include two kinds of structure: one was
similar to vaterite, the other was similar to calcite. Therefore, both vaterite and calcite appeared
when C-S-H gels with high Ca/Si ratio carbonated.

4. Conclusion

The effects of Ca/Si ratio and the existence of Al on the carbonation behaviors of C-(A)-SH gels at the atmosphere were investigated by means of XRD, FTIR and TG. The results
showed that the structure of C-(A)-S-H gels depended on the Ca/Si ratio and Al content in CS-H, which further affected the performance of C-(A)-S-H gels on carbonation. The
polymerization degree of silicon chain decreased with the increasing of Ca/Si ratio of C-S-H
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gels. The Si-O band in Q2 site was the main band of C-S-H gels. The Si-O band in Q3 site was
appeared when uptake of Al in C-S-H, which means the polymerization degree of silicon chain
increased. It may be due to the differences in structure and surface charge of C-(A)-S-H gels
that the carbonation products of C-(A)-S-H gels with different Ca/Si ratio were various.
According to the XRD results, the main carbonation product of C-S-H with low Ca/Si ratio (<0.87)
was vaterite. When the Ca/Si ratio of C-S-H gels was bigger than 1.1, the main carbonation
products were vaterite and calcite. The order of carbonation resistance of all the samples was
listed as following: S0.90_A > S0.87 > S0.67 > S1.10 > S1.36_CH, which means C-S-H gels
with low Ca/Si ratio may have a better carbonation resistance. The Si-O band in C-S-H shifted
from Q1 and Q2 sites to Q3 and Q4 sites, indicating the decalcification of C-S-H and formation of
silica gel.
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ABSTRACT
Biogenic acid corrosion is accounted for ~40 % of the degradation of subsurface wastewater
infrastructure globally. While fundamental process understanding has increased significantly within the
last decades, to date no sustainable building material exists, which meets the long-term requirements in
such aggressive and corrosive environments. This work presents an extensive field testing campaign
over the duration of 18 months, conducted on different geopolymer concretes (GPC), particularly
designed for the latter environments. Outsourced GPCs were tested regarding their microstructural
behavior, microbial accessibility and hydro-chemical alterations over time and compared to
commercially produced cement based products, including OPC and CAC concretes. Additionally, the
system specific environmental parameters, such as relevant gas concentrations (H2S, CO2, CH4),
relative humidity and temperature were constantly monitored.
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1.

INTRODUCTION

The efficient, safe and cost-effective collection and transport of sewage is a key criterion maintaining
expected sanitary standards of modern society (Hvitved-Jacobsen et al. 2013). Approximately 40% of
concrete failure in sewer systems can be directly attributed to microbial induced concrete corrosion
(MICC) (Berger et al. 2016). Accordingly, MICC is recognized as one of the main degradation processes
of subsurface infrastructure worldwide, with high economic relevance (Grengg et al. 2016; Jiang et al.
2015). The general process mechanisms can be described as a succession of coupled redox reactions,
where initial sulfate reduction proceeds within the anaerobic sediments deposited along the walls of
slow flowing sewer pipes and power mains (Jayaraman et al. 1999; Herisson et al. 2013; Alexander et
al. 2013). There, various species of sulfate reducing bacteria (SRB) steer hydrogen sulfide (H 2S)
production, which is accompanied by fermentation processes producing carbon dioxide (CO2) together
with various volatile organic compounds (Hvitved-Jacobsen et al. 2013). The produced H2S and CO2
gasses are emitted into the atmosphere of the concrete pipes and manholes and subsequently diffuse
into the condensates within the pore structure of the concrete. Due to the strongly alkaline conditions of
hardened concrete (~13) initial pH reduction is caused by acid base reactions of H 2S and CO2. Starting
from pH ~9.5 biogenic H2S re-oxidation by a succession of sulfur oxidizing bacteria (SOB) results in
sulfuric acid (H2SO4) production and associated concrete corrosion (Islander et al. 1991; O’Connell et
al. 2010). While process understanding has increased within the last decades, to date existing building
materials still do not meet stipulated requirements for sustainable construction materials in such
environments. Typical damage symptoms after only a view years of service life are shown in Figure 1,
within systems where concrete according to standard regulations was applied.

Figure 1. Typical damage symptoms of MICC from different sewer manholes after 6, 8 and 10
years of service life.
This work presents an extensive field campaign in which innovative geopolymer concretes (GPCs) were
tested in respect to their overall performance in MICC environments (up to 18 months), compared to
conventional ordinary Portland cement (OPC) and calcium aluminate cement (CAC) concretes. GPCs
have a great potential as a new multi-functional material for the wastewater infrastructure (Grengg et al.
2018; Drugă et al. 2018). In contrast to existing concepts for concrete durability, based on neutralisation
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by an inevitable dissolution of concrete, geopolymers are acid resistant, and are expected to provide a
much longer–lasting and thus highly stable barrier against MICC, while acting as an implicit pipe
protection (Pacheco-Torgal et al. 2014). Due to their geopolymer characteristics, they potentially
combine positive properties of vitreous ceramics (acid, permeability and abrasion resistance) with
advanced performance of concrete pipes (low temperature molding, no dig repair, any pipe diameter
possible), while overcoming their individual specific limitations at the same time (Ceramic: brittle, small
diameters, dig renewal, higher cost; OPC-based Concrete: low durability) (Grengg et al. 2018).
2.
2.1

METHODS
Material characteristics and mix design

Geopolymer and geopolymers containing copper sulfate as mixed-in additive (GP and GP-Cu) as well
as calcium aluminate cement (CAC) mortar specimens were casted. The chemical composition of the
raw materials is given in Table 1. The used K-waterglass had a solid content of 44 wt. %, viscosity of 20
mPa s, pH of 13.5, and SiO2/K2O molar ratio of 1.5. Calcium aluminate cement used contained CaAl2O4
as main clinker phase and following minor phases (CaO)2(Al2O3)(SiO2), (CaO)(TiO2) and
(CaO)12(Al2O3)7.
Table 1: Chemical composition (wt %) of raw materials.
Material

SiO2

Al2O3

CaO

Fe2O3

MgO

Na2O

K2O

SO3

H2O

CAC

>6

50

40

<2.5

<1.5

-

-

<0.4

-

Metakaolin

55

41

<0.1

<1.4

<0.1

<0.05

<0.4

<0.05

-

Waterglass

22

23

55

Blain values for powder raw materials are: 3550 cm 2/g (CAC) and 26000 cm2/g (Metakaolin). The mix
design of the mortars is presented in Table 2. Geopolymers were manufactured using the above
metakaolin and potassium based silicate solution. In order to evaluate the antimicrobial potential of Cu,
copper sulfate (CuSO44.5H2O) was added to one GP mixture during synthesis (GP-Cu). Workability
spread and compression tests were done according to EN 1015-(3 and 11). Specimens were cured for
minimum of 28 days at 100% r.h. and 20°C. Mortar standard specimens (size of 160x40x40 mm) were
prepared according to EN-196-1. The physical properties of the mortars is given in Table 3.
Table 2: Mix design of mortars (in g).
Material

CEM I

CAC

H2O

MK

Sand

Waterglass

CuSO4*4.5H2O

CAC

-

450

225

-

1350

-

-

GP

-

-

-

400

1350

425

-

GP-Cu

-

-

-

400

1350

425

18.93

On each material mercury intrusion porosimetry (MIP) measurements were carried out using a Pascal
440 from Thermo-Scientific (Table 3).
Table 3: Properties of mortar specimens.
Material

Work. spread
[cm]

Compressive strength [MPa]
1day
7days

Porosity (MIP) [%]
28days

CAC

18

-

50

13

GP

17

59

69

15

GP-Cu

16.5

51

55
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The reference OPC concrete (B6), used for this study, was a C55/67 (exposition classes:
XC4/XD2/XF3/XA2L/XA2T) according to ÖNORM B4710-1 (Concrete - Part 1: Specification, production,
use and verification of conformity. Rules for the implementation of EN 206 for normal and heavy
concrete). This concrete was fabricated with a CEM I 42.5 R SR0 (EN 197-1), a w/c ratios of 0.43,
predominantly siliceous aggregates (maximum size 16 mm) and about 4 % of entrained air. 15x15x15
cm3 cubes were casted and cured according to ÖNORM B4710-1. The 28d compressive strength was
84 N/mm2. For the field exposure, 4x4x15 cm3 concrete specimens were cut out of a cube with an angle
grinder (Grengg et al. 2019).
2.2

Study site and field setup

Prior to outsourcing newly designed GPs, CAC and B6 specimen were cut in half (80x40x40 mm;
75x40x40 in the case of B6) in order to gain a higher number of replicates. Thereafter, samples were
dried for 24h at 40°C and subsequently weighted. On each specimen, 4 randomly distributed surface
pH measurements were conducted using an Extech PH100 flat surface electrode (data not shown).
Four replicates of each material were outsourced into a sewer system heavily affected by MICC. In order
to evaluate environmental system characteristics, concentrations of hydrogen sulfide (H 2S) and
temperature were constantly monitored using a myDataSens1000_H2S gas monitor. The relative
humidity (r.h.) of the sewer atmosphere was monitored by using a Voltcraft DL-121TH data logger over
the period of several months.
2.3

Material analyses

Samples were taken after 3, 6, 12 and 18 months. One side, samples were photographed and one
surface side of each sample was carefully scratched, in order to gain material for further microbiome
analyses. In lab, specimens were dried by 40°C for 24h. Subsequently, surface pH and weight was
measured (data not shown). Thereafter, in order to guarantee stability of corrosion layers, specimens
were embedded into a two-component epoxy resin (Buehler; EpoThin 2 Hardener) under vacuum
conditions and cross sections with the dimensions of 5 mm of cross sections were prepared for further
microstructural and microbiological analyses (Figure 2).

Figure 2. Schematic description of the field sampling.
Soft deterioration layers were scratched from the specimen surfaces, dried at 40°C and subsequently
powdered for qualitative X-ray diffraction (XRD) analyses. XRD pattern were recorded over the range of
4-85°2Θ with a step size of 0.008°2Θ and a count time of 40 s/step, using a PANalytical X’Pert PRO
diffractometer. The diffractometer was equipped with a Co-tube (40 kV and 40 mA), a spinner stage,
0.5° divergence and anti-scattering slits, and a Scientific X’Celerator detector. Mineral identification and
quantification were carried out based on Rietveld refinement of powder XRD patterns using the
PANalytical X’Pert HighScore software (version 2.2e) and pdf-2 database.
Qualitative elemental distribution images of aluminium, calcium, silicon, potassium and sulfur were
recorded by electron probe microanalysis (EPMA) using a JEOL JXA8530F Plus Hyper Probe (JEOL,
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Tokyo, Japan) equipped with an field emission gun. The wavelength-dispersive analytical mode with 15
kV acceleration voltage and a beam current of 10 nA was used.
2.4

Microbiological analyses

DNA was extracted from the specimens by scraping the surface using DNeasy PowerBiofilm Kit
(Qiagen) according to the manufacterer´s instructions. The concentration of the extracted DNA was
determined by NanoDrop and the quality was determined by agarose gel electrophoresis. 16S
Microbiome profiling was performed using Eurofins Genomics (eurofinsgenomics.eu) 16S profiling
service for determination of eubacterial sequences in each sample. For that purpose, the V3V4 region
sequences obtained were grouped into OTUs and the species composition was determined with the
QIME bioinformatics software package (version 1.8.0) (Caporaso et al. 2010).
3.

RESULTS AND DISCUSSION

Casted specimens were outsourced into a sewer system, strongly affected by MICC. Average H 2S
concentrations were 44 ppm with maximum concentrations up to 206 ppm. Relative humidity (r.h.)
ranged between 98 and 78 % (Figure 3). A positive correlation between T and H2S concentrations could
be observed, corresponding to higher bacterial activities with increasing T, accompanied by a
corresponding decrease in r.h..

Figure 3. Shows specimen preparation (A) and subsequent outsourcing into a system strongly
affected by MICC (B). On site, H2S, temperature (T) and relative humidity (r.h.) was monitored.
Typical concentrations are shown(Grengg 2018).
Results showed considerably better performances of GP, GP-Cu and CAC materials, compared to the
reference B6 concrete after an exposure period of up to 18 months. Visual observations of specimens
after 18 months of exposure showed strong deterioration on the surfaces of the standard high
performance concrete B6. There, the process related acid production caused strongly decreasing
surface pH levels and associated dissolution of the cementitious matrix, accompanied by gypsum
precipitation, finally resulting in intensive structural degradation (Figure 4). The CAC and GP materials
showed significant less deterioration, although initial structural surface degradation could be observed.
This resulted in surficial crack formation and transformation of the cementitious matrix into secondary
sulfate salts in the case of the CAC sample, and to alkali leaching and neo-precipitation as potassium
aluminium sulfate (KAl(SO4)212H2O) in the case of the GP sample. On the other hand, little visual
deterioration could be observed on the GP specimens containing Cu (GP-Cu). Disregarding of the
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change in colour from brownish to black, most likely due to Cu oxidation reactions with time, the surface
structure remained intact.

Figure 4. Optical observations of B6, CAC, GP and CPCu specimens after 18 months of
exposure. Image width: 5 cm
In order to gain a detailed understanding of the corrosion depth, high-resolution element mappings of
Ca, S, Al, Si and K were conducted on cross sections of the specimens. The B6 concrete showed a
complete dissolution of the, Ca-rich cementitious matrix and the carbonate aggregates up to a depth of
around 8.5 mm. These corrosion layers were dominated solely by alternating filamentary S and Ca,
representing newly precipitated sulfate salts (mainly gypsum) (Grengg et al. 2017). A similar corrosion
pattern was observed on the CAC material, exhibiting a depletion of Al and Ca with contemporaneous
transformation to sulfate salts (Figure 5). However, the transition to intact CAC microstructure is reached
at a depth of only around 3 mm.

Figure 5. Corrosion horizons of the different materials after 18 month of outsourcing,
determined by element distribution images. Please notice the difference in scale between the
B6 and the CAC/GP material. The red line indicates the transition from deterioration layers
(right side) to intact material microstructure (left side).
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In contrast to OPC and CAC based concretes, where the chemical resistance is based on the acid buffer
capacity of its constituents and associated dissolution of the cementitious matrix and carbonate
aggregates, geopolymer concrete acid resistance is governed by ion exchange reactions (absorption,
leaching, de-alumination and zeolite crystallization) and permeability (Grengg et al. 2018). Accordingly,
the leaching depths of K, Al and Si, as being the main constituents of the geopolymer framework, where
chosen to determine the corrosion depth on GPCs. Within the GP sample K and Al was leached out to
a depth of around 1.5 mm, marking the transition to intact geopolymer microstructure. Si phases were
not affected by the acid penetration. Also, no S incorporation could be observed (Figure 5). The
measurements of the corrosion depth of the GP-Cu specimen are still in progress and will be presented
at the conference.
Microbiome analyses, performed after 12 months showed that the biofilm exhibited rather low
biodiversity and was dominated by acidophilic sulfur oxidizing bacteria (ASOBs). Between 80 and 90%
of the biofilm consists of A. thiooxidans, A. ferrooxidans and Acidiphilium spp. These three bacteria are
well described in literature as the central species responsible for acid production (Okabe et al. 2007;
Grengg et al. 2018; Li et al. 2017).
Microbial community structures obtained clearly demonstrate the overall immunity of ASOBs against Cu
hosted/released in/from geopolymer binder of the GP-Cu mortar specimen. However, the exact impact
of Cu on bacterial activity and associated acid production rates, as well as on growth rates of neutrophilic
SOBs, known to dominate the MICC biofilms in the near pH neutral ranges, are still under debate.
Nevertheless, the overall superior performance of GP-Cu indicates an overall positive impact on
geopolymer performances. If these positive effects are solely based on bacteriostatic properties of Cu,
or if structural incorporation and associated microstructural aspects also play a role, is at this point still
under evaluation.

Figure 6. Microbiome analyses of the biofilm extracted after 12 months. In red relevant ASOBs.
4.

CONCLUSION AND OUTLOOK

This study describes an ongoing long–term field study in which innovative geopolymer mortars, with and
without Cu additives, are tested regarding their overall performance under in-situ MICC conditions, and
subsequently compared to conventional OPC concrete and CAC mortar. Geopolymer and CAC
performance, up to 18 months, was significantly better than the one of high-performance PC concrete
and even slightly better than that of the CAC concrete. The small quantity of Cu incorporation in GP
materials potentially improved the material performance; however, further research is needed to
understand its exact impact on material durability, as well as environmental contamination due to the
possible leaching of Cu into the wastewater. Accordingly, GP materials might represent an interesting
alternative to PC-based construction materials in chemically aggressive sewer systems in the future.
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ABSTRACT
This study investigates the effect of reactive MgO on the carbonation behavior of γ-C2S.
Measurements include the near-surface temperature evolution, the degree of carbonation reaction, the
compressive strength and the carbonation products characterization by X-ray Powder Diffraction
(XRD) analysis and scanning electron image (SEM) visualization. Results indicate that the addition of
reactive MgO suppresses the temperature peaks and the degree of carbonation to various extents
while the compressive strength is enhanced gradually in proportion to the amount of reactive MgO
replacing γ-C2S. The types of carbonation products remain unaltered consisting of calcite and
aragonite as the preferable polymorph of calcium carbonate. The presence of much finer reactive MgO
creates a much denser matrix of the carbonated sample. This inhibits the ingress of CO2 leading to a
reduced carbonation reactivity. Meanwhile, the densified matrix exhibits improved mechanical
properties.
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1. Introduction
Cement manufacturing is one of the big contributors to greenhouse gas emissions and there is a pressing
need for the construction industry and academia alike to promote the sustainable development in cement
(Scrivener and Kirkpatrick 2008, Gartner and Hirao 2015). Two general rules have been proposed in the
reduction of CO2 emission in traditional cement industry (Scrivener, John et al. 2018), involving the
increased use of cement clinker substitutes (such as metakaolin (Avet, Li et al. 2018), fly ash (Lam.,
Wong. et al. 2000)) and enhanced efficiency in the use of clinker in concrete. At the same time, carbon
capture and sequestration (CCS) techniques have been gaining momentum in which calcium silicates are
used as a carbon sink and carbonation is employed as the carbon storage route (Gibbins and Chalmers
2008, Lesti, Tiemeyer et al. 2013, Gunning, Hills et al. 2014).
Gamma dicalcium silicate (γ-C2S) is one of the five polymorphs of C2S and is normally an unwanted
product in cement manufacturing due to its inert hydraulicity. However, previous research has found γC2S is very reactive with CO2 that leads to a dense matrix consisting mainly of calcium carbonate (Goto,
Suenaga et al. 1995, Goto, Nakamura et al. 1998, Zhang, Ghouleh et al. 2017). Recently, there has been
a renewed interest in the application of this mineral as a CO2-absorbing binder against the backdrop of
climate movement (Villani, Spragg et al. 2014, Gartner and Hirao 2015, Ashraf and Olek 2016, Ashraf,
Olek et al. 2017, Mu, Liu et al. 2018). One major limitation hindering the commercialization of γ-C2S is
the relatively low degree of carbonation it can achieve which has been attributed to several factors
(Chang, Fang et al. 2016, Ashraf and Olek 2018). Hence, several techniques have been advanced to
increase the reactivity intrinsically (Mu, Liu et al. 2018) or extrinsically (Venhuis and Reardon 2001,
Guan, Liu et al. 2016, Ghouleh, Guthrie et al. 2017).
Reactive MgO is produced by calcining magnesite (MgCO3) at a much lower temperature (<750 ºC)
than the calcination temperature of Portland cement at around 1450 ºC and it has been used as an additive
in Portland cement mortar to improve its mechanical properties (Mo and Panesar 2012, Mo and Panesar
2013, Mo, Zhang et al. 2016). In this study, reactive MgO is introduced a partial replacement of γ-C2S
to investigate its effect on the carbonation characteristics of γ-C2S and the mechanical properties of the
compacts. Results provided herein will hopefully shed more light on the extension of γ-C2S application
in the construction industry.
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2. Experimental
2.1 Raw materials
Analytically pure Ca(OH)2 and SiO2 were used as the raw materials of γ-C2S. They were mixed in an jar
mill for 3 h with the molar ratio of 2:1. Followed by blending with about 15 % of pure water, pressing
into tablets and drying in an oven. Then the tablets were fired at 1400 °C for 3 h, and then cooled down
inside the furnace with a moderate rate of less than 10 °C/min. The obtained γ-C2S appeared as the form
of powders, and it was grinded in a ball mill for 0.5 h to achieve a particle size similar to ordinary
Portland cement with D50 of 17.848 μm Reactive MgO was obtained by calcining analytically pure
MgCO3 at the temperature of 550 °C for 0.5 h. The D50 of reactive MgO is 7.248 μm.
2.2. Mix design and specimen preparation
Five mix designs were examined in this work, as shown in Table 1, which were marked as 0M, 10M,
20M, 30M and 40M, respectively, corresponding to the MgO volume fractions in the compacts, 0%,
10%, 20%, 30% and 40%. For each mix, the MgO and γ-C2S powders were weighed and blended with
15 wt.% pure water. The wet mix was cast in a cylinder mold and compacted into a cylinder of 20 mm
diameter and 20 mm height. All the compacted cylinders were placed in a pressure tank and subjected
to accelerated carbonation for varied hours. The used carbon dioxide is of 4 bar partial pressure and
99.99 % purity.

Table 1 Mix proportions of MgO-γ-C2S compacts.
Mark

Volume fraction
of MgO (%)

MgO (g) γ-C2S (g) Water (g)

0M

0%

0.00

8.00

1.20

10M

10%

0.98

7.20

1.23

20M

20%

1.97

6.40

1.26

30M

30%

2.95

5.60

1.28

40M

40%

3.94

4.80

1.31

2.3. Test procedures
The materials were dispersed in alcohol to obtained the particle size distributions by Malvern Mastersizer
2000 particle size analyzer.
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The continuous temperature measurement of the products during carbonation was carried by a
thermocouple connected to a data logger. The thermocouple was inserted in a hollow of approximately
5 mm in depth which was made by a twist drill of 2 mm diameter on the center of the top surface.
The compressive strength of the carbonated compacts was evaluated using a CMT5105 testing system
with loading rate of 0.5 mm/min. The average value from 5 individual specimens was reported along
with the standard deviation.
X-ray diffraction (XRD) is conducted to characterize the phase assemblage of the samples: Cu Kα
radiation, wavelength = 1.54056 Å, tube voltage = 35 kV, tube current = 30 mA, scan range = 10-60°,
scan step = 0.02°).
The carbonated samples were observed by Scanning Electron Microscope (SEM) (FEI QUANTA FEG
450 ESEM): accelerating voltage = 10 kV (SEM), working distance = 10 mm.
The loss on ignition (LOI) of the powdered carbonated samples from 300 to 1000 °C was used to
characterized the degree of carbonation (DOC).
3. Results and discussion
3.1. Carbonation temperature evolution
Figure 1 shows the carbonation temperature evolution from the thermocouple inserted in the compacted
samples with reactive MgO partially replacing γ-C2S to different extents. The temperature evolution
pattern is characterized by a rapid and short-lived rise to the peak followed by a descent to room
temperature. After the pressure of CO2 reaches and maintains at the peak pressure of 0.4 MPa, there are
two processes occurring simultaneously that affect the sample temperature: the heat exchange between
the compacted sample and the environment leading to a temperature decrease in the quartz sample and
the exothermic carbonation reaction in the compacted samples. The measured temperature is thus
indicative of the two superimposed effects. In the case of pure γ-C2S, the maximum temperature reaches
112 ºC within 90 seconds. With the increasing replacement ratio of reactive MgO, the maximum
temperature is gradually suppressed. However, the extent of suppression is not in proportion to the
percentage of reactive MgO present in the binary system.
It has to be noted the measured temperature rise results not only from the exothermic carbonation
reaction but also from the extra work associated with the entrance of CO2 into the carbonation chamber.
Therefore, the temperature of a sample of quartz sand is measured so that the contribution of the
exothermic carbonation reaction can be separated to represent the carbonation reactivity of the
compacted samples. As shown in Figure 2, normalization does not alter the general pattern of the
3
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temperature rise in which 30M mix has both the lowest peak temperature and initial rate of temperature
rise whereas 40M mix demonstrates a higher temperature rise than the 20M mix. Figure 3 shows the
calculated cumulative temperature rise by integrating the temperature with respect to time. This indicator
is analogous to the cumulative hydration heat from the isothermal calorimetry measurement. As can be
seen, the cumulative temperature rise increases rapidly in the first 10-15 minutes and then tapers off
gradually afterwards.

Figure 1. Measured carbonation temperature in a binary system consisting of γ-C2S and reactive MgO
(the inset shows a magnified view of the first 10 minutes).

Figure 2. Normalized carbonation temperature rise in a binary system consisting of γ-C2S and reactive
MgO.
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Figure 3. Calculated cumulative temperature increase in a binary system consisting of γ-C2S and
reactive MgO.
3.2. Carbonation degree and compressive strength evolution
The degree of carbonation (DOC) is calculated as an indicator for the extent of carbonation reaction
between different mixes. DOC is defined as the percentage of the measured CO2 uptake over the
theoretically maximum CO2 uptake (Mu et al. 2018, Z, Z et al. 2018). As shown in Figure 4, DOC is
increased with the extension in carbonation age in all the mixes. DOC of the control mix (0M) reaches
40%, 50% and 54% after 1h, 5h and 24h carbonation, respectively. Addition of reactive MgO results in
an apparent reduction in the DOC, which is consistent with the carbonation temperature rise shown in
Figure 2. DOC is reduced almost by half when 10% reactive MgO is added. When the replacement ratio
exceeds 10%, a further increase in reactive MgO content leads to no appreciable change in DOC.
The uniaxial compressive strength is illustrated in Figure 5 which exhibits an opposite trend as compared
to carbonation temperature rise and DOC evolution. There is a gradual enhancement in the compressive
strength at a higher level of replacement ratio of reactive MgO. The compressive strength of the 40M
mix reaches to 35 MPa, 53 MPa and 70 MPa with an increasing percentage of 75%, 71% and 75%
compared to the control mix at the carbonation time of 1h, 5h and 24h, respectively.
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Figure 4. Degree of carbonation in a binary system consisting of γ-C2S and reactive MgO.

Figure 5. Compressive strength in a binary system consisting of γ-C2S and reactive MgO.
3.3. Phase distribution and microstructure characterization
The carbonation products are analyzed by the XRD pattern as shown in Figures 6 and 7. Four types of
major phases are observed in the carbonated samples, namely the unreacted calcium silicates and reactive
MgO, crystalline CaCO3, magnesite and the amorphous phase. Calcite and aragonite are found to be the
preferable polymorph of CaCO3, whereas vaterite is absent. The amount of calcite and aragonite is
reduced with the increasing presence of reactive MgO. This is because the addition of reactive MgO
lowers the degree of carbonation and thus result in less carbonation products. The amorphous phase is
believed to be composed of the amorphous calcium carbonate (ACC) and the silica-rich gel (Bukowski
and Berger 1979, Ashraf, Olek et al. 2017). Although the introduction of reactive MgO reduces DOC,
6
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the proportion of ACC with respect to the total amount of generated calcium carbonate may be increased,
leading to an almost constant content of amorphous phase development.
The microstructure of the carbonated sample containing different contents of reactive MgO is shown in
Figure 8. In the case of control mix (0M), the presence of calcite and aragonite is clearly identified in
the SEM image. When reactive MgO is added, it becomes increasingly difficult to distinguish between
the carbonation products due to the much more refined particle size of reactive MgO and its product
magnesite. Meanwhile, the matrix of the carbonated sample is found to be densified.

Figure 6. XRD patterns of a binary system consisting of γ-C2S and reactive MgO.

Figure 7. Phase assemblage of a binary system consisting of γ-C2S and reactive MgO.
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Figure 8. Microstructure of a binary system consisting of γ-C2S and reactive MgO.
3.4. A short discussion on the reactive MgO effect
The effect of reactive MgO on the carbonation characteristics of γ-C2S is hypothesized to be twofold.
On the one hand, the addition of reactive MgO leads to a more compact particle packing, which reduces
the amount of macro pores while the amount of meso and micro pores are increased. This explains the
suppressed temperature peak and sluggish carbonation reaction due to the increased resistance to CO2
penetration. At the same time, the positive effect lies in the fact that the inter-particle distance is narrowed
and thus the required amount of carbonation products to connect particles is reduced to form a monolithic
structure. This, coupled by a denser matrix associated with the improved particle packing, accounts for
the enhancement of compressive strength, albeit a lower degree of carbonation
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4. Conclusions
This study presents the effect of reactive MgO on the carbonation properties of γ-C2S, including the
carbonation temperature evolution, the degree of carbonation development, the compressive strength
and the phase and microstructural characteristics. The addition of much finer reactive MgO produces an
improved particle packing in the compacted sample which leads to two counterbalancing effects. The
densified matrix hinders the penetration of external CO2 and thus reduces the universal degree of
carbonation in the carbonated matrix and the maximum temperature rise is also suppressed as a result.
In the meantime, the carbonated skeleton is enhanced in compressive strength since both the interparticle distance and its porosity are reduced. The addition of reactive MgO does not alter the genres of
carbonation products which consist of calcite, aragonite and the amorphous phase.
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ABSTRACT
Geopolymers represent a sustainable alternative to cementitious materials, since they can be obtained
from waste products. Chemically speaking, their binding phase is constituted by sodium-aluminosilicate-hydrates (N-A-S-H), through the reaction of an alumino-silicate source with a sodium silicate
solution. The adaptation of geopolymers in the construction field is still limited by insufficient
understanding of their long-term properties and chemo-mechanical stability. Reducing these
uncertainties requires an integrated approach between modelling and experimental verification.
However, the existing models, based on solely amorphous or crystalline structures, are not always in
agreement with experimental results. For this reason, a defective crystalline structure is proposed as a
baseline geopolymer cell, featuring both amorphism and crystallinity. This novel structure is created by
inducing vacancies to a sodalite crystalline cage, then reorganised while respecting the Loewenstein's
principle, thereby achieving a full polymerisation of Al and Si tetrahedra. The defective structure is then
used as a baseline to obtain a mesoscale model, and to analyse the porous network both at the
molecular scale and at the mesoscale. These analyses provide data that are useful to understand
water diffusivity in the geopolymer matrix both at the nanoscale. Additionally, the importance of
molecular modelling as a tool to support experimental research and provide insights on the chemical
and structural mechanisms responsible for macroscale properties, is discussed. Hence, the proposed
defective molecular model serves as a baseline for multiscale understanding of geopolymer structure,
adding new information useful to discuss diffusivity mechanisms in these materials, and consequently
durability issues at the macroscale.
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1.

INTRODUCTION

Geopolymers, also more appropriately defined as low-calcium alkali activated cements, are the product
of the reaction between an aluminosilicate precursor (flash calcined clay, e.g. metakaolin, or byproducts such as pulverised fuel ash or slag) and an alkali activated solution (usually sodium silicate or
potassium silicate). Geopolymers have similar macroscale properties to Portland cement, but with the
advantage of entailing 35%-45% lower CO2 emissions compared to traditional cements (Habert &
Ouellet-Plamondon 2016).
The geopolymerisation process is very different from the hydration of cement paste. The alkaline
solution dissolves the precursor releasing aluminate and silicate monomers, which condensate into
oligomeric structures eventually forming a three-dimensional aluminosilicate structure. In this final
structure, cations (Na+ or K+) provide a positive charge that balances the negative charge of the tetracoordinated aluminium, and some water molecules remain physisorbed. Experimental
characterisations of geopolymers indicate both crystalline domains (frequently zeolite-type structures,
such as zeolite A, faujasite and sodalite) and amorphous domains (White et al. 2013, FernándezJiménez et al. 2008, Kriven, Gordon & Bell 2004). To reconcile the coexistence of different domains,
two explanations may be provided. The first one implies that the structure of geopolymers at the
molecular scale is homogenous, and intermediate between crystalline and amorphous. The second one
derives from the pseudo-zeolitic model (Provis et al. 2005), in which the nanostructure of geopolymers
is described as zeolitic nano-crystals embedded in an amorphous gel. In this latter case, the interfacial
zones between amorphous and crystalline regions would also be intermediate between the two. As a
result, in both the above assumptions, regions with intermediate order between amorphous and
crystalline (hereafter described as defective regions) are likely to play a crucial role in determining
geopolymers properties. The relationship between chemical composition and level of disorder at the
molecular scale as well as the implications of different level of disorder on the physical and mechanical
properties of the material are still not understood. Molecular modelling, and molecular dynamic (MD)
simulations can contribute to this current scientific discussion.
Molecular dynamic (MD) simulations of geopolymers are very recent and mainly based on completely
amorphous and not fully polymerised structures (Kupwade-Patil et al. 2013, Sadat et al. 2016, Hou et
al. 2018, Zhang et al. 2018). To the authors’ knowledge, only two studies thus far have considered
crystalline zeolite as a precursor to model the atomic structure (Bagheri et al. 2018, Lolli et al. 2018).
This manuscript presents an atomistic model of the N-A-S-H structure (sodium aluminate silicate
hydrates) based on defective sodalite. Model geopolymer structures are built by introducing some
degree of disorder in the highly ordered sodalite network, so that the final structures preserve
nevertheless a certain level of crystallinity. The porous network at the nanoscale level is then analysed
providing data that are useful to understand water diffusivity in the geopolymer matrix both at this scale
and at the mesoscale. Additionally, the importance of molecular modelling as a tool to support
experimental research and provide insights on the chemical and structural mechanisms responsible for
macroscale properties, is discussed. Finally, a mesoscale model of geopolymer is obtained from
molecular scale data, and an insight on the porous network at this scale is discussed.
2.

THE DEFECTIVE SODALITE MOLECULAR MODEL OF GEOPOLYMERS

This section describes some key steps to construct model geopolymer structures for atomistic
simulations based on defective sodalite geometries. The interested reader can find additional details,
also including the construction of fully amorphous and fully crystalline model structure, in a recently
published manuscript by the same authors (Lolli et al. 2018).
The defective model is built starting from a siliceous crystalline sodalite structure with only Si and O
atoms, which is minimised at T=0 K and P=1 atm using LAMMPS (Plimpton et al. 2007) (Polak-Ribiere
version of the conjugate gradient method) and the ReaxFF interaction potential (Chenoweth et al.
2008). To generate defects, two SiO2 molecules have been randomly deleted, creating vacancies. The
resulting intermediate structure is equilibrated via 0.01 ns of molecular dynamics (MD) at P=1 atm and
T=300 K in the NPT ensemble, followed by 0.01 ns in the NVT ensemble. After this step, some O atoms
presented dangling bonds, hence individual atoms are slightly displaced and NPT-MD simulations are
run at P=1 atm and T=1000 K until full polymerisation is restored.
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Two different Si/Al ratio are then analysed, 1.5 and 2, corresponding to the molar ratios that are
experimentally known to produce optimum mechanical properties (Leonelli 2011, De Silva, SagoeCrenstil & Sirivivatnanon 2007, Zhang et al. 2013). To control the Si/Al ratio, some Si atoms are
substituted with Al atoms. Aluminium is tetra coordinated, hence the structure is not significantly altered
when introducing it in the place of Si. However, Al carries a net negative charge, thus sodium atoms
are added in the same quantity as aluminium atoms (i.e. Na/Al =1) to restore charge neutrality.
To determine the water quantity, which could be considered as “structural water” i.e. water pertaining
to the skeletal atomic structure of the N-A-S-H gel, realistic assumptions are made based on
experimental results from the literature. In particular, here it is considered that structural water is the
minimum amount of water needed to avoid large microstructural changes during drying (viz. drying
shrinkage, which can cause microcracks). Duxson et al. 2007, analysed sodium activated geopolymer
samples with Si/Al varying from 1.15 to 2.15 molar ratio, and with H2O/Na = 5.5. Drying the samples at
150°C caused a mass loss between 20 and 40% of the initial mass of the sample, and analysing the
stoichiometry of the mix design this corresponded to a residual H 2O/Na molar ratio between 3.3 and
4.4 even after the thermal treatment. Likewise, Kuenzel et al. 2012 studied ambient temperature drying
shrinkage for geopolymer samples with varying initial water content and drying shrinkage started only
when the residual water content was H2O/Na=3 for geopolymers with Si/Al=2, regardless of the initial
water content of the mix design. In the same work, it is also shown that the residual water content
depends on the Si/Al ratio of the mix design, notably decreasing with the decrease of Si/Al. For the
atomistic model investigated here, it is therefore decided to consider H2O/Na=3 as simulation parameter
for both the Si/Al ratios analysed.
The final geopolymer model structure presents Si:Al:Na:H2O= 1.5-2:1:1:3 molar ratios, but other
structural constraints have been defined. Al and Si atoms are all tetra coordinated, representing a fully
polymerised structure, Al tetrahedra do not present edge-sharing, meaning that two tetrahedra cannot
be linked with two oxygen bonds, and finally Loewenstein’s principle is always respected. Loewenstein’s
principle states that two Al tetrahedra cannot be linked by a single oxygen bond. Lastly, the N-A-S-H
structures are energy minimised using the Polak-Ribiere version of the conjugate gradient method, and
then equilibrated via 1 ns of molecular dynamics at P=1 atm and T=300 K in NPT ensemble, followed
by 1ns in NVT ensemble. A snapshot obtained with Vesta of the resulting defective N-A-S-H gel is
shown in Figure 1a. In a previous work (Lolli et al. 2018) the molecular model has been used to provide
insights into the impact of the structural organisation (studied through XRD, X-ray PDF, ring and bond
length analysis) on the development of mechanical properties at the molecular scale. Here the focus is
kept instead on the pore structure.

D= 2.75 Å

a)

b)

c)

Figure 1. a) Snapshot of the defective molecular model with Si/Al = 1.5. b) Sensitivity analysis
of the pore size distribution of the siliceous baseline structure c) Snapshot of the pore
structure (light gray) within the defective siliceous baseline structure (dark gray).
The pore size distributions in Figure 1b is calculated with the open source software Zeo++ (Haranczyk
et al. 2012), using Pinheiro et al. method (Pinheiro et al. 2013), based on the Voronoi tassellation. A
probe radius of 0.15 Å was used to simulate the diameter of a water molecule (2.8 Å) and obtaining a
pore size distribution accessible by water. It is possible to distinguish two main peaks, at 4.5 Å and 6.5
Å, the former typical of completely amorphous structures, and the latter describing the characteristic
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size of the sodalite cage. Figure 1c shows a snapshot of the porosity network of the defective siliceous
baseline structure obtained with Ovito considering the pore surface as atoms radius. This threedimensional model allows a clear visualisation of the geometry of the pore network and it is possible to
identify a fully percolated structure, which may have implications for the diffusivity of water at the
molecular scale and consequent durability issues at the macroscale. The previously mentioned
reference paper (Lolli et al. 2018) presents an in-depth analysis of structural features of the siliceous
structures and of the mechanical properties of the N-A-S-H gel at the molecular scale. The present
manuscript instead aims at clarifying the importance of molecular modelling for advances on material
research, as explained in the following paragraphs.
3.

MESOSCALE MODEL OF GEOPOLYMERS

Mesoscale structures can be modeled using molecular scale inputs, and this section summarizes the
approach used by Lolli et al. (Lolli & Masoero 2018) to construct a mesoscale model of geopolymers
and presents a porosity analysis at this scale.
The mesoscale model in Figure 2a, is built considering aggregated polydisperse nanoparticles
interacting via effective interaction potentials, which are fully defined by two molecular scale mechanical
parameters: the ultimate tensile strain ult and the indentation modulus M. Both these parameters can
be obtained from the molecular model described in Section 2. In addition to the interaction potentials,
particles and pore size distribution have been defined analyzing literature and experimental data,
defining target ranges of 5 to 50 nm for particle size distribution, and a mesoporous network from 2 to
50 nm (Lolli & Masoero 2018). Figure 2b shows the nanoscale structure of a metakaolin geopolymer
paste with Si:Al = 1.5, in which the upper limit of the targeted range is displayed, showing particle and
pores with a diameter of 50 nm.

Figure 2. a) Snapshot of the mesoscale model from (Lolli and Masoero 2018). b) Helium Ion
Microscopy image showing the polydisperse structure of the N-A-S-H gel at the nanoscale.
During the construction process particles of different radius are added randomly into an empty box
(more details in Lolli & Masoero 2018), permitting to define a preferential size of particles during the
filling process. This allowed to study the effect of different particle size distribution on the mesopores
structure. Two filling limit cases have been considered; the first results from setting a preference for big
particles (50 nm diameters) over smaller particles, while the second is built preferring particles with a
diameter of 10 and 25 nm over 50 nm, in Figure 3. The two different filling steps represented in Figure
3a and b, display different packing fractions, therefore different densities of the N-A-S-H gel, which can
be found in the same geopolymer paste in different polymerization sites. The two packing fraction may
as well describe the evolution of the N-A-S-H gel over time. To study the effect of the gel density on the
porosity of the N-A-S-H, pore size distributions are simulated using the open source software Zeo++
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(Haranczyk et al. 2012), with the Pinheiro et al. method (Pinheiro et al. 2013) based on the Voronoi
tassellation. To obtain the results displayed in Figure 3c the parameters for the sampling are: a probe
radius of 0.2 nm and Monte Carlo samples per unit cell equal to 5000. These parameters are chosen
after a sensitivity analysis that considered probe radii from 0.1 to 0.5 nm and Monte Carlo samples
varying from 1000 to 50000. The results in Figure 3c show the evolution of the pore distribution from a
porosity of 79% (Configuration I) to a porosity of 51% (Configuration II). Configuration I displays one
broad peak from 60 to 100 nm and centered at 77 nm, and a second peak at 15 nm. When densifying
the structure in Configuration II the broad peak disappears, while the peak centered at 15 nm shifts
slightly to 20 nm, increasing its intensity.
The same behavior has been observed in the CSH, where a higher densification of the gel over time
corresponds to progressively smaller average pore diameter. For CSH this is explained with a
progressive precipitation of newly formed solid hydration product in the gel pores (Ioannidou et al.
2016), and it is a process that continues for months and years (Masoero et al. 2018, Jiang et al. 2019).
For sodium silicate activated geopolymers, it is instead hypothesized a rapid densification, with full
geopolymerisation completed in hours. On the contrary sodium hydroxide activated geopolymers,
display the formation of new crystalline phases as a secondary products, days after the casting (Zhang
et al. 2012).

Figure 3. Mesoscale model with preference of small particles over big ones a) Configuration I.
Filling algorithm stopped at a packing fraction of 21%. b) Configuration II. Filling algorithm
stopped at a packing fraction of 49%. c) Pore size distribution of the two configurations.
4.

IMPLICATIONS OF NANOSCALE MODELLING OF GEOPOLYMERS

The study of the porous network at different scales of both C-S-H and N-A-S-H gel is of fundamental
importance for understanding their durability. In fact, durability is directly linked to mechanisms such as
water transport inside materials. Creep and shrinkage for example are related to these mechanisms
and experimental techniques available nowadays (e.g. proton NMR and quasi elastic neutron
scattering) can only detect the presence of water in the nanopores. Therefore, the combination of these
techniques with MD simulation can be useful to identify the direct correlation between water transport
and degradation mechanisms, both through three-dimensional visualisation and simulation of
mechanical tests.
Pinson et al. 2015, developed a mesoscale model of water sorption in the C-S-H, discussing the
implications for transport properties caused by the interaction between cement and water. The authors
reproduced the water sorption isotherms coupling the molecular model of C-S-H from Pellenq et al.
2009 with a mesoscale model. Hysteresis in water sorption isotherms depends on pore size distribution
and pore connectivity, therefore the effect of both micropores and mesopores must considered. In
Pinson et al 2015, a molecular model of C-S-H was crucial to distinguish the sorption effect due to the
interaction between C-S-H and water in the nanopores from the interaction due to capillary forces in
the gel pores, at the mesoscale. In addition, the distribution of pores in the matrix is also connected to
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volume changes due to drying shrinkage, hence with the same model Pinson et al. were able to simulate
the shrinkage associated with sorption isotherms. Molecular modelling is also the starting point to
simulate long term mechanical responses such as creep. Recent works applied quasi static shear
(Masoero et al. 2013), oscillatory stress (Bauchy et al. 2015, Bauchy et al. 2017), and incremental
stress-marching (ISM) (Morshedifard et al. 2018) to replicate viscoelastic deformations and creep,
accelerating thermal fluctuation. These studies showed that the viscoelastic creep behaviour of C-S-H
transitioned from asymptotic to logarithmic when the water content in the interlayer region was
increased. The implications of the water content in the interlayers zones of C-S-H was also the focus
of a study by Manzano et al. 2013. Comparing two different molecular models of C-S-H, the authors
studied the effect of water content on the shear behaviour of C-S-H. The two models presented a
different degree of molecular order: the first one was a glassy C-S-H (amorphous system) and the
second one a highly-ordered C-S-H (tobermorite). Both systems were subjected to shear deformation
and for both this deformation was concentrated in the water confined nanolayers, suggesting that the
C-S-H gel can be modelled as composed by aggregated nanoparticles with water rich regions on their
interfaces. All this shows that molecular models clarified the relation between nanostructure and
mechanical properties of C-S-H.
The hypothesis of C-S-H gel as aggregate of interacting nanoparticles is at the basis of mesoscale
models that use molecular scale inputs to model interactions (Bonnaud et al. 2016). The effective
interaction potentials between particles U(r) are a function of the distance between particles, and a
possible approach to compute such potentials is from stress-strain curves derived from molecular
simulations. Masoero et al. 2012 used this methodology to compute mechanical properties of C-S-H at
the mesoscale (ca. 500 nm) leading to realistic results, function of packing fraction and polydispersity.
Finally, molecular models together with experimental results were used by Shvab et al. 2017 to simulate
different mechanism of C-S-H precipitation. Specifically, the simulated Boundary Nucleation and
Growth mechanism displayed evolution rates comparable to literature results, indicating that this could
be the most representative hypothesized growth mechanism for C-S-H. This indicates that molecular
models can be used to upscale C-S-H models at the mesoscale, and understand gel formation
mechanisms happening at different scales.
Finally, from a technological point of view, molecular dynamics simulations hold the promise of
impacting the field of nuclear waste encapsulation. Ordinary Portland Cement is commonly used as a
binder to immobilize different types of radioactive waste (Evans 2008, Young et al. 2013), but current
studies on geopolymer indicate that metakaolin geopolymers could be used successfully as well
(Geddes et al. 2018, Künzel 2013). Molecular model simulations could be employed to provide insights
on the mechanisms that govern the retention of radionuclides in the cement matrix. Duque-Redondo et
al. 2018 applied MD to simulate absorption and diffusivity of Cs-137 in the C-S-H gel pores, to determine
which leaching mechanisms could cause the release of the contaminants in the environment. This
ability to predict encapsulation as a function of chemical composition is an asset for the development
of new, more sustainable and effective binders for the nuclear industry.
5.

CONCLUSIONS

This manuscript has shown that a defective crystal N-A-S-H model can be used to provide insights on
the nanostructure of geopolymers at the molecular scale and at the mesoscale. An in-depth analysis of
the structural and mechanical properties of the defective model at the molecular scale can be found in
a recently published manuscript by the same authors (Lolli et al. 2018), while this manuscript focuses
on the pore structure. The molecular scale model displayed a fully percolated pore structure with
characteristic pore diameters typical of amorphous and crystalline structures. The mesoscale model
showed that the densification of the structure entails changes in the pore size distribution toward one
characteristic mean pore diameter. These findings provide a better understanding of the pore structure
of geopolymers, therefore add new information useful to discuss the water diffusivity mechanisms in
these materials, and consequently durability issues at the macroscale. Additionally, a literature review
on the importance of molecular modelling as a reference for several types of simulations has been
presented. Hence, analysis related to water transport mechanisms, leaching of different types of
chemicals (e.g. radioactive isotopes) and carbon captures can be considered for future research.
Molecular modelling is therefore a central support to the experimental research on geopolymers to
promote and discuss the application of these materials in civil engineering.
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1.

INTRODUCTION

Cold weather concrete can be defined when concrete will be exposed to some specific weather
conditions, for example, the average daily air temperature is less than 5°C or the air temperature is not
greater than 10°C for more than one-half of any 24-hour period. In cold weather, the strength
development of concrete would be sharply slowed down by the low temperature. Besides, there is a
risk of frost damage due to the mixing water frozen, which would lead to 9% volume expansion
(Krylov, BA et al. 1999). Nowadays, there are several methods to promote the strength development
of concrete in winter construction. Use concrete curing blankets or heated enclosures to prevent
freezing and keep the concrete at an optimal curing temperature. Concrete is designed to have a low
slump, and minimal water to cement ratio, to reduce bleeding and decrease setting time. Add chemical
admixture to prevent from frost damage and reach the required strength as early as possible. Among
of them a most convenient and low cost method is to add chemical admixture (Nmai et al. 1998;
Demirboğa, R et al. 2014; Saaki, K et al. 1991). Inorganic salt such as calcium chloride, sodium
chloride, calcium nitrate, sodium nitrite is represented one of the typical common used antifreeze
admixtures (Brook, JW et al. 1988; Ramachandran, VS et al. 1995). Such as calcium chloride, has a
very effective accelerating effect on hydration of Portland cement (PC). The results shown that the
hydration heat of 1 d can be increased about 30%, and the compressive strength can be increased
30-100% in the first three days (Ramachandran, VS et al. 1978). However, the large amount of
inorganic salt admixture would bring about a serious durability problem, such as corrosion of
reinforcement, alkali-aggregate reaction and leaching of inorganic salt (Ramachandran, VS et al.
1978; Page, CL et al. 1982; Liu, L et al. 2015).
Calcium sulphoaluminate cement (CSA), mainly composited of C 4A3S̄, is a type of high early strength
cement which has outstanding properties in winter construction. Deng et. al successfully applied CSA
in winter in Beijing and achieved wonderful properties (Deng, JN et. al 1983). It is considered that
liquid phase in fresh cement paste was dispersed and absorbed by rapid hydration of CSA, thus it is
difficult to form large size ice. And it is also prevented by the formation of AH 3 gel (Deng, JN et. al
1983). The hydration C4A3S̄ of at different condition is show in Equation 1-3.
(Without gypsum)
(In the presence of gypsum)

(1)
(2)

(In the presence of CH and gypsum) (3)
However, the high price and limited alumina source restricted the extensive use of CSA. A good way
to satisfy both sides is to combine them. Some results show that the binders based on PC and CSA
can achieve fast setting, rapid hardening and high early strength, which cannot be reached using PC
alone (Palou, M et al. 2003; Coumes, CCD et al. 2009; Pelletier, L et. al 2009; Pelletier, L et al. 2010;
Pelletier, L et al. 2011). The hydration of the binder starts with the fast formation of AFt and of
amorphous hydrates (Pelletier, L et al. 2010; Pelletier, L et al. 2011).
In this study, PC was partial substituted by CSA (5 wt. %, 10 wt. %, 15 wt. %, and 20 wt. %) and the
mechanical properties at sub-zero temperature of -5 oC, -10 oC, and -20 oC were studied. In addition,
the freezing point and frozen water of fresh paste, hydration products, morphology and pore structures
of hardened paste were studied by using low temperature differential scanning calorimetry (LT-DSC),
X-ray diffraction (XRD), scanning electron microscope (SEM), and mercury intrusion method (MIP).
2.
2.1

MATERIALS AND METHODS
Raw materials and proportions

PC (provided by China Building Materials Academy), CSA clinker (supplied by Beijixiong Cement Co.),
and gypsum (purity＞99.0%, supplied by Sinopharm Chemical Reagent Co., Ltd, China) were used in
this study. The chemical composition of them are shown in Table 1. The mass ratio of CSA clinker and
gypsum was fix as 3: 1. To study the effects of CSA content on the properties of PC, 5 wt. %, 10 wt.
%, 15 wt. %, and 20 wt. % CSA partial substituted PC, and the blended cement was named as C0,
C5, C10, C15, and C20 respectively. Paste was prepared with the water to binder ratio of 0.27.
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Table 1. Chemical composition of PC and CSA clinker (wt. %)
CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Na2O

K2O

Loss

PC

64.05

22.87

4.470

3.480

2.460

2.440

0.109

0.652

1.21

CSA clinker

47.08

7.693

32.55

2.251

1.220

8.515

0.179

0.518

2.04

2.2

Methods

Pastes were prepared at 20±2 oC and casted into the 20 mm × 20 mm × 20 mm steel mould. After
vibrating, samples were covered with plastic wrap and then immediately put into the curing chamber
with the sub-zero temperature of -5 oC, -10 oC, and -20 oC, respectively. At the age of 1 d, 7 d, 28 d, a
batch of six cubes were tested.
The freeze point and frozen water were determined by LT-DSC (DSC 200 F3, NETZSCH, Germany).
Approximately 50 mg fresh paste was immediately put into the aluminum crucible and sealed by the
matched lid. Crucibles were immediately put into the instrument and carried out with the following
temperature program: isothermal regime at -30 °C for 5 min, then raised from -30 °C to 25 °C at the
heating rate of 5 °C/min.
The hydration products of samples were analyzed by XRD. Hardened paste was terminated hydration
and ground fine (＜ 80 μm) at 1 d, 7 d, and 28 d. XRD data was collected by the X-ray diffractometer
(Empyrean, Panalytical, Netherlands) with Cu Kα radiation. Samples were scanned between 2 theta of
5 to 90 with the speed of 5 o/min.
The morphology of hydration products was performed by SEM (FEI Quanta 200, FEI, Netherlands).
The testing samples was terminated hydration and cut into small bulks at diameter of 3-5 mm.
The pore distribution of hardened paste at 28 d are performed by MIP (Auto Pore IV 9500,
MICROMETRITICS, America). The testing samples was terminated hydration and cut into small bulks
at diameter of 3-5 mm.
3.
3.1

RESULTS AND DISCUSSIONS
Compressive strength

Figures 1a-c show the effects of CSA content on the compressive strength of samples under the subzero temperature of -5 oC, -10 oC, -20 oC.
At -5 oC (from Figure 1a), the compressive strength of PC at sub-zero show a slow growth tendency.
There is no strength at the early age 1 d and then it gains only 22.0 MPa at the age of -28 d. When
CSA partially substituted PC, it is clear that both the early age strength and late stage strength were
enhanced at different extent. Low amount addition of CSA, 5 wt. % and 10 wt.%, only enhanced the
strength slightly. While that of large amount addition, such as 15 wt. % and 20 wt.%, had the
significantly enhancement, of which strength is 70.8 MPa and 63.8 MPa, is 321.8 % and 290.0%
higher than that of PC at 28 d, respectively.
When the temperature decreased, as shown in Figure 1b and Figure 1c, the compressive strength of
PC sharply decreased at the sub-zero temperature of -10 oC and -20 oC. It was only 4.6 MPa and 2.0
MPa cured in -10 oC and -20 oC for 28 d, respectively. When CSA partially substituted PC, both the
compressive strength under -10 oC and -20 oC were enhanced compared with that of PC. In addition,
when CSA content increased, the compressive strength increased at each stage. When the CSA
content is 20 wt. %, the compressive strength of samples cured in -10 oC, -20 oC for 28 d was 18.6
MPa and 11.8 MPa.
In sub-zero temperature, the hydration rate of cement would sharply reduced. More seriously, the
mixing water was frozen the at sub-zero temperature. In this condition, the hydration would be
terminated because there is not sufficient water to guarantee hydration reaction happen. Therefore,
the strength development of all the samples was sharply slowed down by the extreme low temperature.
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But the slow hydration process can be modified by the partial substitution of CSA. Because the
formation of AFt is rapid even at a low temperature. In addition, it would consume amount of water in
the process of AFt formation and growth, because AFt contains 32 chemical combined water. It may
also contribute to the decrease of the frozen water in paste.
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Figure 1. Compressive strength of samples with different CSA content under (a) -5 oC, (b) -10
o
C, and (c) -20 oC
3.2

Freezing point and frozen water

To determine the paste in sub-zero temperature frozen or not, freeze point and frozen water in cement
paste was examined. Figures 2a-b show the typical LT-DSC curve of PC paste. To make the tangent
line and the baseline of the initial melting curve, the temperature at the intersection is the initial melting
temperature, which can be considered as the freezing point of water in paste (Zhang XW 2003;
Menczel, JD 2008). In addition, the content of frozen water can be characterized by the value of
melting heat, which is the integral area of the melting peak. Freezing point and melting heat is shown
in Figure 3.
From Figure 3, the freezing point of paste is decreased by the partial substitution of CSA. The freezing
point of PC is about -3.1 oC, indicating that the paste would be suffer from frost when the curing
temperature is -5 oC, -10 oC, and -20 oC. When the CSA content is larger than 10 wt. %, the freezing
point is lower than -5 oC. It means that at the temperature of -5 oC, C10, C15 and C20 would not suffer
from frost damage. It is may be one of the reasons why large content CSA would dramatically
enhance the compressive strength.
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The melting heat of the paste also has the decreasing tendency when with the CSA content increase,
which indicated that the frozen water would decrease with the increasing CSA content. The risk of
frost damage and the extent of the frost damage would be decreased by the decreasing frozen water.
Therefore, better strength development was obtained when with a large content of CSA. It mainly
owing to the rapidly hydration of CSA and the consumption of abundant water by the formation of AFt.
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Figure 2. (a) Melting temperature and (b) integral area of melting peak diagram
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Figure 3. Effects of CSA content on the freezing point and melting heat of paste
3.3

Hydration products

XRD was performed to identify the crystal hydration products of paste when added with CSA at subzero temperature. XRD patterns of C5 and C20 cured at -5 oC at 1 d, 7 d and 28 d were shown in
Figure 4a-b.
From Figure 4a, it could be seen that there is AFt, CH formed at the early age of 1 d, indicating the
hydration of C4A3S̄ in CSA, and hydration of C3S, as shown in Equation 2 and Equation 4. When the
age prolongs to 7 d, the intensity of AFt slightly increased, while that of CH significantly increased.
Simultaneously, the intensity of C3S significantly decreased. It could be implied that the main hydration
during this stage is the hydration of C3S and the formation of C-S-H and CH. At the late stage, when
the age is 28 d, the peaks of AFt are disappeared, while there is some poorly crystallized AFm found,
indicating that AFt is decomposed.
(4)
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When CSA content is large as 20 wt. %, from Figure 4b, large amount of AFt formed at the early age
of 1 d. It may contribute to the rapid development of early age strength and the decreasing of freezing
point and frozen water. At the age of 7 d, it is found that partial AFt was decomposed to AFm phases,
and all of the AFt disappeared at the late stage of 28 d. But for the compressive strength, there seem
no negative impact due to this decomposition because there is a large strength growth from 7 d to 28
d. Besides, the intensity of CH peak is relatively low compared with C5. It may due to the hydration of
C3S was retarded by large amount of CSA, or CH was consumed by hydration of C4A3S̄ (Equation 3)
(Pelletier, L 2010; Trauchessec, R 2015).
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Figure 4.XRD patterns of (a) C5 and (b) C20 at -5 oC
3.4

Microstructure

To detailed reveal the effects CSA content on the hydration mechanism of the paste, SEM was used
to study the morphology and microstructure of samples. Figures 5a-b show the morphology of C5 and
C20 cured at the temperature of -5 oC at 7 d.
From Figure 5a, there are some needle like crystals, hexagonal plate crystals and large amount of
amorphous substance, corresponding to the formation of AFt, CH and C-S-H or AH3 gel. However, it is
clearly that the matrix is relatively loosen, because there are amount of large pores existed. This is
probably because the paste has been suffered frost damage. When the CSA content is 20 wt. %, the
microstructure becomes dense and compact. And large amount of hardened amorphous substance is
observed. On the one hand, C20 had the higher hydration degree compared with C5. On the other
hand, the freezing point was decreased by the large amount of CSA, which protected C20 from
suffering frost damage at -5 oC.

(a)

(b)

Figure 5. Microstructure of C5 and C20 at -5 oC
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3.5

Pore distribution

Pore structure was analysed by using MIP method. Pore distribution of C5 and C20 cured in -5 oC at
28 d is shown in Figure 6.
From Figure 6, the porosity of C5 is far away larger than that of C20. Besides, the volume of pores of
which diameter between 10 to 104 nm of C5 is significantly larger than that of C20, which is consistent
with the results of SEM analysis.
Partial substitution of CSA would accelerate the hydration degree because the rapidly hydration of
C4A3S̄ and formation of AFt. Large content of CSA would bring more AFt and consume much more
water at early stage. Not only the hydration process would be promoted by the substitution at sub-zero
temperature, but also the freezing point and froze water was sharply decreased by it, which would
prevent the paste suffering from frost damage at -5 oC.
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Figure 6. Pore distribution of C5 and C20 at -5 oC
4.

CONCLUSIONS

In this study, the effects of CSA on the mechanical properties and hydration mechanism of PC under
sub-zero temperature of -5 oC, -10 oC, -20 oC were studied, and the conclusions are as follows.
The sub-zero temperature strength development of PC was improved by the partial substitution of
CSA. When with large content of 15-20 wt.%, the compressive strength would be greatly enhanced.
The freeze point of binders and frozen water were decreased by the partial substitution of CSA. When
with large content of CSA, paste would not be suffered from frost damage at -5 oC.
The partial substitution of CSA would accelerate the hydration process of paste. Large amount of CSA
would bring more AFt at early age and AFm at late stage.
Large CSA content samples had a denser microstructure and lower porosity, due to the rapidly
development of hydration products and avoiding the frost damage at -5 oC.
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ABSTRACT
Calcium silicate cement containing non-hydraulic phases is produced in existing cement kilns using
the same raw material as Portland cement (PC). The key difference is that this type of cement is
produced using less limestone and at lower kiln burning temperatures. This translates into reduced
CO2 emissions during cement manufacturing (30% reduction). The concrete production process
involves in mixing cement, aggregates, sand, and water that is reacted with CO2 to form a durable
matrix. The curing process can capture up to 300 kg of CO2 per ton of cement used. Together, the
calcium silicate cement and concrete production reduce the CO2 footprint by 70% when compared to
conventional cement and concrete products.
Solid Life project (granted by EU under LIFE program) intends to demonstrate the CO2 and energy
savings announced through industrial applications and to increase the robustness of the technology.
This paper intends to show the knowledge acquired on calcium silicate cements from its production to
its use in precast plants.
Five different clinkers were produced in a pilot rotary kiln with raw materials coming from industrial
quarries. Various raw materials were used to create these five raw mixes with different raw mix
chemistries to assess the robustness in clinkerization process. Thermodynamic simulations were
carried out to understand the burning behavior and phase composition at various temperatures. The
simulated results were compared to kiln behavior and clinker quality. Finally five different cements
were tested at lab scale to assess the cements quality towards carbonation.
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1.

INTRODUCTION

Concrete is the most consumed man-made material in the world. A typical concrete is made by mixing
Portland cement (PC), water, and aggregates (e.g., sand and crushed stone or gravel). PC is a
synthetic material made by burning finely ground mixture of limestone, clay and corrections materials,
or materials of similar composition, in a rotary kiln at a sintering temperature of 1450°C. PC
manufacturing releases considerable quantities of greenhouse gas (CO 2). The cement industry
accounts for approximately 8% of global anthropogenic carbon dioxide (CO2) emissions [1].
A modern cement plant releases ~810 kg of CO 2 per tonne of cement clinker produced [2]. More than
60% of this CO2 comes from the chemical decomposition, or calcination, of limestone (CaCO3 → CaO
+ CO2). The balance comes from the combustion of fossil fuel to heat the kiln.
The International Energy Agency (IEA) has created a roadmap to guide the long-term sustainability
efforts of the cement industry. As per this roadmap, the cement industry must reduce its total CO2
emissions from 2.2 Gt in 2014 to 1.7 Gt by 2050. Nevertheless, over this same period, cement
production is projected to grow from 4.2 Gt to 4.7 Gt.
With the implementation of energy-efficient production technologies, the use of alternative fuels, the
development of new, low-lime cement chemistries, and the reduction of clinker factor in cement
through addition of supplementary cementitious materials, the cement industry has tried to attain the
IEA objective. However, even the combined effect of all these initiatives is likely to fall far short of the
IEA goals.
LafargeHolcim has long been working on various options for CO2 emissions reduction in the cement
industry. The common levers are related to performance: reduction in specific heat consumption
(SHC), use of waste fuels (including biomass), reduction in clinker factor. This article deals with
breakthrough levers i.e. CCUS, a new low-CO2 products development.
In 2013, LafargeHolcim signed a joint development and commercial agreement with Solidia
Technologies, Inc. of USA to produce this low-lime containing calcium silicate cement (CSC) and
development of mineral carbonation process primarily in precast industry.
Solidia Cement™, a new calcium silicate-based cement (CSC) developed by Solidia Technologies,
Inc. is a reduced-lime, non-hydraulic calcium silicate cement. The Solidia Cement manufacturing
process is adaptable and flexible, allowing it to be produced under a variety of raw materials
formulations and production methods across the globe. It offers cement manufacturers considerable
savings in CO2 emissions and energy consumption. Additionally, this CSC cures via a reaction with
gaseous CO2, thus offering the ability to permanently and safely sequester CO2.
The CO2 and energy savings during the production of this cement in an industrial-scale are shown in
this article. In addition, to complete the picture, a pilot-scale production of five different clinkers and
cements is presented. The carbonation potential of pilot-scale produced cements are assessed and
compared to the industrially produced cement.
2.

ENERGY REQUIREMENTS AND CO2 EMISSIONS DURING CEMENT MANUFACTURING

Both PC and CSC manufacturing require significant amounts of energy and emit significant quantities
of CO2. Heat energy is needed to dry the raw meal, calcine the limestone, react the oxide
components, and form the cement clinker. The electrical energy needed to crush and grind the raw
materials, to operate the clinkering process, to comminute the clinker, and to transport materials
throughout the process will not be considered in this analysis. To illustrate the benefits associated with
the processing of CSC, the differences in energy consumption and CO2 emissions are discussed
below.
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2.1

Portland Cement (PC)

2.1.1 Energy requirements
In modern cement plants, the production of one tonne of PC clinker requires heat energy totalling 3.2
GJ. From a theoretical perspective, the thermal energy consumed in producing one tonne of PC
clinker is about 1.76 GJ. The difference between the actual and theoretical heat requirements is due to
heat retained in clinker, heat losses from kiln dust and exit gases, and heat losses from radiation. In
the pyro-processing step most part of the heat energy is consumed during the endothermic
decomposition of calcium carbonate (calcination).
EPA’s historical estimates indicate that 900 to 1,100 kg of CO 2 is emitted for every tonne of PC clinker
produced in the US [2, 3]. The exact quantity depends on the raw ingredients, fuel type, and the
energy efficiency of the cement plant. Even the most efficient Portland cement facilities report CO 2
emission ~810 kg/tonne of clinker.
The CO2 emissions from chemical decomposition of calcium carbonate depend on the lime content of
the clinker product (~70% for PC). The CO2 emissions from pyro-processing depend on the fossil fuel
type (for example, ~3.0 tonnes of CO2 per tonne of coal consumed) [4]. The carbon footprint from
electricity consumption for cement production is about 90 kg/tonne in the US but as stated earlier, this
CO2 is not considered here. Table 1 compares the sources of CO 2 emission in the production of
cement clinker.
2.2

Calcium silicate cement

2.2.1

Energy requirements

The total lime content of CSC clinker is in the range of 45-50 wt.%, representing approximately a 30%
reduction from that required for PC clinker [5, 6]. This reduction in lime concentration translates
directly into a 30% reduction in the theoretical enthalpy, i.e., the calcination step. CSC and PC are
roughly equivalent in terms of the enthalpy required to decompose the clay component of the raw
meal and the exothermic reaction associated with the formation of the cement phases. Dominated by
the large difference in calcination step, the total theoretical enthalpy of formation of CSC clinker is
expected to be about 1.05 GJ/t, almost 40% lower than that of PC clinker.
From a practical perspective, CSC clinker is burned at temperatures approximately 200°C lower than
those used in PC manufacturing, and with the potential for significantly reduced system-wide heat
losses than that experienced in PC manufacturing. This is expected to translate into a reduction in
fossil fuel consumption by as much as 30%.
2.2.2

CO2 emissions

The low-lime content of CSC clinker enables two separate opportunities to reduce the CO 2 emissions
associated with cement production:



Reduction in the lime content of the cement from approximately 70% (for PC) to approximately
50% (for CSC) enables a proportionate reduction in CO2 emission (540 kg/t PC clinker vs.
375kg/t for CSC clinker),
Reduction of 200°C in the clinkerization temperature of 1450°C vs.1250°C, enables CO2
emissions reduction coming from fossil fuels (270 kg per ton for PC clinker vs. 190 kg per ton
of CSC clinker),

The total CO2 emissions associated with PC and CSC manufacturing are compared in Table 1. Note
that CSC clinker production offers the potential to reduce CO 2 release associated with clinker
manufacturing by as much as 30%.
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Table 1: CO2 emissions during the production of PC and CSC clinker (Note: The CO 2
associated with the electrical energy usage in the cement making process is not considered.)

2.2.3

CO2 emissions from:

Per tonne of PC clinker

Per tonne of CSC clinker

Limestone decomposition

540 kg

375 kg

Fossil fuel combustion

270 kg

190 kg

Total CO2 emissions

810 kg

565 kg

Energy requirements and CO2 emissions during production of Solidia Cement clinker

Recently, the first, industrial Solidia Cement production campaign was performed in a North American
plant of the LafargeHolcim group. This campaign sought to prove the production feasibility in a modern
industrial preheated kiln. Approximately 5000 tonnes of Solidia Cement clinker was produced. The raw
mix was adapted to meet the chemical specifications and the wollastonite (CS) and rankinite (C3S2)
clinker phases of Solidia Cement.
During the production campaign, CO2 emissions and energy consumption (specific heat consumption)
were tracked in order to assess the relevance of the theoretical numbers indicated above. In order to
adequately compare the production of PC and Solidia Cement clinker, stable production periods were
taken into account for each cement type, not only in the same plant, but in the same kiln. The
measurements, highlighted in Table 2, confirm the predicted energy and CO 2 savings.
Table 2: Industrial Solidia Cement clinker trial measurements

PC clinker

Solidia clinker

Normal production

Stable production
period

GJ/t ck

3.89

3.16

%

24.4

14.2

Nm3/t ck

474

334

Period

Specific heat
consumption (SHC)

Stack CO2

CO2 emissions

In terms of energy, a 20% savings was measured for the specific heat consumption (SHC). This SHC
savings is slightly lower than expected because the production rate of Solidia Cement clinker in the
kiln was not yet equal to that of PC clinker. It was noted that the Solidia Cement clinker behavior in the
kiln is different than that of PC clinker. Room for considerable improvement in Solidia Cement clinker
production remains.
It should also be noted that the typical plant fuel utilization was modified for the Solidia Cement clinker
production. Only the main burner, fed with petcoke, coal and recycled plastic, was used. PC
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production used the main burner in the same manner, but tires were also fed into the back end of the
kiln.
The reduction in CO2 emissions during Solidia Cement clinker production is in accordance with
expected values. Measurements at the stack of the plant confirmed that conversion from PC
production to Solidia Cement production resulted in CO2 emission savings of about 30%.
In conclusion, measured reductions in the SHC and CO2 emissions during the first industrial Solidia
Cement clinker production campaign match predictions. Further improvements of these parameters
are expected as clinker production will be optimized.
3.

PILOT CEMENT MANUFACTURING

Industrial clinkering demonstration highlighted different behaviour of the clinker in a rotary kiln than for
PC clinker. In order to better understand the behaviour of a CSC raw mix in a rotary kiln and later on
further reduce energy consumption and optimize the clinker production, additional pilot clinkering were
done in the framework of Solid Life European project.
Different real raw materials coming from selected cement plants were tested in the similar clinkering
process conditions as in an industrial plant. A two stages preheater coupled to a 12m long rotary kiln
(1m diameter) with a rotary cooler was used. This equipment enables to produce in a dry process
mode, which corresponds to the most frequent process encountered in modern cement production
worldwide.
3.1

Laboratory experiments

Before performing a pilot trial, several lab experiments were performed with the raw materials coming
from two LafargeHolcim plants: one named MAL and the other one called KO. Based on the chemistry
of the raw materials available in KO plant, four different raw mixes were tested (KO1 to KO4) and one
from MAL plant.
Solidia Cement is designed to contain low lime calcium silicate phases such as wollastonite (CaSiO3)
and rankinite (Ca3SiO7) because of their reactivity to CO 2. The raw materials were proportioned
accordingly to obtain these phases in right proportions after clinkering.
KO plant had a sand as a silica source and three different calcium sources: limestone, high quality
marl and a low quality marl. MAL plant had only one limestone grade and a sand. KO1 and MAL1 raw
mixes were obtained with limestone and sand, KO2 with high marl and sand, KO3 and KO4 with low
marl and sand in different proportions.
First the raw materials were co-ground at lab-scale and high temperature DSC measurements were
taken (Figure 1). Based on the DSC results the raw mixes were treated at various high temperatures
in order to get clinker of good quality.
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Figure 1: HT DSC measurements performed on lab raw mixes with raw materials from plants
These DSC curves, obtained with a fixed temperature increase, enable to identify when liquid phase is
occurring (endothermal peak at high temperatures). Moreover coupling these DSC curves to lab
clinkering and XRD measurement enables to identify the phases formation as a function of the
temperature. Raw mixes KO3 and KO4 (yellow and dark curves) tested show different behavior than
MAL1, KO2 and KO3.
Lab clinkers produced at different temperatures of interest confirmed these observations, but
highlighted also the sensitivity to these mixes to temperature increase. These lab clinkers enabled to
assess the easiness to potentially produce them at a larger scale (Figure 2).

Figure 2: Lab clinkers examples (KO1 & KO4)
KO3 and KO4 raw mixes were particularly sensitive to temperature increase. They were obtained with
“low” quality marl of KO plant. Figure 2 shows that for KO4, in 20°C difference, the lab clinker was
completely melted. This behavior would have to be mastered during industrial production in order not
to damage the equipment. Actual rotary cement kilns and coolers are not designed to handle such
high amounts of liquid phase.
Some High Temperature Microscopy (HTM, Figure 3 to Figure 4) measurements were carried out to
further understand the behavior of raw mixes. These experiments consist of pressing a pellet of raw
mix and observing its deformation behavior as a function of the temperature increase through a
camera. Figure 4 shows the pellet area as function of the temperature. KO3 and KO4 mixes have very
different deformation behavior than KO1, KO2, and MAL1

Figure 3: High Temperature Microscopy (HTM) equipment
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Figure 4: Pellets areas vs. temperature for all raw mixes tested
3.2

Thermodynamic simulations

In order to anticipate the behavior of the raw mixes in the kiln and analyze the lab observations, some
high temperatures thermodynamic simulations (Figure ) have been performed from the chemistry of
these raw mixes. These simulations were done with FactSage® software coupled with
LafargeHolcim’s internal databases. The liquid phase occurrence for the KO3 and KO4 raw mixes
compared to the KO1 and KO2 were correlated to DSC, HTM measurements as well as the lab-scale
clinkerization phenomenon.
The red curves of Figure represent the theoretical liquid phase vs. temperature increase. The curves
of KO3 and KO4 raw mixes present an exponential shape, which explains the sensitivity of these
clinkers to temperature in comparison to KO1 and KO2.
The blue lines represent potential reactive phases amounts as a function of temperature increase, no
cooling effect is considered here. With the Solidia Cement chemistry, thermodynamically, wollastonite
(CaSiO3) represents the stable phase. Melilite phase (green curves) regroups all the other elements,
not included either in the liquid phase or in the reactive (carbonatable) phases.

Figure 5: Thermodynamic simulations for KO plant raw mixes
All these lab-scale tests and simulations enabled to understand the potential production difficulties of
these mixes, especially for KO3 and KO4, because of the significant amounts of liquid phase formed
in a narrow temperature window.
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3.3

Pilot clinkering

All the raw materials were ground and milled to a final grain size of 90 μm (10% rejects and 0% > 200
μm). Pilot crusher and mills were used to get the targeted fineness (Figure 6).

Figure 6: Vertical roller mill (VRM)
Calcination was carried out using a direct heated rotary kiln. The kiln was fed by using a volumetric
feeder with a pneumatic transport system. The material was transported directly into the preheater and
some material recirculation ensured the right composition of the material entering the kiln.
The operating conditions at the start of the kiln were: temperature of burning zone lower than the
temperatures identified of interest at lab-scale, low rotation speed of the kiln (1.5rpm), in order to
provide appropriate residence time to the clinker and not to over-burn the material in the beginning.
These conditions were adjusted during clinkerization process in order to ensure the right clinker quality
and smooth continuous production.
The kiln needed to be operated very close to the melting point of the material. For trials with MAL1 and
KO1 and KO2 the temperature at the kiln outlet pyrometer was around 1350 to 1380°C. Due to this it
was difficult to measure and adjust the temperature precisely. Sometimes the temperature was too
high and some sticky materials were created inside the kiln. At times these materials were too massive
and the kiln needed to be cooled down slightly to remove the coating of sticky materials. For raw
mixes KO3 and KO4 the clinkerization temperature was lower than for the other raw mixes as
expected by lab results.
During the pilot clinkering, the operators had to know if they reached the targeted quality or not and
adjust the process parameters accordingly. For OPC production, many well-known tests exist to follow
the quality. For Solidia clinker production, LafargeHolcim has developed a new quality control protocol
using XRD associated with Rietveld quantification file. During the pilot trial a D2 phaser from Bruker
was available to support the quality control, no amorphous phase was quantified.
Table 3 below illustrates some results obtained on KO1 clinker. Every 2 hours a clinker sample was
taken to be analyzed and to be compared to the previous data. The two first samples from KO1, for
instance, were rejected because quality was not good enough: not enough reactive phases compared
to the expectation coming from thermodynamic simulations (in between 70 and 80%, see Figure 5)
and still too much unreacted quartz. The good clinker was taken after obtaining the third XRD results.
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Table 3: XRD results for KO1 clinker during pilot production trial & an XRD pattern example
KO1
11:00 AM

Pseudowollastonite
Rankinite
Akermanite
Gehlenite
C2S_beta
Quartz
"Tridymite low"
Cristobalite
Lime
Portlandite
Calcite
Aragonite

KO1
KO1
KO1
KO1
01:00 PM 04:00 PM 06:00 PM 08:00 PM

KO1
10:00 AM

KO1
KO1
00:00 AM 02:00 AM

32

35

55

56

59

40

42

62

21

21

22

25

22

27

29

23

1

1

<1

<1

<1

7

10

2

7

8

6

4

7

1

1

3

13

14

5

7

6

11

8

5

15

11

7

3

2

6

4

2

1

1

1

1

1

1

1

1

6

5

3

2

2

3

2

1

3

5

<1

1

<1

2

<1

<1

<0,5

<1

<1

<1

<1

<1

<1

<1

1

<1

<1

1

1

1

1

<1

<0,5

<1

<1

<1

<1

1

<1

<1

The average XRD measurements performed on all clinkers are shown in Table 4 below.
Table 4: Mean XRD values obtained
No amorphous
quantification
Reactive phases
Non reactive phases
SiO2 non reacted
CaO free

MAL 1

KO 1

KO 2

KO 3

KO 4

68,5
8
22
1,5

84
9
6
1

74
11
13
2

61
25
13
1

68
25
5
2

In comparison to industrial clinkers already obtained previously, the amounts of reactive phases were
in line. Nevertheless, remaining or non-reacted silica amount remained quite high compared to the
industrial clinkers. This could be due to the size of the kiln and the too stiff temperature gradient
compared to a 60m long industrial kiln: the residence time of the clinker is maybe a bit too short for
completion of the reaction.
4.

CEMENTS CARBONATION

500kg of each pilot clinker obtained were ground at a Blaine finess of 5000 SSB for testing the
carbonation potential at lab-scale.
The 5 cements were carbonated in pastes in an homemade carbonation equipment in order to assess
their carbonation potential (Figure 7).
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Figure 7: Pilot carbonation reactor
Two main types tests were conducted to measure the CO2 uptake of a cement after carbonation
(Table 5):



TGA : Thermo Gravimetric Analysis
C/H : Carbon/Hydrogen content. Carbon content can be translated into CO 2 by simple
calculation and H to water H2O

The mass gain of the cement after carbonation is a good indicator of degree of carbonation and CO2
uptake. Calcite (CaCO3) is formed when CaO from the cement is leached and reacts with the
dissolved CO2.
Table 5: carbonation measurements and interpretations
Measurements
Carbonated materials

MAL1

KO1

KO2

KO3

KO4

CO2 Total (%)
H2O Total (%)
Steamer Carbonatation 24h
60°C : mass gain (%)

16,83

15,87

17,45

14,12

14,91

2,48

2,61

2,76

2,14

2,18

22,7

21,7

23,0

15,0

19,7

Cement characteristics

MAL1

KO1

KO2

KO3

KO4

XRD: Pseudowollastonite (%)
XRD: Rankinite (%)
XRD: C2S_beta (%)
XRF: CaO (%)

27,10
23,40
5,40
40,86

43,40
16,50
2,90
44,53

43,40
14,50
2,10
44,77

28,40
14,40
2,90
40,04

18,90
22,70
5,80
45,26

Caluclations based on XRD
CaO in C2S_beta
CaO in Rankinite
CaO in Pseudowollastonite
Theoretical sum of CaO in
reactive phases
% of reactive phases reacted
with CO2
Caluclations based on XRF
Max theoretical CO2 fixed
% of CaO reacted with CO2

Calculations
3,52
13,65
13,08

1,89
9,63
20,95

1,37
8,46
20,95

1,89
8,40
13,71

3,78
13,24
9,12

30,25

32,47

30,78

24,00

26,14

84,49

73,71

86,74

87,06

84,99

32,10
62,55

34,99
53,74

35,18
59,63

31,46
52,18

35,56
49,09

Calculations can then be performed on the data acquired in order to see the degree of reaction with
respect to the total CaO content. The cement grains contain CaO in different forms (CS, C3S2, C2S…)
in Solidia cement. When the cement reacts with CO 2 it starts to react on its surface provoking a Ca
diffusion limitation to the reaction zone, encapsulating some remaining potential active CaO.
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The calculations done here (Table 5) show that in between around 40 to 60% of the lime (CaO)
contained in the cement is reacting with the CO2. Different calculations can be done based either on
the XRF (chemistry of the total content of oxides), or from the XRD results which only counts the CaO
contained in the reactive phases towards carbonation.
As a conclusion, these calculations enable to rank the quality of the cements obtained with a given
particle size distribution with respect to their carbonation potential. KO3 and KO4 made with
alternative raw materials (low quality marl and sand) compared to KO1, KO2 and MAL1 (limestone
high quality marl and sand) present less carbonation potential but still produces enough strength.
5.

CONCLUSIONS

Solidia clinker making enables about 30% savings in CO2 emissions and energy compared to PC
production. These savings were proved industrially on a real kiln during a stable production period. A
complete different behaviour of Solidia raw mix was observed in the kiln compared to Portland clinker.
During this production campaign several parameters were identifed to improve the quality and
production process.
Additionally, this study presents behavior of 5 different Solidia raw mixes during clinkerization in a pilot
kiln. The clinkering temperatures and behavior of the material in the kiln correlated with
thermodynamic simulations. A compromise in between quality and liquid phase amount appearance in
the kiln had to be found for each raw mix tested.
Lab carbonation tests showed that all cements had relevant carbonation potential. Nevertheless, a
ranking could be done, highlighting that cements KO3 and KO4 that were obtained from a low quality
marl produced less carbonation potential than the other clinkers obtained.
Again a compromise in between quality, production feasibility and production cost will have to be
defined to go either for one raw mix or the other for production industrially. For example, lower raw
materials costs associated with lower clinkering temperature but lower quality for KO3 and KO4 mixes
in comparison to the other raw mixes tested.
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ABSTRACT
The varied properties of different cements enable the cement industry to shift towards the manufacture
of application-specific cements rather than a general-purpose binder. M-S-H cements could offer a
good alternative for specialist application, and could potentially have a lower carbon footprint as they
require much lower temperatures for their production compared with Portland cement (PC). M-S-H
cements harden with M-S-H gel as a binding phase, which is the equivalent of calcium silicate hydrate
(C-S-H) gel in PC. However, the development of M-S-H is much slower than that of C-S-H, resulting in
insufficient strength development of the product; thus, limiting the applications of M-S-H cement. The
present study investigates the effects of an additive to enhance the development of M-S-H gel. Sodium
bicarbonate was tested, and its impacts on the evolution of M-S-H gel were studied. The obtained
results indicate that sodium bicarbonate has the ability to aid the development of M-S-H by promoting
the reaction of Mg(OH)2 and SiO2, which resulted in the accelerated development of M-S-H gel.
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1.

INTRODUCTION

1.1

Background

Magnesia-based cements are generally produced from a mixture of magnesium oxide MgO (or
hydroxide Mg(OH)2) and reactive silica SiO2 (e.g. silica fume). Upon reaction with water, the system
forms magnesium silicate hydrate (M-S-H) gel as a “binding” phase, which is the equivalent of calcium
silicate hydrate (C-S-H) gel in Portland cement.
One of the key challenges for wider application of magnesia-based cements is obtaining the raw
material MgO or Mg(OH)2. Although MgO has a much lower firing temperature (~650 °C), compared
with the generally employed Portland cement, for its production from MgCO3 in conventional kilns
(Taylor & Collins 2006), it is still carbon-intensive because ~52 wt.% of MgCO3 is CO2 and the reaction
is endothermic. MgCO3 is also scarce itself. Further developing carbon-efficient technologies to extract
MgO or Mg(OH)2 from these rocks would help to establish magnesia-based eco-cements (Gartner &
Sui 2018).
Magnesia-based cements can still have a great potential to be used for specialist application, for
example, encapsulation of nuclear wastes such as Magnox sludge (Walling et al. 2015), where the
embodied magnesium oxide in the waste can be directly utilised together with reactive silica to form
the hardened M-S-H cement matrix; thus, encapsulating the radioactive components without a need of
conventional cement matrix. M-S-H gel is also shown to be an excellent material to stabilise the heavy
metals in contaminated sediment (Wang et al. 2018). These ecological benefits of using magnesiabased cements encourage further research in the field.
The application of M-S-H cement is currently restricted by its relatively slow setting time and strength
development. Unfortunately, information related to the structure and properties development of M-S-H
gel is still limited, as it is a relatively new kind of binder system. Therefore, the present study
investigates the effects of additive to in order to enhance the development of M-S-H gel. Sodium
bicarbonate is tested, with the positive utilisation of carbonate ions in mind, and their impacts on the
evolution of M-S-H gel were studied.
1.2

Formation of M-S-H gel

M-S-H is typically formed by the reaction between magnesium oxide, reactive silica (e.g. silica fume),
and water: MgO + mSiO2+ nH2O→MgO·mSiO2·nH2O (Nied et al. 2016). The reaction of MgO with a
soluble source of silica at room temperature generally forms a gel with a varying Mg/Si ratio (Li et al.
2014, Nied et al. 2016, Walling & Provis 2016, Wang et al. 2018).
It is known that the pH of the reaction solution can affect the formation of M-S-H gels. The pH of a
saturated Mg(OH)2 solution is approximately 11, and the solubility of Mg(OH)2 increases when the pH
value is below 11 (Figure 1). This is expected because the solubility of Mg2+ ions follows the solubility
product constant of [Mg2+][OH-]2, thus, the solubility of Mg2+ ions decreases with increasing alkalinity of
the mixture. This implies that lower pH is favourable in terms of Mg contribution to M-S-H formation, as
a high Mg2+ concentration promotes the formation rate of M-S-H (Li et al. 2014). The solubility of the
silica also affects the formation of M-S-H, and the rate of formation is depressed when the
concentration of silicate in the solution is not sufficient. The solubility of the silica depends on the
concentration of OH- per unit surface area of silica, and the OH- ions are able to weaken the bonds
between the silicon and oxygen atoms (Iler 1979). The solubility of silica increases from 138 mg/L to
876 mg/L when the pH changes from 9 to 10.6 (Jin & Al-Tabbaa 2013). Therefore, the higher pH is
favourable in terms of silica contribution to M-S-H formation.
The reverse change in the solubility of Mg(OH)2 and SiO2 would lead to a balance point between Mg
and Si concentrations available to produce M-S-H gel. The dashed lines in Figure 1 (Nied et al. 2016)
represent the solubility of amorphous SiO2 and brucite. The region of pH ~10 demonstrates a relatively
high solubility both for brucite and silica, which suggest that higher pH than neutral pH=7 is more
beneficial for M-S-H formation. In the present work, as a preliminary investigation, the initial pH
conditions are varied via the addition NaHCO3 to the distilled water used for the reaction.
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Figure 1．Concentration of Mg and Si in M-S-H at different pH (Nied et al. 2016). Si (■) and Mg
(●) concentrations are presented together with Mg/Si ratio (▲). The dashed lines are the
solubility of amorphous SiO2 and brucite.
2.
2.1

EXPERIMENTAL
Materials and sample preparation

To study the effect of sodium bicarbonate on the evolution of M-S-H gel, cement pastes were
prepared with two different initial water solutions and characterised at different curing times. Samples
were prepared by mixing Mg(OH)2 powder with silica fume and one of the solutions as shown in Table
1 for ~10 minutes. 200 mL of distilled water was used to prepare each solution: distilled water and
saturated NaHCO3 solution. The amount of NaHCO3 added was set by its solubility at room
temperature. The details of the raw materials used are listed in Table 2.
Table 1．Composition and initial pH of solutions for the systems studied
Solution

Solid

Water
(mL)

Carbonate
(g)

pH at 20°C

Mg(OH)2
(g)

Silica fume
(g)

Distilled water

200

N/A

6.2

100.1

100.0

NaHCO3 solution

200

19.2

8.8

100.1

100.0

Table 2. Information of the materials used

Supplier
Purity

Mg(OH)2

Microsilica 940-U

NaHCO3

Sigma-Aldrich

Elkem

Sigma-Aldrich

≧ 95%

90%

≧ 99.0%

Samples were allowed to cure in closed 50 mL centrifuge tubes in an oven at 35°C for 3, 7, 14, 28, 56
and 112 days. The cured samples were then crushed (if hardened) and washed with approximately
100 mL of acetone in order to arrest the hydration reaction. The washed mixture was then recovered
from the acetone using filter paper and a vacuum pump assisted Büchner funnel for approximately 30
minutes, after which the solid component was collected. The powder was then dried in a desiccator
under vacuum for more than 3 hours and then stored in sealed tubes until characterisation.
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2.2

Characterisation

X-ray diffraction (XRD) was used to assess the materials consumption and M-S-H evolution in the
different samples. A benchtop Bruker D2 PHASER apparatus armed with a Cu-Kα radiation source
running at 30kV and 10mA was used. A one mm divergence slit was used, and the upper and lower
discriminators were set at 0.11 and 0.25 V respectively. Diffraction patterns were collected over 5 –
80° 2θ with an increment of 0.02. All samples rotated at 15 rpm during measurements.
X-Ray Fluorescence (XRF) was used to determine oxide composition of the silica fume and the 56 day
cured samples for each formulation to check the purity of the microsilica and to determine the amount
of sodium remaining in the produced solid after being washed with acetone. A Claisse LeNeo Fluxer
was used to make beads, and the XRF measurement was conducted using PANalytical’s Zetium
operated using PANalytical SuperQ software. The PANalytical WROXI (wide-ranging oxides)
calibration was used to determine the oxide concentrations in wt.%. The fused 40 mm beads used for
measurements were made by mixing 10 g of lithium tetraborate (with 0.5%) flux with 1 g of sample.
The specimen was heated in 5 steps before being poured and cooled: 1) 4 min at 1065°C, 2) 3 min at
1065°C rocking at 10 rpm and an angle of 15°, 3) 6 min at 1065°C rocking at 30 rpm and an angle of
40°, 4) 1 min at 1000°C, 5) 4 min at 1000°C rocking at 25 rpm and an angle of 45°. Measurements
were taken in triplicates and the average values used.
The pH was measured to investigate sample pH evolution over time. A Mettler Toledo pH/Cond bench
meter SE S470-K equipped with an expert proISM probe (error = ±0.01) was used to carry out all pH
measurements; the probe was calibrated each day before use. The pH value at 0 day was measured
right after mixing the cement paste; a small portion of the sample was separated, and the probe
inserted into the paste directly. For the hardened samples, the pH was measured via the ex-situ
leaching method (Behnood et al. 2016). A crushed powder sample of 1 g was added to 80 mL of
distilled water (excess of solid material) and stirred with a magnetic stirrer. The pH reading was taken
by inserting the testing probe into the solution, after 15 minutes of stirring to ensure that the measured
solution was saturated and pH value became stable.
Thermogravimetric analysis (TGA) was also carried out to support the identification of species within
the hardened cement that undergo thermal decomposition. Analysis was carried out on approximately
40 mg of sample in a PerkinElmer TGA 4000 heated from 30 °C to 990 °C at a heating rate of 10
°C/min under a nitrogen flow of 40 mL/min; a 5 min isothermal hold was also applied at the start and
end temperatures. A Hiden mass spectrometer (HPR-20 GIC EGA) was used to record the signals for
H2O, CO2, O2, CO, and H2.
3.
3.1

RESULTS AND DISCUSSION
M-S-H evolution: XRD

The XRD patterns of the samples with different initial water solutions are shown in Figures 2 a and b.
According to the literature, amorphous broad humps at 10-13°, 20-30°, 35-39° and 58-62° 2θ stem
from the produced M-S-H (Temuujin et al. 1998), and the broad hump at 18–25° 2θ represents the
unreacted silica fume (Zhang et al. 2011). The brucite pattern consists of sharp peaks at
approximately 18.6°, 38.0°, 50.8° and 58.6° 2θ (Temuujin et al. 1998). In the samples prepared with
distilled water (Figure 2a), the intense peaks of brucite persist up to 56 days, indicating a slow
consumption of brucite in this system. Accordingly, the formation of M-S-H appears to be slow, and
peaks of M-S-H become apparent only at ≥ 28 days. A broad hump at 6-10° 2θ is slightly different
from the expected range of 10-13° 2θ, but the increase in the peak intensity with the consumption of
brucite suggests that this peak also represents M-S-H but in a slightly different from.
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(a)

(b)

Figure 2．The XRD patterns showing the consumption of brucite (B) and silica fume (S), and
the formation of M-S-H gel (M) over time in the samples prepared with: (a) distilled water and
(b) NaHCO3 solution.
The samples with NaHCO3 addition (Figure 2b) showed much faster brucite reaction as the peaks of
brucite disappeared within 14 days, while the M-S-H peaks can be clearly identified even after 3 days.
The small peak observable at ~15° 2θ is likely to indicate the presence of hydromagnesite
Mg5(CO3)4(OH)2·4H2O (Suzuki et al. 2012). The consumption of silica fume is difficult to discuss in
these samples due to the possible overlapping of the main hump at 18–25° 2θ with a M-S-H hump. At
112 days, both systems have similar XRD patterns with exception of small peaks of minor phases in
NaHCO3 containing systems. This indicates that M-S-H formation using distilled water sample has
likely completed within 112 days. The addition of NaHCO3 did not appear to significantly change the
final M-S-H product. The XRD patterns clearly show that the M-S-H formation can be accelerated in
the presence of NaHCO3.
3.2

Mass balance: XRF

The oxide composition of the silica fume used in this work, derived through XRF analyses, and the
loss on ignition (LOI) is shown in Table 3. Only oxides with >0.1 wt.% are presented in the Table. For
the 100g of silica fume used, about 5.64g of other components are introduced into the sample. These
impurities could be one of the reasons for the shift of the M-S-H hump at 10-13° 2θ to 6-10° 2θ
observed in XRD data.

15th International Congress on the Chemistry of Cement6
Prague, Czech Republic, September 16–20, 2019

Table 3． Oxide composition of the silica fume
Element

SiO2

K2O

MgO

Fe2O3

Al2O3

Na2O

CaO

ZnO

LOI

Weight %

94.36

1.12

0.71

0.61

0.50

0.32

0.22

0.20

1.82

XRF analyses was also carried out on the 56 day samples, and the results are shown in Table 4.
Using these data, mass balance of the key elements was compared with the initial balance shown in
Table 1, and the results are presented in Table 5. It is shown that the Mg/Si ratio in both samples
remained approximately constant with small discrepancies probably arising from experimental error.
This proves that the batch preparation was correct and that neither Mg nor Si were not lost in
considerable amounts during washing with acetone. The Na/Mg ratios suggest that in the NaHCO3
sample, the sodium remained in the sample, although the exact form of the sodium requires further
investigation.
Table 4．The main element composition of the 56 days testing sample.
MgO (wt.%)

SiO2 (wt.%)

Na2O (wt.%)

Distilled water

30.15

39.87

-

NaHCO3

26.21

34.64

3.40

Table 5．Elemental mass ratio between the initial mixtures and 56 day cured samples.
Initial (t=0)

t = 56 days

Mg/Si ratio

Na/Mg ratio

Mg/Si ratio

Na/Mg ratio

Distilled water

0.945

0.008

0.972

0.008

NaHCO3

0.946

0.134

0.973

0.160

3.3

Progress of reaction: pH

The pH evolution for both sets of sample over 112 days is shown in Figure 3. The variation of the pH
generally represents the change of the OH- concentration in the solution. The dissolution of brucite will
increase the pH of the solution, but only up to a maximum of ~10.5, which is the pH of saturated
Mg(OH)2 solution (Li et al. 2014). Therefore, in the NaHCO3 samples, the pH values higher than 10.5
are likely due to the presence of alkaline element ions. The pH in this system decreases in the first 14
days and remains constant, consistent with pH evolution reported for similar systems (Li et al. 2014,
Jin & Al-Tabbaa 2013), and can be attributed to the consumption of OH- ions for the dissolution of
silica and formation of H4SiO4(aq), [H3SiO4]- and [H2SiO4]2- (Fertani-Gmati & Jemal 2011).
For the paste made with distilled water, pH was 9.48 at t = 0 and increased to 10.01 by 14 days; the
pH then decreased slightly to 9.9 towards 112 days. In the first 14 days, the production of OH- from the
dissolution of Mg(OH)2 appears more significant than the consumption of OH- in the dissolution of
SiO2. After 14 days, these effects appear to be balanced. Since dissolution of Mg(OH)2 should be
continuing as the pH is below 10.5, this is likely due to the increased solubility of silica at a higher pH.
The NaHCO3 sample had a relatively low pH value of 8.79 at day 0, which sharply increased to 10.59
by 3 days, then dropped to 10.22. The initial pH must be corresponding to that of the saturated
NaHCO3 solution (Table 1). The presence of NaHCO3 clearly increased the pH of the mixture. The
production of OH- by dissolution of Mg(OH)2 was much larger than the OH- consumption rate in the
first 3 days, but the high pH also encouraged the dissolution of silica and consumption of OH-,
resulting in the reduction of pH. The stable pH value after 14 days implies that majority of the reactions
of the system, including M-S-H formation was completed, which is in agreement with XRD data.
The obtained results suggest that the availability of sodium and/or carbonate ions promote the
reaction of Mg(OH)2 and SiO2, encouraging the M-S-H formation. Further research is required to
elucidate the accelerated M-S-H development.
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Figure 3. The results of pH test for all the samples
3.4

Development of phases: TGA

The differential thermogravimetric (DTG) curves obtained from TGA are shown in the Figure 4. For the
samples with NaHCO3 the 28 and 56 day samples were not tested as little progress of the reaction
was suggested by XRD and pH data, but the 112 day samples were tested to compare the long-term
behaviour.
The DTG peaks at 80-200 °C in the distilled water samples (Figure 4a) represent the loss of free water
as well as water from M-S-H, while the decomposition of the brucite is represented by the peaks at
around 400 °C. The broad responses peaked at 500-600 °C are also caused by the loss of
coordinated water in M-S-H (Jin & Al-Tabbaa 2013). It also clearly shows that, with the increase of
curing time, the amount of M-S-H increased while the amount of Mg(OH)2 decreased. This is an
evidence of the continued consumption of brucite to form M-S-H. A minor discrepancy is observed
between 3 day and 7 day data with regard to the amount brucite; but, as the variation is relatively
small, this may be due to experimental error.
The NaHCO3 sample (Figure 4b) indicated similar peaks associated with M-S-H and Mg(OH)2; more
M-S-H and less Mg(OH)2 compared with the distilled water samples. The mass loss at around 450°C
in the NaHCO3 sample may be explained by the presence of magnesite or hydromagnesite. Both of
them are known to have TG responses at ~250 °C and 450 °C (Sheila 1993, Suzuki et al. 2012, Ren
et al. 2014).
The NaHCO3 samples have a fast reaction rate in the first 3 days as demonstrated from the amount of
brucite remaining in the samples as well as the increased formation of M-S-H. The weight loss around
100°C associated with M-S-H does not show a clear trend. This may be explained in three ways: (1)
the presence of sodium and/or carbonate ions influenced the retention and bonding of molecular water
in M-S-H, (2) this DTG peak also include the water loss from sodium carbonate hydrates or
bicarbonate (Hartman et al. 2001), or (3) the experimental error associated with a small quantity of
tested materials.
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(a)

(b)
Figure 4. The DTG data obtained from TG analysis for: (a) distilled water sample and (b)
NaHCO3 samples. The symbol * implies possible contribution of these species.
4.

CONCLUSION

The addition of NaHCO3 promoted the reaction of Mg(OH)2 and SiO2 and resulted in the accelerated
development of M-S-H gel. A higher pH of the mixing solution at ~10.2 appears to be beneficial to
increase the dissolution of silica and formation of M-S-H. Further work is required to delineate these
observations. Presence of carbonate ions in the system resulted in possible precipitation of
hydromagnesite. The addition of NaHCO3 also improved the fluidity of the paste and can allow for the
production of magnesia-based concrete with a lower water/solid ratio without the addition of
dispersants; thus, improving the strength. The availability of NaHCO3 is also not foreseen an issue as
sodium is one of the most abundant elements in the earth’s crust. This work will reignite keen research
interest into M-S-H cements.
5.
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ABSTRACT
A new type of cement is made from raw materials that are typically used to make ordinary Portland
cement (OPC) clinker. The kiln feed raw meal chemistry is adjusted to produce a clinker rich in lowlime calcium silicate phases such as CS and C3S2 instead of the high-lime phases C3S and C2S
typical of OPC. Production of such clinker requires 30% less limestone compared to OPC clinker and
sintering temperatures can be reduced to as low as 1200°C compared to 1450°C for OPC.
Manufacturing of this cement reduces the CO2 emissions by 30% than OPC. Addition of gypsum is not
needed during the grinding of this clinker to produce the cement. This cement does not harden by
hydration; rather, it hardens by carbonation. Its main carbonation products are CaCO3 and SiO2.
During the carbonation process this cement can sequester up to 300 kg per ton of cement.
The mechanical properties of concrete made using this cement were tested using ASTM C39
(compressive strength), C78 (flexure strength), C469 (splitting tensile strength), and C496 (modulus of
elasticity); durability performance following ASTM C666 (freezing and thawing resistance), C227
(ASR) and C1012 (sulfate resistance) are reported in this paper.
This cement is a patented cement of Solidia Technologies and is commercially available as Solidia
Cement ™.
Keywords: CO2-reduction, carbonation, CaCO3, CO2-emission, CS, durability
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1.

INTRODUCTION

Portland cement production is a very energy intensive process and is a significant contributor to global
greenhouse gas (GHG) emissions. World cement production has reached 4.65Gt in 2016
(Cembureau.eu) and is estimated to contribute about 8% of total anthropogenic CO2 emissions
(carbonbrief.org). Cement industry is the 2nd largest industrial greenhouse gas (GHG) emitter. During
the UNFCC, COP-21 meeting in Paris (The Paris Agreement) the member nations agreed to keep the
global temperature rise within 2°C of the preindustrial era by the end of 21st century (UNFCC.int).
Following the International Energy Agency’s guidelines to meet this 2 Degree Celsius Scenario (2DS),
the World Business Council for Sustainable Development’s (WBCSD) Cement Sustainability Initiative
(CSI) group has developed a Global Technology Roadmap called “Low-Carbon Transition in Cement
Industry” (wbcsdcement.org). This roadmap has set a target to reduce the CO 2 emissions from 2.2 Gt
emitted in 2014 to 1.7 Gt by 2050. This must be accomplished despite a predicted 12 to 23% growth in
worldwide cement production. To achieve this goal, a radical approach to cement manufacturing, use
and alternative CO2-funtional cement chemistry must be undertaken.
1.1

Portland Cement and CO2 Emissions

Portland cement clinker is produced by burning a mixture of calcareous and siliceous raw materials in
a rotary kiln at very high temperature. In this process, calcareous material, such as limestone, and
siliceous materials, such as sand, clay, or similarly composed materials, are ground and sintered at a
temperature of ~1450°C in a rotary kiln. The clinker nodules produced by the sintering process are
then ground and combined with ~5% gypsum to produce finished cement. Portland cement production
emits CO2 by two direct mechanisms:


The primary source of CO2 emission is the decomposition of CaCO3 to produce CaO(s)
and CO2(g).



Heat necessary to achieve the high sintering temperature in the kiln is supplied through
the burning of fossil fuels.

CO2-emissions are also indirectly created through the use of electricity. Mining, crushing and grinding
of raw materials to create the raw meal feed to the kiln followed by final grinding of the cement clinker
contribute to this category. Emissions from used electricity can vary widely depending on the source of
the electricity and are relatively small, about 10% of the total CO 2 emissions. Due to this, the CO2
emissions from the use of electricity are omitted in the calculation here.
Portland cement clinker typically contains up to 70% CaO by weight. The calcination of limestone used
to achieve this proportion of CaO releases ~540 kg of CO 2 gas per ton of clinker (Barcelo L., et al,
2013). The CO2 emitted from combustion within the kiln can vary depending on the type and efficiency
of the kiln as well as the fuel source. A high efficiency kiln with a five stage preheater and precalciner
has an efficiency of 58% which results in a CO 2 emission of ~ 270 kg CO2 per ton of clinker. An older
wet-process kiln with an efficiency of 26% can have a CO2 emission from combustion as high as 600
kg CO2 per ton of clinker (Barcelo L., et al, 2013). The calcination and combustion process of Portland
clinker production contributes an associated specific CO2 emission of 810 kg to 1,146 kg per ton of
clinker produced.
1.2

Carbonatable Calcium Silicate Cement

A new type of cement, carbonatable calcium silicate cement (CCSC), has a chemistry and functionality
that allows it to have a significantly reduced CO 2 footprint compared to Portland cement. In CCSC,
low-lime calcium silicate phases such as wollastonite/pseudowollastonite (CaO∙SiO 2, CS) and
rankinite (3CaO∙2SiO2, C3S2) are preferred to the high-lime alite (3CaO∙SiO2, C3S), belite (2CaO∙SiO2,
C2S) tricalcium aluminate (3CaO∙Al2O3, C3A), and tetracalcium aluminoferrite (4CaO∙Al2O3∙Fe2O3,
C4AF) phases of Portland cement. Gypsum addition is not required during the grinding process of the
clinker.
1.3

Carbonatable Calcium Silicate Cement CO2 Emissions

As the CCSC contains low-lime containing calcium silicate phases, the lime content can be reduced
from 70% to 45%, which translates to a reduction of CO 2 emissions from 540 to 370 kg per ton of
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clinker during the calcination process. As this clinker is sintered at ~1250°C as opposed to ~1450°C
for OPC the fuel consumption is reduced by approximately 30%. This translates to approximately 30%
reduction in CO2 emissions from the fossil fuel combustion process in the kiln. The CO 2 emissions as
calculated by reduction of CaCO3 in the raw mix and an estimated 30% fuel savings are shown in
Table 1. The details of the CO2 saving opportunities are also discussed in previous publications
(DeCristofaro N., Sahu S., 2014, Atakan V., et al, 2014, DeCristofaro N., et al, 2017).
Table 1. Summary of CO2 emissions as reported for Portland cement clinker (OPC) compared
to the predicted CO2 emissions for a carbonatable calcium silicate cement clinker (CCSC).

2.
2.1

CO2 Emission source

Per ton of OPC clinker

Per ton of CCSC clinker

Reduction, %

Calcination

540 kg

375 kg

30

Combustion

270 kg

190 kg

30

Total CO2 Emission

810 kg

565 kg

30

EXPERIMENTAL
Synthesis of Carbonatable Calcium Silicate Cement

CCSC was produced using a rotary cement kiln. Limestone and sand typical of ordinary Portland
cement production were ground to 82% passing 200 mesh. The ground raw material was processed in
an industrial rotary kiln with a 4-stage preheater and precalciner. The burning zone temperature was
maintained at ~1260°C.
2.2

Finish Milling

The produced clinker was ground using a vertical roller mill (VRM) to a Blaine fineness of
approximately 500 m 2/kg. The particle size of the ground cement was measured by laser diffraction in
water suspension (Malvern Mastersizer 2000, Malvern, UK).
2.3

Chemical and Phase Analysis

The clinker was sampled and analyzed for elemental composition by X-ray fluorescence (XRF) and
phase composition by X-ray diffraction (XRD). Clinker samples were made into fused glass beads for
XRF analysis and measured using a Panalytical Axios WDS spectrometer (Alemo, NL). Data was
collected using a Panalytical Cubix3 diffractomer (Almeno, NL) with 1600W Cu K α radiation from 5° 65° 2Θ, 0.017°/s, 60s per step. Amorphous content was determined by comparison of the collected
pattern to a crystalline rutile standard. The reported silica was the sum of quartz, cristobalite and
trydimite.
2.4

Concrete, Mortar Formulation and Curing

Air-entrained concrete with 75 mm maximum-size coarse aggregate was produced using the mixture
proportions provided in Table 2. The water/cement ratio (w/c) was maintained at 0.39. Concrete
cylinders of 100mm x 200mm, prisms of 75mm x 100mm x 400mm, 100mm x 100mm x 350mm and
150mm x 150mm x 525mm were cast. The concrete samples were demolded after precuring in
ambient condition for ~6h and further cured in 100% CO 2 environment for 72h at elevated
temperatures (< 100°C). The cured samples were tested for compressive strength according to ASTM
C39, split tensile strength according to ASTM C496, flexural strength according to ASTM C78, and
elastic modulus according to ASTM C469. Freeze-thaw resitance tests on prisms of 75mm x 100mm x
400mm were carried out according to ASTM C666, procedure-A.
Mortar bars, 25mm x 25mm x 300mm with ASTM C490 gage studs for length change measurement,
were prepared following the procedure described in ASTM C227 for alkali-silica reaction testing. The
mixture proportions of materials used are provided in Table 3. These mortar mixes were produced
using the same admixtures as concrete mixes only without air entering admixture. To comply with the
gradation requirement, a small percentage of the concrete sand was used in addition to the reactive
fused silica sand. The reference OPC used in the study had a total alkali content of Na2Oeq = 0.96%.
The mortar bars were precured in the mold for ~5h before demolding. The demolded mortar bars were
further cured in 100% CO2 atmosphere for 40h. The alkali-aggregate reaction tests were carried out
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according to the test procedure described in ASTM C227. The length change measurements were
made weekly for the first four weeks and subsequently after every four weeks.
Table 2. Mixture proportions of air-entrained CCSC concrete.
Ingredients

Contents (kg/m3)

Solidia Cement

350.0

Concrete Sand (FM = 2.35)

821.0

Coarse Aggregate 3/8” (9.5 mm)

414.0

Coarse Aggregate 3/4” (19 mm)

737.0

Water

136.0

High-Range Water Reducer (Glenium 7500)

5 ml/kg of cement

Air Entraining Admixture (MB AE-90)

3 ml/kg of cement

Set-Retarding Admixture (Admixture-13)

5 ml/kg of cement

Table 3. Mixture proportions of mortar for ASR testing.
Ingredients

Contents (g)

Solidia Cement

600

Fused Silica Sand

1317

Concrete Sand

333

Water

175

High-Range Water Reducer (Glenium 7500)

5 ml/kg of cement

Set-Retarding Admixture (Admixture-13)

5 ml/kg of cement

Mortar bars, 25mm x 25mm x 300mm with ASTM C490 gage studs for length change measurement,
were also prepared following the procedure described in ASTM C1012. The mixture proportion of
materials used to prepare the mortar is provided in Table 4. However, in this mortar mix, 3ml/kg of
high-range water reducer was used. The mortar bars were precured in the mold for ~5h before
demolding. The demolded mortar bars were further cured in 100% CO 2 atmosphere for 40h. The test
specimens were exposed to 352 moles of sodium sulfate solution (50g/L). Sulfate expansion tests
were carried out according to the test procedure described in ASTM C1012. The length change
measurements were made weekly for the first four weeks and subsequently after every four weeks.
Table 4. Mixture proportions of mortar for sulfate resistance testing.

2.5

Ingredients

Contents (g)

Solidia Cement

500

ASTM Standard Sand

1375

Water

175

High-Range Water Reducer

3 ml/kg of cement

Air-Void Analysis

Air-void content and distribution in hardened concrete was measured by an automated air-void
analyzer, RapidAir457. This procedure is consistent with ASTM C457 Procedure C.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
2.6

Scanning Electron Microscopy (SEM)

A small cut portion of a concrete cylinder was dried, epoxy impregnated and cured. After curing, one
of the surfaces was polished to ¼ micron finish. The polished surface was sputter coated with carbon
and examined under a SEM in backscattered mode. A Tescan, Mira 3 Field Emission SEM at 20 keV
was used to acquire the images.
3.

RESULTS AND DISCUSSION

3.1

Chemical Composition of the Clinker

The average elemental composition of the CCSC clinker as measured by XRF and expressed as
oxides is shown in Table 5.
Table 5. The average composition of CCSC clinker.

3.2

Oxides

CaO

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

SO3

(Wt. %)

46.6

47.9

2.6

0.8

0.8

0.4

0.7

0.2

Phase Composition of the Clinker

The average phase composition of the CCSC clinker as determined by quantitative X-ray diffraction
with Reitveld refinement is shown in Table 6.
Table 6. The average phase composition of CCSC clinker as measured by X-ray diffraction.
Phases

Formula

Concentration (Wt. %)

Pseudowollastonite

CaSiO3

51.0

Wollastonite

CaSiO3

0.2

Rankinite

Ca3Si2O7

13.1

Belite

Ca2SiO4

2.7

Amorphous

--

24.4

Melilite

3.3

(Ca,Na,K)2

(Al,Mg,Fe2+)[(Al,Si)SiO

7]

5.9

Brownmillerite

Ca2(Fe,Al)2O5

0.6

Silica

SiO2

1.9

Lime

CaO

0.4

Particle size of the Solidia Cement

The statistics of the particle size distribution is provided in Table 7.
Table 7. Particle size distribution statistics

3.4

d10

d50

d90

1.52 µm

14.56 µm

44.30 µm

Carbonation Reactions During Concrete Curing

The calcium silicate phases present in the Solidia Cement react with CO 2 as described in equations 13.
𝐻2 𝑂

CaSiO3(s) + CO2(g) →

CaCO3(s) + SiO2(s)

(1)
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𝐻2 𝑂

Ca3Si2O7(s) + 3CO2(g) →

𝐻2 𝑂

Ca2SiO4(s) + CO2(g) →

3CaCO3(s) + 2SiO2(s)

(2)

2CaCO3(s) + SiO2(s)

(3)

Additionally, the amorphous component of the cement can carbonate to some extent, depending on its
calcium content and bulk chemistry. The formation of CaCO3(s) and SiO2(s) is associated with a net
solid volume increase (due to the incorporation of CO 2). This reaction is what gives CCSC the ability to
generate strength, similarly to the solid volume increase produced by hydration in Portland cements
(due to the incorporation of water). Details of the carbonation process of this cement are provided in
other publications (Sahu S., et al, 2015).
Microstructure of cured concrete was examined by scanning electron microscopy (SEM) in
backscattered electron (BSE) imaging mode. An SEM-BSE image of the hardened CCSC concrete is
provided in Figure 1. The brightest particle in the image is ferrite phase. The second brightest particles
are reactive calcium silicate phases and are generally surrounded by a dark rim of calcium depleted
amorphous silica. In some instances the cement particle is completely reacted leaving the imprint of
original cement particle rich in silica. The space between cement particles is filled with CaCO 3
particles of intermediate brightness. The dark area is the porosity left after the carbonation process.
The carbonation of CCSC produces a densified material through the direct precipitation of CaCO 3 in
the pores, where it acts to bind together the components of the concrete.

Calcite
Unreacted cement core

Si-rich region

Figure 1. FESEM-BSE image showing the microstructure of the carbonated paste area.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
For effective CO2 curing of test specimens and concrete products, an enclosure is required with a
CO2-rich gas environment, along with control of temperature and relative humidity. The curing process
is counter diffusion between moisture and CO 2. The cross section of concrete elements thus produced
is limited by the depth that the CO2 can travel internally from a free surface exposed to a sufficient
supply of gaseous CO2. This limitation mostly comes from the type and efficiency of curing equipment
deployed. In the 1st phase this technology has been used to cure thinner concrete bodies. The process
has been proven in making concrete masonry units, bricks, tiles, pavers, and other smaller precast
concrete elements.
3.5

Mechanical properties of the concrete

The results of mechanical properties of concrete are provided in Table 8. The results show that the
performance of this carbonated CCSC concrete is comparable to that of OPC concrete of similar mix
design.
Table 8. Test results of mechanical properties of CCSC concrete.

3.6

Property

ASTM Test

Results

Compressive strength, psi

C39

9,145

Split tensile strength, psi

C496

931

Flexural strength, psi

C78

783

Modulus of elasticity, psi

C469

7,192,400

Poisson’s ratio

C469

0.17

Freeze-thaw resistance of the concrete

Freeze-thaw durability is a crucial property of concrete for cold weather applications and is influenced
by a wide variety of factors such as aggregate type, water content, and mix composition. In Portland
cement concrete, air-entraining admixtures are used to significantly increase service life in cold
weather. The effectiveness of air entrainment in CCSC concrete is therefore an important component
of freeze-thaw resistance. The air-void content and distribution of this particular mix is provided in
Table 9. The air-void content and spacing factor of this concrete are within the range to provide good
protection from freeze-thaw damage.
Table 9. Air-void parameters of CCSC-concrete as determined by ASTM C457, Procedure C,
with four replicates, each starting from a different corner of the prepared polished concrete
specimen.
TFHRC ID

15219

Corner

Air Content
(%)

Specific
Surface
(in-1)

Spacing
Factor (in.)

Void Freq.
Vds/in.
(in-1)

Average
Void
Length (in.)

Corner 1

7.04

660.6

0.0056

11.63

0.0061

Corner 2

6.9

663.4

0.0057

11.45

0.006

Corner 3

6.24

619.9

0.0067

9.67

0.0065

Corner 4

5.91

848.8

0.0051

12.54

0.0047

Average

6.52

698.18

0.0058

11.32

0.0058

Assessment of CCSC freeze-thaw durability was performed as specified in Procedure A (freezing in
water and thawing in water) of ASTM C666: Standard Test Method for Resistance of Concrete to
Rapid Freezing and Thawing. This method evaluates freeze-thaw resistance of concrete as a function
of percentage relative dynamic modulus of elasticity (RDME) with relation to the number of freezethaw cycles. The results are plotted in Figure 2. ASTM C666 requires testing up to 300 cycles. If the
RDME values of a concrete specimen drop below 60% it is considered to have failed. As there was
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not a significant drop in RDME values after 300 cycles, the test was continued until 540 cycles. After
540 cycles the RDME values dropped to only 96%. The mass change over this period is plotted in
Figure 3. It shows the specimens gained a small amount of mass over the testing period. This is most
likely due to saturation of the nano-pores present in the silica gel over time (Villiani C., et al, 2014).
The specimens showed very minor scaling at the end of testing. These results demonstrate that
carbonated concrete has good freeze-thaw durability when the appropriate amount and distribution of
entrained air-voids are present in the system.

100%

RDM

95%
90%
85%
80%
0

100

200
300
400
Number of Cycles
Sample-1

500

600

Sample-2

Figure 2. Change in RDME values of CSC-concrete prisms at various freeze-thaw cycles.

Mass Change

0.4%
0.3%
0.2%
0.1%
0.0%
0

100

200
300
400
Number of Cycles
Sample-1

500

600

Sample-2

Figure 3. Mass change of concrete specimens during freeze-thaw testing.
3.7

ASR resistance of the concrete

Expansion and cracking, leading to loss of strength, elasticity, and durability, can result from chemical
reactions involving hydroxyl ions and alkali ions in Portland cement (or from other sources) with certain
siliceous constituents of aggregates in OPC concrete. The types of silica that are susceptible to alkalisilica reaction (ASR) are quartz with sufficiently strained or microcrystalline, tridymite, cristobalite, and
glass, which can occur in various rock formations such as opals, flints, cherts, etc. (Diamond S.,
1975). This can render the aggregates unusable or potentially detrimental to the performance of OPC
concrete. Therefore, ASR resistance in the presence of reactive aggregates is an important factor in
concrete durability.
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To evaluate the ASR resistance of CCSC concrete, highly reactive fused silica sand was used in this
study. Results of length change measurements with time are provided in Figure 4 using ASTM C227
mortar bars. The results show OPC mortar samples expanded beyond the threshold limit of 0.1%
within the first three weeks. After about 12 weeks, the expansion rate was significantly reduced. The
CCSC mortar showed slight expansion in the initial two weeks but did not expand further for the
duration of testing.

Length change (%)

These results show improved ASR resistance of CCSC in comparison to OPC used in this study.
Therefore, some of the reactive aggregates not usable in OPC concrete could potentially be used in
CCSC concrete.

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
0

10

20

30
40
Age (weeks)
OPC

50

60

70

SC

Figure 4. Length change of mortar bars made with ASR aggregate (fused silica) using ASTM
C227 procedures with both CCSC and OPC mixtures.
3.8

Sulfate resistance of the cement

Upon exposure to sulfate bearing soil or water, the paste of OPC concrete interacts with sulfate ions to
form gypsum and ettringite leading to expansion and cracking within hardened concrete. Recent
studies have also reported formation of thaumasite in colder regions. Thaumasite can cause severe
damage to concrete through deterioration of C-S-H, the primary binding phase within the cement
paste. As a result, hydraulic cements, especially those high in C 3A content, are susceptible to
structural cracking, loss of strength, stiffness reduction, or disintegration in the presence of sulfates
(Müllauer, W.,et al, 2013, Tian, B. & Cohen M. D., 2000).
Sulfate resistance of CCSC was evaluated by measuring the length change of mortar bars upon
exposure to sodium sulfate solution. Results of length change with time are provided in Figure 5. In
this test, OPC mortar samples expanded beyond the threshold limit of 0.1% in the first sixteen weeks
of exposure and continued to expand significantly. After about ~24 weeks the mortar bars expanded
by 0.5% and bowed. No further measurements were obtained for OPC mortar bars, as accurate
expansion measurements were unattainable. In contrast, the CCSC mortar bars showed negligible
expansion throughout the testing period.
In comparison to the reference OPC specimen, the CCSC specimen exhibited significantly improved
sulfate resistance. Therefore, concrete made with this type of cement may be suitable for use in
aggressive sulfate environments.
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Length change (%)
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Figure 5. Length change of mortar bars during exposure to sodium Sulfate solution.
4.

CONCLUSIONS


The production of CCSC typically emits about 30% less CO2 than the production of Portland
cement, and the total energy consumption is also about 30% less. Concretes made by
carbonating CCSC can achieve a reduction in carbon footprint by 50-70% compared to
conventional OPC-based concretes. This is achieved a) by reducing the CO2 emitted during
cement production from 810 kg per ton of OPC clinker to 565 kg per ton of CCSC clinker and
b) by consuming up to 300 kg of CO 2 per ton of this cement during the CO2-curing. The
carbonation of the cement produces calcite (CaCO3) and amorphous silica (SiO2).



The mechanical properties of CCSC-concrete are equivalent or better than OPC-based
concrete with a shorter curing period.



CCSC concrete passes freeze-thaw testing in fresh water as per ASTM C666 - procedure A
(Relative dynamic modulus of elasticity >90% after 540 freeze-thaw cycles).



CCSC concrete exhibits negligible mass loss due to scaling during the freeze-thaw testing.
Rather, the specimens have gained a small weight due to saturation of nano-pores.



CCSC mortar bars made with fused silica sand show minimum expansion. CCSC has an
excellent resistance to ASR.



CCSC mortar bars exposed to sodium sulfate solution show minimum expansion. CCSC has
an excellent resistance to sulfate attack.
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ABSTRACT
Autogenous and drying shrinkage are two important issues to consider in alkali-activated pastes,
mortars and concretes. In this study, a series of paste and concrete specimens were made
incorporating slag and fly ash as binders in different proportions (80/20, 70/30 and 60/40) and with
different water contents (effective water-to-binder of 0.37, 0.39 and 0.41). Autogenous shrinkage on
paste specimens (ASTM C1698) was found to decrease with increasing water dosage (effective waterto-binder of 0.37, 0.39 and 0.41) ratios and fly ash content (20, 30 and 40% of total binder content). In
all cases, the minimal observed autogenous shrinkage was at least three times higher than that of an
OPC paste with a water-to-binder ratio of 0.5. Concrete specimens tested for drying shrinkage all show
similar values of shrinkage of approximately 400 µm/m after 16 weeks of conditioning at 50% R.H. and
23°C. Early-cracking in concrete specimens is strongly correlated to the autogenous shrinkage
whereas higher shrinkage is linked to more cracking as observed by petrographic examination of
concrete specimens using the modified Damage Rating Index method.
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1.

INTRODUCTION

Autogenous shrinkage and drying shrinkage are two important volume change phenomena in concrete
that can lead to significant cracking depending on various parameters. Such cracking can aggravate the
risk of durability issues in concrete by increasing its effective permeability. Autogenous shrinkage is the
result of a process called self-desiccation, which is the decrease in water content inside the capillary
pores during the hydration process, as a result of the volume reduction characterizing the chemical
reaction between portland cement and water. As for drying shrinkage, it is caused by the removal of
pore water from the concrete (drying), which occurs as soon as the material is exposed to a medium
with a lower relative humidity, until moisture equilibrium is reached. In either cases, it is the loss of
adsorbed water from the gel particles that yields most of the observed volume variation (Neville, 2011).
Alkali-activated concretes have drawn much interest in the recent years for their low environmental
footprint (McLellan et al., 2011) and their excellent engineering properties (Häkkinen, 1993; Bernal,
Mejía De Gutiérrez and Provis, 2012; Fang et al., 2018). Yet, these materials show higher shrinkage
values (Collins and Sanjayan, 1999; Ma and Ye, 2015) when compared to OPC systems and a greater
understanding of this issue is needed. In alkali-activated slag/fly ash concretes, the occurrence of earlyage cracking has been linked to significant autogenous shrinkage, which was found to be reduced by
increasing both the added water dosage and fly ash content (Rodrigue et al., 2018). Work by Fang,
Bahrami and Zhang ( 2018) demonstrates how higher slag contents result in higher autogenous
shrinkage, whereas the chemical process responsible for the microstructure formation and material
hardening is accelerated with increasing slag contents. Lee, Jang and Lee (2014) also reported higher
autogenous shrinkage, but lower chemical shrinkage with alkali-activated slag/fly ash systems
compared to OPC systems. These higher autogenous shrinkage values in slag/fly ash systems seem
to be mostly associated with the higher water bonding properties of C-A-S-H gels resulting from the use
of slag, which allows less free water in the hardening paste (Gao, Yu and Brouwers, 2016). Although
most of the observed cracking seems to result from autogenous shrinkage, a combination of shrinkage
phenomena must be considered. In slag/fly ash systems, higher slag contents and lower sodium silicate
to sodium hydroxide ratios result in higher drying shrinkage values (Sarathi, Nath and Kumar, 2015;
Hojati and Radlińska, 2017).
This study aims at identifying the dominant type of shrinkage behind crack generation in alkali-activated
slag/fly ash concretes. Autogenous shrinkage and drying shrinkage tests were carried for a range of
mixtures with different binder proportions and added water contents.
2.

EXPERIMENTAL PROGRAM

2.1
Materials
Table 1 presents the elemental analysis of the two different precursor materials investigated in this
study. The Blaine fineness values for the blast furnace slag and class F fly ash are of 479 and 334
m²/kg, respectively. Table 2 shows the bulk density and absorption values for the 20-mm crushed
granitic gneiss (Quebec, Canada) and natural granitic sand used respectively as coarse and fine
aggregates for concrete mixture manufacturing.
Table 1. Composition of blast furnace slag and class F fly ash precursors in major oxides %
Oxides, wt.%

SiO2

Al2O3

CaO

MgO

Fe2O3

Na2O

K2O

TiO2

LOI

Slag Gr. 80

37.74

10.75

36.20

12.62

0.50

0.41

0.49

0.91

-0.8

Class F Fly
Ash

56.72

24.07

9.29

1.05

3.14

2.50

0.64

0.65

1.2
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Table 2. Physical properties of the coarse and fine aggregates
Aggregates
Bulk density

Absorption (%)

Coarse (granitic gneiss)

2.66

0.72

Fine (derived from granite)

2.67

0.64

The alkaline activator was obtained by combining a sodium silicate solution (28.7% SiO2, 9.0%
Na2O and 62.3% water) with an 8M sodium hydroxide solution, at a sodium silicate to sodium
hydroxide ratio (Ss/NaOH) of 0.5. A fixed activator to binder ratio of 0.35 was used and all activators
were prepared 24 hours before mixing.
2.2
Paste and concrete mixtures
Five paste mixtures were prepared (Table 3) and were tested for autogenous shrinkage. All
concrete mixtures (Table 4) were prepared with a binder content of 400 kg/m³. These concretes
were tested for drying shrinkage.
Table 3. Alkali-activated slag/fly ash paste mixtures
Slag
Fly ash
Mixture
Activator/binder
(% of binder) (% of binder)
D1
80
20
D2
80
20
D3
80
20
0.35
D4
70
30
D5
60
40
Table 4. Alkali-activated slag/fly ash concrete mixtures
Coarse aggregate
Binder
(kg/m3)
Sand
Mixture (slag/FA)
3
(kg/m ) 5-10
10-14
14-20
(%)
Total
mm
mm
mm
R1

80/20

R2

60/40

Addedwater/binder
0.16
0.14
0.12
0.14
0.14

Na2SiO3/NaOH

0.5

NaOH
(kg/m³)

Na2SiO3

(kg/m³)

Added
Water
(kg/m³)
52
52

670

312

312

416

1040

94

47

R3

60/40

56

R4

80/20

56

2.3

Test methods

2.3.1 Autogenous shrinkage of paste specimens
The autogenous shrinkage of alkali-activated slag/fly ash pastes was evaluated in accordance with
ASTM C1698 standard test method for autogenous strain of cement paste and mortar. Five alkaliactivated paste mixtures (two specimens per mixture) were tested, together with the refence
portland cement paste (w/cm=0.50). In accordance with the test procedure, the specimens were
prepared by pouring fresh paste into a corrugated plastic tube, serving both as a mold and as a
sealing jacket, and stored right after in a conditioning chamber kept at 50 % R.H. and 23 ± 1°C.
Two specimens were prepared for each mixture tested. After final setting of the paste material
being tested, the initial length of the tubes was immediately recorder and thereafter determined at
1, 3, 7, 14 and 28 days.
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2.3.2 Drying shrinkage of concrete specimens
The drying shrinkage of alkali-activated slag/fly ash concretes was evaluated in accordance with
ASTM C157 standard test method for length change of hardened hydraulic-cement mortar and
concrete. Four alkali-activated mixtures (six specimens per mixture) were tested. The test
specimens were 100 x 100 x 285 mm prisms. The specimens were removed from their molds after
23½ ± ½ hours after mixing, measured for initial value and stored in lime-saturated water at a
temperature of 23 ± 2 °C for a period of 28 days including the period in the molds. After curing,
three specimens per mixture were kept in lime-saturated water and three others were kept at a 50
% R.H., in both cases at a temperature of 23 ± 2 °C. The specimens stored in lime-saturated water
had their length measured at 8, 16, 32 and 64 weeks including the curing period, while the airstored specimens had their length measured at 4, 7, 14 and 28 days and after 8, 16, 32 and 64
weeks.
2.3.3 Damage evaluation through petrographic examination
An evaluation of the extent of microcracking in all concrete mixtures was performed through
petrographic examination using the modified DRI test method (Villeneuve, Fournier and Duchesne,
2012). This test method was initially developed to quantify damage due to alkali-silica reaction
(ASR) in concrete by counting the occurrences of selected petrographic features associated with
deterioration on polished concrete sections. In the modified procedure used in this study, only
cracks were counted. Examinations were carried out on one cylinder from each tested concrete
mixture, cut longitudinally for the purpose in two halves after 7 days of moist curing at 23°C. One
of the two resulting flat surfaces was then polished with a portable polishing device using diamondimpregnated rubber disks (no. 50 (coarse), 100, 400, 800 to 1500 (very fine)), yielding a surface
texture suitable for petrographic examination. A grid with squares of 10 x 10 mm in size was then
drawn on each polished section and the specimen was thoroughly examined under a
stereomicroscope (15x magnifications) to count the number of cracks in the paste for every 100
mm2 square of the grid. Two polished sections were examined for each mixture tested in this study.
2.3.4 Statistical errors
The test results were analysed taking into account their statistical variation using the student
distribution with a 95 % confidence interval.
3.

RESULTS OF LENGTH CHANGE EXPERIMENTS

3.1
Sealed paste specimens
Figure 1 shows the length change test results of sealed alkali-activated paste specimens as a
function of time. All tested paste mixtures show significantly higher autogenous shrinkage after 28
days than the standard OPC paste (water-to-binder ratio of 0.5); however, increasing the fly ash
content and added water dosage both result in decreasing autogenous shrinkage at a given time
in alkali-activated paste systems.
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Figure 1. Autogenous shrinkage of alkali-activated paste mixtures prepared with different
fly ash contents and added water dosages
3.2
Immersed concrete specimens
Figure 2 shows the length change test results recorded for the alkali-activated slag/fly ash concrete
specimens immersed in lime-saturated water. Shrinkage values seem to reach their peak at 28
days in lime-saturated water before decreasing back to their initial length at approximately 56 days.
After 56 days, all tested concretes exhibited net swelling after 100 days.
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Figure 2. Shrinkage of alkali-activated slag/fly ash concrete specimens placed in
saturated-lime water

3.3 Drying concrete specimens
Figure 3 presents the length change test results recorded for alkali-activated slag/fly ash concretes
stored at 50% RH. All four tested mixtures show a similar behaviour, with average deformations at
448 days ranging from 470 to 530 µm/m and a large fraction of which being reached within the first
100 days.
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Figure 3. Shrinkage of alkali-activated slag/fly ash concrete placed at 23°C and 50% RH
3.4
Damage of concrete specimens
Figure 4a presents the crack count in the paste normalized to 100 cm² for the alkali-activated
concretes with a fixed 20% fly ash content and different added water dosages (48, 56 and 64
kg/m³). Increasing the added water dosage between 48 and 56kg/m³ resulted in a significant
reduction in crack counts, i.e. from 3.87 to 1.53 cracks per cm², respectively. Figure 4b presents
the crack count in the paste normalized to 100 cm² for alkali-activated concretes prepared with a
fixed added water dosage of 56 kg/m³ and different fly ash contents (20, 30 and 40%). Increasing
the fly ash content results in a significant reduction in crack counts notably from 20 (1.53 crack/cm 2)
and 30% (0.49 crack/cm 2). A fly ash content of 40% resulted in an average crack count of 0.29
crack per cm²
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3.0
2.0
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1.8
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Figure 4. Influence of (a) added water dosage for the 80/20 % slag/fly ash concrete mixture
and (b) fly ash content for the slag/fly ash concrete mixtures prepared with an added water
dosage of 56 kg/m³ on the average crack count in the paste.
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4.

DISCUSSION

Early-age cracking in alkali-activated slag/fly ash concretes seems to be mostly related to
autogenous shrinkage of the paste. As observed, concrete specimens kept in lime-saturated water
have shown significant shrinkage between 0 and 28 days before showing gradual swelling.
Autogenous shrinkage being the consequence of capillary tensions resulting self-desiccation
occurring within the capillary pore structure during paste hydration, it is reasonable to affirm that
more water in the system at the beginning of the process will result in lower tensions. As a matter
of fact, increasing the added water content in the tested paste mixtures did result in lower
autogenous shrinkage values. In addition, it is well documented that the use of fly ash in alkaliactivated systems results in the formation of N-A-S-H gels (Palomo, Grutzeck and Blanco, 1999;
Duxson et al., 2007), whereas the use of slag in alkali-activated systems favors the formation of CA-S-H gels (Richardson et al., 1994; Puertas et al., 2011; Myers et al., 2013). In slag/fly ash
systems C-A-S-H, N-A-S-H and even an hybrid N-(C)-A-S-H gel (Garcia-Lodeiro et al., 2011; Ismail
et al., 2014) co-exist. These gels have different water binding capabilities and formation rates. CA-S-H gels will incorporate more water in their structure (Provis et al., 2012) thus leaving less free
water in the forming paste which implies a higher volumetric deficit in the process of paste formation
at an age where the mechanical strength of the paste is low. Conversely, alkali-activation of fly ash
to form N-A-S-H gels at ambient temperatures is much slower than what is observed with slag.
Therefore, paste with higher proportions of forming N-A-S-H gels could potentially temper the earlyage cracking by lowering the overall stiffness of the forming paste, while autogenous shrinkage
takes place. Moreover, high alkali concentrations in solution have been linked to higher shrinkage
values (Duran Atiş et al., 2009; Yao, Yang and Zhang, 2016; Ballekere Kumarappa, Peethamparan
and Ngami, 2018) and are related to high slag contents which bind less alkali ions in the resulting
C-A-S-H gels. The strong correlation found between the values of autogenous shrinkage on paste
specimens and the observed cracking on equivalent concrete specimens of this study are
consistent with the aforementioned observations. Increasing both the fly ash content and added
water dosage resulted in decreasing autogenous shrinkage and decreasing crack counts.
As for drying shrinkage, the four tested concrete mixtures did not show a significant difference in
terms of long-term length change values. Therefore, the different added water dosages and fly ash
contents tested in this study did not significantly influence the magnitude of drying shrinkage.
However, the average 448-day shrinkage value of 508 µm/m for the above four concrete mixtures
is somewhat lower than that of typical OPC concretes of equivalent mechanical strength. Table 5
shows the typical shrinkage values of mortar and concrete specimens (127 mm square in crosssection, 21°C and 50% RH) (Lea, 1970). For an aggregate-to-cement ratio of 2.6 as tested in the
present study, it is reasonable to conclude that the obtained average shrinkage is comparatively
lower than that of equivalent OPC specimens.
Table 5. Typical values of shrinkage of mortars and concrete specimens (127 mm square
cross-section, stored at 21°C and 50% R.H.) (Lea, 1970)
Shrinkage (µm/m) after 6 months for water-to-cement ratio of:
Aggregate/cement
ratio
0.4
0.5
0.6
0.7
3
800
1200
4
550
850
1050
5
400
600
750
850
6
300
400
550
650
7
200
300
400
500
These results strengthen the belief that autogenous shrinkage is the main contributor to the issue
of early-age cracking in these alkali-activated systems. Additional work regarding chemical
shrinkage and pore size distribution analysis should be done to improve our understanding of the
phenomena and mechanisms responsible for early-age cracking in these systems.
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5.

CONCLUSION

This study has provided additional data evidencing that autogenous shrinkage plays an important
role in early-age cracking affecting many alkali-activated slag/fly ash systems. Conversely, the test
results confirm that drying shrinkage is not a significant contributing factor to early-age cracking.
The main findings of this study can be summarized as follows:





Increasing the added water content of slag/fly ash alkali-activated paste mixtures resulted
in decreasing autogenous shrinkage values.
Increasing the fly ash to slag content of the precursor in alkali-activated paste mixtures
resulted in decreasing autogenous shrinkage values.
The overall average drying shrinkage of the alkali-activated slag/fly ash concretes tested
in this study is somewhat lower than what is typically reported for in OPC concretes with
comparable aggregate volume fraction.
A strong correlation exists between autogenous shrinkage of paste specimens and the
average crack density observed on equivalent alkali-activated slag/fly ash concretes, with
higher autogenous shrinkage values corresponding to higher crack counts.
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ABSTRACT
Supersulfated cements (SSC) were discovered more than a hundred years ago, and used for
notorious constructions such as the “Palais de Chaillot” in Paris. SSC is an hydraulic binder composed
mainly of ground granulated blast furnace slag (GGBS) and calcium sulfate (gypsum or anhydrite most
of the time). These cements have unique durability properties, especially regarding chloride ingress
resistance, but they are not commonly used partly due to their very low initial strength development
compared to ordinary Portland cement (OPC). However, SSC reduces CO2 emissions up to 94%
compared to OPC. This study aims to present the characterization of a revisited version of
supersulfated cement having an improved initial strength. Strength development was assessed on old
and new formulation for ambient temperature conditions. Durability parameters were also evaluated:
carbonation, durability indicators (chloride diffusion coefficient, gas permeability, capillarity absorption,
open porosity accessible by water). The results showed that the formulation developed allowed
improved initial strengths and controlled workability parameters, without affecting the durability of the
concrete known for this type of binder. Improved SSC formulation was assessed to increase the
mechanical and durability performances of this type of binder, which could be an alternative to reduce
CO2 emissions.
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1.

INTRODUCTION

Supersulfated cements (SSC) were discovered more than a hundred years ago, and used for notorious
constructions such as the Palais de Chaillot (1937) in Paris (Figure 1). SSC are hydraulic binders, the
composition of which is regulated by the European standard EN 15743. They are mainly composed of
Ground Granulated Blast Furnace Slag (GGBS) and calcium sulfate (Table 1). These cements have
good durability properties, especially regarding chloride and sulfate resistances (Moranville-Regourd
2004, Juenger et al. 2011). Moreover, SSC reduces CO2 emissions up to 94% compared to OPC (Figure
2).
Although SSC are authorized by EN 206 to be used in concrete, they are not commonly found partly
due to their low initial strength development compared to ordinary Portland cement (Juenger et al. 2011).
The early strength at 1 day frequently remains under 4 MPa (Divet & Le Roy 2013), which might be
considered insufficient regarding industrial applications, due to rapid rate constraints in modern
construction.
This study aims to present the characterization of revisited versions of supersulfated cement having
improved initial strengths. Mechanical and durability properties of SSC concretes are assessed and
discussed.
900
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Figure 2. CO2 production of Portland
cement and supersulfated cements, in kg
per ton of binder (data from Ecocem).

Figure 1. Palais de Chaillot (Paris, 1937), made
of concrete with supersulfated cement.

Table 1. Composition of supersulfated cements, as defined by European standard EN 15743

2.

GGBS

Calcium sulfate

Portland clinker

> 75%

5 to 20%

< 5%

MATERIALS AND METHODS

The supersulfated cements were composed of 78% GGBS (of three different finenesses F1, F2 and F3
respectively at 4400, 5300 and 6800 cm²/g), 20% calcium sulfate and 2% clinker. The GGBS was from
Ecocem Fos/Mer. The chemical composition of the GGBS and clinker are given in Table 1. Three types
of calcium sulfates were used in this study (CS1, CS2 and CS3, classified from least to most soluble),
but cannot be revealed due to industrial constraints. The aggregates were composed of quartz and
ranged from 0 to 12mm. The grading curve of coarse and fine aggregates was determined by optimizing
the packing (Emma software). A commercial superplasticizer and a retarding agent were also used.
Table 2. Chemical composition of the cement and GGBS (% in mass)
CaO

SiO2

Al2O3

MgO

Fe2O3

K2O

Na2O

SO3

Clinker

62.0

23.3

5.8

2.4

2.9

0.6

0.2

1.6

GGBS

41.1

35.4

12.7

7.3

0.6

0.4

0.5

2.0
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The concrete compositions are given in Table 3. Seven SSC concretes were designed, all with the same
binder and aggregate contents, but by varying either the fineness of the GGBS, the type of calcium
sulfate or the water-binder ratio. A concrete made of CEM I was used as a reference. Each concrete
contained 350 kg/m3 of binder and the same amount of aggregates. The water-binder ratios were taken
at 0.35 and 0.40 for the SSC concretes, and at 0.50 for the reference concrete. It is known that the water
content of SSC must be lower than for Portland cement to reach the same performances, especially for
the surface carbonation of the hydrated cement (Bijen & Niël 1981). The superplasticizer content was
adjusted to achieve the targeted slump (S4 – 16 to 21 cm) of the concretes.
Each batch comprised around 42 L of concrete. After a workability test (slump with Abrams’ cone, EN
12350-2) and air content measurement (EN 12350-7), the concrete was cast in moulds for mechanical
and durability tests: 7*7*28 cm prism moulds for accelerated carbonation test, 10-cm cubic moulds for
compressive strength, 11-cm diameter x 5-cm height for chloride migration, 11-cm diameter x 1.5-cm
height for water porosity tests (this point is discussed later), and 11-cm diameter x 5-cm height for the
gas permeation test. After 24 h of sealed curing at 99% humidity, specimens were cured at 20°C under
water until the testing age (1, 7 or 28 days, depending on the test).
Table 3. Concrete compositions
Binder
(kg/m3)

Aggregates
(kg/m3)

Efficient water
(kg/m3)

SP (%)

Retarder
(%)

W/B

A- F1

CS1 W0.40

350

1897

140

0.29

0.05

0.40

B- F1

CS2 W0.40

350

1897

140

0.32

0.05

0.40

C- F2

CS2 W0.35

350

1897

122.5

0.41

0.05

0.35

D- F2

CS2 W0.40

350

1897

140

0.33

0.05

0.40

E- F2

CS3 W0.40

350

1897

140

0.29

0.05

0.40

F- F3

CS2 W0.35

350

1897

122.5

0.38

0.05

0.35

F3 CS2 W0.40

350

1897

140

0.31

0.05

0.40

350

1897

175

0.68

/

0.50

G-

R- CEM

I W0.50

F = GGBS fineness: F1 < F2 < F3; CS = Calcium Sulfate type, 3 CS tested: CS1, CS2 and CS3, W =
Water/Binder ratio; SP: superplasticizer (in % of the binder mass); Retarder: in % of the binder mass
The performance indicators assessed at 28 days of curing in this study were the so-called general
durability indicators, namely compressive strength, water porosity, capillary absorption, gas
permeability, diffusion of chloride ions, depth of carbonation and portlandite content. Compressive
strength tests were carried out according to EN 12390-3 after 1, 7, 28 and 90 days on 10-cm cubes
specimens using a hydraulic press that could exert a pressure of up to 400 tons. The protocols to
determine water porosity and capillary absorption are described in the French standards NF P18-459
(just the size of the sample was changed) and NF EN 772-11, respectively. Chloride diffusivity was
assessed from the non-steady state migration test, NT Build 492, after 28 days of curing. This test
consists in measuring the resistance of the material to chloride penetration (constant electrical field).
Gas permeability was measured at relative pressures of 1.0 bar (absolute pressure of 2 bars) to assess
apparent permeability (NF XP P18-463). Finally, accelerated carbonation testing was performed
according to EN 12390-12 in a carbonation chamber at 20°C and 50% RH with 4% CO2. All the values
presented are averages of three measurements on different samples.
It should be noted that the preconditioning of the specimens for durability testing was made at a
temperature of 40°C, instead of the temperature of 105°C required by the standards. As ettringite is one
of the main hydrates of SSC and it is well known that this compound is unstable beyond around 60-70°C
(Ndiaye et al. 2017), it was decided to use a lower temperature for the preparation of the samples before
testing. This point is discussed in the last section of the paper.
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3.
3.1

RESULTS
Fresh state

Table 2 reports the properties of concretes at fresh state. The slumps were between 17 and 21 cm (S4
according to EN 206) even for low W/B, thanks to the adjustment of the superplasticizer. It should be
noted that the increase of SP content remained low for W/B of 0.35, as seen in Table 1. The air content
was mostly around 2.5-2.7%, slightly lower than OPC, which contained more water (W/B=0.5). The
specific gravity of SSC concretes was around 150 kg higher per m 3, probably due to the lower W/B of
SSC.
Table 4. Properties of the concretes at fresh state
Air content (%)

Specific gravity (kg/m3)

A- F1

CS1 W0.40

17

2.1

2260

B- F1

CS2 W0.40

21

2.5

2330

C- F2

CS2 W0.35

17

2.6

2320

D- F2

CS2 W0.40

21

2.7

2360

E- F2

CS3 W0.40

17

2.7

2320

F- F3

CS2 W0.35

17

2.6

2380

F3 CS2 W0.40

21

3.5

2320

20

4.2

2180

G-

R- CEM

3.2

Slump (cm)

I W0.50

Compressive strength

Figure 3 presents the compressive strength on 10-cm cubes of the concretes and highlights the effect
of the three main parameters studied: GGBS fineness, type of calcium sulfate and water-binder ratio.
3.2.1 GGBS fineness
Obviously, the increase of GGBS fineness improved the strength, especially at young age. For instance,
concretes Fx CS2 W0.40 (x=1, 2 and 3) had 1-day strengths of 6.3, 10.4 and 15.0 MPa, respectively.
Fineness of the binder is thus one of the leverage effect to improve short-term performances, as strength
can be more than doubled when GGBS is more grinded.
3.2.2 Type of calcium sulfate
It can have a significant effect at all ages, as seen for the two concretes on the left-side of Figure 3,
where CS1 and CS2 were used while all the rest remained equivalent. CS1, which is a classical
anhydrite used in the concrete industry and in old generation SSC, retarded strongly the strength
development, as it was impossible to demould the concrete at 1 day. The very low strength at short term
of SSC concrete made of CS1 could be thus a real problem on the work site. Even at longer terms, the
strength of F1 CS1 W0.40 (concrete A) remained quite low compared to other SSC concretes: less than
30 MPa at 7 days and slightly higher than 40 MPa at 28 days. The use of other sources of calcium
sulfate, more soluble, helped improve significantly the strength of concretes at all ages, especially at 1
day (B- F1 CS2 W0.40 vs A- F1 CS1 W0.40). The improvement of performances due to the source of
calcium sulfate concerned here CS2 and CS3, which led to almost equivalent results (Figure 3: D- F2
CS2 W0.40 vs E- F2 CS3 W0.40).
3.2.3 Water-binder ratio
As expected, the decrease of W/B, from 0.40 to 0.35, had a significant effect on the strength. For the
intermediate fineness of GGBS (F2), gains around 3 and 10 MPa were attained at 1 and 28 days,
respectively (D- F2 CS2 W0.40 vs C- F2 CS2 W0.35). In the case of F3, the effect of the water content
was even stronger for short-term, as the strength was doubled at 1 day (G- F3 CS2 W0.40 vs F- F3 CS2
W0.35), the longer terms being equivalents.
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3.2.4 Synergic effect of GGBS particle size, type of sulfate and water content
A synergic effect of GGBS particle size, type of sulfate and water content can be highlighted, as the
combined effect of these three parameters was higher than their sole effect. For instance, at 1 day:
- Fineness F1 to F3 (mixture B  mixture G): +8.7 MPa (15.0-6.3)
- Calcium sulfate CS1 to CS2 (mixture A  mixture B): +6.3 MPa (6.3-0)
- Water-binder 0.40 to 0.35 (mixture D  mixture C): +2.7 MPa (13.1-10.4)
The total effect could thus reach +17.7 MPa at 1 day (8.7+6.3+2.7), but it can be seen that modifying
simultaneously the three parameters (mixture A- F1 CS1 W0.40  mixture F- F3 CS2 W0.35) led to an
increase of 31.7 MPa, proving a significant synergic effect.
This synergic effect is the optimal solution to solve the short-term lack of performance of old generation
SSC concrete, as the reality of modern construction requires improved 1-day strength. F3 CS2 W0.35
(mixture F) reached more than 30 MPa at 1 day, compared to 0 for F1 CS1 W0.40 (mixture A), the latter
being seen as a SSC concrete of the old generation. High strength concretes can even be achieved,
with 70 MPa reached at 28 days, which could be a real advantage regarding the durability of the
structure.
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3.2.5 SSC vs CEM I
The concrete with CEM I had a 1-day compressive strength higher that SSC concretes, except for the
optimized one with high GGBS fineness and low water content (F- F3 CS2 W0.35). However, the
strength at longer term (28 days) of SSC could be equivalent, or even higher than CEM I, depending on
the leverages used to improve the performance of SSC: GGBS fineness, type of calcium sulfate, water
content, or a combination of these parameters. For instance, it could be noted that high fineness of
GGBS (e.g. F3, with W/B of 0.35 or 0.40) led to much better long-term strength than the CEM I concrete
of this study (W/B=0.50).

Figure 3. Compressive strength of the concretes at 1, 7, 28 and 90 days
3.2.6 Hardening kinetics
Figure 4 shows the hardening kinetics in terms of relative compressive strength of three SCC concretes
compared to CEM I concrete. It can be seen that old generation SSC concretes such as F1 CS1 W0.40
(concrete A) are far from CEM I in terms of strength development at young age, as for high GGBS
content concretes (e.g. based on CEM III/C). Changing the source of calcium sulfate helped to improve
the short-term kinetics of hardening (e.g. concrete B: F1 CS2 W0.40), but without reaching the reference
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concrete made of CEM I. Only the synergic effect of fineness, choice of calcium sulfate and water
content allows the development of a GGBS-rich concrete (e.g. concrete F: F3 CS2 W0.35) with a similar
hardening kinetics as a Portland cement concrete.
At longer terms, it is noteworthy that the increase in strength (relative to 28 days) of the SSC concretes
was at least 10% higher than the CEM I concrete (which remained at the same value). It means that
SSCs still have hydration reserves and thus should gain more performance over time.

Relative strength (fc/f28)

1.2

1.0

R- CEM I W0.50
0.8

A- F1 CS1 W0.40

0.6

B- F1 CS2 W0.40
0.4

0.2
0.0
0

10

20

30

40

50

60

70

80

90

Age (days)

Figure 4. Relative compressive strength of SCC concretes A, B and F, compared to CEM I
concrete (R)
3.3

Durability

The durability was assessed for SSC concretes A, B and F, compared to reference concrete made of
CEM I (concrete R). Table 5 shows the results of durability testing of concretes cured 28 days, including
the capillary absorption at 48h, the porosity accessible to water, the gas permeability, the chloride
migration coefficient, and the carbonation depth after 28d (after the initial period of curing) in a 4% CO 2
atmosphere.
Table 5. Concrete durability - Relative results compared to F1 CS1 W0.40 (old generation SSC)
A
F1 CS1 W0.40

B
F1 CS2 W0.40

F
F3 CS2 W0.35

R
CEM I W0.50

Capillary absorption after 48h
(kg/m2)

4.6

2.1

1.2

3.3

Porosity (%)

13.5

12.5

8.2

11.3

Gas permeability
(10-18 m2)

921

76

36

48

Chloride migration coefficient
(10-12 m2/s)

0.41

0.34

0.30

20.4

Carbonation depth (mm) after
28d in a 4% CO2 atmosphere

17.5

13.5

10.1

6.2

3.3.1 Capillary absorption
Figure 5 presents the capillary absorption kinetics (as the square root of time) of the four concretes. It
could be noted that the curves did not follow a straight line, but showed a decreasing slope over time.
This indicates that smaller capillary pores were gradually filled (Balayssac et al. 1993).
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It can be seen from Figure 5 that concrete A (similar to old generation SSC) performed badly, as it
absorbed a significant amount of water compared to other concretes, for instance the reference made
of CEM I. Concrete A was also the one having the lowest strength at 28 days, as well as a lower kinetics
of hydration. As for the hydration kinetics, a modification of the source of calcium sulfate (concrete B:
F1 CS2 W0.40) helped to improve the water absorption of SSC, with a better performance than the
reference. As it could be expected from the precedent results (Figures 3 and 4), the use of a finer GGBS
and an adapted calcium sulfate, combined to a low water content (concrete F: F3 CS2 W0.35), was
strongly beneficial to the water absorption. Concrete F should then be very performant in terms of
durability, as confirmed in Table 5, as all the properties of SSC concretes were better in the following
order: F > B > A.

Capillary absorption (kg/m2)
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3.5
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Figure 5. Capillary absorption kinetics of SSC concretes A, B and F, compared to reference
concrete made of CEM I (concrete R)
3.3.2 Porosity and Gas permeability
Figure 6 presents the gas permeability and the porosity of SSC concretes A, B and F, compared to
reference concrete R, the results being plotted as a function of the compressive strength at 28d. As
expected, a general tendency was observed, highlighting a decrease of the gas permeability and
porosity as the strength increased. For a similar level of strength (B vs R), the concrete with CEM I
performed better than the SSC. However, it was still possible to improve the behaviour of SSC by
choosing the proper formulation parameters (fineness, sulfate and water).
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Figure 6. Gas permeability and porosity against compressive strength at 28d of SSC concretes
A, B and F, compared to reference concrete made of CEM I (concrete R)
3.3.3 Chloride migration
Figure 7 shows the chloride migration coefficient of SSC concretes A, B and F, compared to reference
concrete R, plotted as a function of compressive strength at 28d. A slight decrease of the migration
coefficient can be observed from concretes A to B to F, but the major outcome remains the huge gap
between SSC and CEM I. A factor 60, in favour of SSC, is calculated between concretes B and R,
although both concretes had almost the same strength. The reason why supersulfated cements are
more effective is related to their ability to trap very high amounts of chlorides in their hydrates (Juenger
et al. 2011). SSC are thus more appropriate than CEM I to be used in marine environment.
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Chloride migration coefficient
(10-12 m2/s)

3.3.4 Carbonation
Figure 8 reports the carbonation depth of the specimens kept 28 days at 4% CO 2, using the same
representation as the precedent figures. The adjustments of the formulation parameters allowed us to
enhance the carbonation behaviour of the SSC concretes, but it was not possible to reach the resistance
of the CEM I. These results are consistent with those found in the literature (Juenger et al. 2011).

R
10

1

A

B

F

0.1
40

45

50

55

60

65

70

75

80

Compressive strength at 28d (MPa)

Figure 7. Chloride migration coefficient against compressive strength at 28d of SSC concretes
A, B and F, compared to reference concrete made of CEM I (concrete R)
Although the transfer properties of SSC concretes could be similar or even better than the ones of CEM I
(as illustrated in Figure 9), the carbonation resistance was poorer for SSC. The main reasons are that
SSCs do not have lime reserves like CEM I (e.g. portlandite), and that the ettringite formed in high
quantity in SSCs are very unstable in the presence of CO 2. The carbonation of SSC decomposes
ettringite to form calcite, gypsum and aluminium hydroxide (Grounds et al. 1988), and thus leads to a
significant coarsening of the pore structure and an increase of the capillary porosity (Matschei et al.
2005). The carbonation might be prevented by blocking the penetration of ambient air, especially during
early hydration, mainly by wet curing.
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Figure 8. Carbonation depth against
compressive strength at 28d of SSC
concretes A, B and F, compared to reference
concrete made of CEM I (R)
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DISCUSSION
W/B vs durability

Supersulfated cements are durable binders, as evidenced by the Palais de Chaillot in Paris inaugurated
in 1937 and still in very good condition. However, they must be used with a lower water content than
Portland cement concretes to ensure their durability. The hydrates formed in the supersulfated cements
are essentially C-S-H and ettringite. However, the ettringite must be protected by closing the porous
network as much as possible, which is commonly achieved by reducing the water content of the
supersulfated cement concretes.
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In order to illustrate the harmful effect of high W/B when using SSC, the results of a study, which aimed
to evaluate the conformity of several supersulfated cements developed for industrial purposes, are
presented. The standard EN 15743:2015 stipulates, when determining the strength class of SSC
cements, that “the current resistance of a supersulfated cement is the compressive strength determined
in accordance with EN 196-1 at 28 days”. This implies a water/cement ratio of 0.5. Twelve SSC cements,
coded from A to L, were all made with supersulfated binders of different compositions, yet remaining in
conformity with the EN 15743 standard. The compressive strengths at 28 days of the mortars cast at
W/B=0.5 are given on the left-side of Figure 10. The results show that only two of the twelve cements
entered the 32.5 category (according to EN 197-1) when evaluated with 50% of water. It should be noted
that these cements were successfully used to produce good performance concretes with an adequate
rheology. This was the case of binder H, which does not comply with a 32.5 binder when the W/C on
mortars was set at 0.5 (strength too low at 28 days), whereas it has been demonstrated in this paper
(concretes C and D) that it was possible to achieve good performance concretes with the same binder,
with more than 50 MPa at 28 days (Figure 3). With the present standard fixing the W/B at 0.5, these
SSC could not be allowed for concrete manufacturing.

Compressive strength at 28d (MPa)

Decrease the W/B to 0.4 allows the mortars to reach the required values to classify the SSC in the 32.5
and even 42.5 category of cements (right side of Figure 10). These SSC would be in conformity with
European standards, and could thus be used to manufacture concrete for industrial applications.
strength class
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Figure 10. Compressive strength of mortars (W/B=0.5 and 0.4) made of SSC, in order to
determine the strength class according to European standards
4.2

Preconditioning of samples for durability testing of SSC

Several tests intended to rapid evaluation of durability (e.g. porosity, permeability, carbonation, etc.)
require the preconditioning of the samples to bring them at a given state of saturation or humidity. As
these tests were develop based on Portland cement concrete, the heating temperature of the specimens
is usually around 105°C. This temperature, which is already high even for Portland cement hydrates
such as C-S-H, is unsuitable for hydrates like ettringite, an important product formed during the hydration
of supersulfated cement. Ettringite is known to be destroyed at temperature higher than 60-70°C, so the
use of 105°C for preconditioning surely alters the microstructure (and maybe provokes microcracking)
of the concrete and thus leads to inaccurate durability results and misleading interpretations.
The effect of temperature treatment on mineralogical composition of SSC hydrates is illustrated on
Figure 11, which shows X-ray diffraction diagrams of a SSC paste cured 1 year at 20°C, then heated
24h at 40°C and 105°C. It can be seen that after one year at 20°C, the SSC paste contained mainly
ettringite and gypsum as crystallized phases, and an amorphous phase probably composed of
unreacted GGBS and C-(A)-S-H. The heat treatment at 40°C did not alter the hydrates, while the use of
105°C completely modified the crystalline phases. At this temperature, ettringite was decomposed and
gypsum was transformed to hemihydrate and anhydrite.
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Such modifications in the SSC microstructure will certainly have impacts on the durability properties
measured by the mean of accelerated tests. That is the reason why it should be recommended to use
a lower temperature (e.g. 40 or 50°C) to prepare the SSC samples before testing. However, a lower
heating temperature could also lead to misinterpretation, as the pores of the materials might remain
partially saturated, especially for large specimens.
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Figure 11. XRD of a SSC paste cured 1 year at 20°C, then heated 24h at 40°C and 105°C
4.3

Adaptation of the protocols for durability testing

As preconditioning of SCC concretes at 105°C should not be recommended due to the destruction of
ettringite, tests were carried out to dry samples at 40°C until constant mass. An example of the
preconditioning influence on porosity measurement by water intrusion on a SSC concrete is given in
Table 6 (5 cm thickness instead of 1.5 cm for the results given in Table 5).
It can be seen that the results of porosity were quite different depending on the preconditioning
temperature, as the drying until constant mass at 40°C led to a porosity of 5%, i.e. 10% lower than a
temperature of 105°C. According to AFGC (2004), a porosity of 5% is seen as a concrete of very high
durability, while 15% is associated to a low durability. Both values can be achieved on a same sample,
depending on the temperature used for the preconditioning.
Questions arise for both preconditioning temperature (Table 6):





When heating at 105°C, it is more than probable that a fraction of the ettringite was destroyed
by the high temperature, thus causing an increase of the porosity. This could lead to
misinterpretation of the results and underestimate the real durability of the SSC.
In the case of 40°C, water might still be present in the sample, although a constant mass is
reached at the end of the heating procedure, as smaller pores could be more difficult to
empty. A modification of the protocols by using smaller specimens to allow water to exit the
sample while heating at lower temperature should be recommended, as made in this study.
Even if the protocol is improved, it might be necessary to modify the absolute values defining
the borders between different classes of durability, to take account of alternative binders
such as SSC.

Table 6. Porosity of a SSC concrete, depending on the preconditioning temperature
40°C

105°C

Porosity

≈5%

≈15%

Durability class according to AFGC (2004)

Very high

Low

Question arising

Water still present in
small pores?

Increase in porosity due to
ettringite destruction?
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5.

CONCLUSION

The aim of this work was to characterize, in terms of compressive strength and durability, revisited
versions of supersulfated cement having improved initial strengths. The following conclusions can be
drawn:








6.

Concrete made of supersulfated cements can be cast with slumps between 17 and 21 cm,
by using water-binder ratios as low as 0.35, and without having to increase drastically the
superplasticizer content. These low W/B (which could still be decreased) are necessary to
achieve appropriate mechanical and durability properties.
Synergic effect of fineness, choice of calcium sulfate and water content allows the
development of a GGBS-rich concrete with improved short- (up to 32 MPa at 1 day) and
long-terms (more than 75 MPa at 28 days) strength, and eventually a similar hardening
kinetics than a Portland cement concrete.
Synergic effect of fineness, choice of calcium sulfate and water content could lead to high
performances in terms of durability, for instance transfer properties such as capillary
absorption, porosity, and gas permeability. The chloride migration is especially improved in
SSC systems. However, carbonation is subject to precaution, as it is higher for SSC when
compared to CEM I.
Protocols of specimens preconditioning must be adapted for the evaluation of the durability
by the means of accelerated tests. In the case of SSC, a temperature of less than 50°C must
be used in order to avoid the decomposition of ettringite, one of the major hydrate of this
binder. Otherwise, this could provoke misleading interpretations of the durability test results.
Using smaller specimens to allow water to exit the sample while heating at lower temperature
should also be recommended.
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ABSTRACT
Microbial-induced concrete corrosion (MICC) is a major durability challenge of ordinary portland
cement (OPC) concrete exposed to biogenic sulfuric acid in sewer infrastructure applications. Acidresistant alkali-activated cement (AAC) concrete has been identified as a potential solution to this
pervasive infrastructure durability challenge. Previous research has demonstrated that the acid
resistance of AACs is dependent on a number of physical and chemical factors, including acid type,
concentration, activity, and chemical composition of AACs. This presentation will highlight the current
mechanistic understanding of the acid resistance of AACs in the context of published and ongoing
work on the sulfuric acid resistance of slag- and metakaolin-based AACs as a function of heavy metal
(i.e., Cu+2 and Co+2) and mineral (i.e., Brucite) incorporation. Mechanisms are explained using data
from experimental investigations of acid resistance involving electron microprobe analysis and X-ray
diffraction after semi-dynamic leaching in sulfuric acid solutions. Microstructural differences in AACs
after acid exposure were correlated with changes in bulk permeable porosity and corrosion depth.
Results elucidate the role of hydronium ions (H3O+), which penetrate past the visually observable
corrosion layer and induce cationic exchange, resulting in both electrophilic degradation of the Si-O-Al
bonds and beneficial cationic dissolution of minerals. The presentation will provide evidence for a more
complex AAC acid degradation mechanism than previously observed and add insight for the
development of AAC concrete materials with exceptional acid resistance.
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1.

INTRODUCTION

Biogenic production of sulfuric acid in underground wastewater conduits is a pervasive and global civil
infrastructure challenge. With corrosion rates near 5 mm per year (Ling et al. 2014), this microbialinduced deterioration process has attracted the attention of many researchers. However, additional
data quantifying the environmental conditions that affect biogenic H 2SO4 production, microbial survival
on concrete, and acid-related degradation of cementitious materials is needed to yield effective
infrastructure material solutions (Roberts et al. 2002).
Given the poor acid resistance performance of conventional portland cement (PC) materials,
researchers have demonstrated that alkali-activated cement (AACs) materials, also named
geopolymer cements depending on their chemistry, can provide higher acid resistance. The acid
resistance of these alternative low-CO2 cementitious materials is dependent on numerous
physiochemical factors, including acid type, concentration, activity, and the morphology, as well as
chemical composition of the cement (Allahverdi & Škvára 2001c, 2005b, 2006a, Bakharev 2005).
Increased acid resistance has been attributed to both the chemical stability of these aluminosilicate
cements and the formation of a modified silica-based gel upon exposure to acid (Shi & Stegemann
2000, Bakharev et al. 2003, Bakharev 2005, Sathia et al. 2008, Bernal et al. 2012, Ariffin et al. 2013).
This silica-based gel has been hypothesized to delay the acid degradation process (Bernal et al. 2012,
Sturm et al. 2018, Gevaudan et al. 2018).
Acid degradation consists of a series of acid-base reactions between the solid constituents of AACs
and the acidic medium. As a result, acid degradation of AACs is dependent on acid type, acid
concentration, exposure periods, volume-to-surface area ratios, chemical composition, and porosity
(Shi & Stegemann 2000, Lloyd et al. 2012, Zhang et al. 2018). Currently, the prevailing acid
degradation theory of AACs consists of (1) inter-cationic exchange and subsequent (2) destabilization
of the aluminosilicate binder, which results in the (3) depolymerization and ejection of aluminium. More
specifically, AAC depolymerization is caused by ion exchange between interlayered cations (Na+1, K+1,
Ca+2, Mg+2) and hydronium ions (H3O+) (Pacheco-Torgal et al. 2012, Arbi et al. 2016). These
hydronium ions hydrolize Si-O-Al bonds, which results in the ejection of tetrahedral aluminium from the
aluminosilicate network (Bakharev 2005, Grengg et al. 2018, Sturm et al. 2018). This process is
named dealumination and can result in the formation of water as a by-product, which increases the pH
of the acidic media and permits the crystallization of zeolites (Grengg et al. 2018). Moreover, if
present, calcium ions can react with conjugate bases (e.g., sulfates) to form structurally weak phases
(e.g., gypsum). Gypsum is an expansive material, which causes deleterious cracking due to volumepressure differentials (Adenot & Richet 1997). Lastly, the depolymerisation and degradation of Si-O-Al
bonds also permit the creation of cracks as a result of silica-rich gelation, which yields a loss of
compressive strength (Duan et al. 2015, Vafaei et al. 2018).
New aspects of the acid degradation mechanism of AACs have been explained recently by the
authors in (Gevaudan et al. 2018). Previous understanding was supplemented with observations
related to H3O+-induced mobility and mineral dissolution, as well as cationic mobility, silica-gel
formation, and passivation barrier formation. More specifically, results showed that H3O+ ions are
highly mobile throughout the microstructure of AACs. This mobility permits the dissolution of mineral
phases, which in turn, mobilizes cations that may provide cationic stabilization of hydronium-attacked
Si-O-Al bonds. Furthermore, the formation of a passivation barrier was shown via accumulation of
heavy metals at the visually-observable acid degradation front (i.e., decalcified zone). Lastly, these
changes are hypothesized to have resulted in beneficial and stratified silica-gels.
While recent advancements have improved the general understanding of acid degradation in lowcalcium AACs, further explicit and controlled research is needed to verify the role of minerals and
unreactive material in waste precursors when considering the acid durability of AACs. As a result, the
herein study reports the latest advancements in the understanding of acid durability in low-calcium
AACs when supplemented with metallic additions.
1.1

Scope of Work

This research aims to provide explicatory evidence for the observed acid durability of low-calcium
AACs, which utilize waste or industrial by-products as precursors, in comparison with PC materials.
Both divalent and trivalent cationic metal additions have been explored in the context of low-calcium
alkali-activated cements (AACs). More specifically, cationic metal additions have been explored with
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light metal (e.g., magnesium) and heavy metal (e.g., iron, copper, cobalt) compounds in both binarybased AACs, derived from mixtures of slag and metakaolin, and metakaolin-based AACs. The use of
metakaolin is validated in these studies due to its high reactivity, production of N-A-S-H cementitious
binders, and absence of filler or physical phases (e.g., minerals, carbon) commonly present in wastes
or industrial by-products (e.g., slag, fly ash).
2.
2.1

MATERIALS AND EXPERIMENTAL METHODS
Materials

Aluminosilicate precursors for alkali-activation were basic oxygen furnace slag (slag), obtained from
the Indiana Harbour East Steel Mill complex (Indiana, USA), and Metakaolin (MK) (MetaMax),
supplied by BASF Chemical Corporation (Georgia, USA). Ordinary portland cement (PC) Type II was
supplied by Cemex’s Lyons, Colorado, production plant. PC was stored in double-sealed containers to
prevent unwanted carbonation and hydration. Heavy metals were adsorbed to the slag precursors
utilizing Cu(NO3)2 (99% purity, Acros Organics) and Co(NO 3)2 (99 % purity, Acros Organics).
Precursors were activated utilizing sodium hydroxide (NaOH) (MiliporeSigma, NaOH ≥ 97%) and
sodium silicate (NaSi) with a Na:Si weight modulus of 2.5 (MiliporeSigma, SiO2 = 27 wt %, Na2O = 11
wt %). Brucite (MiliporeSigma, reagent grade Mg(OH)2, ≥ 95%) and Hematite (Strem Chemicals,
reagent grade Fe(III), 99.8%) minerals were used to provide both magnesium (light metal) and iron
(heavy metal) additions. Alkali activating solutions were prepared using both reagent-grade sodium
silicate solutions (MiliporeSigma, SiO2 = 27 wt.%, Na2O = 11 wt.%, H2O = 62 wt.%), and NaOH pellets
(Sigma-Aldrich, NaOH ≥ 97%).
2.1.1 Heavy metal (copper and cobalt) adsorption
Heavy metal (i.e., Cu, Co) adsorption onto slag was conducted in a batch reaction. First, 10 g of
Cu(NO3)2 were added to one liter of deionized water until completely dissolved. Next, 50 g of slag
(Sieve No.20: 841 m) were added to the solution and mixed overnight at 150 rpm and room
temperature. After this process, the Cu-laden slag was separated from the solution using qualitative
filter paper (No.1, Whatman), rinsed with water to remove any unattached particles, and oven dried at
40°C. A similar procedure was performed to create the same material which was laden with Cu and
Co; however, in addition to Cu(NO3)2, 10 g/L of Co(NO3)2 were dissolved in the initial solution prior to
slag addition. Next, the slag was ground in mill capsules with clean, packed yttrium-stabilized
zirconium grinding beads (American Elements) using a McCrone micronizing mill. A No.100 sieve was
used to ensure a sub-149 μm particle size.
The chemical composition of all AAC precursors as determined by ICP-OES is shown in Table 1.
Chemical analysis was performed on a calibrated ARL 3410+, using modifications to a widely
accepted technique developed by (Farrell et al. 1980). An analytical blank and three standards, made
by accurately diluting certified standards, were used for calibration. In addition, a basaltic internal
standard (Valmont Dike, Colorado USA) of known chemical composition was used to ensure the
chemical accuracy of the results.
Table 1. Chemical composition of aluminosilicate precursors.
Precursor

2.2

SiO2

Al2O3

CaO

SO4

Fe2O3

K2O

Na2O

MgO

Cu

Co

MK

52.1

41.3

0.07

0.3

0.36

0.11

0.33

-

-

-

Slag

14.7

6.6

31.7

0.4

25.8

<0.05

0.1

10.8

-

-

Slag + Cu

14.4

7.4

29.1

0.3

24.2

<0.05

0.1

10.7

2.4

-

Slag+ Cu/Co

13.6

6.7

28.9

0.2

26.3

<0.05

0.1

6.5

1.5

1.3

Sample Preparation

In order to supplement the low-silica contents of the basic oxygen furnace slag, binary AAC mixes
were prepared with 66% MK, and 33% slag by weight, while MK-based AACs were mixed with mineral
proportions. Important mixture chemical parameters, expressed as total atomic ratios, are shown in
Table 2. All materials were alkali-activated at room temperature using a Waring PDM112 mixer to
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achieve Si:Al and Na:Al ratios reported in Table 2. In order to ensure no material residual remained on
the sides of the vessel, the mixing procedure was repeated twice: one minute of manual mixing,
followed by one minute of mechanical mixing. Before being cast in moulds (diameter 2.5 – 2.7 cm), all
mixtures were tamped for 30 seconds and vibrated for 30 seconds to ensure minimization of
entrapped air. Binary AAC mixes were cured inside hermetically sealed plastic containers for 72 ±1
hours at 99% relative humidity and 22C and, subsequently, dried in a Quincy forced air laboratory
oven set to 20C for 25.5 ± 1.5 hours. MK-based AAC mixes were cured in hermetically sealed
containers at 99% RH within a Quincy forced air laboratory oven for 48 hours at 40 C. After initial
curing, samples were demoulded and cured 35C ± 5C for an additional 24 hours. Constant humidity
chambers were prepared according to ASTM E104 by placing a supersaturated salt solution of sodium
phosphate (Sigma-Aldrich) inside the plastic containers.
Table 2. AAC sample nomenclature and chemical formulations.
Sample

2.3

Si:Al

Na:Al

Mg:Si

Fe:Al

Slag Control

2.0

0.8

0.07

0.22

Control + Cu

2.0

0.8

0.07

0.22

Control + Cu/Co

2.0

0.8

0.07

0.22

MK Control Low

1.15

0.86

-

-

Control Low + Mg

1.15

0.86

0.85

-

Control Low + Fe

1.15

0.86

-

0.07

MK Control High

1.15

1.39

-

-

Control High + Mg

1.15

1.39

0.85

-

Control High + Fe

1.15

1.39

-

0.07

Experimental Program

2.3.1 Time-dependent leaching
Casted binary AAC mixes were placed in polypropylene plastic containers for sulfuric acid solution
(1% v/v) exposure at a volume-to-surface area ratio of 10, as described by ASTM C1308. In addition,
samples were suspended by triangle plastic stands to allow full surface exposure to the acidic
medium. Exposure media was replaced daily for seven consecutive days for each of the three
replicates. Samples of leachate media were taken before each replacement. Prior to characterization,
samples were dehydrated by solvent exchange with anhydrous ethanol (200 proof, 0% H2O, Decon
Labs) and dried at 40°C overnight in a Quincy forced air laboratory oven [27]. Leachate media
samples were analysed with ICP-OES and ICP-MS.
2.3.2 Equilibrium-dependent leaching
Casted MK-based AAC mixes were exposed two times to a sulfuric acid solution with a pH of 2.0
(±0.07) until equilibrium was reached. The amount of acid solution used for each sample was
determined based on a volume-to-surface-area ratio of 8.5  1.5, following a modified ASTM C1308.
Equilibrium was defined as solutions attaining pH changes less than 0.0025 per hour. After equilibrium
was reached, the acid solutions were replaced, and samples of the leachate media were analyzed via
ICP-OES and ICP-MS. pH values were recorded with a Mettler-Toledo pH meter calibrated with a 3point buffer solution calibration prior to taking each measurement.
2.3.3 Plastic shrinkage
Plastic dimensional shrinkage for all samples was calculated as the percent difference in average
diameter of samples after heat curing and the diameter of the cylindrical moulds used for casting. The
diameters of cylindrical samples were measured using callipers.
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2.3.4 Wavelength and energy dispersive spectroscopy (WDS, EDS)
The silicon content (Si:Al ratio) of Slag Control, control + Cu, Control + Cu/Co binders, Control Low +
Mg, and Control High + Mg before and after exposure to sulfuric acid was determined via atomic
percentage quantification of the X-ray element maps of Si Kα, Al Kα, and Na Kα. A JEOL-8230
electron microprobe wavelength dispersive spectrometers. An acceleration voltage of 15 keV and
beam current of 100 nA was used for all maps. The electron beam was defocused to 5-6 µm to match
the pixel size, and a dwell time of 20 msec was used. Element maps were treated with CalcImage
(ProbeSoftware, Inc.) to remove the background using the mean atomic number background
correction, and a matrix correction was additionally performed as required for quantitative work [30],
[31]. Variations from the design atomic ratios in Table 2 are expected since each pixel likely
represents a mixture of two or more phases. The silicon content of MK Control Low, MK Control High,
Control Low + Fe, Control High + Fe before and after acid exposure to sulfuric acid was determined
via atomic percentage quantification with energy dispersive spectroscopy (EDS). A silicon-drift energy
dispersive spectrometer (EDS) from Thermo Scientific with an ultra-thin window to detect light
elements was used in this analysis. A total of 100 points per sample were acquired within five different
areas of the sample. Randomization of the collected points was ensured to achieve an adequate
evaluation of the bulk central tendency of the Si:Al ratio of these samples.
2.3.5 Statistical Analysis
The effect of metal content on the Si:Al atomic ratios of AACs after acid exposure, as well as the
interaction between these factors, was tested using two-factor analysis of variance (ANOVA). Model
assumptions of residual normality and homoscedasticity were satisfied. Statistical analysis was
performed with commercial software, Minitab (v.18).
3.

RESULTS

3.1.1 Time-dependent leaching
Time-dependent leaching behaviours of Slag Control (Figure 1a), Control + Cu (Figure 1b), and
Control + Cu/Co (Figure 1c) samples exposed to sulfuric acid. In general, the elemental leaching
decreases with exposure time in Control + Cu and Control + Cu/Co samples. Contrastingly, this
behaviour is only observed for sodium (Na) in Slag Control samples. Moreover, the leaching
concentrations of Na between all samples are similar, regardless of heavy metal addition.
Control + Cu and Control + Cu/Co samples exhibit lower normalized leaching of iron (Fe), magnesium
(Mg), silicon (Si) and aluminium (Al) when compared to the Slag Control samples. A simple
comparison Al normalized leaching between the Slag Control and samples containing heavy metals
(Cu and Co) demonstrates that samples with heavy metals exhibit a higher negative correlation of Al
ions leached over time. Similarly, the leaching of the Control + Cu and Control + Cu/Co samples is
lower than that of the Slag Control for Fe, Mg, Si, and Al ions after one or two days of sulfuric acid
exposure.
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Figure 1. Time-dependent leaching of Slag Control (A), Control + Cu (B), and Control + Cu/Co
(C) AAC samples. Lines enable comparison with average leaching trend of Slag Control.

3.1.2 Equilibrium-dependent leaching
The equilibrium-based leaching of Na and Si exhibited by MK-based AAC formulations is comparable
to that of the Slag Control samples. Figure 2 demonstrates the decrease in Na leaching with sulfuric
acid exposure. Si leaching is similar to that of the first and second day exposures of Slag Control
samples, as demarcated by a line in Figure 2, with Mg-containing samples at the second equilibrium
yielding lower Si leaching values. Furthermore, in general, Al, Mg, and Fe leaching in MK-based AAC
formulations is lower than Slag Control samples.
MK-based AAC formulations with high Na content have similar leaching trends, regardless of Fe or Mg
additions. Observed trends for both Fe- and Mg-containing samples with high Na contents are
reduced Si leaching, reduced Al leaching at second equilibrium, and reduced Na leaching at the first
equilibrium; with an increase of Na leaching at the second equilibrium. In general, Mg-containing MK-
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based AAC samples at low Na contents tend to have lower elemental leaching than MK Control Low
samples. Contrastingly, Fe-containing MK-based AAC samples at low Na contents tend to have similar
elemental leaching than MK Control Low samples.
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Figure 2. Equilibrium dependent leaching of MK control samples Low (L) and High (H) with Mg
and Fe additions. Lines enable comparison with average leaching trend of Slag Control.
3.1.3 Equilibrium pH values
First exposure pH values tend to be higher than second exposure pH values for all MK-based AAC
formulations, while Slag Control, Control + Cu and Control + Cu/Co samples maintain relatively high
pH values at both exposures, as seen in Table 3. At low Na-contents, Mg-supplemented AACs yield
high pH values above ten at both equilibriums, while Fe-supplemented AACs have similar pH values
as MK Control Low samples. In contrast, at high Na contents, MK-based AACs supplemented with Fe
or Mg demonstrate higher pH values than MK Control High samples. However, these Mg- and Fecontaining AACs demonstrate lower second exposure equilibrium pH values when compared to low
Na content AAC formulations with Mg. In general, Fe-supplemented AACs have low pH values at
second acid exposures when compared to Mg-supplemented AACs.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 3. pH values for first and second acid exposures for all AAC samples tested. Timedependent leaching pH values were collected at 24 hours A and 48 hours B.
Sample

First Exposure

Second Exposure

Slag Control

10.92 A

11.16 B

Control + Cu

11.09 A

11.02 B

Control + Cu/Co

11.08 A

11.07 B

MK Control Low

10.61

4.61

Control Low + Mg

10.48

10.2

Control Low + Fe

11.98

3.85

MK Control High

12.12

4.45

Control High + Mg

12.7

7

Control High + Fe

12.13

5.21

3.1.4 Plastic shrinkage of AAC samples
In general, plastic shrinkage of MK-based samples decreases with higher Na contents. In Figure 3a, b,
the mean shrinkage of MK-based control samples are observed to be statistically significant with
higher Na content formulations yielding lower shrinkages. The shrinkage values for MK controls and
samples supplemented with Fe are comparable to shrinkage values of PC control and follow the
aforementioned trend regardless of Fe addition, as seen in Figure 4b. Moreover, the addition of light
metals (Mg) is observed to affect plastic shrinkage of AACs depending on the Na content of the
formulation. Thus, indicating an interaction between two factors: Na content of the AAC formulation
and heavy metal added. Contrastingly, this interaction was not observed for the herein AAC
formulations supplemented with heavy metals (Cu and Co). Instead, only Control + Cu/Co has lower
mean shrinkage values than the Slag Control samples.
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Figure 3. Plastic shrinkage for all AAC formulations explored. A PC control was added for
plastic shrinkage comparison between conventional and alternative cement chemistries.
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3.1.5 Microstructural chemical composition
Acid exposure of AAC formulations increases the mean silicon content within the microstructure of
these samples. However, additions of metals decrease the change of Si:Al ratios after acid exposure.
As demonstrated in Table 4, AAC samples supplemented with Cu, Co, Mg, or Fe demonstrate
insignificant changes to the mean Si:Al ratio between non-exposure and acid exposure. Moreover, the
standard deviation for Control + Cu and Control + Cu/Co samples is observed to decrease when
compared to Slag Control samples.
Table 4. Central tendencies of silicon content (Si:Al ratio) between unexposed and acid
exposed AAC samples from WDS and EDS data. *Indicates samples that structurally failed after
exposure with acid.
Unexposed

4.

Acid Exposed

Sample

Mean

Standard
Deviation

Mean

Standard
Deviation

Slag Control

1.9

0.42

2.57

1.01

Control + Cu

2.02

0.51

2.42

0.84

Control + Cu/Co

1.98

0.52

2.08

0.79

MK Control Low

1.28

0.05

1.30

0.13

Control Low + Mg

1.28

0.18

1.26

0.20

Control Low + Fe

1.29

0.05

1.29

0.09

MK Control High

1.28

0.06

NA*

NA*

Control High + Mg

1.24

0.20

1.31

0.18

Control High + Fe

1.26

0.03

1.26

0.13

ANALYSIS

The results presented herein develop and validate novel aspects of a complex acid degradation theory
for low-calcium AACs. Differences in dealumination were observed in the presence and absence of
both light and heavy metals. For example, dealumination at the second acid exposure of MK-based
AACs supplemented with either Mg or Fe demonstrated lower dealumination than MK control samples
(Figure 3). These results suggest that the presence of light and heavy metals can influence the extent
and pathways of acid degradation. The following mechanisms are evident: (a) increase in pH-buffering
capacity due to light metals (e.g, Mg), (b) polyvalent cationic stabilization of binders with heavy metals
(e.g., Fe), and, as a consequence, (c) possible modifications to silica gels formation pathways, as
reported elsewhere by (Gevaudan et al. 2018).
In general, when exposed to sulfuric acid, AAC materials exhibit an increase in Si:Al atomic ratios.
However, the addition of Fe and Na ions decreases the magnitude by which Si:Al atomic ratios
increase when AACs are exposed to acid. As observed in Table 4, AACs not supplemented with light
or heavy metals result in increases of the Si:Al ratio and the variability of this ratio. For example, Slag
Control samples after acid exposure have the largest Si:Al ratio and variability (standard deviation)
reported. These results are often also paired with higher Si leaching, as presented in both Figure 2
and Figure 3. In addition, samples supplemented with light and heavy metals do not exhibit high
increases in Si:Al ratios or the variability of such ratio. For example, Control Low + Fe samples do not
exhibit changes to the Si:Al ratio after acid exposure. However, minimal changes to the Si:Al ratio
variability are observed.
4.1

pH-buffering capacity of cementitious binders

Binary AAC formulations (i.e., MK and slag) demonstrated high pH buffering capacities most likely due
to the high contents of cation phases present in slag, mainly CaO and MgO, as seen in Table 1. Slag
Control, Control + Cu and Control + Cu/Co AAC samples exhibit pH values ~11, see Table 3. Such
high pH values can be a result of light metal leaching (e.g., Na, Ca, Mg) via hydronium-based
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dissolution of minerals and precipitation of mineral phases (i.e., gypsum). Figure 2 presents the timedependent leaching of binary AAC mixes and demonstrates high Na leaching for all samples with Mg
leaching to be lower in formulations supplemented with Cu or Co heavy metals. Previous publications
by authors (Gevaudan et al. 2018) and others (Zhang et al. 2018) further substantiate the role of
mineral dissolution and precipitation in the consumption of hydronium ions (i.e., buffering capacity).
In general, MK-based AAC formulations when supplemented with light metals (i.e., Mg), in specific
mineral hydroxides, demonstrate higher pH buffering capacity. After the first acid exposure, Control
Low + Mg samples achieve higher pH values (i.e., 10.2) compared to MK Control Low samples, which
achieve pH values of 4.61, see Table 3. This pH buffering during the second acid exposure is most
likely due to the dissolution of Mg(OH)2 (i.e., Brucite), following Eq. 1. The pH buffering of Mg phases
is further substantiated as the mean leaching of Na is not significantly different between MK Control
Low and Control Low + Mg samples. Similar to MK Control Low samples, MK Control High samples
also have low buffering capacities when subjected to second acid exposures (pH value of 4.45).
Previous research indicates the presence of Mg hydroxide phases, as well as carbonates, which aid in
the acid-base reactions that neutralize acidic solutions (Palacios & Puertas 2006, Mozgawa & Deja
2009, Chi & Huang 2013, van Deventer et al. 2015, Allahverdi et al. 2015, Myers et al. 2015).
Mg(OH)2 + 2H+ ↔ Mg+2 + 2H2O

(1)

MK-based formulations when supplemented with heavy metals (i.e., Fe) do not exhibit as efficient pH
buffering capacity when compared to light metals (i.e., Mg). Control Low + Fe samples do not have a
significant effect in the buffering capacity of samples when compared to MK Control Low samples, pH
values of 3.85 and 4.61, respectively. The results align with leaching data as no leaching of Fe ions is
observed during this exposure time period (i.e., 13 days), and the mean leaching of Na is not
statistically different from Control Low samples, see Figure 3. The lower buffering capacity observed
herein can be explained by the hydronium-producing reactions occurring when iron phases are
hydrolysed as a function of pH (Davis et al. 2001). Thus, these metallic additions are not as efficient at
buffering acidic mediums.
4.2

Polyvalent cationic stabilization of cementitious binders

The structural integrity of AACs supplemented with Fe metallic additions, coupled with low pH
buffering capacity values, may provide evidence for polyvalent cationic stabilization–especially at high
sodium contents. When compared to MK Control High samples, Control High + Fe samples exhibit
significant decreases in Si and Al leaching at both acid exposures, Figure 3. As a result, Control High
+ Fe samples retained structural integrity possibly due to surface complexation reactions of Fe and Al
with silica phases (Davis et al. 2001). Contrastingly, as indicated in Table 4, MK Control High samples
failed due to excessive cracking when exposed to sulfuric acid.
Moreover, minimal dealumination in Control High + Fe samples is observed due to similar Si:Al ratios
before and after acid exposure. Similar results have been reported for slag and fly ash AAC samples
that have high acid resistance (Zhang et al. 2018). As revealed by an analysis of variance (ANOVA),
both Fe content and the interaction between Na and Fe content in AAC formulations is statistically
significant (P-value < 0.000) in affecting the Si:Al ratio of AACs after acid exposure. More specifically,
by analyzing the fitted means of both acid exposure and Fe content factors, it is observed that AAC
formulations supplemented with Fe result in lower Si:Al ratios after acid exposure, when compared to
samples not supplemented AAC samples. Thus, the evidence presented herein may provide
additional evidence of a polyvalent Fe stabilization of low-calcium AAC binders (i.e., NASH), which—
especially at high sodium contents—enhances acid resistance.
4.3

AAC plastic shrinkage

Plastic shrinkage of low-calcium AACs or geopolymers with a predominant NASH binder phase is
dependent on sample geometry. Given that NASH binder formation is a polycondensation reaction,
the set and shrinkage crack formation of the material depends on the evaporation rate as provided by
the sample mould. For example, in an open face cylinder mold, the plastic shrinkage will first be radial
and, subsequently, longitudinal. As a result, the plastic results in a tapered cylinder geometry affecting
the variability of the shrinkage measurements.
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Consequently, different sample geometries will likely result in shrinkages that prevent direct
comparison between studies due to the formation of shrinkage cracks, which enable the exacerbated
diffusion of the acid. The formation of micro-cracks from plastic shrinkage will result in a confounding
effect within multi-variate studies, especially those addressing durability concerns. The authors
suggest that a decrease in longitudinal dimension (or height) of the mould will result in a sample with
lesser distortions due to plastic shrinkage. As always, the use of appropriate statistics can discern
global trends from studies as explored and discussed herein (section 3.1.4). Thus, sample geometry is
an important factor to consider as it may induce micro-cracking which affects the durability of the
samples and prohibit cross-comparison between samples.
5.

CONCLUSIONS

The herein study provides explicatory evidence for the observed acid durability of low-calcium AACs,
precisely that of NASH-based binders which are characteristic of low-calcium AACs and geopolymers.
Results suggest that the presence of light (e.g., Mg) and heavy metals (e.g., Fe, Cu, Co), commonly
found in mineral phases of waste and industrial by-products, does influence the extent and pathways
of acid degradation. The evidence suggest that the following mechanisms may contribute to the
observed acid durability of low-calcium AACs, mainly: (a) increase in pH-buffering capacity, and,
possible, (b) polyvalent cationic stabilization of cementitious binders.
Leaching of light metals (i.e., Na, Ca, Mg) was observed to increase the pH buffering capacity of lowcalcium AACs. Hence, reducing the extent of aluminosilicate network depolymerization. In this study,
binary AAC formulations (i.e., MK and slag) demonstrated high pH buffering capacities most likely due
to the high contents of cation phases present in slag, mainly CaO and MgO. These results verify the
importance of pH-controlled degradation mechanisms (i.e., mineral dissolution and precipitation) for
arresting the attack of deleterious hydronium ions. In addition, evidence is presented for the Fe-based
polyvalent stabilization of NASH binders present in low-calcium AACs (or gepolymers). MK-based
AACs supplemented with heavy metals (i.e., Fe) do not exhibit as efficient buffering capacity, when
compared to smaller radii ions (i.e., Mg). However, these materials maintain structural integrity in
formulations with high sodium contents, thus suggesting that Fe ions may be playing a role in the acid
resistance mechanisms within the microstructure of low-calcium AACs. Due to the commonplace use
of waste and industrial by-products to formulate AACs, these results emphasize the need to
understand the content and chemistry of unreactive phases. These phases may provide metallic
additions which play an important role in the acid durability of AACs.
Lastly, the effects of sodium content as related to acid degradation effects have been discussed.
Sodium content lowers the plastic shrinkage observed after curing and reduces the possibility of
shrinkage cracks in the material—an important consideration for the diffusion of deleterious hydronium
ions. The overall evidence presented herein is instrumental in the design and production of acidresistant formulations of low-calcium AAC materials.
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ABSTRACT
Chloride-induced corrosion of steel reinforcement plagues reinforced concrete structures worldwide.
The recent development and increased applications of novel alkali-activated cement (AAC) pastes,
mortars, and concrete have prompted a need for holistic scientific understanding of chloride transport
and chloride binding in these new cementitious materials. This presentation will highlight current
understanding of the main physical and chemical factors affecting chloride transport and binding in
AAC paste, mortar, and concrete, as well as standards and methods employed in their measurement.
Supported by data from >65 published studies, critical factors that influence microstructural
development (e.g., precursor and activator chemistry) and material properties (e.g., porosity, pore size
distribution) that affect chloride transport in AACs will be discussed, as well as the challenges, needs,
and future research opportunities that should be pursued to advance scientific understanding of
chloride transport in AACs.
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1.

INTRODUCTION

Corrosion is an endemic and costly durability issue that affects reinforced concrete structures
worldwide. Approximately 3.4% of the global GDP ($2.5 Trillion USD) is spent each year to prevent,
mitigate, and rehabilitate affected structures (Koch et al. 2016). Aqueous and airborne chlorides in
coastal regions, de-icing salts, soil-borne chlorides, and chloride-containing aggregates lead to rebar
depassivation and subsequent corrosion of mild steel in reinforced concrete structures. Chloride
anions react with metal cations, creating corrosion products and hydronium ions that result in a more
localized acidic environment, promoting further depassivation. Fortuitously, the alkaline pore solution
of ordinary portland cement (OPC) paste induces chemical passivation of mild steel at early ages by
creating a thin, dense, self-protective layer of iron oxides and hydroxides (Broomfield 2006). Before
the onset of corrosion, early in the service life of concrete structures, the highly alkaline microstructural
environment provided by the cementitious material aids the formation of a protective nanometer-sized
passivation layer, which varies in anhydrous iron oxide composition (and hence thickness) depending
on steel surface characteristics, oxygen availability, ion incorporation, pH, and temperature. The rate
of passive-layer formation (and dissolution) attains a steady state during the early age of concrete.
However, as reinforced concrete ages, the steady state is altered towards dissolution of the passive
layer triggered by changes in pH (caused by the carbonation reaction of cement with CO2),
temperature, applied potentials, and the intrusion of anionic aggressors (i.e., chloride ions). This
anodic dissolution of the passive layer is exacerbated by chloride anions at the steel-concrete
interface (SCI) competing with hydroxyl (OH-) ions in the pore solution for adsorption sites on the
passive layer. Once adsorbed, chloride ions can act as ligands and complex with ferrous ions to form
soluble complexes of iron (II) chloride. Solubilized iron (II) chloride complexes then combine with OH ions, produced via cathodic reactions, to form amorphous and voluminous ferric hydrous oxide phases
(i.e., rust) and, subsequently, release chloride ions to perpetuate the degradation cycle. The porous
structure and large unit cell size of rust products result in the permeation of anionic aggressors and
tensile stresses, leading to material cracking, crack propagation, and, eventual failure.
While chloride transport in reinforced OPC concrete has been studied for decades, limited studies
exist regarding chloride transport of reinforced alternative cement concrete. Therefore, the primary aim
of this work was to elucidate the process-structure-property relationships of fly ash and slag-based
alkali-activated cement (AAC) concrete. More specifically, we analyzed the impact of processing
factors (i.e., precursor physicochemical characteristics, activator chemistry, and curing regimes) on
binder gel formation, microstructural development (i.e., porosity, pore size distribution), chloride
diffusion, and chloride binding. This work is organized into the following main topics: (1) the
mechanisms of chloride transport, (2) processing factors that govern microstructural development, (3)
the opportunities and challenges remaining in the field, and (4) concluding remarks.
2.

CHLORIDE TRANSPORT: MECHANISM AND GOVERNING PROPERTIES

In AACs, the mechanisms of chloride transport similar to those in OPC (i.e., hydrostatic pressure,
capillary action, and diffusivity) with the same hardened state material properties (e.g., porosity) acting
as drivers. Pore solution chemistry, porosity, pore size distribution, tortuosity, and chloride binding
potential together determine the rate at which chlorides are transported through AACs. For example, a
marine concrete structure exhibits chloride transport as a function of (1) hydrostatic pressure from
marine tides, (2) capillary absorption (from wetting and drying cycles), and (3) ionic diffusion (due to
the salinity of the ocean). The schematic presented in Figure 1 shows a partially-submerged concrete
column where: (1) Hydrostatic pressure drives chloride ions into the cement matrix by pressure
gradients that vary along the depth of the column (Hooton et al. 2001). (2) In contrast, capillary
absorption is driven by small intermolecular forces within pores sizes in the 10nm-10µm range,
enabling absorption of ionic liquids without assistance from external forces. Lastly, (3) chloride ions
also diffuse through cementitious media via concentration gradients. Provided that the concrete is
sufficiently saturated (>80%) (Bu & Weiss 2014), high concentrations of chloride ions will diffuse into
the bulk through the interconnected pore network towards an initially lower concentration of chloride
ions. This gradient drives ions from the exterior of the column toward internal reinforcing steel. Further
refining the mechanisms of chloride diffusion model in AACs, Bagheri et al. (Bagheri et al. 2018) has
proposed a mechanism by which gel nanopores (10nm-5nm) in AACs are capable of adsorbing both
water and chloride molecules depending on the temperature and pressure of the system.
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Figure 1: Mechanisms of Chloride Transport in Concrete (1) hydrostatic pressure, (2) capillary
action (3) diffusion
3.

PROCESSING FACTORS

The combination of (1) precursor chemistry (i.e., oxide content) and physical properties (i.e.,
crystallinity, fineness, chemical composition), (2) the alkali activating solution chemistry, and (3) curing
protocol determine the ability of an AAC mixture to resist chloride ingress. This section aims to discuss
the impact of these processing factors on the two most common AAC precursors, namely fly-ash (FA)
and ground granulated blast furnace slag (henceforth referred to as slag). The average chemical
composition of these two precursors, based on the values reported in surveyed literature, is shown in
Figure 2.
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Figure 2. Average FA and Slag Oxide Compositions (Adapted from Osio-Norgaard et. al. 2018)
3.1.1 Fly Ash
A biproduct of the coal industry, FA is a mixture of crystalline and glassy silicon dioxide (SiO2),
aluminium oxide (Al2O3), iron oxide (Fe2O3), and calcium oxide (CaO) phases that, when combined
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with an activatorm polycondensate into primarily sodium-alumina-silicate-hydrates (N-A-S-H) gels and
minerals. The major crystalline phases can form 10-50% of the bulk ash, while the remainder is largely
comprised of amorphous silicate glass (Helmuth 1987, Fernández-Jiménez & Palomo 2003, Duan et
al. 2016). Little information is available regarding the crystallinity of FA in durability related studies
(Fernández-Jiménez & Palomo 2003, Criado et al. 2011a, Asprogerakas, Aristeidis Koutelia, Aristea
Kakali, Glykeria Tsivilis 2014, Gunasekara et al. 2016, Monticelli et al. 2016a b, Gunasekara, Chamila
Bhuiyan, Shamir Law, David Setunge, Sujeeva Ward 2017). However, some recent studies have
identified crystallinity as an important processing parameter for FA based AACs and explicitly
investigated its role in chloride transport, Sweeney et al. conducted durability experiments that
focused primarily on the amorphous content of SiO 2 and Al2O3 in FA showing lower crystallinity
reduces diffusivity (Sweeney et al. 2017). Additionally, increasing particle fineness, has been shown to
increase, dissolution, rate gelation, and compressive strength of resulting AACs (Ismail et al. 2014,
Rosas-Casarez et al. 2018), which, in many AAC systems, has been linked to reduced porosity
(Komljenović et al. 2010, Ding et al. 2016). Aluminosilicate minerals (e.g., zeolites) are often found in
N-A-S-H based AAC (Weitkamp 2000, Gevaudan et al. 2017a). Recent research by Jun et al. posits
that alkali-activated FA contains other crystalline zeolite phases (e.g., chabazite) that may be able to
bear chlorides (Jun et al. 2017).
Most published FA studies reviewed herein focus on low-calcium FA (LCFA). A few studies have
begun to investigate high-calcium FA (HCFA), because it is now commonly believed—despite
experimental evidence to the contrary—that simply higher calcium contents lead to improved chloride
durability, due to observations made in blended FA/Slag systems, while in the case of HCFA mixed
with high silica calcined clays (i.e., metakaolin), the increase in metakaolin leads to reduced porosity
and chloride diffusion (Nuaklong et al. 2018, Babaee & Castel 2018). In Figure 2 FA CaO outliers
correspond to studies that purposefully investigated HCFA (Winnefeld et al. 2010, Lloyd et al. 2010a,
Kupwade-Patil & Allouche 2013, Nuaklong et al. 2016). HCFAs typically contain lower alumina
contents and several calcium-containing crystalline phases (e.g., larnite) which are not quantified
(Winnefeld et al. 2010, Lloyd et al. 2010a). Generally, in the studies reviewed herein, HCFA AACs
exhibited higher porosities and lower chloride resistance than their LCFA counter parts (Winnefeld et
al. 2010, Lloyd et al. 2010a, Kupwade-Patil & Allouche 2013, Nuaklong et al. 2016, 2018, Velandia et
al. 2018, Yi et al. 2018). The poor performance of HCFA compared to LCFA AACs in terms of chloride
durability remains unexplained. This is of note, because, generally, precursors with high CaO contents
demonstrate a higher resistance to chloride intrusion (Dehghan et al. 2017), suggesting that the
mineralogical phase of calcium (i.e., crystalline vs. amorphous) is perhaps more important than the
total amount in each precursor. However, Winnefeld et al. postulated that low-calcium FA-based AACs
that produce N-A-S-H gel exhibit lower porosities than high-calcium samples because more binder gel
(i.e., C-S-H, C-N-S-H) is formed in the latter (Winnefeld et al. 2010), further suggesting the importance
of calcium and the phase in which it exists in the precursor.
3.1.2

Ground Granulated Blast Furnace Slag

Slags are a highly vitreous, highly reactive, low-chemical-variability byproduct of the steel-making
industry primarily composed CaO (30-50%), SiO2, Al2O3, MgO (0-12%), and Fe2O3 that, upon
activation primarily yield : (1) calcium-silica-hydrate (C-S-H), (2) calcium-alumina-silica-hydrates (C-AS-H), and (3) secondary minerals (e.g., hydrotalcite). The formation of these products governs the
microstructure of alkali activated slag cements (AASC), and therefore its ability to resist chloride
intrusion. Early age studies of synthetic slags identified a rapid release of glassy Ca2+ upon dissolution
(Galibert 1984, Newlands & Macphee 2017), leading to the development of C-A-S-H and C-S-H gels
that harden into pore networks like that found in OPC binders with both C-A-S-H and C-S-H gels
having significant amounts of bound water, which may reduce the porosity of the systems and explain
their lower water absorption (Chi & Huang 2013). Additionally, the MgO content in slags allows for the
formation of hydrotalcite. Upon dissolution, MgO will preferentially form hydrotalcite by reacting Al with
Mg until all Mg has been exhausted (Haha et al. 2011, Bernal et al. 2014, Walkley et al. 2015, 2016).
As a consequence, the production of hydrotalcite reduces the availability of Al for the formation of
alumina-containing binder gels (Silva et al. 2007, Bernal et al. 2014). However, hydrotalcite formation
enhances chloride binding (Ke et al. 2017a, 2018). Its structure and large surface area permit the
binding of anions. Studies quantifying the chloride uptake in hydrotalcite-like phases have yielded
positive results, demonstrating the ability of these phases to uptake non-trivial amounts of chlorides in
highly alkaline solutions and demonstrating that uptake is sensitive to changes in pH, chloride ion
concentration, and ionic-strength of the pore solution (Ke, et al. 2017a).
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3.2

Chemical activators

The choice of activating solution (i.e., silicate-based, alkali-based or carbonated-based activation) and
initial phase (liquid or solid) dictate the rate of dissolution, reactivity, and, therefore, precipitation of the
reaction products and pore solution chemistry, which ultimately affect diffusivity. For example,
passivation has been shown to depend on the type of activator, the dosage, and the alkalinity of the
solution such as utilizing a liquid sodium silicate and NaOH solution versus a solid sodium silicate and
sodium carbonate activator due to the changes in the overall pH of the pore solution (Garcia-Lodeiro
et al. 2013, Deir et al. 2014, Dehghan et al. 2017, Mundra et al. 2017, Shi et al. 2017). FA-based
mixtures can provide adequate passivation to reinforcing steel, according to Bastidas et al. (2008),
Criado et al. (2011a), and Criado et al. (2011b). However, These findings are also applicable to slagbased (and some blended) mixtures, where high metal cation concentrations in the pore solution
indicate the slag’s ability to passivate steel (Roy et al. 2000, Al-Otaibi 2008). In FA and slag mixtures
with a higher volume of pores than a comparable OPC, a lower susceptibility to chloride ingress was
attributed to repulsive ionic interactions between chlorides and pore solution chemistry (Ismail et al.
2013).
3.2.1 Silica-based activation
Experimental evidence suggests that the form in which silica is added (e.g., anhydrous sodium
metasilicate, sodium silicate, colloidal silica, soda glass) will influence AAC reaction kinetics due to the
gradual or immediate availability of SiO2, consequently influencing microstructural development,
transport properties. Behfarnia et al., (2017) incorporated both micro- and nanosilica into slag-based
systems in identical percentages and observed higher chloride resistance with the addition of
microsilica only. Gevaudan et al. (2017) studied the influence of silica by adding either solid soda
glass or a liquid sodium silicate. The availability of silica from liquid enabled expeditious gel formation
and reduced porosity in systems with the same SiO 2:Na2O ratio compared to the solid silica-containing
samples. Ravikumar et al. (2013) utilized a solid and liquid form of sodium silicate, which led to a
variety of different, inconclusive performances of slag-based cements in terms of chloride diffusion.
While the use of liquid sodium silicate reduced overall porosity, the mixture activated with anhydrous
sodium silicate exhibited improved chloride resistance, which the authors attributed to changes in pore
structure, pore solution chemistry, and resulting ionic conductivity (Ravikumar et al, 2013a). Although
the effects of silica speciation are known to affect reaction kinetics, understanding the relationship
between silica chemistry and durability remains a fundamental challenge for the field (Sun &
Vollpracht 2018).
Immediate availability of SiO2 in activating solutions leads to reduced pore sizes, regardless of
precursor chemistry, and, often, lower porosity promotes a lower chloride diffusivity. In FA-based
systems, for example, additional silica promotes the development of finer pore networks, reduced
porosity, and, thus, reduced water permeability (generally Si:Al ≥ 1.50) (Criado et al. 2011a, Ma et al.
2013b). Similar trends have been reported for slag-based systems (Shi 1996). Ye et al., (2017) and
Melo Neto et al. (2008) showed that increasing silica content reduces porosity and results in a pore
network with a smaller average pore size in slag-based AACs (in contrast, slags without added silica
lead to unrefined pore systems (Ben Haha et al. 2011, Ye et al. 2017) Increasing immediate silica
availability in FA-based AACs, for example, resulted in comparable chloride resistances of OPC and
blended cements. In contrast, slag-based AAC systems with increased sodium silicate content have
exhibited lower rapid chloride RCPT values and permeability values compared to OPC and improved
non-steady-state diffusion behaviour (Al-Otaibi 2008, Ma et al. 2016, Blyth et al. 2017). In binary FAslag and bagasse ash-china clay systems, increased available silica content played a role in reducing
chloride intrusion (Lloyd et al. 2010b, Noor-ul-Amin et al. 2017), further substantiating the important
role of silica-containing activators. However, in studies on slag-based AACs, excess available silica
increased sorptivity due to the evolution of microcracks that can occur due to plastic shrinkage (Shi
1996, Law et al. 2012), which are well known to exacerbate chloride diffusion (Krivenko et al. 2016).
More recently, Babaee et al. (2018) shows evidence in binary systems that there is an interplay
between the greater availability of silica leading to the formation of more porosity reducing binders
gels, while increasing the number of mesopores.
3.2.2 Hydroxide-based activation
Most of the experimental evidence supports the idea that a higher alkali content reduces the overall
porosity of AACs. However, newer evidence indicates that beyond a certain threshold it becomes
detrimental. Higher alkali contents in both FA- and slag-based AACs have reduced porosities and
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reduced pore sizes, as indicated by lower water permeability and sorptivity of the samples (Ma et al.
2013b, Ravikumar & Neithalath 2013, Nuaklong et al. 2016). The observed lower porosities can be
attributed to higher alkali content promoting a more rapid dissolution of the precursor (Garcia-Lodeiro
et al. 2013, Zhang et al. 2013, Gevaudan et al. 2017b, Sun & Vollpracht 2018, Najimi et al. 2018). The
increase in chloride resistance due to reductions in total pore volume and pore sizes observed with a
higher alkali content has also been observed (and discussed previously) with increases in silica
content. Moreover, in FA-based systems, higher alkali content decreased the chloride diffusion
coefficient, as expected, and affected the quantity of both free and bound chlorides in the cementitious
matrix (Chindaprasirt & Chalee 2014). In slag-based AACs, increasing alkali concentration and holding
the other factors constant (i.e., Ms, curing time), resulted in significant reductions to RCPT values
were observed (Balcikanli & Ozbay 2016). These lower RCPT values have been correlated with
observed reductions in the coefficient of non-steady-state diffusion with increasing alkali content (Ma
et al. 2016).
3.2.3 Carbonate-based activation
Carbonate based activating solutions (e.g., Na2CO3) are a neutral pH alternative to produce AACs,
generally carbonate-based activation yields the appropriate binder gels, a variety of mineral reaction
products, and a more acidic pore solution composition. Carbonate activators lead to the production of
C-(N)-A-S-H gels (Bernal et al. 2015, Abdalqader et al. 2016). However the lower initial pH of the
solution reduces the dissolution speed, and increased gel formation times (Fernández-Jiménez et.
al,2005). Abdalaqader et al. (2016) proposed mechanism for carbonate activation where initial
dissolution occurs, with an approximately 30-hour induction period, where the concentration of silica,
alumina, and hydroxide ions increases, this increase leds to the formation of C-(N)-A-S-H gel abd the
precipitation of secondary reaction products. These secondary products such as hydrotaltcite, calcite,
gaylussite, zeolite A, form onwards of 48-72 hours. As previously discussed some of these secondary
mineral products increase chloride binding, and reduce diffusivity. The on going development of these
mineral phases and gelation process produces a relatively small and tortous pore network. Much like
silica, and hydroxide based activators, increasing activator content improves the reactivity, and
microstructure of the system (Bakharev et al. 1999). One downside of carbonate based activation is
that it produces a more acidic pore solution environment than hydroxide or silicate activation.
3.3

Curing Regimes

Heat curing in AACs is well known to lead to increased reactivity, reduced porosities, and reduced
average pore sizes. Microstructural differences develop due to changes in the kinetics of the reaction.
Higher temperatures promote increased precursor dissolution and affect the overall generation of
reaction products (Garcia-Lodeiro et al. 2013, Zhang et al. 2013, Sun & Vollpracht 2018). Higher
curing temperatures, in general, reduce porosity, sorptivity, and chloride penetration in AACs
regardless of precursor. In alkali-activated FA, water permeability was reduced with longer periods of
heat curing (Ma et al. 2013a). Curing at temperatures higher than 60°C and lower than 75°C
decreased the volume of permeable pores and decreased sorptivity, which is used in the literature as
an indicator of higher tortuosity (Ma et al. 2013a, Noushini & Castel 2016). Heat curing has also
decreased permeability in some natural clay-based AACs, which was attributed by the authors to initial
existence of water (due to polycondensation) that enhanced crosslinking and induced subsequent
blockage of pores, which led to reduced chloride ion penetration (Bondar et al. 2012).
The surveyed literature showcases several exploratory studies that elucidate how curing conditions
(e.g., time, humidity) interact with individual precursor/activator combination. However, these variables
have largely remained unexplored. Humidity conditions, for example, change the water availability in
the cement matrix and play a role in the kinetics and degree of reaction. Interestingly, a FA activated
with NaOH exhibited reduced porosities when dry-cured as opposed to steam- or wet-cured
(Kovalchuk et al. 2007), while FA-based binary systems cured in a submerged saline environment (full
saturation) exhibited lower sorptivity and decreased chloride penetration, which was attributed to
reduced leaching of pore solution during activation (Giasuddin et al. 2013). Additionally, the intrusion
of salt into the matrix was found to be negligible (Giasuddin et al. 2013). Slag systems cured in high
temperature and relative humidity above 80% performed better than air- and limewater-cured slagbased AACs (Chi 2012), while autoclaved slag cements (with no added silica and low Na 2O dosages)
produced under high pressure, high heat, and high relative humidity conditions exhibited low porosity.
This reduction has been attributed to the increased reaction of slag particles during curing (Aydin &
Baradan 2012).
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CHALLENGES AND OPPORTUNITIES

Currently, there many gaps to be filled in the field of chloride transport in terms of synergy between
deterioration mechanism, in-lab versus in-situ performance, mixture design, and chloride binding.
More information on the effect of critical parameters such as precursor crystallinity, fineness, quantity
of binder gels, and secondary reaction products provide a starting point for future research. Chloride
transport is not an isolated phenomenon, although crucial to understand, it typically acts in tandem
with acid degradation, carbonation, and other degradation mechanisms. Understanding how other
deterioration mechanisms affect the material properties that direct transport will be crucial to prolong
the service life of structures. Synthetic precursors promise a stoichiometrically controlled material that
would allow researchers to investigate the specific impact of different processing parameters on
chloride transport. producing aluminosilicates, and calcium silicates in that are amorphous, or have
various degrees of crystallinity (Lee & Kriven 2005, Walkley et al. 2016). These high-purity systems
will allow for the study of all factors that can affect chloride transport.
As previously discussed, the work of Ke et al. elucidated the chloride binding potential of hydrotalcite
and hydrotalcite-like phases in carbonate-activated slags (Ke et al. 2016, 2017b c a). Although this
work identifies mineral phases in slag based-AACs that bind chlorides and subsequently delay their
transport through the pore network, more experimental work ought to be carried out to determine
which phases of AACs, crystalline or amorphous, can bind, bear, or precipitate to reduce chloride
diffusion – and how to obtain an optimal proportion of them. For example, the work of Yoon et al.,
(2018) attempts to find an upper limit to the benefits of hydrotalcite formation by adding reactive MgO
to binary blends. After identifying phases with exceptional chloride binding capacity, further
experimental work should be dedicated to controlling and manipulating mineralization in AAC pastes
to enable the preferential formation of those minerals and enhance their chloride binding potential.
Lastly the reviewed literature rarely addresses the impact of the discussed processing factors on
various blended precursor systems with different physicochemical characteristics and the different
rates of binder gel evolution and secondary products. Blended precursors (e.g., slag/FA) are generally
studied in terms of supplementing FA with Slag, to increase the CaO content, and they are cured
between 20-30°C. Typically, blended systems do not consider the lower rate of dissolution of FA and
its higher degree of crystallinity or what the “optimal” processing conditions would be for an optimized
binary or ternary blend. For example, FA is optimally cured at temperatures >60°C with (Sun &
Vollpracht 2018) showing isothermal conduction calorimetry data that points to the low reactivity of FA
when cured at temperatures lower than 30°C, and when activated solely with NaOH it should be dry
cured (Bakharev 2005). AAC chloride transport literature has yet to address the interactions of
processing factors with the physicochemical characteristics of blended precursors and the impact
those interactions have on chloride diffusion and chloride
5.

CONCLUSIONS

This review provides a process-structure-property assessment of the factors that impact chloride
transport in alkali-activated cement (AAC) paste, mortar, and concrete, with a primary focus on fly ash
and slag-based AACs. The reviewed literature indicates that: (1) physical precursor characteristics,
such as greater fineness and lower crystallinity, (2) increasing activator content and (3) identifying a
proper curing protocol play a crucial role in dissolution, reactivity, and microstructural development that
yields dense, low-porosity binder gels and secondary reaction products that can improve chloride
binding. Furthermore, the reviewed literature suggests that (4) CaO content alone cannot be used as a
predictor of improved chloride durability. This conclusion is particularly poignant when the durability of
HCFA was compared to LCFA and slag AACs, where HCFAs were the worst performers. The poor
performance of HCFA indicates that (5) the phase of the calcium (i.e., amorphous, semi-crystalline,
crystalline) is perhaps a better predictor of increased chloride durability. Lastly, there is a need for (6)
a greater understanding of chloride uptake of mineral phases in AACs and (7) using synthetic
stoichiometrically pure systems to advance the state-of-the-knowledge on how physicochemical
properties affect chloride transport.
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ABSTRACT
Geopolymer represents a new class of materials with low environmental impact and physicalmechanical properties similar to the cement ones. The objective to classify geopolymer as new binder
for the construction sector can be obtained only by means of a good knowledge of
differences/similarities between this new class of materials and ordinary portland cement.
The scope of the present work is to investigate the shrinkage of geopolymers. Shrinkage represents a
critical parameter in the characterization of a material for the construction industry because of its
crucial importance in durability aspects and structural long-term maintenance, due to cracks formation.
Studies on engineering properties and shrinkage of geopolymer are still at a starting phase. In this work
the behavior of three coal fly ash based geopolymer mixes is studied and compared with a cement
mortar as reference. Consistency at the fresh state of the mixes and physical properties of the obtained
mortars are detected. Concerning the study of weight change and drying shrinkage as a function of
relative humidity change, it is studied both the behavior of the first shrinkage on specimens during the
first months of curing and the dimensional variations on specimens after a long period of time. Tests
are made at a constant temperature, varying the relative humidity, and regularly measuring weight
change and drying shrinkage of specimens. Preliminary obtained results could be useful for the future
set up of a predictive model for the shrinkage of geopolymer that at the present state does not exist.
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1.

INTRODUCTION

In the last twenty years a new class of materials known as geopolymers has rapidly grown in interest in
order to reduce the CO2 emissions for cement and ceramic materials productions. Geopolymers are
based on alkali activation of precursors able to consolidate at room or slightly higher temperatures. One
of the main advantages of geopolymers is the possibility to use waste-based powders, such as coal fly
ashes, thus promoting a circular economy approach (Provis & Bernal 2014). Nevertheless, the scope to
classify geopolymers as a new binder for the construction sector can be obtained only by a good
knowledge of both differences and similarities between this new class of materials and ordinary portland
cement (BSI Standard-PAS 8820). As known, shrinkage is a critical aspect to take into account for a
proper characterization of a new material in the construction industry. Indeed, shrinkage has a crucial
importance for both durability aspects and structural long-term maintenance, due to possible cracks
formation. At the present state, only a few researches on engineering properties and shrinkage of
geopolymers have been made (Kuenzel et al. 2012, Ma & Ye 2015, Ye at al. 2017).
In this paper, three different coal fly ash-based geopolymer mortars were studied with an attempt to
investigate their drying shrinkage behavior (as opposed to chemical or autogenous). For comparison
sake, an ordinary portland cement mortar was used as reference. Consistency at the fresh state and
physical properties (i.e., bulk density, water absorption and total open porosity) of the mortars were
determined. Then, two different behaviors were studied on specimens: 1) the first shrinkage during the
first months of curing; 2) the dimensional variations related to humidity change after a long period of
time. All tests have been made at a constant temperature and varying the relative humidity: weight
change and shrinkage of all specimens were measured regularly.
2.
2.1

EXPERIMENTAL
Materials

Class F coal fly ash used as raw material for the geopolymer matrices was sourced from Enel
Produzione S.p.A., Torrevaldaliga Nord power station (Civitavecchia, Rome, Italy). It complied with EN
450-1 standard (EN 450-1) for use in the cement and concrete industry and exhibited a d50=22 µm, while
its mineralogical composition was found to have 65±0.8 wt% amorphous phase and crystalline phases
of quartz, mullite and maghemite. The main oxides composition of fly ash, as well as detailed particle
size distribution and mineralogical phase analysis are reported elsewhere (Bignozzi et al. 2014). Sodium
silicate (SiO2/Na2O=1.99, density at 20 °C=1.5±0.2 g/cm 3) and 8 M NaOH solutions were used as
activating solutions. Reference ordinary portland cement mortar was prepared using CEM II/A-LL 42.5
R, according to EN 197-1 standard (EN 197-1). Natural calcareous sand (dmax=4 mm) was used as
fine aggregate for both geopolymer and cement-based mortar.
2.2

Samples preparation

Three coal fly ash geopolymer mortars and a reference cement-based one were prepared. All
geopolymers were prepared with the same fly ash (23.7 wt%) and sand (64.0 wt%) amounts and were
activated by adjusting the relative amount of 8 M NaOH and sodium silicate solutions in order to achieve
Na2O/SiO2 molar ratios of 0.12, 0.14 and 0.16, respectively. Geopolymers were named G1, G2 and G3,
with reference to fly ash-based mortar with a Na2O/SiO2 molar ratio of 0.12, 0.14 and 0.16 respectively.
A certain amount of water (1.6 wt%) was added in all the geopolymer mixes to obtain a good workability.
The total amount of the two activating solutions was maintained constant at 10.7 wt%, as well as the
liquid/binder weight ratio (L/B=0.52). The reference mortar (named CEM) was prepared with the same
proportions (i.e., 23.7 wt % cement and 64.0 wt % sand) and L/B ratio (0.52) like the geopolymer mortars.
Mortar samples were prepared using a Hobart mixer according to EN 196-1 (EN 196-1), as reported
elsewhere (Bignozzi et al. 2014): no heat curing was used. The mixes were poured in different molds
(Figure 1) and vibrated on a shaker to obtain for each mix design: a) 3 prismatic specimens of 25 x 25
x 250 mm for the study of the first shrinkage during the first months of curing (G molds were sealed in
plastic bags and cured at T = 21±2 C° for 24 h after which the hardened prisms were de-molded and
cured at the same laboratory conditions until were used for tests, while CEM were cured at 25°C and
R.H. 95%), b) 2 cubic specimens of 50 x 50 x 50 mm for weight change measurements during the first
months of curing (G molds were sealed in plastic bags and cured at T = 21±2 C° for 24 h after which
the hardened cubes were de-molded and cured at the same laboratory conditions until were used for
tests, while CEM were cured at 25°C and R.H. 95%), c) 2 prismatic specimens of 40 x 40 x 160 mm

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
from which 7 thin slices of 40 x 40 x 3 mm were accurately cut for the study of the physical properties
and dimensional variations related to humidity change after 1 year at room temperature and R.H. = 35%
for all the investigated series (Figure 2).

Figure 1. Molds for mortar: a) metallic molds for specimens of 25 x 25 x 250 mm, b) plastic
mold for specimen of 50 x 50 x 50 mm, c) metallic molds for specimens of 40 x 40 x 160 mm

Figure 2. Specimens of: a) 25 x 25 x 250 mm, b) 50 x 50 x 50 mm, c) 40 x 40 x 3 mm

2.3

Characterization

Consistency at the fresh state was determined by flow-table test, according to UNI 7044 (UNI 7044).
The physical properties of the mortars i.e., bulk density (M/V), water absorption (WA) at room
temperature and total open porosity (OP) by hydrostatic weight were determined on 7 specimens of 40
x 40 x 3 mm after 1 year at room temperature and R.H. 35%.
The first shrinkage during the first months of curing was determined on 3 specimens of 25 x 25 x 250
mm, in accordance to ASTM C1012 (ASTM C1012/C1012M). At the same time, 2 specimens of 50 x 50
x 50 mm were used to investigate the weight chance.
Finally, dimensional variations related to humidity change after a long period of time (i.e., 1 year at room
temperature and R.H. 35%) were studied on specimens of 40 x 40 x 3 mm. Two tests have been made
at a constant temperature (20±2°C) and varying the relative humidity: weight change and drying
shrinkage of all specimens were measured regularly. In the first preliminary test (Figure 3a) it was
studied the behavior of the specimens passing from R.H. 100 % (saturation in water) to R.H. 65 % in a
climate chamber at fixed R.H.. In the second test (Figure 3b), a climate chamber (DY340) was used to
vary the relative humidity (desorption and absorption) from the initial R.H. 100 % (saturation in water) to
60 %. Electronic strain gauges attached to a digital acquisition system were used to study the length
variation with time of each specimen.
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Figure 3. Set up of relative humidity versus time for: a) preliminary test in climate chamber, b)
desorption and absorption tests in climate chamber (T = 20°C)

3.

RESULTS AND DISCUSSION

Table 1 shows values of both consistency and physical properties of the investigated mortar series. The
higher the Na2O/SiO2 molar ratio is, the higher the consistency of the geopolymer mortar is. CEM mortar
showed the highest value of consistency among the investigated series. As for the physical properties
of the studied mortars, the higher the Na2O/SiO2 molar ratio is, the higher the WA and OP are, as well
as the bulk density decreases, even if the difference between G1 and G2 performances is less evident
than the differences between G2 and G3 performances. Finally, the physical properties of CEM mortar
are comparable with G series, with the only exception of the bulk density that is a little bit higher for CEM
mortar.

Table 1. Consistency of the mortars at the fresh state and physical properties (density, water
absorption and open porosity) of the investigated mortars after 1 year
Mortar

Consistency (%)

Density (g/cm3)

WA (%)

OP (%)

G1

45

2.04±0.01

8.4±0.3

17±1

G2

53

2.06±0.02

8.8±0.2

18±1

G3

65

2.01±0.02

10.5±0.5

21±1

CEM

80

2.15±0.01

8.4±0.1

18±1

Figure 4 shows the length change (L) and the weight change (M) of the specimens during the first
months of curing. As can be observed in Figure 4a, G series show a rapid shrinkage increase in the first
days of curing, than the slope of the curves decreases with time, becoming almost flat after 80 days of
curing. On the contrary, after 80 days of curing the slope of the curves of the weight change (Figure 4b)
for the G series is not flat. This result was quite unexpected: further studies are required to properly
explain it. Conversely, no particular change in both length and weight was observed in CEM specimens
(Figure 4).
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Figure 4. a) length change (L) and b) weight change (M) of the specimens during the first
months of curing (G series in sealed plastic bags at T = 21±2 C°, while CEM series at T = 25°C,
R.H. 95%)

Figure 5 shows the dimensional variations related to humidity change after a 1 year at room temperature
and R.H. 35%. As can be observed, preliminary results (Figure 5a) were confirmed in the desorption
and absorption test (Figure 5b). In particular, the shape of the curves was the same for all the specimens,
even if CEM showed values of shrinkage lower than G series. This result is in accordance with previous
literature results (Ma & Ye 2015). Moreover, regarding G specimens, the shrinkage increases in the
following way: G3 > G1 > G2. For this reason the influence of the Na 2O/SiO2 molar ratio is not clearly
observable. Further studies are in progress to better evaluate this aspect. Unfortunately, an interruption
of the electricity caused the switching off of both the climate chamber and digital acquisition system at
day 7 and humidity descended in a not detectable way. Relative humidity conditions reached from the
specimens for 24 hours are unknown. Subsequently the climate chamber was set up again, starting
from R.H. 60 %.

Figure 5. Dimensional variations of the investigated specimens due to humidity change after 1
year: a) results of preliminary test described in Figure 3a, b) results of desorption and
absorption test described in Figure 3b
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Finally, Table 2 shows the weight change (%) of the specimens during the relative humidity changes at
T = 20°C. For all the mortars, an increase of relative humidity leads to a decrease of weight change,
while the contrary occurs decreasing the relative humidity. Among the investigates series, CEM shows
the lowest weight change. Comparing the first two columns of Table 2 it can be observed that the values
obtained at R.H. 60 % are not the same because of hysteresis.

Table 2. Weight change (%) of the specimens during the relative humidity changes (mean
values on 6 specimens) at T = 20°C

4.

CONCLUSIONS

Based on the results of this preliminary experimental investigation on the engineering properties and
drying shrinkage of coal fly ash geopolymer, the following conclusion are drawn:




The Na2O/SiO2 molar ration influences the microstructure of geopolymer mortar:
consistency, water absorption and total open porosity increase as this ratio increases;
After 80 days of curing the shrinkage is stabilized, while the weight still continues to vary;
G3 shows the lowest shrinkage in the first months of curing, while on the specimens after 1
year at lower R.H. it shows the highest length change when the relative humidity changes.

Further studies are necessary to better explain these preliminary results and they will be useful for the
future setting up of a predictive model for the shrinkage of geopolymer that at the present state does not
exist.
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ABSTRACT
Geopolymer cements have been proposed as a potential route for the safe disposal of problematic
nuclear wastes, such as oils and reactive metals. However, to develop an understanding of how these
materials will react chemically and physically in a radiological environment, their response to gamma
irradiation must be better understood. In this study, geopolymer cements have been cured for 20 or
168 hours and then exposed to gamma irradiation at an increased dose rate compared to what will be
produced in an Intermediate Level Waste container, enabling a meaningful total dose to be reached in
a short time period. The selection of the curing regime applied to the samples before irradiation is
expected to alter the effects of this increased dose rate; changes in geopolymer structure have been
studied here by X-ray diffraction and by thermogravimetric analysis. With only 20 hours of curing, the
free water is liberated easily. However, curing for 168 hours appears to correlate to an increase in
carbonation. Understanding the effect of curing and dose rate on geopolymer porosity and the
carbonate phases formed will be key for the development of a safety case for the use of these
materials in the nuclear industry.
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1.

INTRODUCTION

Alkali-activated materials (AAM) or ‘geopolymers’ have been proposed as a potential grout for the
disposal of various wastes within the nuclear industry. Production of geopolymers usually makes use of
poorly crystalline supplementary cementitious materials, such as fly ash or metakaolin, which are
combined with an alkaline activating solution. Providing the samples are formulated and cured properly,
then these systems can offer an attractive alternative binder for nuclear waste disposal (Provis, JL et
al., 2014).
Recent research has demonstrated the stability of geopolymers when metallic wastes (Kuenzel, C et
al., 2014, Rooses, A et al., 2013, Zhang, J et al., 2008) and oils (Cantarel, V et al., 2015, Geddes, DA
et al., 2019) are encapsulated. The successful encapsulation of these wastes within these materials, in
contrast to conventional cement systems, can be attributed to a number of factors. The most important
of these is the difference in the gel chemical structure of geopolymers when compared to that of
conventional Portland cement hydrates. The production of an alkali (sodium or potassium)
aluminosilicate gel network, appears in many cases to allow the successful incorporation and binding of
these waste products.
Exposure of cementitious systems to gamma radiation can result in the radiolysis of water that is present
within the pore structure and the hydrated phases (Leay, L et al., 2018, Lambertin, D et al., 2013), whilst
also causing carbonation to occur within cement hydrates (Vodák, F et al., 2011). Providing moderate
doses (<750 kGy) to geopolymer pastes has been shown to induce a change in the pore size distribution,
through this radiolysis process. The inclusion of corrosion inhibitors, such as NaF, within a geopolymer
system at concentrations that may significantly affect the hydration processes of conventional Portland
cement system, may provide a potential significant advantage with regards to immobilisation reactive
metals. Another benefit of the inclusion of NaF in the geopolymer matrix is the apparent ability of to
inhibit the radiolysis process (Lambertin, D et al., 2013), although the mechanism leading to this
inhibition is not well understood.
The authors of this paper have previously demonstrated (Geddes, DA et al., 2018, Geddes, DA et al.,
2019) where various different metakaolin precursors have been used to produce geopolymers through
reaction with potassium silicate. This has shown demonstrated the chemical and physical properties of
differently formulated samples, there stability to gamma irradiation and the potential to encapsulate
organic or oil based wastes. These formulations have shown promising results as a base grout for
nuclear waste disposal. Oils have been successfully encapsulated, while also showing enhanced
stability under gamma irradiation compared to Portland cement systems. Therefore, understanding of
the effects of gamma irradiation on base grout formulations should enable conclusions to be drawn
between these data sets. This work will focus on the effect of curing time on the stability of the product
to gamma irradiation, with comparisons drawn between different clay types, precuring times and
formulation.
2.

EXPERIMENTAL PROCEDURE

Two commercially available metakaolin (MK) precursors have been used to produce geopolymer grouts.
The clays differ in calcination type, with the MetaMax (BASF, UK) being produced by rotary calcination
and the Argicem (Argeco Development, France) material produced via flash calcination. The
compositions of the MKs utilised in this study, are shown in Table 1. These were activated to produce
geopolymers using potassium silicate, produced by blending a stock solution (K120, PQ Silicates, UK)
with reagent grade potassium hydroxide (Fisher, UK) to produce activating solutions with H2O/K2O = 11
and 13 and a SiO2/K2O = 1.
The geopolymer monoliths were produced, with an Al2O3/K2O = 1.0. These were cured, in a sealed
container, at room temperature for 20 and 168 hours prior to irradiation. These samples were exposed
to gamma irradiation, using 60Co gamma irradiation source at the Dalton Cumbrian Facility, University
of Manchester. The samples were exposed to a total dose of 1 MGy, at a dose rate of approximately
12 kGyhr-1. Thermogravimetry with mass spectroscopy (TG-MS), using a Perkin Elmer TGA4000
connected to a Hiden mass spectrometer, was used to evaluate the effect of irradiation. The phase
stability of the geopolymers was analysed using a Panalytical X’pert3 powder X-ray diffractometer, with
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a 2θ range of 5 – 70°, a step size of 0.02 ° and a time per step of 2.2 s. Control samples were also
produced and cured at 50 °C. as this is the internal irradiator temperature, in order to separate the
potential effects of irradiation alone on the samples.
Table 1 – X-ray fluorescence analysis of the MK precursors
Commercial
Name

SiO2

Al2O3

TiO2

Fe2O3

CaO

K2O

Na2O

LOI

Others

MetaMax

52.5

44.5

1.3

0.4

trace

0.2

0.2

0.6

0.2

Argicem

70.4

23.4

1.1

2.9

0.7

0.3

0.1

0.4

0.8

3.

RESULTS AND DISSCUSION

Understanding the effect of pre-curing a sample before gamma irradiation will help to develop the safety
case for the use of geopolymer materials as a nuclear waste disposal case, and the stability to irradiation
is an important part of this process. Although pre-curing of cements before the encapsulation of waste
is not practically possible, it is important to study the pre-curing as these samples experience a much
higher dose rate than would be generated from intermediate-level waste in practice. All samples used
within this study appeared to show no macro-structural deformation or cracking.
3.1

Effect of Irradiation on the Free Water Content

The gamma irradiation of many different cements has been shown to effect the free water content
(Vodák, F et al., 2011, Leay, L et al., 2018, Lambertin, D et al., 2013), including alkali-activated materials.
The TG-MS results for the different geopolymers exposed to gamma irradiation is shown in Figure 1 and
Figure 2. These geopolymers have been formulated based on different clays, that have been calcined
in different ways and contain a differing chemical composition, this will also produce some variation in
the TG curves. Therefore, to analyse the influence of irradiation on free water content, TG-MS is used
in each case to compare a 1 MGy irradiated sample with a sample that has been heated to 50°C
(matching the irradiator temperature) for the same duration but without radiation exposure.
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Figure 1 – Derivative TG results for geopolymers produced from Argicem MK, irradiated to 1
MGy (solid lines), and control heated (dashed lines) samples, with H2O/K2O ratios of 11 (A), and
13 (B). MS traces for H2O (blue) and CO2 (orange) are shown on the right axes.
Gamma irradiation is seen to remove additional water from the sample when compared to heating to
the same temperature. The liberation of water is seen between 50 – 150 °C. The shape of the dTG
curve related to the water loss, appears to change between both MKs, after gamma irradiation. This
suggests that more water is becoming bound within the pore network and is therefore becoming pore
water. It also appears that gamma irradiation also induces carbonation within the cement samples, as
can be seen from the MS traces (and the slight troughs on the dTG curves, between 300 – 500 °C). This
is believed to be due to the dehydration of the free water within the sample through radiolysis, and the
increased concentration of the more tightly bound pore water. This appears to enhance the effects of
atmospheric carbonation (Bar-Nes, G et al., 2008). The pore structure within both of these samples is
expected to be drastically different, due to the composition and also the effect of gamma irradiation on
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the two different MKs, the MetaMax sample (shown in Figure 3) carbonated more rapidly than the
Argicem geopolymers, particularly at higher water contents. Therefore, this is expected to have a role
in the control of carbonation and also the free water loss within these samples. This requires further
study of the intricate pore structure of these samples, before and after irradiation.

Figure 2 - Derivative TG results for geopolymers produced from MetaMax MK, irradiated to 1
MGy (solid lines), and control heated (dashed lines) samples, with H 2O/K2O ratios of 11 (A), and
13 (B). MS traces for H2O (blue) and CO2 (orange) are shown on the right axes.
3.2

Effect of Curing Time on Free Water

In order to compare the effect of curing times on the of free water content for the geopolymer
formulations studied, Figure 3 shows a direct comparison of the dTG mass loss from the samples, to
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highlight any differences in water binding, when irradiated to the same dose of 1 MGy. Initial comparison
of the geopolymers produced from the two clays show many similarities between all the 168 hours-cured
irradiated samples. A greater radiation stability of the 168 hours-cured geopolymers when compared to
those cured for only 20 hours, has been demonstrated. The higher water content MetaMax sample is
again more prone to carbonation (the signal between 300 – 500 °C) at both curing temperatures, while
the Argicem product does not appear to follow this same mechanism.
Curing the samples for only 20 hours prior to irradiation appears to significantly reduce the amount of
free water present after irradiation, meaning that it has been lost more readily during irradiation. When
compared to the heated controls shown in Figure 2, irradiation appears to reduce the free water content.
It also appears that increasing the water content for the Argicem system causes a greater loss of the
free water during irradiation when compared to the samples of lower water content. This is likely to be
because of an increase in porosity at higher water content, as shown by Duxson et al. (Duxson, P et al.,
2005) where it was stated that increasing the water content, causes a swelling in the porosity. The
MetaMax system appears to follow this expected trend.
Curing time appears to play an important role in the stability of the free water within the samples tested.
However, it does allow increased carbonation of the MetaMax samples. This is attributed to the pore
solution, containing the alkaline ions becoming more mobile with time, therefore allowing for the
transport of carbonate species throughout the samples, and leading to this increase in carbonation
(Pouhet, R et al., 2016), which is not seen in the Argicem geopolymers, as the secondary mineral phases
cause a reduction in this overall alkalinity of these systems. Therefore, to produce a sample that is
representative of a nuclear waste package that has been irradiated for long term at much lower dose
than that shown in these experiments, it is possible that a curing duration intermediate between the very
short and rather long durations used in this study would be desirable. This will enable the samples to
reach a level of maturity where the free water is more stable to irradiation, while being able to resist
carbonation. This would give more realistic results when comparing to samples that have been irradiated
at much lower dose rates, as an intermediate level waste canister.
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Figure 3 – A comparison of curing time effects on 1 MGy irradiated geopolymers produced
from different clays, Argicem (A) and MetaMax (B). Curing times of 20 and 168 hrs are shown
by the black and orange lines, respectively. Solid and dashed lines represent H2O/K2O = 11 and
13, respectively.
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3.3

Effect of Curing Time on Crystallinity

The X-ray diffraction patterns for the Argicem (A) and MetaMax (B) geopolymer formulations cured for
168 hours prior to irradiation are shown in Figure 4. The samples are poorly crystalline, and in the case
of MetaMax, almost completely disordered. Neither changing the water content nor subjecting the
samples to irradiation appears to produce any new crystalline phases, and nor is there an evident
change in the amorphous constituent of the geopolymer between the different formulations. The
crystalline phases evident arise from impurities within the clay, identified as quartz and anatase in most
cases, with minor mullite phases also identified.

Figure 4 – X-ray diffraction patterns for the Argicem (A) and MetaMax (B) samples that have
been heated and irradiated to 1 MGy. The black and orange lines represent H2O/K2O = 11 and
13, respectively.
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4.

CONCLUSIONS AND FUTURE WORK

This work has shown analysis of the irradiation resistance of geopolymer materials, based on two
different sources of metakaolin and activated using potassium silicate. The samples have been
subjected to an increased dose rate, compared to that expected for an intermediate level waste (ILW)
package, to give a total dose of 1 MGy, whilst not degrading or breaking on a macro-scale. Curing a
sample for 20 hours before irradiation is not sufficient to give representative test results for prediction of
actual wasteform performance at the elevated dose rate used here, as this increased dose rate of
gamma irradiation interacts with the free water and causes this to be liberated in an unrepresentative
manner, when compared to the intermediate level waste canisters, which experience a much lower dose
rate. Irradiation after 168 hours (7 days) of curing also raises problems, as this increases the carbonation
via the mobile pore water within these samples. This can be a key degradation mechanism for these
systems. The MK type and also the formulation appear to control this carbonation mechanism, which is
linked to the porosity of the geopolymer formulation. Therefore, further work needs to be done to
understand the carbonate phases formed within these systems, and also, detailed analysis of the
porosity would help to understand the overall stability of these systems.
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ABSTRACT
The effect of the presence of various sources of alumina with different solubilities on Ground
Granulated Blast Furnace Slag (GGBS) hydration was considered. The alumina sources included the
nanotube shaped halloysite clay (calcined or not) and sodium aluminate (NaAlO2). The GGBS was
alkali-activated with sodium hydroxide (NaOH) or sodium carbonate (Na2CO3). The impact of the type
of the alumina source on the compressive strength development and hydration kinetics was first
considered. In the case of NaOH-activated mixes the presence of the alumina source led to an
increase of the hydration kinetics and strength at all terms. On the other hand, with the Na2CO3activated mixes the impact of the alumina additive was highly dependent on its solubility. XRD, TGDTA and 27Al high-resolution MAS-NMR spectroscopy techniques were used to characterize the
impact of the presence of the alumina source on the hydration phase assemblage.
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1.

INTRODUCTION

Ground Granulated Blast Furnace Slag (GGBS) is often used as a co-binder with ordinary Portland
cement (OPC) or alone through alkali/sulfate activation to decrease the environmental impact of building
materials. In addition long term properties, including durability of GGBS-blended cementitious materials
are generally enhanced. The main drawback of such mixes is the early age strength development.
When associated with OPC, GGBS acts mainly as a filler at early age, despite the fact that the required
pH level (>12) for slag dissolution is readily reached (Kocaba, 2009). The interference with GGBS
hydration of the different species released through this association with OPC is still a matter of debate
in the literature. For instance a recent study performed on a single grain showed that the presence of
soluble alumina has a severe hindering effects on slag dissolution (Suraneni et al. 2016). Even at a high
pH level no dissolution and precipitation process was observed in the presence of aluminum in solution.
Other studies also pointed out the presence of soluble alumina to explain retardation of slag hydration,
for instance in the case of slag-metakaolin systems (Bernal et al. 2011). Early studies by Glukhovsky &
Pahomov (1978) reported also this effect. Actually, because of this phenomenon, it was recommended
to avoid using the classical OPC setting accelerator NaAlO2 in the case of the OPC/GGBS binders in
ex-USSR. Why the slag does not dissolve at the early age in the case of GGBS/OPC mixes despite the
high pH level remains unexplained. One possible reason could be the aluminum that is quickly released
by the C3A of the clinker. In this investigation the impact of the presence of different sources of alumina,
with different solubilities, on the hydration of alkali-activated slag is then considered.
2.
2.1

EXPERIMENTAL
Materials

The main chemical composition and Blaine fineness of the GGBS (from ECOCEM France) used in this
study are listed in Table 1.
All the additives are in form of fine powder and added in the dry mix. High purity grades of sodium
carbonate, Sodium hydroxide (VWR chemicals, ≥99%) and sodium aluminate (NaAlO2, technical, Sigma
Aldrich) were used. The halloysite (a nanotube shaped alumina-silicate clay, with a 30-70 nm diameter
and 1-3 m length, from Sigma Aldrich) was added into the dry mixture after 2h of drying at 120°C (noncalcined Halloysite, HA), or after calcination at 750°C during 2h (calcined halloysite, HC).
Table 1. Main mineral components of GGBS used in this study

GGBS

CaO

SiO2

Al2O3

MgO

Blaine m2/kg

43.9

37.6

13.7

6.93

420

Modification of the Al coordination over calcination of the halloysite was characterized using 27Al MAS
NMR (see below) (Figure 1). Similarly to kaolin/metakaolin, Al in the non-calcined state is mainly in
octahedral coordination (indicating that it is hydroxylated). And after calcination, lower coordination
levels (IV and V) appear indicating that partial dehydroxylation and probably degradation of the tubelike structure take place.

Figure 1. 27Al MAS NMR spectra of the non-calcined and calcined halloysite
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2.2

Sample preparation and experimental methods

The compositions of the considered mixes are shown in Table 2.
Table 2. Mix composition of the tested alkali-activated binders
Sample

GGBS (g)

NaOH (g)

Na2CO3 (g)

Halloysite (g)

Calcined
Halloysite (g)

NaAlO2 (g)

Water/GGBS

NH-R

100

8

-

-

-

-

0.45

NH-HA

100

8

-

2.5

-

-

0.45

NH-HC

100

8

-

-

0.5

-

0.45

NH-NA

100

8

-

-

-

1

0.45

NC-R

100

-

10

-

-

-

0.4

NC-HA

100

-

10

2.5

-

-

0.4

NC-HC

100

-

10

-

0.5

-

0.4

NC-NA

100

-

10

-

-

1

0.4

The compressive tests were performed on mortars. The samples were prismatic (4cmx4cmx16cm) with
binder to normalized sand ratio of 1:3. The samples were stored in closed plastic bags at 22±1°C until
testing. Compressive strength measurements were carried out according to EN 196 standard using a
300 kN Amsle testing machine.
All the other characterizations were performed on paste samples prepared with demineralized water
and cured in closed plastic tubes at 22 ±1°C.
The isothermal calorimetry measurements were conducted using a TAM Air isothermal calorimeter at
22 ± 0.02 °C. The fresh paste was prepared by mechanical stirring at 400rpm for 2 min, weighed into
an ampoule, and immediately placed in the calorimeter. All the reported results were normalized to the
total dry mass of the sample.
For the phase characterization tests paste samples at different ages were crushed and immediately
treated with isopropanol to stop hydration and dried at 40°C during 24h.
X-ray diffraction (XRD), using a Bruker D2 Phaser instrument with Co-Kα radiation, was performed. The
measurements were conducted with a step size of 0.02° from 5° to 60° 2θ.
27Al

high-resolution NMR experiments were carried out on a Bruker AVANCE instrument (principal field
17.6 T–750 MHz) equipped with high speed MAS probe heads (spinning rate of 30 kHz). The 1D MAS
spectra have been acquired after a single short pulse (π/10) ensuring a quantitative excitation of 27Al
central transition. Almost 10000 scans were accumulated with a 1s recycling delay. Chemical shifts were
referenced relative to Al(NO3)3 1 M solution.
Thermogravimetric analysis (TGA) were conducted using a Sytsys 16/18 TGA-DSC/TMA instrument at
a heating rate of 10°C/min from 25°C to 1000°C in argon atmosphere. The samples consisted of 100
mg crushed powder of pastes after 28 days curing in a closed plastic tubes at 22°C±1.
3.
3.1

RESULTS AND DISCUSSION
Compressive strength development

For the plain NaOH-activated samples it can be observed a fast gain of early strength followed by a
rather moderate strength increase at long term (Figure 2). This has already been largely reported in the
literature (Gebregziabiher et al. 2015). Addition of an aluminate source led to an improvement of the
strength at all terms. The strength gain is in particular significant in the case of the highly soluble alumina
(NaAlO2).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
On the other hand, the presence of the alumina additive in the case of Na 2CO3-activation led to
qualitatively different results in terms of strength development (Figure 3). For the reference sample
(without an alumina source), as generally observed elsewhere (Bernal et al. 2015), there is no significant
strength at one day. However beyond 2 days the strength gain is more significant than in the case of
NaOH-activation. Addition of low (halloysite, HA) or moderately (calcined halloysite, HC) soluble
alumina source led to strength loss up to 28 days, and a moderate strength gain beyond. Addition of a
highly soluble alumina (NaAlO2) led on the other hand to almost complete cessation of the hardening
process. The strength values were too low (up to 28 days) to be determined.

Compressive strength (MPa)

80

NH-R

70

NH-HA

60

NH-HC

50

NH-NA

40
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0
1

2

3

7
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90

Age ( days )

Figure 2. Impact of various alumina sources on the compressive strength development in the
case of NaOH activation
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Figure 3. Impact of various alumina sources on the compressive strength development in the
case of Na2CO3 activation. Note that there is no strength with NaAlO2 at all terms.
3.2

Impact of the alumina additives on the hydration kinetics

The curves of released heat in the case of the NaOH-activated samples with the different alumina
sources are shown in Figure 4. Adding both types of Halloysite led to higher amount of heat released at
early stage of hydration. This indicates a higher level of slag dissolution and early hydration. On the
other hand adding highly soluble alumina (NaAlO2) leads to a significant increase of the induction period.
Nevertheless a sharp increase of heat release is observed beyond the induction period. This is
consistent with the strength results. It must be noticed that NaAlO 2 is highly alkaline and the delay in
early hydration cannot be attributed to eventual insufficient pH level (it is >13) for slag dissolution.
Retardation effect of NaAlO2 was confirmed through Vicat setting time measurements (which are not
reported here). This additive increased the setting time from 30 min to 5h.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
200

3,5

150

Heat (J/g)

4

Heat flow (mW/g)

3

100
50

2,5

0

2
1,5
1
0,5
0

Time (h)

NH-R

NH-HA

NH-HC

NH-NA

Figure 4. Hydration kinetics for NaOH activated binders with different alumina sources
The microcalorimetry results for the Na2CO3 activated samples are shown in Figure 5. Two typical peaks
can be identified (ignoring the very first heat release which may be related to dissolution). The first peak
is related to the precipitation the phases at the origin of setting (mainly calcium carbonate polymorphs
and gaylussite). The second peak (30-84h) following the induction period is associated with the
formation of C-(A)-S-H and other strength giving hydration products. Addition of the two types of
halloysite leads to a change in the position of the second peak and a larger amount of heat released
from the very beginning. However, this did not lead to an increase of strength as seen above. In the
case of NaAlO2 addition, only the first peak can be observed (which is quite low) and no further
significant hydration beyond. This is consistent with the previous observations when considering the
strength.
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Figure 5. Hydration kinetics of Na2CO3 activated binders with different alumina sources
3.3

27

Al MAS NMR investigation

The evolution of the 27Al MAS NMR spectra of the NaOH-activated samples between 2 hours and 1 day
is reported in Figure 6. The Al in the anhydrous slag is mainly four-fold coordinated, yet pentacoordinated Al can also be detected (at 30-40 ppm). The peaks at around 74 ppm are assigned to Al
substitution in C-S-H. Even at 2 h C-A-S-H is already precipitated. This reflects in particular the short
duration of the induction period in the case of this type of activation. The peak centered around 9 ppm
is assigned to Afm-type phases. In this case this may comprise mainly hydrotalcite and strätlingite (see
XRD results). By comparing the spectra in Figure 6a with those in Figure 6b it can be noticed that
addition of halloysite leads to acceleration of the raise of the Al(IV) (C-A-S-H) peak. We also see that at
the age of 1 day the peak of halloysite (located upfield) almost disappears (Figure 6b). This indicates
that even without calcination this clay is reactive under the present pH conditions.
Addition of the highly soluble alumina source (NaAlO2) leads to a noticeable acceleration of AFm
formation, but the C-A-S-H peak height at 2 hours is reduced. This may be related to the delay in setting
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of these mixes in the presence of soluble alumina. At the age of 1 day, the C-A-S-H peak is much more
pronounced in the presence of this additive. This may be related to the higher strength gain beyond the
induction period. One notice the presence of a new feature within the Al(IV) region (at 61-62 ppm) that
can be assigned to strätlingite. In this Afm-type phase both Al(IV) and Al(VI) should be present (Kwan
et al. 1995). However the Al(VI) resonance is superimposed with those of the other Afm phases as
hydrotalcite and cannot be resolved.
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Figure 6. 27Al MAS NMR spectra at 2 hours and 1 day for (a) NH-R, (b) NH-HA, (c) NH-NA
In the case of Na2CO3-activated mixes, only a small evolution of the spectra are observed within the first
day of hydration (Figure 7a). This is expected since the dominant phases within this hydration period
are gaylussite and calcium carbonate polymorphs, which do not contain aluminum. Although at 1 day
we can notice the appearance of a small amount Afm-type phases (probably hydrotalcite). Addition of
halloysite (Figure 7b) does not lead to noticeable change in the assemblage of the Al-based phases.
Yet the signal in the Afm region is blurred by that of halloysite.
Addition of NaAlO2 (Figure 7c) leads to a rapid formation (within 2 hours) of Afm type phases. There is
almost no evolution of the signal beyond. We can also observe a transient increase of the feature
corresponding to the Al(V) sites. From these results one can suggest two possible origins of hydration
hindering in the presence of this highly soluble alumina: (i) Rapid formation of Afm-type phases through
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the precipitation of the dissolved alumina provided by the additive and the Ca/Mg dissolved from the
slag. Since at early stage the Ca/Mg species are rather concentrated nearby the slag grain surface, the
Afm precipitation should take place on the grain leading to hindering of its dissolution. (ii) The dissolved
alumina may adsorb on the silica rich grain surface and may be eventually incorporated within the silica
network leading to its reinforcement (against dissolution). This phenomenon has been shown to occur
in various situations, for instance when we consider the issue of alkali-silica reaction and its hindrance
in the presence of aluminum (Chappex & Scrivener, 2012).
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Figure 7. 27Al MAS NMR spectra at 2 hours and 1 day for (a) NC-R, (b) NC-HA, (c) NC-NA
3.4

X-ray diffraction

The evolution of crystalline phases for the NaOH-activated GGBS (Figure 8) shows that the addition of
alumina source leads to an increase of the amount of the AFm-type phases as hydrotalcite and hemi/
monocarboaluminate, as well as poorly crystallized C-(A)-S-H. The increase is particularly significant in
the case of NaAlO2 (Figure 8c). Note that alumina addition seems to stabilize hemicarbonaluminate.
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Figure 8. X-ray patterns in case of NaOH activated slag: NH-R (a), NH-HA (b) and NH-NA (c)
In the case of Na2CO3 activation (Figure 9a), for the reference mix, the main products after 2 hours of
hydration is the metastable phase gaylussite (Na2Ca(CO3)2*5H2O). Beyond 1 day, the intensity of
gaylussite signal decreases and that of calcite increases. At the same time the peaks of the Afm-type
phases (hydrotalcite, carboaluminates) and poorly crystallized C-(A)-S-H increase.
In the presence of low soluble alumina source (Figure 9b), we can observe a higher amount of gaylussite
from the beginning. In addition this phase seems to be more stable over time compared to the reference.
The amount of calcite is subsequently lower. The amount of the Afm phases seems unaffected.
Upon addition of highly soluble alumina source (Figure 9c) only a very small amount of gaylussite,
hydrotalcite and monocarboaluminate were formed, without a noticeable evolution in time. Since sodium
was no consumed for gaylussite formation, a high amount of sodium carbonate hydrate is still present.
No other phases can be observed.

Figure 9. X-ray patterns in case of Na2CO3 activated slag: NC-R (a), NC-HA (b) and NC-NA (c)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
3.5

Thermal analysis

The TG/DTA analysis results of the pastes at the age of 28 days are represented in Figure 10a for NaOH
and in Figure 10b for Na2CO3 activation. In the case of NaOH it can be observed an increase of the
weight loss with addition of the alumina source (the highly soluble one). DTA analysis shows that this is
mostly due to a higher amount of C-(A)-S-H hydrates.
In the case of Na2CO3 activation, the results are qualitatively different. The amount of C-(A)-S-H type
hydrates decreases significantly with soluble alumina addition. In this case we observe mainly
dehydration/decomposition of calcium (sodium) carbonate based phases (gaylussite/calcite). No
hydrotalcite feature can be observed.
The TG/DTA analysis confirms the results obtained with the previous analytical techniques.

Figure 10. TG/DTA thermograms of GGBS activated with NaOH (a) and Na2CO3 (b)
and with or without NaAlO2
4.

CONCLUSION

It was shown that when a slag is activated under quite high pH conditions (NaOH), addition of an alumina
source has a positive effect on hydration kinetics and strength development. When the alumina solubility
is high the additive plays the role of setting retarder, but leading to improvement of the strength
development. In the case of moderate level of pH mixes (Na2CO3 activation), low soluble alumina
sources lead to the delay of early hydration, but strength gain at long term. On the other hand highly
soluble alumina compounds lead to a complete stoppage of the hydration process. This was attributed
to an eventual incorporation of aluminium within the silica network nearby the slag grain surface, which
should lead to an increase of the required pH level for slag dissolution. This should explain the difference
between NaOH and Na2CO3 activations in presence of soluble alumina. In addition early precipitation
of Afm-type phases was detected using high resolution 27Al NMR. This is suspected to take place on
the grain surface leading to hindrance of dissolution.
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ABSTRACT
Calcium sulfoaluminate cement may have variable compositions. However, ye’elimite is a common
component for all of them. Two main axes are discussed in this paper concerning sulfoaluminate
cement. First, the variability of its compositions is studied. For this purpose, three calcium
sulfoaluminate clinkers with different amount of ye’elimite (25, 50 and 75 wt. %) were synthesized. The
influence of this variability on the mechanical performances and reactivity is then investigated by
measuring the compressive strength and isothermal calorimetry respectively. Second, the capacity of
sulfoaluminate clinker to valorize a zinc rich waste is examined. The maximal quantity (threshold limit)
of this element, which may be incorporated during clinkering, is determined. In this order, zinc oxide
was added to the raw materials with different amounts (0.1; 0.3; 0.5; 0.7; 1 and 2 wt. %).
In conclusion, it is shown that an increase in ye’elimite rate increases the mechanical properties of the
cement pastes. In addition, the threshold limit is identified to be 0.3 wt. % for any ye’elimite amount
between 25 and 75 wt. %.
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1.

INTRODUCTION

Calcium sulfoaluminate cement (CSA) considered as green cement is nowadays having more
attention in the cement industry. However, after the KYOTO conference, CSA is finding its way to the
European market. In fact, although Ordinary Portland Cement (OPC) is the most used construction
material worldwide, its production accounts for about 5% of the man-made CO2-emissions (Winnefeld
& Lothenbach 2010, Gartner 2004, Gartner & Hirao 2015, Juenger et al. 2011, Trauchessec et al.
2015). The necessity of reducing the CO2 emission, energy and limestone consumption, leaded to the
development of these special cements (Gartner & Hirao 2015, Trauchessec et al. 2015, Luz et al.
2009, Bernardo et al. 2006, Berger et al. 2011, Berger et al. 2013, Zhang et al. 2012). This low carbon
release is accomplished by the following characteristics that CSA clinker offers such as lowering the
lime content of the raw meal (13-33 %less than OPC cement), burning the firing temperature about
100 to 200 °C than that involved in OPC production, as well as being more grindable than OPC clinker
due to its high porosity (Zhang et al. 2012, Berger et al. 2013, Quillin 2011, Chen et al. 2012, AlvarezPinazo et al. 2012).
CSA cements are also known to recycle hazardous wastes, because their mineralogy is adapted for
waste immobilization (Zhou et al. 2006, Peysson et al.2005). During the manufacturing process of
CSA clinker, industrial wastes can be used as raw materials or as fuels replacing traditional materials
(El-Afi & Gado 2016, Beretka et al. 1993, Wu et al. 2011). These wastes may provide the necessary
ingredients for the raw mix (Ca, Si, Al and Fe). However, they contain trace elements that could be
incorporated in the clinker phases during the clinkering process. Technical properties of cement such
as compressive strength and the environmental ones may be then affected (Gineys et al. 2010,
Gineys et al. 2011). One of the most common trace element that could be found in wastes is Zinc. The
latter can be found in secondary fuels like car tires and rubber (which contains up to 4 wt. % ZnO) and
metallurgical slags (that could contain up to 10 wt. %) (Kolovos et al. 2005, Lv et al. 2015).
Therefore, it is important to know the limit value of this element that could be incorporated in the
clinker without affecting the reactivity and the characteristics of the hardened concrete. Previous
studies (Gineys et al. 2010, Gineys et al. 2011a, b, Gineys 2011, Gineys et al. 2012, Stephan et al.
1999) have identified the threshold limit for Zn that could be incorporated into OPC clinker during the
clinkering process. For each trace element, the threshold limit is reached when the formation of a new
compound, and/or the decrease in content of one of the clinker phases, is observed by X-ray
diffraction (XRD) studies (Gineys et al. 2010, Gineys et al. 2011a, b, Gineys 2011, Gineys et al. 2012).
The results showed that the threshold limit of Zn in OPC clinker is 0.7 wt. %. Beyond the latter value,
the formation of C3A is reduced due to the formation of Ca6Zn3Al4O15 as a new phase. The results
showed also that adding Zn in the raw materials during the clinker process, even at 1 wt. % (a higher
content than the threshold limit) does not affect the reactivity and the mechanical performances. One
of the objectives of this paper is to determine the threshold limit of Zn in CSA cement. So, the same
definition of the threshold limit defined by Gineys et al. studies (Gineys et al. 2010, Gineys et al.
2011a, b, Gineys 2011, Gineys et al. 2012) is retained. The determination of the threshold limits for
the trace elements allows the cement industry to calculate the maximum amount of waste that could
be valorised during the clinkering process.
The main objective of this article is to study the effect of the composition variability of CSA clinker, first
on its hydration and mechanical properties, and second on the valorisation of zinc rich waste by
determining the threshold limit for zinc. Then the effect of doping with zinc on the reactivity and
mechanical performances is investigated.
2.
2.1

MATERIALS AND METHODS
Materials

In the first stage, CSA clinkers were prepared at the laboratory scale by mixing analytical grade
reagents of CaCO3, SiO2, Al2O3 and CaSO4.2H2O. The raw mixes were homogenized and pressed
into pellets to obtain a more regular clinkering process. Pellets burned at 1300 °C at a rate of
15°C/min to 800°C, then at a rate of 8 °C/min to 1300°C. After 40min burning to the clinkering
temperature, the clinker was cooled in the furnace. Three references sulfoaluminate clinkers CSA75,
1
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CSA50 and CSA25 were synthetized. The difference between these clinkers is the amount of
ye’elimite (25, 50 and 75 wt. %) and belite. Table 1 represents the composition of the three
references.
Table 1. Mineralogical composition of the three synthetized CSA clinkers (Wt. %)
Reference

Mineral composition
C4A3Š

C2S

CŠ

CSA75

75

23

2

CSA50

50

48

2

CSA25

25

73

2

Second, in order to prepare the doped clinkers, zinc was introduced in the raw meal in the form of
oxide (ZnO). The amount of zinc oxide was added within a range of 0.1, 0.3, 0.5, 1 and 2 wt. %. The
doped CSA clinkers are designated by the term ‘CSA’ followed by the ye’elimite percentage, then the
letter Z and the percentage of Zn introduced. For example CSA75Z2 represents a clinker with 75 wt.
% of ye’elimite and 2 wt. % of Zinc. Cement was produced by mixing pure gypsum with clinkers
previously grounded until a Blaine specific area between 3500 and 4000 cm 2/g. Gypsum amount
added corresponds to a molar ratio sulfate/aluminate (SO3/Al2O3) of 0.7. The CSA cement are
designated as for the clinkers but followed by the letter G and the value of SO 3/Al2O3 of 0.7. For
example CSA75G0.7 represents a cement made from a clinker containing 75 wt. % of ye’elimite for
which gypsum is added with a quantity corresponding to SO 3/Al2O3 ratio of 0.7.
2.2

Methods

The mineralogy of the synthesized clinkers was studied using X-ray diffraction (XRD). A Bruker D2
with Cu Kα radiation was used. The X-ray patterns were acquired in the 2θ (10-80 °) with a step of
0.02 ° and 1 s per step.
The reactivity of the cement was determined through isothermal calorimetric measurements performed
at 20 °C. 6g of cement and 3.6g of water previously stored at 20 °C were mixed manually for a few
seconds outside the calorimeter. Then, the mixed cement paste is placed inside the calorimeter cells.
The calorimeter used was a home-made calorimeter using fluxmeters that allowed the calorimeter to
equilibrate in less than 5 min (Gineys et al. 2010).
Since the quantities of cement produced in the laboratory are limited, only 100g of each clinker are
produced. Therefore, the compressive strength was determined on small cement paste cubes (1*1*1
cm) with a water/cement ratio (w/c) of 0.5. Cement and water were manually mixed. The filling of the
molds was performed in two steps on a vibration table. The paste cubes were demoulded after 24 h
and curing was continued at 100% relative humidity at 20 °C. The compressive strength was
measured after 1, 2, 7 and 28 days.
3.

RESULTS AND DISCUSSIONS

In the first part of this section, the synthetized clinkers are characterized by XRD diffraction in order to
verify the phase assemblage of the three references. Then the influence of the clinker composition on
the hydration and mechanical properties is investigated. The second part is devoted to determine the
threshold limit of Zn for each mix (with 75, 50 and 25 wt. % of ye’elimite). Once the threshold is
identified for each mix, the influence of zinc incorporation on the reactivity of the cement and on the
mechanical performances is followed.
3.1

Synthesis of CSA references clinkers

Figure 1 represents the XRD analyses conducted on the three synthetized clinkers in which the
quantity of ye’elimite differs (75, 50 and 25 wt. %). The results show that the major crystalline phases
are, as expected: ye’elimite C4A3Š (Y), belite C2S (B) and anhydrite CŠ (A). Increasing the amount of
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ye’elimite from 25 % to 75 % (CSA25 to CSA75) increases the intensity of the ye’elimite phases and
decreases the belite ones.

Figure 1. XRD of the three synthesized references
3.1.1 Hydration study of references cements
Figure 2 shows the hydration of the three CSA cement pastes with the same SO3/Al2O3 ratio of 0.7.
Three peaks are identified for all mixes. The first peak (peak 1) corresponds to the dissolution of the
anhydrous grains. Then an induction period of low thermal activity is observed. After that the heat flow
increases and forms a second peak (peak 2). The latter corresponds to the reaction between
ye’elimite and gypsum to form ettringite. The third peak (peak 33) is formed once the gypsum is
depleted, therefore a dissociation of ettringite will occur and the anhydrous grain will be available
again for the hydration to form monosulfoaluminate hydrate. . Identical results were obtained by
Winnefeld et al. (Winnefeld & Barlag 2009, Chen & Juenger 2011) as well as by Chen et al. indicating
the presence of three main peaks in the CSA cement hydration. It is clear that the heat flow increases
proportionally with the amount of ye’elimite, so this latter presents the source of heat. Moreover, the
third peak (corresponding to the depletion of gypsum) appears approximatively at the same time for
the three CSA cement pastes (between 10 and 11h). This could be due to the consideration of the
amount of sulfate coming from the CSA clinker in the SO3/Al2O3 ratio.

Figure 2. Heat of hydration versus time of the three CSA cement pastes with similar SO3/Al2O3
3
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3.1.2 Compressive strength of references cements
Figure 3 presents the results of the compressive strength test conducted on cement pastes at 1, 2, 7
and 28 days. It shows that the compressive strength increases proportionally to the amount of
ye’elimite phase in CSA clinker. This strength increases rapidly during the first two days and reaches a
strength plateau of 66, 31 and 4.6 MPa for CSA75, CSA50 and CSA25 respectively. This result is due
to the fact that the quantity of ettringite produced - which confers the mechanical properties increases proportionally with the amount of ye’elimite leading to an increase in the compressive
strength of the different samples. These results are in agreement with the results of isothermal
calorimetry which show that the hydration of ye’elimite is the source of heat and an increasing of the
ye'elimite rate in the CSA cement increases the heat flow.
Concerning the belite, it seems that it does not participate in the mechanical performances during the
first 28 days, since this resistance remains stable beyond 2 days. Garcia Maté et al. (Garcia-Maté et
al. 2013, Garcia-Maté 2015) showed that no hydration product from belite is observed during the 180
days of hydration. This is due, according to the authors, to the low reactivity of the belite. This can be
also due to the low w/c ratio of 0.5. In fact Jeong et al. (Jeong et al. 2008) show that stratlingite, the
principal hydration product of belite in CSA system (eq. 1), is only formed for a w/c ratio of 0.8
whereas for a ratio of 0.4 and 0.6 this phase is not formed.
C2S + AH3 + 5H → C2ASH8 (eq. 1)

Figure 3. Compressive strength of cement pastes obtained after 1, 2, 7 and 28 days of curing
3.2

Determination of the threshold limit

Once the method of synthesis and the phase assemblage in the reference clinkers are verified, the
second step was the determination of the threshold limit. Therefore, this limit is determined for Zn in
the three clinkers synthetized. As described before, the threshold limit is reached when the formation
of a new compound, and/or the decrease in the content of one of the initial clinker phases, is observed
by X-ray diffraction. Different concentrations of the trace element Zn are incorporated in the raw-mix of
each clinker to determine their threshold limits. Each resulting clinker is characterized by XRD and
compared to its equivalent clinker without Zn. Six percentages of Zn were incorporated in the CSA
clinker (0, 0.1, 0.3, 0.5, 1 and 2 wt. %), here we present only 4 percentages.
Figure 4 shows the XRD patterns of the mix with 75 wt. % ye’elimite respectively doped with 0, 0.3, 0.5
and 2% of Zn. The threshold limit is reached by the appearance of a new phase compared to the
reference CSA clinker (with 0 wt. % Zn). This phase is identified as being zinc oxide. The formation of
ZnO was observed when the Zn content was higher than 0.3 wt. %. Therefore, this concentration
corresponds to its threshold limit.
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Figure 4. XRD patterns of clinkers with 75 wt. % of ye’elimite, doped with different Zn
concentrations.

Figure 5. XRD patterns of clinkers with 50 wt. % of ye’elimite, doped with different Zn
concentrations

Figure 6. XRD patterns of clinkers with 25 wt. % of ye’elimite, doped with different Zn
concentrations
5
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3.2.1 Determination of the detection sensitivity of the XRD
The determination of the threshold limit depends on the detection method used. Indeed, the absence
of a phase does not mean that it is not present, but only its content is below the limit of detection by
XRD. Thus, in order to be sure that the non-appearance of ZnO phase (after the addition of 0.3 wt. %
Zn during the clinkering) is not due to the limit of detection of the apparatus, an amount of ZnO
equivalent to 0.3 wt% Zn (CSA75 +ZnO) were added to CSA75 after sintering. Figure 7 shows the
XRD patterns of the latter and all the others clinkers containing Zn. We can observe that the pattern of
CSA75 + ZnO shows a large peak for ZnO. This peak is greater in intensity than that of CSA75Z0.5
containing 0.5 wt. % Zn.

Figure 7.XRD patterns of CSA clinker with different amount of Zn
3.3

Effect of Zinc on the reactivity of CSA cement

After synthesizing of the CSA clinkers, gypsum is added to doped and non-doped clinkers respecting
the SO3/Al2O3 ratio of 0.7. Then a study of reactivity is made on doped cement pastes and compared
to the references one to study the effect of this element on the hydration of CSA cement paste. Two
percentages of doping are chosen. The first one corresponds to the threshold of each mix (0.3 wt. %)
and the second one corresponds to an amount of Zn that exceeds the threshold limits (2 wt. %).
The figure 8 represents the heat of hydration of the three cement paste mixes with and without zinc.
The results show that doping with Zn at the threshold limit does not highly affect the hydration of CSA
cement for the three mixes with 75 (figure 8a), 50 (figure 8b) and 25 wt. % of ye’elimite (figure 8c). The
three major peaks of hydration for CSA75Z0.3G0.7 (figure 8a), CSA50Z0.3G0.3 (figure 8b) and
CSA25Z0.3G0.7 (figure 8c) appear almost at the same time as references CSA75G0.7, CSA50G0.7
and CSA25G0.7 respectively. The three peaks observed represent the dissolution of anhydrous grains
(peak 1), the acceleration of ye’elimite hydration with gypsum (peak 2) and the depletion of gypsum
(peak 3). The same result was obtained by Gineys et al. by doping the OPC clinker with Zn at the
threshold limit of 0.7 wt. %. Therefore, doping with Zn at the threshold limit does not affect the
reactivity of cements, whether OPC cement or CSA cement.
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Figure 8. Heat release of the CSA cement with and without Zn for the three mixes: a) with 75 wt.
% of ye’elimite; b) with 50 wt. % of ye’elimite and c) with 25 wt. % of ye’elimite.
In addition, Gineys et al. showed that even a doping with 1 wt. % of Zn, which represents a greater
value than the threshold limit, the reactivity remains comparable to the references. The same study
was conducted with CSA cement by doping with 2 wt. % of Zn (figure 8a, 8b and 8c). The results show
that even when doping with a percentage much higher than the threshold limit, the setting time,
identified by the end of the induction period, of the three cement pastes CSA75Z2G07, CSA50Z2G07
and CSA25Z2G07 remains almost identical to the CSA references cements CSA75G07, CSA50G07
and CSA25G07 respectively.
3.4

Effect of Zinc on the mechanical performances

In order to study the effect of introducing Zn in CSA clinker during the clinkering process on the
mechanical performances, the compressive strength for the reference and the cement doped with Zn
(at the threshold limit 0.3 wt. % and at a high content of 2 wt. %) are determined (figure 9). These tests
are conducted on cement pastes after 1, 2, 7 and 28 days of curing. The results show that, for the mix
with 75 wt. % (figure 9a), the compressive strength evolution of the three samples (with and without
Zn) follows the same shape. It can be also noticed that adding Zn decreases the compressive strength
for the mix with 75 wt. % ye’elimite the first day (60 MPa for CSA75G0.7 and 42 MPa for
CSA75Z0.3G0.7 and CSA75Z2G0.7). Whereas at 28 days the compressive strength of the doped
cement (with 0.3 and 2 wt. %) increases and reaches almost the same values as those for the
reference 66, 61 and 58 for CSA75G0.7, CSA75Z0.3G0.7 and CSA75Z2G0.7 respectively.
Whereas, comparing to the reference with 50 wt. %, no significant changes have been observed in
both cases with 0.3 and 2 wt. % of Zn (figure 9b). While for the formulation with 25 wt. % the values
are very low (6 MPa) and the fluctuation between the results is not representative (figure 9c).
Therefore introducing Zn to the clinker does not affect significantly the compressive strength at 28
days while added at the threshold limit or in a high content.
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Figure 9. Compressive strength of CSA cement with and without Zn for the three mixes with: a)
75 wt. % of ye’elimite; b) 50 wt. % of ye’elimite and c) 25 wt. % of ye’elimite.
4.

CONCLUSION

The main purpose of this work is, in the first part, to study the influence of the variability of the CSA
clinker on the recycling of a zinc rich waste. Therefore, the threshold limit for this element is
determined in each CSA clinker composition. The value of this threshold limit is reached when the
formation of a new compound, and/or the decrease in content of one of the clinker phases, is
observed by X-ray diffraction (XRD). In the second part of this work, the influence of doping with Zn,
on the reactivity and mechanical performances are investigated. It can be concluded from the above
study that:




For the three synthesized CSA clinkers, the desired phases: ye’elimite, belite and anhydrite
are obtained. Therefore, the method used for the synthesis of CSA clinkers seems
successful.
The compressive strength increases with the increase of the amount of ye’elimite in CSA
clinker.
The threshold limit for Zn is 0.3 wt. % in the three CSA clinkers and it manifests by the
appearance of a new phase identified as being ZnO.
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The Zn threshold limit in the CSA clinker is not affected by the Ye’elimite neither the belite
content.
Adding Zn either with an amount corresponding to the threshold limit of 0.3 wt. % or with
high content (2 wt .%) does not affect the reactivity of CSA cement Consequently the CSA
doped cement with Zn seemed to be at least as reactive as the CSA reference cements
The mechanical performances of doped cement are closed to the references at 28 days.

The valorisation/stabilization of wastes containing Zn as a trace element can be done either in the raw
materials, or during mixing as being a mineral admixture. For the OPC cement, it has been shown that
adding Zn during mixing is not recommended because it affects the hydration by retarding it about 20h
when adding 0.7 wt. % Zn and more than 170h when adding 1wt. % Zn (Gineys et al. 2011a).
However, for the incorporation of Zn as a raw material during clinkering, it is possible to add 0.7 wt. %
Zn, which represents its threshold limit (Gineys et al. 2011b). CSA cement represents a solution to add
Zn during mixing. Berger et al. were able to add 0.5 wt. % Zn in CSA cement during mixing and show
that 2wt. % Zn can be added without retarding the hydration of the cement (Berger et al. 2011).
Our results show in one hand, that the threshold limit for Zn that could be incorporated in the raw mix
of CSA clinker during clinkering is 0.3 wt. %. This value is lower than that for OPC clinker (0.7 wt. %)
determined in previous study (Gineys et al. 2010, Gineys et al. 2011a, b, Gineys 2011, Gineys et al.
2012). In another hand, the reactivity and mechanical performances are not significantly affected even
if a high content of Zn (2 wt. %) is introduced in the CSA clinker and especially for the two formulations
with 50 and 75 wt. % of ye‘elimite.
5.
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ABSTRACT
Calcium sulfoaluminate (CSA) cements receive currently significant research interest, as they may be
a low-CO2 alternative to ordinary Portland cement. This study investigates the potential of solid-state
NMR spectroscopy to follow the hydration reactions of major and minor phases in CSA cement and
reports some of the fundamental NMR parameters for the individual components. The principal phase,
ye’elimite (Ca4Al6O12SO4), includes eight crystallographically independent AlO4 sites and the 27Al
quadrupole coupling and chemical shift parameters have been determined for these eight sites from
analysis of 27Al MAS and MQMAS NMR spectra acquired at several magnetic fields (4.7 – 22.3 T).
These parameters are assigned to the individual Al sites by DFT calculations, including a refinement of
the proposed crystal structures for ye’elimite, and form the basis for a reliable quantification of
ye’elimite in hydrated CSA cements by 27Al MAS NMR. This is illustrated for a commercial cement
which contains ye’elimite, belite (Ca2SiO4), fluorellestadite (Ca10(SiO2)3(SO4)3F2), and bredigite
(Ca7MgO8(SiO2)4) as the principal phases. The two latter phases have been synthesized and
characterized by 29Si NMR to obtain the 29Si chemical shifts, allowing an identification of these two
components in CSA cements. The NMR techniques are used to characterize the hydration reactions
for a commercial CSA cement and for CSA cement blends incorporating calcined clay (metakolin) and
limestone as SCMs (20 wt% replacement) in a semi-quantitative manner. The results show that
metakaolin is hydraulic active in this hydrating environment, despite the lack of portlandite and at a
rather low pH in the pore solution.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cement attracts currently significant attention as an environmentally
friendly alternative to ordinary Portland cement (OPC), since it can be produced with significantly lower
CO2 emissions. Ye’elimite (Ca4Al6O12SO4), often denoted as Klein’s phase, is the principal component
in CSA cement, which can be produced from calcium sulfate, limestone and bauxite. The amount of
CO2 released from the raw materials in the production of ye’elimite is approximately one-third of the
corresponding quantity for alite (Gartner 2004), and in addition, ye’elimite is formed at 1250 oC which is
about 200 oC lower than the upper temperature in Portland cement production. A further reduction in
CO2 footprint may be achieved by partly replacement of the CSA cement with supplementary
cementitious materials (SCMs) such as slags, fly ashes and calcined clays. Calcined clays represent a
promising new type of SCMs, since they are available world-wide in large amounts, including local
regions witnessing high population and infrastructure growth. In this context, it should also be considered
that the amounts of conventional SCMs such as fly ashes are decreasing in several parts of the world
since coal-fired power plants are being sourced out for environmental perspectives.
The combination of calcined clay and limestone in Portland cement systems has been studied in detail
(Scrivener et al. 2018) and a synergetic effect of these two SCMs on the compressive strength has been
observed. This effect reflects an increased amount of dissolved aluminum from the calcined clays in the
hydrating system which promotes the reaction of limestone, forming calcium monocarboaluminate
hydrate (Ca4Al2(OH)12CO3·5H2O) as a major hydration product. CSA cements exhibit a significantly
higher aluminate content, compared to Portland cement, however, its lower calcium content may limit
pozzolanic reactions and thereby any beneficial effects of applying SCMs in CSA cements. Thus, a part
of the present work is an investigation of ternary CSA cement – calcined clay – limestone blends with
the aim of exploring the hydraulic reactivity of these SCMs in CSA cement blends and any synergetic
effect between calcined clay and limestone.
27Al MAS NMR represents a powerful tool in studies of cementitious materials, since the technique
distinguishes Al in different coordination states and generally allows an equal detection of crystalline
phases and amorphous components in complex blends. This has been utilized in a wide range of studies
on the hydrational reactivity of Portland cement, Portland cement blended systems as well as calcium
sulfoaluminate cements (see Skibsted & Hall 2008, Pedersen et al. 2018 and references cited therein).
However, a characterization of the individual phases beyond the Al coordination state requires preknowledge of the 27Al isotropic chemical shift (iso) and quadrupole coupling parameters (CQ, Q) for the
individual Al sites in the aluminate phases, since the peak position of the 27Al centerband is affected by
the second-order quadrupole interaction. This interaction results in a shift to lower frequency that
depends on the size of the quadrupole interaction and the applied magnetic field. Thus, it is important
to determine these structurally dependent 27Al NMR parameters for the individual phases in order to
obtain an unambiguous phase identification for complex mixtures. These parameters have earlier been
determined for synthetic samples of the principal components in anhydrous and hydrated Portland
cements (Skibsted et al. 1993). The products from hydration of CSA cements include both crystalline
(e.g. ettringite) and amorphous (e.g. aluminum hydroxide) phases and thus, 27Al NMR is a valuable tool
for studying hydration processes and kinetics of these cements. This is illustrated in the present work
which focusses on the detection and quantification of the aluminate phases in anhydrous and hydrated
CSA cements by 27Al NMR, utilizing different single-pulse and multiple-quantum (MQ) magic-angle
spinning (MAS) NMR experiments at a range of different magnetic fields.

2.
2.1

EXPERIMENTAL
Raw materials and sample preparation

Ye’elimite was synthesized from stoichiometric amounts of CaCO3 (Alfa Aesar, >99%), Al2O3 (Merck,
>98%) and CaSO4·2H2O (VWR International ltd., >99%). A pellet of the raw mix was calcined prior to
sintering by heating the sample at 180 oC for 30 minutes and subsequently at 850 oC for 2 hours, using
a heating rate of 5 oC/min. The pellet of the calcined material was transferred to a platinum crucible and
sintered at 1300 oC for 4 hours (heating rate of 30 oC/min) in a furnace in air and then slowly cooled
down. The material was ground by hand and pelletized for a second heat treatment under the same
conditions to improve the homogeneity of the sample. A synchrotron X-ray powder diffraction (XRPD)
pattern, obtained at SPring8 in Japan at 300 K, confirmed the presence of ye’elimite in its orthorhombic
form.
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Table 1 Composition (wt.%) of the six blends investigated in this work
CSA

MK0

MK0.25

MK0.5

MK0.75

MK1

CSA cement

93.3

74.7

74.7

74.7

74.7

74.7

Gypsum

6.7

5.3

5.3

5.3

5.3

5.3

Metakaolin

-

-

5

10

15

20

Limestone

-

20

15

10

5

-

A commercial CSA cement, with the main phases ye’elimite (62.7 wt.%), belite (β-Ca2SiO4, 10.7 wt.%),
fluorellestadite (Ca5(SiO4)1.5(SO4)1.5F, 8.2 wt.%) and bredigite (Ca7Mg(SiO4)4, 5.7 wt.%), was used along
with commercial limestone (LS) and chemical-grade gypsum. Metakaolin (MK) was prepared by
calcination of kaolinite (Imerys Performance Minerals, UK) at 560 °C for 20 hours. Five CSA – MK – LS
blends were prepared with a total substitution degree of 20 wt.% and different MK/(MK+LS) ratios (Table
1). In addition, a pure CSA blend was prepared as reference. All blends used a molar sulfate/ye’elimite
ratio of 0.5 and a water/binder ratio of 0.7. Pastes were prepared and hydrated at 20 °C for 1, 2, 7, 14,
28, 91, and 182 days. Hydration was stopped by immersion in isopropanol for 20 minutes and
subsequent rinsing with diethyl ether. The samples were filtered, dried in an oven at 40 °C for 5 - 10
minutes, and stored in a desiccator under vacuum until measurement.
2.2

Solid-state NMR

27Al

MAS and MQMAS NMR spectra were obtained at six different magnetic fields (4.7, 7.1, 9.4, 14.1,
16.5 and 22.3 T). The measurements at lower field were acquired on Varian INOVA-200, -300, and 400 spectrometers and a Varian Direct Drive VNMR-600 spectrometer, using home-built CP/MAS NMR
probes for 4 and 5 mm o.d. partially stabilized zirconia (PSZ) rotors, and spinning speeds of R = 10.0
– 13 kHz. Rf field strengths of γB1/2 = 57, 48, 54, and 61 kHz were employed for the spectra recorded
at 4.7, 7.1, 9.4, and 14.1 T, respectively, along with pulse widths of 0.5 µs and relaxation delays of 1 s
for the single-pulse spectra. The spectra at 16.5 and 22.3 T were acquired on a Bruker AVANCE III 700
spectrometer using a triple-resonance (H-X-Y) 4 mm MAS probe (R = 15.0 kHz) and on a narrow-bore
Bruker 950/54 us² magnet (950 MHz) combined with a Bruker AVANCE III HD console and a triple
resonance (H-X-Y) 2.5 mm MAS probe (R = 30.0 kHz). The 27Al chemical shifts were referenced to a
1.0 M aqueous solution of AlCl3·6H2O. Simulations/iterative fitting of the experimental NMR spectra were
performed using the STARS software (Skibsted et al. 1991).
The 29Si MAS NMR spectra were recorded on a Varian INOVA-400 (9.4 T) spectrometer using a
homebuilt CP/MAS NMR probe for 7 mm o.d. zirconia (PSZ) rotors. A spinning speed of νR = 6.0 kHz,
single-pulse excitation with a pulse width of 2.75 µs (/4 pulse) for an rf field strength of rf = 44 kHz
and a relaxation delay of 15 s was used. The 29Si chemical shifts were referenced to tetramethylsilane
(TMS), using a sample of Ca2SiO4 (iso = -71.33 ppm) as a secondary reference.
3.
3.1

RESULTS AND DISCUSSION
27

Al NMR of ye‘elimite

Ye’elimite (Ca4Al6O12SO4) belongs to the sodalite family of compounds of the type M 4[T6O12]X, and it
exhibits a rather complex crystal structure, which has been hard to determine experimentally, most likely
because of the absence of single crystals of ye’elimite. Thus, the room-temperature form of ye’elimite
has been proposed to be cubic, tetragonal and orthorhombic with unit cells including a single Al site, six
Al sites, and eight Al sites, respectively, all in tetrahedral coordination. 27Al MAS NMR spectra of the
synthesized sample of ye’elimite, obtained at six different magnetic fields ranging from 4.7 to 22.3 T,
are shown in Figure 1 and illustrate at first sight the inverse proportionality of the second-order
quadrupolar broadening of the central transition with the magnetic field strength. The high-field spectra
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(14.1 – 22.3 T) clearly reveal that Al is present in tetrahedral coordination, since the resonances are
observed in the spectral region from 80 – 50 ppm, which is characteristic for AlO4 sites. Moreover, the
complex line shapes at lower magnetic field show that ye’elimite contains multiple Al sites in agreement
with either the tetragonal or orthorhombic structures.

Figure 1. Left side: 27Al MAS NMR spectra of the synthesized ye’elimite sample recorded at
magnetic fields and spinning speeds (R) of 4.7 T (12.0 kHz), 7.1 T (10.0 kHz), 9.4 T (12.0 kHz),
14.1 T (13.0 kHz), 16.5 T (15.0 kHz) and 22.3 T (30.0 kHz). Right side: (a) 27Al MAS NMR spectrum
at 7.1 T (R = 10.0 kHz). (b) Simulation of the central transition in spectrum (a) using eight overlapping quadrupolar line shapes with the multiplicities and optimized iso, CQ and ηQ parameters
given in Table 2. Simulations of the individual line shapes are shown below and indexed
according to Table 2. Note that the Al(b) site is composed of two resonances with identical 27Al
NMR parameters and multiplicities of 2 and 4 (Table 2). (From Pedersen et al. 2018).
The 27Al multiple-quantum (MQ) MAS NMR spectra at the magnetic fields of 4.7 – 22.3 T have been
analysed in detail, utilizing the increased chemical shift dispersion and the reduced second-order
quadrupolar broadening with increasing magnetic field to obtain an estimate of the isotropic chemical
shifts (iso) and quadrupolar product parameters (PQ = CQ(1 + (Q)2/3)½) for the individual Al sites. This
information is derived from the isotropic (F1) dimension of the MQMAS spectra, whereas slices from the
anisotropic (F2) dimension display the second-order quadrupolar line shapes, allowing estimation of the
quadrupole coupling parameters (CQ and Q) for the individual sites. This is illustrated in Figure 2 by the
27Al MQMAS NMR spectrum at 9.4 T for ye’elimite. Five peaks are observed in the isotropic dimension
and simulations of the line shapes in the anisotropic dimension provide valuable estimates of the iso,
CQ and Q parameters.
The number of resonances and intensities observed in the 27Al MQMAS NMR spectra at the multiple
magnetic fields are only compatible with the orthorhombic Pcc2 structure proposed for ye’elimite (Calos
et al. 1995, Cuesta et al. 2013), which includes eight AlO4 sites where four sites have a multiplicity of 2
and four sites a multiplicity of 4 in the unit cell. Thus, the lineshapes in the 27Al MAS NMR spectra at the
different magnetic fields have been simulated with this constraint by refinement of the data derived from
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the 27Al MQMAS NMR spectra. This results in the 27Al iso, CQ and Q parameters for the eight Al sites
in ye’elimite listed in Table 2 (Pedersen et al. 2018). As an example, Figure 1 (right) shows the simulated
spectrum at 7.1 T along with the individual line shapes for sites Al(a1) – Al(e).

Figure 2. Contour plot of the 27Al MQMAS NMR spectrum of ye’elimite obtained at 9.4 T (R = 13.0
kHz), shown with sum projections onto the F1 and F2 dimensions. The right-hand side illustrates
F2 summations over the five resonances (a – e) resolved in the F1 dimension along with
simulations of their quadrupole lineshapes (f – j), corresponding to the 27Al NMR parameters
given in Table 2. (From Pedersen et al. 2018).

Table 2 27Al quadrupole coupling parameters (CQ, ηQ), isotropic chemical shifts (iso) and multiplicities for the eight Al sites in ye’elimite determined from 27Al MAS NMR spectra at 4.7 - 22.3 T
CQ (MHz)

ηQ

iso (ppm)

Multiplicity

Assignmenta

Al(a1)

2.50 ± 0.03

0.07 ± 0.10

73.6 ± 0.4

2

Al(3)

Al(a2)

2.85 ± 0.05

0.10 ± 0.05

73.6 ± 0.4

2

Al(2)

Al(b1)

4.22 ± 0.10

0.45 ± 0.15

73.8 ± 0.5

2

Al(4)

Al(b2)

4.22 ± 0.04

0.45 ± 0.10

73.8 ± 0.5

4

Al(8)

Al(c)

4.95 ± 0.05

0.18 ± 0.02

76.1 ± 0.5

4

Al(6)

Al(d1)

5.57 ± 0.05

0.76 ± 0.05

76.1 ± 0.5

4

Al(5)

Al(d2)

5.90 ± 0.10

0.43 ± 0.10

76.1 ± 0.5

4

Al(7)

Al(e)

7.60 ± 0.10

0.07 ± 0.10

75.5 ± 1.0

2

Al(1)

a

Proposed assignment to the distinct Al sites in the orthorhombic Pcc2 structure using the same
indexing of the Al sites as in refs. (Calos et al. 1995, Cuesta et al. 2013).
The quadrupole coupling parameters reflect the electric field gradients at the Al nuclear sites, which can
be calculated from the crystal structures by density functional theory (DFT) calculations. In the present
work, the orthorhombic structure, proposed originally by Calos et al. (Calos et al. 1995) and refined

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
recently by Cuesta et al. (Cuesta et al. 2013), has been used as the starting points for DFT refinements,
using the WIEN2k package (Blaha et al. 2001), where the fractional atomic coordinates are refined by
minimization of the lattice energy. Although the two structures are rather different, the DFT optimizations
result virtually in the same set of optimized fractional atomic coordinates. Comparison of the calculated
Al electric field gradients before and after DFT optimization with the 27Al quadrupole coupling parameters
(Table 2) clearly reveal that the structure by Cuesta et al. (Cuesta et al. 2013) gives an improved
reflection of these parameters as compared to the original structure by Calos et al. (Calos et al. 1995).
However, a slightly better agreement is observed for the DFT optimized structure, which gives the
assignment of the resonances listed in Table 2. Moreover, on this basis we propose that the atomic
fractional coordinates from the DFT optimization represent a new refinement of the ye’elimite structure.
This finding is also supported by the 33S MAS NMR spectrum of ye’elimite, combined with calculated
33S electric field gradients (the refined crystal structure data are given in Pedersen et al. 2018).

Figure 3. 27Al MAS NMR spectra of two synthetic samples of ye’elimite obtained at 9.4 T (R =
20.0 kHz). (a) Sample including 20 wt.% cubic and 75 wt.% orthorhombic ye’elimite and (b) the
sample studied in Figures 1 and 2, corresponding to orthorhombic ye’elimite.

Figure 4. 27Al MAS NMR spectra of a blend of ye’elimite, gypsum and belite hydrated for 6 hours
(left) and 7 days (right) obtained at magnetic fields of 14.1 T (upper spectra) and 22.3 T (lower
spectra) using spinning speeds of R = 13.0 kHz and R = 30.0 kHz, respectively, 1H decoupling
during acquisition and a 2-s relaxation delay. The insets of the 22.3 T spectra illustrate the
spectral region for octahedrally coordinated Al and the clear observation of the two Al
resonances from ettringite. (From Skibsted et al. 2017).
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Ye’elimite in anhydrous and hydrated CSA cements are normally quantified by XRD in combination with
Rietveld refinements. However, this procedure often employs a combination of the diffraction patterns
for the different polymorphs to achieve an acceptable fit of the experimental diffractogram. For the
sample described above, the XRD pattern from ye’elimite could be satisfactorily simulated using the
XRD pattern for the Pcc2 orthorhombic structure only. However, in another synthesis, using a different
synthesis approach, XRD combined with Rietveld analysis suggests that the sample contain 20 wt.%
cubic and 75 wt.% orthorhombic ye’elimite and minor impurites of anhydrite and calcium aluminate
(CaAl2O4). The 27Al MAS NMR spectrum of this sample is compared with the pure orthorhombic sample
in Figure 3. The cubic form of ye’elimite should result in a single AlO 4 resonance with vanishing
quadrupole broadening due to the crystal symmetry. However, the lineshape in the spectrum does not
reveal any new features distinct from the orthorhombic form, except for an increased linebroadening,
which partly smears out the distinct features observed for the orthorhombic form. The presence of the
cubic form is not well understood, however, this ambiguity may potentially reflect that XRD probes longrange order and NMR nearly short-range order only. Thus, it could be speculated that the cubic part of
the ye’elimite sample is associated with some disorder or incorporation of guest-ions which do not affect
the long-range order but leads to non-symmetric Al environments as seen by 27Al NMR.
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Figure 5. 29Si MAS NMR spectra (9.4 T, R = 6.0 kHz) of the CSA cement and the MK0, MK0.5, and
MK1 CSA cement – MK – LS blends after one and 182 days of hydration.

3.2 CSA cement – metakaolin – limestone blends
The potential reaction of metakaolin (MK) and limestone (LS) in blends with a commercial CSA cement
that mainly constitutes of ye’elimite, belite, fluorellestadite and bredigite (c.f. Experimental section) has
been investigated using a range of different techniques, including quantitative XRD as well as 27Al and
29Si MAS NMR (Pedersen et al. 2019). All blends employ a cement substitution level of 20 wt.% and
include different MK/(MK + LS) ratios of 0, 0.25, 0.5, 0,75 and 1.0 (c.f. Table 1). The long-term hydration
kinetics of the principal phases are studied for samples hydrated for 1, 2, 7, 14, 28, 91, and 182 days.
29Si MAS NMR spectra of the pure CSA cement and the blends with MK/(MK + LS) = 0, 0.5, and 1.0
after hydration for one and 182 days are shown in Figure 5 and serve mainly to detect and quantify
metakaolin in these blends. Fluorellestadite, belite and bredigite exhibit resonances at -70.9, -71.3, and
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-72.5 ppm, respectively, and overlap for the CSA cement in the spectral region for Q0 sites. Metakaolin
is observed by the broad resonance centered at about -100 ppm, ranging from -80 to -120 ppm, and
reflecting the amorphous nature of this phase which includes a number of different Q n(mAl) sites. The
principal silicate-containing hydration products are strätlingite (2CaO∙Al 2O3-∙SiO2∙8H2O) with its main
resonance at -86.4 ppm (Q3(2Al) sites) and the C-S-H phase which gives peaks in the -79 to -85 ppm
range. However, additional, minor resonances at -90.8 ppm (Q3(1Al)), -83.8 ppm (Q3(3Al)), -82.1 ppm
(Q2(1Al)) and -79.7 ppm (Q2(2Al)) from strätlingite may also be observed, reflecting disorder in its
tetrahedral layers (Tran & Skibsted 2019). This complicates the distinction between strätlingite and the
C-S-H phase, although strätlingite is clearly identified in all blends after 182 days of hydration by the
predominant resonance at -86 ppm.
The 29Si MAS NMR spectra of the CSA – ML – LS blends, obtained for the studied hydration times, have
been deconvolved in terms of the resonances listed above. The reaction of MK is low at early hydration
(Figure 6) but increases after approx. one week of hydration and continues to react to the end of the
studied period. Moreover, the reaction degree for MK increases with decreasing MK content (lower
MK/(MK + LS) ratio), corresponding to amounts of reacted MK between 3.0 g (MK0.25) and 6.2 g (MK1)
per 100 g solid after 182 days of hydration. To our knowledge, this gives the first experimental evidence
for the pozzolanic reaction of an aluminosilicate-rich SCM in CSA cements. This reactivity occurs despite
of the absence of portlandite and at the lower pH of the pore solution compared to those found in
hydrating ordinary Portland cements. Degrees of MK reaction approaching 100% after prolonged
hydration have earlier been reported for white Portland – MK blends with similar or higher substitution
degrees (Dai et al 2014). These higher degrees of reaction reflect the alkaline environment caused by
portlandite and the generally higher pH of the pore solution.

Figure 6. Degrees of reaction for MK and LS in the CSA cement – MK – LS blends as a function
of hydration time (log scale) determined by 29Si MAS NMR and XRD, respectively.
The degree of reaction for limestone has been determined by powder X-ray diffraction combined with
Rietveld analysis (QXRD) and are shown in Figure 6. These data indicate an early consumption of LS
within the first few days and that further reaction only takes place to a small extent. For the blend without
limestone (MK0), the degree of reaction is 14% after 182 days, corresponding to the reaction of 3.0 g
LS per 100 g solid. The degree of limestone reaction is slightly higher at lower LS levels, i.e., 19% for
the MK0.25 and MK0.5 blends, however, a clear synergetic effect of MK on the limestone consumption
is not observed. Probably this reflects the high aluminate content in the CSA cement and thereby that
additional aluminum from MK will not further promote the reaction of LS by formation of monocarbonate,
as observed for Portland cement – MK – LS systems (Steenberg et al. 2011, Antoni et al. 2012).
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The aluminate-containing hydration products from CSA cement hydration are mainly AFt and AFm
phases which to a good extent can be distinguished and quantified by XRD. To illustrate that similar and
supplementary information can be achieved by 27Al NMR, single-pulse 27Al MAS NMR spectra following
the hydration of the pure CSA cement is shown in Figure 7. Aluminum is almost solely present in
ye’elimite before hydration, resulting in resonances in the tetrahedral region only (i.e., 80 – 50 ppm).
However, after hydration for one day, 84% of the total intensity is present as octahedrally coordinated
Al (20 – 0 ppm), reflecting that a major part of ye’elimite has reacted at this early hydration. Ettringite
(~13.2 ppm) is observed as a major initial hydration product along with AFm phases and alumina gel
(Al(OH)3) which give the broader resonance at 10.5 ppm. The local structural differences of the
octahedral AlO6 units in the different AFm phases are so small that these phases cannot be
distinguished in the 27Al NMR spectra. Moreover, the amorphous/less-crystalline nature of the alumina
gel broadens the resonances from this phase which may also be subjected to larger quadrupole
couplings as compared to those observed for ettringite and pure AFm phases, i.e., crystalline gibbsite
(Al(OH)3) exhibits 27Al quadrupole couplings of 2.0 – 4.45 MHz whereas CQ = 1.7 – 1.8 MHz is reported
for the AFm phases, monosulphate and C4AH13 (Skibsted et al. 1993).
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Figure 7. 27Al MAS NMR spectra (14.1 T, R = 13.0 kHz) following the hydration for the pure CSA
cement. In addition to the experimental spectra, the resonances used in the deconvolutions are
also shown.
After 14 days of hydration, strätlingite is formed, as seen by its characteristic Al(4) resonance at 61.5
ppm (Dai et al. 2014). The amount of strätlingite increases significantly with prolonged hydration and
also result in a second Al(4) peak at 68.5 ppm, originating from the disorder in the strätlingite structure
(Tran & Skibsted, 2019). Strätlingite is quantified from the present spectra by deconvolution of the Al(4)
region in the spectra, employing the above-mentioned two peaks for strätlingite and for simplification,
four peaks to account for the ye’elimite phase (c.f. the spectrum after hydration for one day in Figure 7).
Moreover, a measure for the quantity of ettringite can easily be obtained along with the amount of
hydrates with aluminum in six-fold coordination. The quantities are compared for the different blends in
Figure 8. The amount of ettringite is nearly constant in the different blends, indicating that limestone in
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these systems does not have a stabilizing effect of this phase, as observed for Portland – limestone
cements. Strätlingite forms after about 14 days of hydration in all blends and its amount increases
thereafter with longer hydration time. The higher amount of stratlingite in the MK1 blend, as compared
to the pure CSA and MK0 blends may reflect that MK reacts faster than belite. Finally, the comparison
of the amounts of total hydrates and hydrates including six-fold coordinated Al show a decrease in the
amount of Al(6) hydrates, which reflect the formation of the tetrahedral Al sites in strätlingite. Thus, the
comparison reveals that strätlingite is formed at the expense of the AFm and alumina gel phases.

Figure 8. Results from quantitative analysis of the 27Al MAS NMR spectra of the CSA, MK0, MK0.5
and MK1 blends, hydrated for up to 182 days. Left side: The phase contents of ettringite and
strätlingite. Right side: The fraction of hydrates, i.e., total intensity minus the intensity for
ye’elimite, and the fraction of hydrates containing Al in octahedral coordination.

4.

CONCLUSIONS

27Al

and 29Si MAS NMR spectroscopies represent valuable tools in studying the hydration of calcium
sulfoaluminate (CSA) cements, which can provide phase detection and quantitative information that
supplement other techniques such as X-ray diffraction. The present work has reported a detailed 27Al
NMR study of the principal component, ye’elimite, including a structure refinement and a determination
of the 27Al NMR interaction parameters that form the basis for analyses of ye’elimite in complex mixtures
such as CSA cement blends. It is shown that the optimum quantification of ye’elimite and strätlingite in
hydrated CSA cements is achieved at very high magnetic field, where the resonances from four-fold Al
is separated for these phases.
Investigations of CSA cement blends with metakaolin and limestone have revealed that metakaolin is
hydraulic active in this hydrating environment, despite the lack of portlandite and at a rather low pH in
the pore solution. Moreover, a small degree of reaction has also been observed for limestone in these
blends, however, a clear synergetic effect between the two SCM’s is not apparent, as observed for
corre-sponding Portland cement blends, most likely reflecting the higher amount of aluminum and the
lower quantity of calcium in the CSA cement. Finally, it is observed that a significant amount of strätlingite
forms in these blends after prolonged hydration and that this phase is formed at the expense of AFm
phases and/or alumina gel formed as earlier hydration products.
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ABSTRACT
Calcium sulfoaluminate (CSA) cement is a low-CO2 alternative to ordinary Portland cement. Additional
reduction in CO2 emission may be achieved by replacement of CSA cement with supplementary
cementitious materials (SCMs) such as calcined clays. This work focusses on a commercial CSA
cement with 20 wt.% replacement by metakaolin (MK), with the goal to obtain an improved
understanding of the hydration reactions and kinetics and to explore the potential of SCMs in CSA
cement.
A blend with 20 wt.% replacement of MK and a pure CSA cement have been prepared with w/s=0.7.
For both blends, hydrated samples have been studied by XRPD, TGA, and 27Al and 29Si NMR. In
addition, compressive strengths have been obtained for the corresponding mortar samples up to 182
days of hydration.
Ettringite and calcium-aluminate-hydrate are the main hydrate phases formed in the pure CSA cement.
After 14 days of hydration, ettringite dissolves, which results in a decrease in compressive strength.
The addition of metakaolin leads to an increased compressive strength, potentially as a result of a
refined pore structure. Metakaolin is observed to accelerate the hydration of ye’elimite at early
hydration times, which is ascribed to a filler-effect.
In conclusion, metakaolin shows great promise as potential SCM in CSA cement systems at the
studied replacement level.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cement is a low CO2 and low energy alternative to Portland cement (PC),
containing ye'elimite (Ca4Al6O12SO4) as its principal phase. CSA clinker can be produced from
limestone, bauxite, and calcium sulfate, however, the rather high costs of bauxite is a disadvantage and
results in CSA cements still being significantly more expensive than PC. Cost reduction is thus an
important issue in order to extend the use of CSA on the industrial scale. One approach to lower the
costs is to avoid the use of bauxite, which can to some extent be achieved by the use of waste materials
for production (Arjunan et al. 1999, Beretka et al. 1993, Sahu & Majling, 1994). Another possibility is to
reduce costs as well as the amount of CO2 attributed to the production of CSA by blending the CSA
cement with supplementary cementitious materials (SCMs).
Today, blast-furnace slag from pig iron production and fly ash from coal combustion are frequently used
as SCMs in PC blends. However, the availability of these SCMs is limited by industry and in recent
years, calcined clays have shown great promise as SCMs due to their worldwide abundance. Especially
metakaolin is of interest due to its high pozzolanic reactivity. In PC, metakaolin acts as a filler during the
early hydration stage, whereas it reacts with portlandite to form additional C-S-H, C-A-S-H and/or
strätlingite at later hydration times (Sabir et al. 2001, Ambroise et al. 1994). The pore solution of CSA
cements generally has a lower pH than PC and due to their lower calcium content, portlandite does not
form during hydration (Martin et al. 2017). The pozzolanic reaction of metakaolin will thus be different in
CSA cement as compared to PC. However, up to now only limited information is available about a partial
replacement of CSA cement with SCMs, and in particular the use of metakaolin in CSA cement (Martin
et al. 2015, Martin et al. 2017, Chitvoranund et al. 2015).
For these reasons, the present work focuses on the effect of metakaolin on the hydration of CSA cement
in order to obtain an improved understanding of the hydration products and kinetics of the system and
to explore the potential of metakaolin as an SCM in CSA cement. The hydrate phase assemblages are
determined from a combination of XRPD, TGA, and NMR, whereas isothermal calorimetry is used to
elucidate differences in the kinetics as a result of the presence of metakaolin. These results are
correlated with compressive strength data for mortar samples, thus providing information on the physical
properties of CSA cement incorporating calcined clay.
2.
2.1

EXPERIMENTAL SECTION
Raw materials and mix design

Volume percentage (%)

8
6
4
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100
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For investigation of the impact of metakaolin on the hydration of CSA cement, a blend with 20 wt.%
replacement of CSA cement by metakaolin (MK1) was prepared along with a pure CSA blend (CSA)
and a blend with 20 wt.% replacement of CSA cement by quartz (CSA-20), the two latter blends serving
as references. All blends were prepared with a molar sulfate to ye'elimite ratio of 0.45 by adjusting the
gypsum content with chemical grade gypsum. For the hydration studies all pastes were prepared with a
water to solid ratio of 0.7 by weight. The particle-size distributions of the raw materials are shown in
Figure 1.
100

50
CSA cement
Gypsum
Metakaolin
Quartz

0

1

10
100
Particle diameter (µm)

Figure 1. Differential (left) and cumulative (right) particle-size distribution of the raw materials
A commercial CSA clinker was used for which the chemical and mineralogical compositions are given
in Table 1. Metakaolin was prepared by calcination of kaolinite (Imerys Performance Minerals, UK) at
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560 °C for 20 hours. XRPD of the metakaolin sample revealed the presence of minor impurities of quartz
(confirmed by 29Si NMR), anatase, and muscovite.
Table 1. Chemical and mineralogical composition of the investigated CSA clinker

2.2

Oxide

Wt. %
(XRF)

Mineral phase

Wt. %
(Rietveld)

SiO2

9.21

Ye'elimite (Ca4Al6O12SO4)

63.8

Al2O3

30.2

Alite (Ca3SiO5)

1.3

Fe2O3

1.34

Belite (Ca3SiO5)

10.5

Cr2O3

0.07

Anhydrite (CaSO4)

0.95

MnO

0.16

Periclase (MgO)

3.6

TiO2

0.42

Perovskite (Ca6Fe4Ti2O16)

1.5

P2O5

0.14

Fluorellestadite (Ca10(SiO2)3(SO4)3F2))

7.9

CaO

40.2

Bredigite (Ca7MgO8(SiO2)4)

6.2

MgO

4.22

Merwinite (Ca3MgO4(SiO2)2)

2.6

K2O

0.49

Mayenite (Ca12Al14O33)

1.3

Na2O

0.75

Fluorite (CaF2)

0.35

SO3

11.9

Cl

0.06

Methods

2.2.1 Isothermal calorimetry
A thermometric TAM air conduction calorimeter was used to determine the heat flow during the first
seven days of hydration. Admix ampoules were used in order to measure the initial heat release and
2.86 g of solid was mixed in-situ with 2 g of water for 2 minutes. The measurements were performed at
20 °C.
2.2.2 Sample preparation for hydration experiments
The hydration of the CSA cement and the CSA-MK blend were investigated and compared after 1, 2, 7,
14, 28, and 182 days using paste samples. The dry powders were homogenized by continuous mixing
for 6 hours before mixing with water for 2 minutes. The pastes were cast in polypropylen tubes, sealed
and stored at 20 °C until analysis. Hydration was stopped at the selected times by immersion of ground
samples in isopropanol for 20 minutes and subsequent rinsing with diethylether. The samples were dried
at 40 °C for five to ten minutes and then stored in a desiccator under vacuum.
2.2.3 Solid-state NMR
27Al magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of all samples were
recorded on a Varian Direct-Drive-600 spectrometer (14.1 T) using a home-built CP/MAS probe for
4 mm o.d. PSZ rotors. A pulse width of 0.5 µs was applied for an rf field strength of γB1/2π ≈ 70 kHz. A
spinning speed of νR = 13.0 kHz, a relaxation delays of 4 s, and 1H decoupling were applied. The 27Al
chemical shifts were referenced to a 1.0 M aqueous solution of AlCl3·6H2O.
29Si

MAS spectra were recorded on a Varian INOVA-400 (9.4 T) spectrometer using a home-built
CP/MAS probe for 7 mm o.d. PSZ rotors. A spinning speed of νR = 6.0 kHz, single-pulse excitation with
a pulse width of 2.75 µs (~π/4 pulse) for an rf field strength of ν rf = 44 kHz, and a relaxation delay of
15 s were used. The 29Si chemical shifts were referenced to tetramethylsilane (TMS), using a sample of
Ca2SiO4 (δiso = -71.33 ppm) as a secondary reference.
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2.2.4 X-ray powder diffraction
X-ray powder diffraction (XRPD) was performed on a Panalytical X'Pert Pro instrument with an
X'Celerator detector. CoKα radiation (λ=1.7890 Å) was applied at 45 mV (voltage) and 40 mA (current)
and the measurements were performed in reflection mode measuring from a Bragg angle of 2θ = 5° to
2θ = 90°. The samples were loaded in 27 mm sample holders and measured for 45 minutes. A fixed
divergence slit and an anti-scatter slit on the incident beam side of 0.5° and 1° were used. Rietveld
analyses were conducted utilizing the Highscore Plus software 3.0.5 licensed by Panalytical. To account
for the amorphous content, the external method was used employing calcium fluorite as standard for
derivation of the G factor (Jansen et al. 2011).
2.2.5 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed in a N2 atmosphere with a Mettler Toledo TGA/SDTA
8513 instrument. Approximately 50 mg sample was investigated in the temperature range 30 - 980 °C
with a heating rate of 20 K/min. The amount of chemically bound water was determined as the mass
loss at 550 °C.
2.2.6 Compressive strength testing
Mortar prisms (100x25x25 Mini-RILEM prism mortars) with a w/b = 0.7 and binder/sand = 0.3 were
prepared according to European standard SN EN 196-1. The specimens were demolded after 23 hours
and subsequently cured under water at 20 °C until measurement. Compressive strength was measured
after 1, 2, 7, 14, 28, 91, and 182 days of curing following the EN-196-1 standard.
3.

RESULTS AND DISCUSSION

For investigation of the hydration of paste samples it is important to be able to detect both the starting
phases (clinker phases, SCMs, etc.) and the hydrates formed in a reliable manner. The clinker phases
are crystalline and XRPD is a strong tool for their detection and quantification. Also NMR is a well known
method for detection of clinker phases, and as it detects both crystalline and amorphous phases in an
equal manner, it is a strong tool for detection of SCMs and hydrates as well.
Metakaolin is an amorphous aluminosilicate phase with the approximate composition Al2Si2O7, and
solid-state MAS NMR is a direct method suitable for quantification of the amount of metakaolin in cement
pastes (Dai et al. 2014, Scrivener et al. 2015). As illustrated in Figure 2, metakaolin results in a broad
29Si NMR resonance with a Gaussian line shape ranging from -75 to -120 ppm, thus overlapping slightly
with the chemical shift regions for alite (-69 to -75 ppm), hydrates such as strätlingite (-85.6 ppm) and
the C-S-H phase containing different Q1 and Q2 species. For quantification of metakaolin, spectral
deconvolution approaches are thus needed at later hydration times where the hydrate content is
significant. In the present approach, congruent dissolution of metakaolin is assumed during hydration,
hence the Gaussian shape of the resonance is assumed in all deconvolutions.

Figure 2. 29Si (left) and 27Al (right) MAS NMR spectrum of metakaolin.
27Al

MAS NMR can also be used for detection of metakaolin (Figure 2). The Al resonance appears in
the range from 80 ppm to -30 ppm, revealing the presence of aluminium in both four-fold, five-fold, and
six-fold coordination, thus illustrating the disordered nature of metakaolin. In this study, metakaolin is
found in blends with CSA cement, which has a high aluminium content, and upon hydration of CSA
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cement both tetrahedrally and octahedrally coordinated aluminium is detected. This complicates the
detection of metakaolin using 27Al NMR and in the current study, 29Si NMR has been used for detection
and quantification of metakaolin. For simplification, metakaolin was not included in the deconvolution of
the 27Al NMR spectra, but taken into consideration for the quantification of phases by using the amount
determined by 29Si NMR.
3.1

Influence of metakaolin on the hydrate phase assemblage

3.1.1 Detection of hydrate phases
Figure 3 shows diffractograms for the CSA and MK1 blends for selected hydration times. For the CSA
blend, ettringite is observed already after 1 day of hydration and it remains the main hydrate phase up
to 182 days of hydration. The presence of monosulfate (C4AsHx) and aluminium hydroxide (AH3) is seen
from 1 day of hydration by the broad reflections in the ranges 2θ = 9.8 – 12.7° and 2θ = 19.7 – 24.5°,
corresponding to the positions of the most intense peaks of these hydrate phases (2θ = 11.5°, 23.1°,
and 25.8° for monosulfate and 21.2° for AH3). From 7 to 91 days of hydration, CAH10 is present from the
reaction of ye’elimite with water to give ettringite, as indicated by the peak at 2θ = 7.2°. AH3 initially
forms as an amorphous gel, which slowly crystallizes over time, resulting in a decrease of its solubility
(Winnefeld & Lothenbach, 2016). This explains the formation of CAH 10 at early hydration, and as the
crystallinity of AH3 increases, monosulfate will form. Strätlingite (C2ASH8) is observed after 28 days of
hydration by the reflection at 2θ = 8°.
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Figure 3. Diffractograms for the CSA and MK1 blends at selected hydration times. CAH 10 =
calcium aluminate hydrate, S = strätlingite, E = ettringite, Y = ye'elimite.
Similar to the CSA blend, ettringite, strätlingite, and CAH10 are detected in the MK1 blend, though CAH10
is observed at later hydration times (182 days). AH3 is again indicated by the broad reflection in the
range 2θ = 19.7° – 24.5° and the presence of AFm solid solution is observed by the reflections in the
range 2θ = 10.7 – 12.6°. These reflections change with time and differences are observed between the
two blends related to the AFm phases.
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Figure 4. Thermogravimetric analysis of the CSA and MK1 blends after 1 day (left) and 182 days
(right) of hydration.
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The XRD measurements are complemented by TGA where Figure 4 shows the results after 1 day (left)
and 182 days (right) for the CSA and MK1 blends. TGA is able to identify X-ray amorphous hydrates
and from the peak at ~260 °C, the presence of AH3 is confirmed after 1 day of hydration. Consistent
with the XRD results, ettringite is observed by the water loss at ~125 °C after 1 day of hydration. XRD
indicates the presence of CAH10 which is known to show a distinct weight loss at 120 °C (Lothenbach
et al. 2015). This event will overlap with the water loss from ettringite and due to the large quantities of
ettringite in the studied blends, CAH10 is not clearly distinguished by TGA in the present analyses. After
182 days of hydration, peaks are observed in the temperature range 150 – 300 °C, corresponding to
water loss from additional hydrates such as monosulfate and strätlingite. The signals for the additional
hydrates overlap, and it can not be unambiguously determined which phases decompose in the 150 300 °C range. The larger amount of bound water observed for the CSA blend reflects its higher binder
content.
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Figure 6. 29Si MAS NMR spectra of the MK1 blend after 1 day and 182 days of hydration.
The 29Si MAS NMR measurements are primarily used for quantification of metakaolin. However, also
the quantity of strätlingite and the amounts of the Si containing clinker phases belite, merwinite,
bredigite, and fluorellestadite can be determined, c. f. Figure 6. Quantification of the clinker phases from
29Si NMR correlates well with the amounts determined from XRPD. Moreover, the amount of strätlingite
determined from 29Si NMR agrees well with the quantity obtained by 27Al NMR when using the five
different tetrahedral Qn(mAl) species for strätlingite, as determined by Tran (Tran 2011). The
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quantification of the detected phases is illustrated in Figure 6 by the deconvolutions of the experimental
29Si MAS NMR spectra.
3.1.2 Quantification of phases
The contents of ye'elimite and belite were quantified by Rietveld refinement of the XRPD data whereas
the metakaolin content was determined from 29Si MAS NMR, and ettringite and strätlingite by 27Al MAS
NMR. Figure 7 shows the phase contents for the CSA blend up to 182 days of hydration normalised to
anhydrous sample mass. The highest ettringite content is observed already after 1 day of hydration
consistent with a large decrease in the ye'elimite content. The ettringite content remains at
approximately 65 wt.% until 14 days of hydration whereafter it starts to decrease, reaching 55 wt.% after
182 days of hydration. After 7 days of hydration, belite starts to dissolve, and after 182 days of hydration
the hydration degree of belite reaches 65 %. The reaction of belite correlates with the appearance of
strätlingite after 7 days.
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Figure 7. Quantification of the hydrate phase
assemblage in the hydrating CSA blend.

0.0 0.1

1

10

100

Hydration time (days)

Figure 8. Quantification of the hydrate phase
assemblage in thehydrating MK1 blend.

Figure 8 shows the phase contents for the MK1 blend normalised to anhydrous sample mass. Ye'elimite
starts to dissolve almost immediately upon reaction with water and the content decreases rapidly until 2
days of hydration whereafter it decreases slowly to zero after 14 days of hydration. The ettringite content
reaches a maximum of 63 wt.% similar to the CSA blend. The ettringite content fluctuates slightly with
time and no clear tendency is observed, nor is a decreasing trend seen in contrast to the CSA blend.
Belite starts to dissolve after 7 days of hydration and after 182 days of hydration, it reaches a degree of
hydration of 44%. This value is significantly lower than the degree of reaction for belite in the CSA blend.
Thus, the presence of metakaolin appears to retard the belite reaction. Strätlingite is observed already
after 7 days, which is consistent with the early release of Si from the dissolution of metakaolin observed
after 2 days of hydration. The observed decrease in metakaolin content corresponds to a degree of
reaction of 31 % after 182 days of hydration. To the best of our knowledge, this is the first evidence of
the reaction of metakaolin in a CSA cement system and thus in the absence of portlandite.
The reaction of metakaolin is also supported by a comparison of bound water in the CSA and MK1
systems. The amount of bound water was quantified from TGA by the mass loss at 550°C, and in Figure
9 the values are shown as normalized to the CSA content in the anhydrous sample. A higher content of
bound water is detected per unit of CSA cement for the MK1 blend as compared to the CSA blend,
indicating an increased degree of reaction for the MK containing system. This is consistent with the
reaction of metakaolin, however, an increased reaction of the CSA cement may also occur as a result
of the filler effect (Scrivener et al. 2015).
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Figure 9. Total amount of bound water quantified by TGA.
Ettringite was quantified from both 27Al MAS NMR and Rietveld analysis. Ettringite is generally well
crystallized allowing quantification by XRPD, however, at early hydration times it has a less ordered
structure and different crystallite sizes are present. This results in an underestimation of the ettringite
content by XRPD, which is illustrated in Figure 10 by the higher ettringite content for the CSA blend
detected by 27Al NMR compared to XRPD. The difference in ettringite content between the two methods
is ascribed to a fraction of amorphous ettringite, the amount of which decreases with time as a result of
an ongoing crystallisation of ettringite. Thus, at later hydration times the two methods will show similar
results. Figure 10 reveals a decreasing ettringite content based on the NMR results, whereas a slightly
increasing amount is observed by XRPD. Thereby, the XRPD results are consistent with the expected
ongoing crystallisation of ettringite, whereas the NMR results indicates a decomposition or consumption
of ettringite with time. The same trends are observed for the MK1 blend.

Figure 10. Quantification of ettringite in the CSA blend from 27Al MAS NMR and XRPD. The
difference corresponds to XRD amorphous ettringite.
3.2

Kinetics of the CSA-metakaolin system

Figure 11 shows the results from isothermal calorimetry during the first 48 hours of hydration. Three
exothermic peaks are observed for all blends subsequent to the initial heat release at 5 minutes of
hydration. Comparison of the CSA and CSA-20 blends reveals that the first peak maximum is higher for
the CSA blend and after 4.4 hours a difference is observed in the peak shape and width for the two
blends. Moreover, comparison of the integrated heat flow shows an increased reaction after 12 hours
for the CSA-20 blend which is ascribed to the filler effect and the increased w/b ratio.
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Figure 11. Heat flow and cumulative heat of hydration of the CSA, CSA-20 and MK1 blends
normalised to the content of CSA cement.
The initial maximum for the MK1 blend is higher than observed for the other blends. In addition, the third
peak is shifted towards earlier hydration time. Both features indicate increased early hydration as a
consequence of the metakaolin addition. The 29Si NMR studies revealed a metakaolin reaction after 2
days of hydration and thus we assign the initial increased reaction of the MK1 blend to a filler effect. The
particle-size distributions for metakaolin and the CSA cement are very similar, whereas the quartz filler
contains larger particles, which explains the difference in heat flow between the MK1 and CSA-20
blends. The integrated heat flow for the MK1 blend is initially higher compared to both the CSA and
CSA-20 blends, consistent with an increased early reaction for MK1. After 16 hours of hydration the
cumulative heat curve for MK1 follows closely the curve observed for the CSA-20 blend.
3.3

Compressive strength

The mineralogical development of the hydrated samples is compared with the mechanical performances
of a CSA-based mortar in the form of compressive strength measurements. Figure 12 shows the
compressive strength development from 1 day to 182 days of hydration for the CSA and MK1 blends
and the blend containing 20 wt. % inert quartz filler. The compressive strength of the CSA mortar
increases to 28.5 MPa after 7 days of hydration whereafter it slightly decreases. A maximum
compressive strength of 28.5 MPa is, due to the high water to cement ratio, rather low compared to
similar CSA systems (García-Maté et al. 2015, Zhang & Glasser 2002, Martin et al. 2017). The strength
value is though in agreement with reported values for a CSA clinker containing gehlenite as the primary
silica source and where a similar water to cement ratio were used (Winnefeld et al. 2017, Martin et al.
2015). The maximum strength of the CSA-20 blend is lower due to the larger effective water-to-cement
ratio. For both of these blends, the main strength gain is observed during the first 7 days of hydration,
while a strength loss occurs after 14 days. This is in agreement with other studies (Martin et al. 2015,
Martin et al. 2017, Winnefeld et al. 2017, Hargis et al. 2017) and it has been suggested that this effect
is related to microstructural changes due to micro expansion (Winnefeld et al. 2017, Hargis et al. 2017).
Microstructural changes are also suggested based on the development of the hydrate phase
assemblages in the present study, where the ettringite content decreases after 14 days of hydration,
correlating with the strength loss at this time. The hydration of the CSA cement occurs rapidly and the
hydration products are quickly generated in large amounts at early hydration times. Hence, the
development of the pore structure is initially very fast and regions of low porosity is established. It is
suggested that the partly decomposition of ettringite results in a slight increase in the porosity of the
samples, which causes the strength loss at later ages.
The strength of the MK blend is similar to the CSA-20 blend up to 7 days of hydration. At later hydration
times, the metakaolin containing blend exhibits a higher compressive strength, consistent with the
observed reaction of metakaolin. Increased strength has previously been reported for an alite-CSA
cement with 10 wt. % replacement of metakaolin compared to the pure alite-CSA cement (Chitvoranund
et al. 2015). The increased strength was in that work assigned to a higher volume of hydrates and thus
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decreased porosity. This may also explain the strength data of the current study, since differences in
the hydrate phase assemblages are observed for the MK1 and CSA blends.
40

CSA
CSA-20
MK1

35
30
25
20
15
10
1

10

100

Hydration time (days)

Figure 12. Development of compressive strength of the investigated CSA, CSA-20 and MK1
blends.
4.

CONCLUSION

The hydration of metakaolin has been followed by 29Si MAS NMR and a reaction degree of 31 % has
been determined from deconvolution of the spectra obtained at different hydration times. This
observation is supported by TGA measurements of the bound water and shows that metakaolin is
hydraulically active in blends with CSA cement. Thus, metakaolin dissolves and takes part in the
formation of hydrate phases in CSA based systems. This is also reflected in changes in the AFm solid
solutions for the CSA and MK1 blends. In detection and quantification of the clinker and hydrate phases
in CSA – SCM blends, the strength of combining complementary methods has also been demonstrated.
For example, XRPD and TGA allowed detection of ettringite, CAH10, strätlingite, and AH3, whereas 27Al
and 29Si NMR formed the basis for a reliable quantification of ettringite, strätlingite and metakaolin. The
presence of metakaolin in CSA cement blends also affects the kinetics of the system as it leads to
increased early reaction of the CSA cement, as a result of the filler effect, and a retardation of the
reaction of belite during prolonged hydration.
The compressive strength of the CSA - MK blend (80:20 w/w) increased continuously with time in
contrast to the observed decrease in strength for the CSA blend after 14 days of hydration. Thus, an
improved performance is obtained at later hydration ages by addition of metakaolin, possibly due to a
refined pore structure.
Based on the results in the present study, metakaolin shows great promises as potential SCM in CSA
cement systems.
5.
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ABSTRACT
Despite the current development of geopolymer cements, there are still many questions about its
durability and one of this is related to the efflorescence formation. With the precursor as te mais
component precursor, there is a deep interest in evaluating the efficiency of different materials.
Metakaolin (MK) is one of the main ones because of its high purity (Si/Al ≈ 1 ratio and low
contaminant, high reactivity and homogeneity. In the process of purification of kaolin is generated a
sludge with high content of kaolinite and if well treated thermally it can present a good reactivity. After
thermal process is generated a calcined kaolin sludge with high content of metakaolinite. In this sense,
this work aims to evaluate the susceptibility in the development and/or formation of efflorescence in
calcined kaolin sludge geopolymers produced with different activation conditions as activation
concentration expressed as percentage by weight of M2O (10 and 20%) and presence of silicate
soluble from sodium silicate with different SiO2/M2O modulus (MS between 0 and 1). The
susceptibility to the development of efflorescence was evaluated and quantified by the visual
appearance of the materials in aggressive conditions, changes in mechanical resistance, water
absorption and alkali leaching. The formation of efflorescence and alkali leaching relative to the
activation factors was observed. The samples that presented lower susceptibility to carbonation and
lower mechanical performance were those that presented more content M2O and MS content. This
effect is attributed to crosslinking and formation of dense geopolymer matrix.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

The global need to reduce CO2 emissions allows the discussion and the use of science to search for
alternatives. In the cement industry, one of the major responsible for such emissions, this need
induces the development of new materials that can meet the needs of the construction industry at a
lower environmental cost. In this context, the alkali activated materials or geopolymer technology has
been extensively studied and developed during the last decades and appears as one of the
alternatives. Even in a minimum amount when compared to Portland cement, the use of this material
has become attractive, becoming an option for infrastructure works and other applications (Shi et al.,
2006, Van Deventer et al., 2012, Buchwald et al., 2013, Provis et al., 2014). A successful example of
this application are the 330 m 3of geopolymer concrete used to produce 33 large floor beams in the
Global Change Institute building at University of Queensland and 40,000 m³ to heavy duty pavements
in the aircraft turning areas at Wellcamp Airport, in Quensland Australia 1.
The attractiveness and environmental advantages of using this material is due to its simplicity of
production and materials used. Its production occurs from the activation of a reactive aluminosilicate
(precursor) using an alkaline solution (activator). The precursor usually comes from industrial waste or
calcined clays, the more traditional ones are fly ash, slag and metakaolin (Duxson et al., 2007, Provis
et al., 2014), however a large number of residues are potentially viable (Bernal et al., 2016). The
activator must have a high pH sufficient to enable dissolution of the precursor. The required content is
relative to the aluminosilicate used and usually consists of hydroxides and silicates. The main product
formed in this reaction is a disordered and highly reticulate alkali-aluminosilicate hydrate gel named MA-S-(H) (M represents the alkali type, usually Na+ or K+)(Provis et al., 2005). The gel is a threedimensional aluminosilicate network of SiO4 and AlO4 tetrahedrons by oxygen bridges with positive
alkali ions to compensate the negative balance of Al in Q4 molecular coordination (Fernández-Jimenez
et al., 2006).
The status of the alkalis in the structure allows discussion about its stability and its effects. According
to Provis et al. (2014) and Rowles et al.(2007), just part of the alkalis is bounded to the structure, the
other part remains in the pore structure. According to Škvára et al.(2009), almost all alkalis can be
leached out from the gel. Others researches observed contents around 7% (Kani et al., 2012) and 1216% (Zhang et al., 2014) of soluble alkalis under different exposure conditions. The dissolution,
associated with the movement of this alkalis into to porous structure to the surface, induced by the
conditions of capillary absorption and evaporation can cause carbonation of this alkalis when in air
contact. The carbonates deposition in the surface is known as efflorescence and in some cases can
be harmful to the properties of the material. Some studies have been published about the subject
(Škvára et al., 2009, Kani et al., 2012, Zhang et al., 2014, Yao et al., 2015, Zhang et al., 2018), but
some gaps remain.
The efflorescence mechanism is dependent to the physical-chemical properties of geopolymers and
alkali leaching potential. According to Dow & Glasser (2003), efflorescence involves six basic stages:
dissolution of CO2 in H2O, conversion of CO2 to aqueous species, release and dissolution of alkalis,
diffusion of reactants through solution and precipitation of carbonate species.The amount of leachable
alkali will be relative to the activation parameters, and its relative movement to the porous structure of
the material. By the use of natural pozzolan as main precursor, Kani et al. (2012) observed the
leaching reduction by the addition of alumina in the system. Thus, less availability of alkalis provides a
smaller amount of carbonates formed. In the same way, using two different fly ashes with different
content of slag, Zhang et al. (2014) observed the pore size refinement by the slag addition and
consequently the reduction of efflorescence formation. The pore refinement reduces the water and
alkali movement. The amount of alkali atomically bound to the structure is related to the quantity of gel
formed during activation, the same is true to the porous structure. The use of additional sources of
soluble silicate can improve reactivity and provide a denser and more resistant structure. The same is
valid when used thermal cure, which accelerates the initial reactivity. The reduction of the
efflorescence formation is an important factor for the durability of the material. In addition to the

1https://www.wagner.com.au/
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aesthetic damage, some research indicates a reduction of mechanical strength associated with the
leaching process and alkali carbonation (Zhang et al., 2014, Yao et al., 2015). Therefore, it is
necessary to understand such a process to avoid damages during the application of the geopolymers.
The aim of this study was evaluate the efflorescence formation in different design parameters. The
use of three contents of sodium and potassium silicates as part of the activator and curing condition
were evaluated. The carbonated deposition was assessed by visual observation and related to water
absorption, alkali leaching and termogravimetry.
2.

EXPERIMENTAL PROGRAM

2.1

Materials

For the synthesis of geopolymers a commercial metakaolin was used as precursor. This material was
chosen due to its high purity and reactivity. The medium particle size was 4.56 µm with a specific
surface of 13.49 m²/g. The alkali activators used were pellets of analytical grade NaOH (~99%) and
KOH (~98%) dissolved in water and a sodium silicate solution with 29.4 wt% SiO2, 14.7 wt% Na2O,
and 55.9 wt% H2O, supplied by PQ Australia.
All geopolymers were produced using the same content of activator (M 2O=20%). The amount of
soluble silicate was adjusted by the silica modulus (ratio of SiO 2/M2O in the activator) to the values
0.0, 0.5, and 1.0. In one geopolymer system the amount of NaOH was replaced by KOH, to evaluate
the effect of potassium as part of the activator. The curing process was made in room temperature
(~25°C) and RH ≥ 90%, however, in one system was also tested the increasing of curing temperature,
using 50°C during 24 hours. The materials content and curing conditions to the different mixtures are
shown in Table 1. In this table is also shown the compressive strength to the geopolymers using cubic
samples of 20mm, same used by Longhi, et al. (2016) tested after 28 days of curing as a physical
property of the hardened material.
The pastes were produced by mechanical mixing for 5 min and then poured into cylindrical samples
with 28mm of diameter and 5.5 cm of weight to visual efflorescence and water absorption. The
samples were cured during 24 hours according to their determined temperature and after that they
remained stored is a sealed plastic container at room temperature (~25 °C) and RH ≥ 90% until
completing 28 days.
Table 1. formulation of geopolymers samples and respective compressive strength

2.2

Materials (g)

Silica Modulus
(MS)

MK

NaOH

KOH

G-MK-1

0

100

25.8

G-MK-2

0.5

100

19.6

G-MK-3

1.0

100

G-MK-4

1.0

100

G-MK-5

1.0

100

Geopolymer

SS

H2O

Curing
temperature

Compressive
strength (MPa)

-

0.0

75.5

25

10.45

-

32.9

63.7

25

23.75

13.3

-

65.8

44.8

25

40.13

-

15.6

46.2

51.2

25

30.20

13.3

-

65.8

44.8

50

35.15

Tests conducted

The efflorescence formation was assessed by visual observation of the samples after 28 of curing. To
accelerate the process of efflorescence formation, the samples were placed in contact with 5mm of
water in the bottom in ambient condition at 20±5 °C and relative humidity (RH) of 65 ± 15%. The
variation of the RH enables the process of water evaporation. The product formed during carbonates
deposition as efflorescence was analysed using XRD.
The water absorption was evaluated using samples with 28mm of diameter and 5.5 cm of weight. The
samples were dried until mass constancy and then placed in contact with 5mm of water in a closed
box. The mass of the sample was measured every 10 minutes in the first hour and every hour until
obtain mass constancy by maximum water absorption.
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The efflorescence potential was evaluated by alkali concentration of leached material. For this, a
cylindrical sample with volume of 15 ml was placed in contact with 500 grams of deionized water, 10
ml of solution were removed after 28 days of exposure and analysed by atomic absorption
spectroscopy (AAS, AA-7000) for the elements Na, K using the emission method.
To understand the alkali movement process and effect in the microstructure, after efflorescence
formation, the external efflorescence was removed and the samples were cut into 3 parts (base,
middle, top) and analysed microstructurally. The main analysis for this was TGA, performed usinga
Tam AirDiscovery SDT 650, with the heating rate of 10 C/min up to 1000 °C and90 µm alumina
crucibles.
3.
3.1

RESULTS AND DISCUSSIONS
Efflorescence formation

The efflorescence formation of geopolymers samples exposed to water contact in the bottom is shown
in the Figure1. The geopolymer system G-MK-1 was synthesised using 20% of Na2O and sodium
hydroxide as alkali source. It is visible the carbonates deposition in top of the sample and physically it
was possible to observe the deterioration of the surface. The addition of a small content of sodium
silicate (MS=0.5 to the system G-MK-2) provided a higher amount of visible efflorescence, however
was not observed surface deterioration of the sample. To higher content of sodium silicate (G-MK-3),
even with visual efflorescence formation, the amount of carbonates is reduced and the surface is not
damaged. The efflorescence reduction by the addition of sodium silicate was also observed by Zhang
et al (2014) and attributed to the pore refinement and denser structure provides by the extra silica in
the framework structure.
The addition of KOH as part of the activator in the geopolymer G-MK-4, even with the reduction of
25% in the compressive strength when compared to the reference system (G-MK-3), avoided the
efflorescence formation. The increase of temperature of curing condition was also effective to reduce
the carbonates deposition. To the geopolymer G-MK-5, the carbonate deposition was lower when
compared to its respective geopolymer without increasing temperature during curing. The thermal
curing process is usually used to accelerate the curing process and form a larger amount of gel,
providing a denser and more resistant structure. A slight reduction of the compressive strength was
observed, however the curing process may have altered the porous structure.
Related to the process and effects, the pore structure allows the absorption of water along the sample
by capillarity pressure. In an environment where there exist relative humidity changes, the evaporation
process allows the movement of water from the base to the surface. This cyclic process is also
associated with the leaching and alkalis movement and allows the formation of efflorescence. The rate
and intensity of this transport is relative to the physical properties of the material. As observed in the
Table 1, the addition of sodium silicate can provide a compressive strength 4 times higher when
compared to the NaOH based system, indicating a denser matrix by the use of extra soluble silica.
Thus, more movement of soluble materials is expected for less dense and resistant systems. The
excess of alkalis transported and ease of carbonation caused the rupture of the top of the sample to
the geopolymer G-MK-1. This fact reinforces the need to understand the effect of this phenomenon on
the durability of geopolymers.
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Figure1. Efflorescence formation of hardened geopolymers pastes
By the carbonation process and deposition on the surface, from the presence of sodium as activator, it
is expected the formation of some phase relative to sodium. This product was analysed by XRD and is
shown in the Figure 2. The product is formed mainly by sodium carbonate hydrate (Na2CO3H2O,
PDF# 01-070-2148) and traces of sodium carbonate (Na2CO3, PDF 01-086-0301). This is consistent
with what was observed by Škvára et al. (2009) and Zhang et al. (2014).
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Figure 2. DXR analysis of efflorescence formation product
3.2

Water absorption

The water absorption to the geopolymers systems is shown in the Figure . It is possible to observe the
difference between the systems associate to the rate of absorption and the final content. The samples
without use of sodium silicate (G-MK-1) and minimum amount of SS (G-MK-2) have a high initial
absorption rate, showing constancy of mass after 2 hours of exposure. By the addition of higher
amount of sodium silicate (G-MK-3) the final water absorption was lower, the same happened to the
absorption rate. These results are consistent with the compressive strength, indicating a denser and
less porous geopolymer. The use of KOH as part of the activator (G-MK-4) provided a lower initial
absorption rate but higher final value when compared to the reference system (G-MK-3). By the use of
potassium as part o the activator the porous structure changed, possibly by the changes of the
tortuosity, quantity and size of the pores. The use of thermal curing also changed the pore structure,
providing lower initial rate of absorption to the reference system, however, a higher final amount.
According to Zhang et al. (2014), the increase of temperature during the curing process can induce
the local reorganisation and crystallisation of N-A-S-H gels, which provides a pore refinement.
3,0

Water absorption (g/cm²)

2,5
2,0
1,5
1,0

G-MK-1
G-MK-2
G-MK-3
G-MK-4
G-MK-4
-5

0,5
0,0
0

100

200

300

450

900

1350

Time (min)
Figure 3. Water absorption to the geopolymer systems
The water absorption is a good indicator of efflorescence formation. The process of dissolution of
alkali and transportation requires the presence of water, thus, the efflorescence formation will just
happens with alkali movement. The high initial absorption also allows higher evaporation and a faster
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movement of water and alkali in the porosity. A denser material presents smaller pores, which hinders
the movement. This observation is consistent with the efflorescence formation on Figure1. Another
important factor is the availability of free alkalis.
3.3

Alkali leaching

The alkali leaching is shown in the Figure 3. This analysis allows the quantification of the amount of
alkalis released in the system and the respective concentration. The concentration of leachable Na
was between 147 to 282 ppm, and 103 ppm to K. The use of sodium silicate can reduce the amount of
leachable alkalis. To the use of MS=1 (G-MK-3) the concentration of 204.4 ppm is 27% less than the
geopolymer with MS=0.5 (G-MK-2) with the value of 282.4 ppm and 16% less than when only NaOH
was used as activator (G-MK-1) with 243 ppm. These values are consistent with visual efflorescence
formation where the highest values indicate the formation of carbonates with shorter exposure time
and more aggressive deposition and deterioration. Using KOH as part of the activator, higher
concentration of 147.2 ppm of Na and 102.9 of KOH can be observed. The content of sodium is lower
than other systems, resulting in a non-visible formation of sodium carbonates products. According to
Škvára et al. (2009), due to the high solubility of K2CO3, this product dissolves without formation of
visible efflorescence. The increase of temperature to the geopolymer synthesis was also effective to
the leaching reduction. The value observed to this geopolymers (G-MK-5) was 197.5 ppm, similar to
the reference system, but the carbonation deposition was lower. These values are higher than those
observed by Zhang et al. (2014), who obtained values between 100 and 150 ppm, however, the
sodium content used was lower and the authors used fly ash as precursor.

Figure 3. Concentration of leachable alkalis in geopolymers
3.4

Thermogravimetry analysis

The thermogravimetry analysis is shown in the Figure 4. Different layers of the sample (a= bottom, b=
middle, c= top) for the geopolymer systems G-MK-1, G-MK-2 and G-MK-3 were analysed. The loss of
mass was normalized to values between 0 and 1 to allow the analysis of the variation between the
systems. In a comparison between the geopolymers, it is observed that from the use of sodium silicate
as part of the activator, most of the mass loss is at temperatures below 250 °C and is associated with
water removal. The same is confirmed from the DTG curves (represented in the %/C scale), where
two main peaks are observed at low temperatures, one centred at 60 °C and associated with free
water in the pore structure and another at 160° C associated with water physically bounded to the
reaction products. The reduction of the use of sodium silicate provides a reduction of the first peak,
indicating that due to the high permeability of the geopolymer the water is evaporated and does not
remain in the porosity of the material. The loss of mass between 300° and 450° can be attributed to
the water present as hydroxyl groups in the aluminosilicate framework (Zhang et al., 2012). Above 500
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°C the mass loss is attributed mainly to the carbonates formed. For this temperature range the use of
sodium silicate is also positive to carbonation reduction which is clearly observed in the DTG curves.
The carbonates concentration in each layer can be related to the alkalis movement into the porous
structure. Every sample showed lower amount of free water in the top, indicating the easier movement
and removal from evaporation process. Also, the loss of mass at temperatures above 500 °C is more
pronounced, which indicates the higher formation of carbonates phases. In DTG curves showed the
same behaviour due the more intense broad peak between 450 and 700°C. Inthe bottom part it was
not observed an intense carbonate formation to the geopolymer with high content of SS. For the
middle layer it is observed the formation of carbonate phases, however less intense when compared
to the top. The high water absorption allowed the movement of water and alkalis to the top, in this
case, by the high concentration of alkalis in this region, the formation of carbonates will be easier and
more intense. The behaviour observed in TGA analysis is consistent with the efflorescence formation
and physical properties.

Figure 4. Thermogravimetry analysis to the geopolymer samples in different layers
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4.

CONCLUSIONS

Efflorescence formation is a phenomenon that is constantly observed in geopolymers, but still needs
further understanding. The deposition of carbonates is the effect associated with the leaching potential
of the alkalis moved from the porous structure of the geopolymer until it comes into contact with the
CO2 of the air. The product formed is composed by sodium carbonate and sodium carbonate hydrate.
The content of leachable alkali is directly related to efflorescence formation. The addition of sodium
silicate in the systems and temperature during the curing process can reduce the alkali leaching. This
reduction is associated with improvements in the density and pore refinement provided in the
geopolymers analysed. The water absorption tests confirmed this trend. The reduction of
efflorescence formation by the use o KOH as part of the activator was also shown and it was
associated with the high solubility of K2CO3and not visible formation of efflorescence. The alkali
movement is induced by capillary pressure and evaporation. Thus, less dense and less resistant
structures allowed carbonation along the entire surface, however the top of the samples showed the
highest concentration of this products, where larger amount of alkalis were moved due to the capillary
pressure.
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ABSTRACT
Magnesia-based cements have become a promising alternative to Portland cement due to their
satisfactory mechanical properties and potential for decreased carbon dioxide emissions during
production. However, the relatively high cost of the raw materials and strength reduction in water are
some of the main reasons that limit their utilisation in practice. In this study, we examine the potential
to extract silica from serpentine for use as a partial replacement for Portland cement and the
application of waste acid in the production of a magnesium chloride-based cement. Serpentine is a
common mineral found in basaltic rocks and a rich source of magnesia and silica. The magnesia in
serpentine dissolves to form magnesium chloride, while the silica separates as solid after leaching in
hydrochloric acid. The mechanical properties of the waste acid binder are reported along with the
details of the hydration mechanism. The pozzolanic activity of the silica derived from the serpentine
was also investigated.
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1.

INTRODUCTION

In the recent decades there has been a huge interest towards alternative binding materials
worldwide. Dead burnt magnesium oxide has previously been considered detrimental when
present in Portland cement since it leads to the volume expansion of harden concrete (Chatterji,
1995). MgO, however, has favourable cementitious properties. The potential for CO2 uptake
makes magnesia-based cement essentially carbon-neutral since it is believed that the quantity
of CO2 absorbed could be equal to the amount emitted during the production process (Walling
& Provis, 2016). Among the different types of MgO-based cements, magnesium oxy-chloride
cement (MgO-MgCl2) (Deng, 2003; Li & Chau, 2008) and magnesium phosphate cement (MgOKH2PHO4) (Soudée et al., 2000; Yang et al., 2014; Yang et al., 1999) have drawn the most
attention. However, their application had been limited by their poor stability in water.
In addition to the recent interest in alternative binder systems to reduce the carbon dioxide
emissions associated with the construction industry, the use of pozzolans has had a long and
successful history as partial replacements for cement. Nevertheless, costs and availability of a
reactive silica source have limited its more widespread use in some regions, particularly where
slag or fly ash are not produced. In 2009, Justnes (2009) summarized a report on the work and
possibilities of producing pozzolans from natural minerals by chemical treatment. It was noted
that olivine and serpentine were the most feasible minerals. The minerals can react with weak
carbonic acid forming a mixture of magnesium carbonates and silica, which can be used as
excellent fillers and pozzolans in concrete. A team at Albany Research Center(O'Connor et al.,
2000,2001&2002) dissolved serpentine with hydrochloric acid for carbon sequestration, and
silica particles were also observed. Pietriková (2004) investigated the acid leaching of
serpentine to produce silica power, and proposed a simplified reaction:
xMgO·ySiO2·zH2O+ 2HCl=xMgCl2+ySiO2+zH2O
In a recent study by A. Fedoročková et al. (2015), high purity (99.4%) amorphous silica powders
was produced by leaching the serpentine in 10mol/L hydrochloric acid at the temperature of
60°C. The specific surface area of the silica products was 392m2/g. However, the study on the
silica reactivity was beyond the scope of that investigation on the use of processed serpentine,
or the waste solution, with cement binder system.
In this paper, we investigated a processing method to obtain both the magnesium chloride and
silica source from widely distributed ultramafic rocks, and to develop a binder system based on
the products.
2.

MATERIALS AND METHOD

The serpentine mineral used in this investigation was provided by South Serpentine Ltd. New
Zealand. The chemical composition of serpentine, as characterised by X-ray Fluorescence
(XRF), is shown in Table 1. The mineral was ground using a ring mill for 120 seconds prior to
testing to decrease the particle size.
Table 1. Chemical composition of serpentine

%

SiO2
40.7

MgO
37.27

Fe2O3T
7.84

TiO2
0.05

Al2O3
1.04

MnO
0.11

CaO
0.32

Na2O
0.01

K2O
0.03

L.O.I.
12.01

Total
99.37

The potential for magnesium chloride and silica recovery was investigated using acid leaching
with 2mol/L hydrochloric acid (pH= -0.3) mixed with serpentine. The reaction was performed at
ambient laboratory pressure and temperatures, of approximately 20 oC, for 24hours. The solid
to liquid ratio was 1:20. After the leaching, the solution was filtered on a 0.45μm size membrane:
the liquid phase (permeate) was used for element analysis and binder mixing; the solid phase
(retentate) was washed using deionised water until a pH of 7 was achieve followed by oven
drying at 105°C.
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Ion concentrations of magnesium and silicon were detected using the Agilent 7500CX
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The microstructure and additional
elemental analysis were characterised by Scanning Electron Microscopy (SEM, JEOL IT-300
scanning electron microscope, 15kV) and Energy-dispersive X-ray spectroscopy (EDS, Oxford
Aztec system with a 50mm 2 SDD detector).
MgO was mixed with magnesium chloride (MgCl2, reagent grade) and the waste acid (liquid
phase of the solution), respectively, to compare the strength of the mixtures. The paste was
prepared at the binder to water ratio 0.4. Waste acid was used as a replacement for water in
WA samples (as shown in Table 2), while MgCl2 was added based on the calculation that the
same amount of MgCl2 produced from the reaction of waste acid and MgO.
Table 2 Mixing proportion of the MgO-MgCl2-H2O system
Sample Notation
MgO
MgCl2
Water
MC
98.4
3.8
40
WA
100
-

Waste acid
40

For the solid phase, after acid digestion, conductivity and strength activity index test were
performed to characterise its pozzolanic activity. The conductivity test was carried by Metrohm
856 conductivity module based on the methods proposed by Luxán (Luxán et al., 1989) and
modified by Paya(Paya et al., 2001): 80ml calcium hydroxide solution at the concentration of
0.8g/L was mixed with silica source and the conductivity change was measured.
The strength activity index test was accordance with ASTM standard C311-05 and C618-05.
Portland cement was used as a control mix while silica fume, leached serpentine and ground
serpentine were selected as test silica source (see Table 3Error! Reference source not
found. for mixing proportions). The strength samples were cast in the cube of 20×20×20 mm
at ambient temperature (20°C). After 24 hours, the samples were demoulded, sealed and put
into an environmental chamber (20°C). Compressive strength tests were performed after
different ages of 3, 7, 28 days.

PC control
Test Sample

3.
3.1

Table 3. Mixing ratio of the strength index test
Cement (g)
Test Silica Source(g)
Sand(g)
500
1375
400
100
1375

Water (mL)
242
242

RESULTS AND DISCUSSION
MgCl2 from the reacted solution

Since hydrochloric acid was used to digest the serpentine, the residual acid had high
concentrations of magnesium and chloride ions which could be used as an alternative to MgCl2
in the Sorel cement system (MgO-MgCl2-H2O). To investigate this, the ion concentration of the
leached solution was measured by ICP-MS (shown in Table 4). The concentration of
magnesium dissolved from serpentine was 996.5mg/L while 57.5mg/L of silicon was also
presented in the solution. The chloride content, calculated by the HCl added, was 70,900mg/L.
Given the excess of acid any additional MgO added to the solution should react with residual
chloride ions.
Table 4 Ion concentration of the leached solution
Mg
Fe
Ca
Ion Concentration (mg/L)
996.5
128.5
62.0

Si
57.5

Cl*
70900*

*Note: the Cl concentration was not measured by ICP-MS but calculated from the added 2mol/L HCl.

The compressive strength of the samples mixed with MgO as per Table 2 is provided in Figure
1. Both the samples showed high early strengths but with little development over time after 3
days. The sample mixed with MgO and waste acid (WA) provided the highest strength above
40MPa for both early and later ages. The 7 day strength for the MC samples achieved 44.6MPa
but still lower than 7 day WA sample.
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Compressive Strength (MPa)

50

3d

7d

28d

40

30

20

10

0
MC

WA

Figure 1 The compressive strength of different materials mixed with MgO
Figure 2 reveals the microscopy of the MgO mixture with MgCl2 and waste acid at an early age.
The formation of brucite can be observed in MC sample in Figure 2(a), with brucite crystals
forming a dense structure. The large brucite component of MC samples was likely a significant
contributor to the early are strength of those samples. The hydration products of WA samples
however, as seen in Figure 2(b), were significantly different. A large quantity of products was
formed at the age of 3 days and these crystals were similar to those found in previous studies
on magnesium chloride cement (MOC)(Chau & Li, 2008; Yang et al., 1999). The rapid formation
of these well-developed crystals contributed to the high early strength.
It was very interesting to note that the typical hydration phases of MOC (e.g. Phase 3 and
Phase 5) were not found in MC sample (mixed with MgO and MgCl 2), this can be attributed to
the low content of MgCl2 added into the system. Nevertheless, the sample with waste acid
promoted the crystal development in early ages. This suggest as the solution contains free
Mg2+ and Cl-, it could be an alternative to mixed with addition MgO and produce a MOC cement.

(a). MgO+MgCl2 (MC)

(b). MgO+ waste acid (WA)

Figure 2. Microscopy of the MgO mixture with MgCl2 and waste acid at 3 day.
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3.2

SiO2 sourced from solids residual

3.2.1 The conductivity and the ion concentration measurement
After the magnesium was dissolved into the acidic solution, the composition of the solid
residual, separated by filtration, washing and drying, should be mainly undissolved silica. The
pozzlanic activity of the remaining solids was investigated in this section.
The activity test using the conductivity method was performed and the results shown in Figure
3. The conductivity of the raw material (as received and ground serpentine) mixed with calcium
hydroxide (CH) solution decreased to around 5ms/cm while the conventional silica source, the
silica fume, further decreased the conductivity to approximately 4ms/cm. The serpentine after
the acid leaching, however, demonstrated a startling drop of the conductivity from 6.8 to
1.3ms/cm. This may indicate the pozzolanic activity of the leached serpentine is higher than
silica fume.
8

As recived Serpt.
Grind Serpt.

7

Conductivity (ms/cm)

Silica Fume
6

Leached Serpt.

5
4
3
2
1
0
0

20

40

60

80

100

Time (s)

Figure 3. The conductivity test of the different materials.
3.2.2 Strength activity index test
Figure 4 shows the strength of samples mixed with different silica source at different ages. The
silica fume sample demonstrated comparable strength with the PC control, while the strength
of the specimens mixed with leached and ground serpentine were lower. The strength activity
index, provided in Table 5, shows that the leached serpentine samples was lower than 75,
which indicates low strength activity as per the standard.
The results from the strength activity index test seem to contradict the results from conductivity
test which suggested the leached serpentine should have a superior ability to consume the CH
in solution than the silica fume. Since the conductivity and the Ca2+ ion reduction are caused
by the fixation of CH on a reactive particle surface (Luxán et al., 1989), the leached serpentine
fixation ability may also be due to its high surface area rather than its silica activity. The leached
serpentine was obtained after the acid leaching, which means the dissolving phase might have
left the material with a porous microstructure, thus leading to a very high surface area. The
silica fume however was able to react with CH, producing calcium silicate hydrate and refined
pore structure which contributed to the strength development.
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Figure 4. Strength development of mixtures with different silica sources
Table 5. Strength activity index with Portland cement

4.

7d

Silica Fume
99.3

Leached Serpentine
68.0

Ground Serpentine
58.4

28d

100.7

70.0

61.3

CONCLUSION AND FUTURE STUDIES

Serpentine was selected as potential source for magnesium and silica though leaching with
hydrochloric acid. The waste acid after the leaching process was examined and it mainly
contained magnesium and chlorine ions. The mixture of MgO with waste acid and reagent
grade MgCl2, was prepared respectively for strength test and microstructural analysis. The
sample mixed with MgO and waste acid showed the higher strength. The microstructure of the
hydration products examined by SEM technique were found to be similar to the MgO-MgCl2H2O cement system. This suggest the waste acid can be neutralised and used in the MgO
cement, which would be a potential way to utilize large amounts of industrial waste
hydrochloride acid, such as from the paper pulp industry.
Despite the very good performance in the conductivity test, the leached serpentine showed
poor pozzolanic activity compared to silica fume in terms of strength development and didn’t
meet the minimum requirements of the strength activity index test. Nevertheless, the leaching
process could be modified to dissolve more serpentine, such as using higher concentration
acid, elevate the reaction temperature or prolong the reaction time. A second stage of alkaline
leaching followed by precipitation could be used to obtain higher purity and possibly increase
the reactivity of the amorphous silica.
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ABSTRACT
Ferronickel slag is a kind of heavy metal-bearing slag obtained from the production of ferronickel.
According to different smelting technologies, ferronickel slag can be categorized as electric furnace
ferronickel slag (EFFS) and blast furnace ferronickel slag (BFFS) with different chemical and
mineralogical compositions. The reaction mechanism, engineering properties, and environmental
performance of alkali-activated EFFS and BFFS materials were investigated. The results show that
BBFS powder exhibits much higher reactivity than the EFFS powder mainly due to its higher Ca and Al
contents, and less unreactive crystalline phases. The reaction of BFFS greatly depends on the
alkalinity and silicon modulus, with a high alkalinity and low silicon modulus resulting in a rapid initial
exothermic rate, a high reaction degree, a denser pore structure, and a satisfactory compressive
strength and autogenous shrinkage in the alkali-activated BFFS materials. In contrast, EFFS is difficult
to be activated by alkaline solutions even with high alkali dosages. Thus, BFFS is more suitable for
alkali-activation, and more promising for engineering application. Apart from engineering properties,
the alkali-activation treatment can significantly decrease leaching amount of heavy metals in both
BFFS and EFFS, and it converts the hazardous industrial wastes to non-toxic construction materials.
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ABSTRACT
Ferronickel slag is a kind of heavy metal-bearing slag obtained from the production of ferronickel.
According to different smelting technologies, ferronickel slag can be categorized as electric furnace
ferronickel slag (EFFS) and blast furnace ferronickel slag (BFFS) with different chemical and
mineralogical compositions. The reaction mechanism, engineering properties, and environmental
performance of alkali-activated EFFS and BFFS materials were investigated. The results show that
BFFS powder exhibits much higher reactivity than the EFFS powder mainly due to its higher Ca
and Al contents, and less unreactive crystalline phases. The reaction of BFFS greatly depends on
the alkalinity and silicon modulus, with a high alkalinity and low silicon modulus resulting in a rapid
initial exothermic rate, a high reaction degree, a denser pore structure, and a satisfactory
compressive strength and autogenous shrinkage in the alkali-activated BFFS materials. In contrast,
EFFS is difficult to be activated by alkaline solutions even with high alkali dosages. Thus, BFFS is
more suitable for alkali-activation, and more promising for engineering application. Apart from
engineering properties, the alkali-activation treatment can significantly decrease leaching amount
of heavy metals in both BFFS and EFFS, and it converts the hazardous industrial wastes to nontoxic construction materials.
1.

GENERAL INTRODUCTION

Ferronickel slag is an industrial waste obtained from ferronickel alloy production. An approximately 0.64
million tons of ferronickel alloy (calculated in contained nickel) are produced annually worldwide, of
which China accounts for approximately 48% (2012). The ferronickel industry employs two main
smelting technologies: the electric furnace method and the blast furnace method. The electric furnace
method is used worldwide and currently represents the primary method in ferronickel alloy production,
whereas the blast furnace method was chiefly used in the past and is currently restricted to parts of
eastern China because of the lack of nickel-rich minerals and the high demand for ferronickel alloys.
According to the different smelting technologies, ferronickel slag can be categorized as electric furnace
ferronickel slag (EFFS) and blast furnace ferronickel slag (BFFS) with different chemical and
mineralogical compositions. The chemical composition of EFFS is mainly composed of SiO 2, MgO, and
Fe2O3, and its mineral composition is primarily crystalline minerals such as enstatite, forsterite and
dropsied. In contrast, BFFS mainly consists of SiO 2, Al2O3, and CaO, and moreover, BFFS contains a
large amount of amorphous phase (Saha, Khan, & Sarker, 2018). In addition, as a type of heavy metalbearing waste slag, the massively deposited ferronickel slag causes the occupation of farmland and
pollution of soil and groundwater because of its Cr and Mn leaching. Thus, the efficient treatment of
ferronickel slag (both BFFS and EFFS) is a critically important subject for resource conservation and
environmental sustainability.
Alkali-activation technology is receiving increasing attention worldwide for the production of alternative
binders to Portland cement. This technology can successfully reuse industrial solid wastes, such as
commonly used blast furnace slag (BFS) and fly ash (FA) (Juenger, Winnefeld, Provis, & Ideker, 2011).
BFFS is similar to BFS in its main chemical compositions but contains less CaO and more Al 2O3. In
contrast, EFFS is mainly composed of SiO2, Mg-containing compound, Fe-containing compound and a
little amount of Al2O3 and CaO. Theoretically they both have potential reaction activities for alkaliactivation. This paper aims to use alkali-activation technology to efficiently reuse the two types of
ferronickel slag. Differences between alkali-activated BFFS and EFFS in reaction and engineering
properties are discussed.
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2.

EXPERIMENTAL PART

2.1

Raw materials

The chemical compositions (analysed by means of an X-ray fluorescence spectrometer) of BFFS, EFFS,
BFS and FA are summarized in Table 1. BFFS contains less CaO but more Al 2O3 than BFS. The
mineralogical phases (analysed by means of an X-ray diffractometer) of BFFS and EFFS are shown in
Fig. 1. BFFS presents more obvious amorphous phase peak (2θ approximately 25–35°) than that of
EFFS, whilst EFFS contains more crystalline phases (forsterite) than BFFS. This phase is considered
unreacted parts because of its stable crystal structure. Theoretically, BFFS presents higher activity than
EFFS based on chemical and mineralogical compositions. The particle size distributions (analysed by
means of a laser particle size analyser) of BFFS and EFFS are shown in Fig. 2. The element distribution
(analysed by means of a scanning electron microscope with an electron probe) of BFFS and EFFS is
shown in Fig. 3. The heavy metal elements Cr and Mn are uniformly distributed in the particles.
Sodium hydroxide (analytical reagent) and industrial water glass (Na 2O·2SiO2) were used as alkali
activators. ISO reference sand and crushed limestone aggregates were used as fine aggregates and
coarse aggregates, respectively.
Table 1. Chemical compositions (%) of the raw materials
Oxide

SiO2

Al2O3

CaO

MgO

Cr2O3

MnO

Fe2O3

TiO2

SO3

NiO

BFFS

29.95

26.31

25.19

8.93

2.30

2.25

1.55

1.18

0.90

0.01

EFFS

46.10

4.46

6.75

27.12

1.50

0.79

12.25

0.35

0.14

0.19

BFS

31.76

14.84

36.44

9.08

/

0.45

0.60

0.59

0.04

/

FA

53.33

27.65

2.86

1.35

/

/

6.04

/

0.45

/

Figure 1. XRD results of BFFS and EFFS raw materials

Figure 2. Particle size distribution of BFFS and EFFS
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Figure 3. Element distribution: (a) Cr and (b) Mn in BFFS; (c) Cr and (d) Mn in EFFS
2.2

Mix proportion and test methods

The BFFS and EFFS samples were activated by sodium hydroxide (NA) with activator to slag ratios
(A/S ratio, NA: slag in mass) of 2%, 5%, 10% and 15% and by water glass (WG) with n moduli of 0.5,
1.5 and 2.0. The water-to-binder ratio (W/B ratio) of all mortars and pastes was 0.5 regardless of the
alkali-activator contents and types.
X-ray diffractometer (XRD) was used to analyse the mineralogical phases of the reaction products of
the hardened pastes at 28 days. The morphology of the reaction products was observed via SEM, and
the elements in the products were determined by EDX (at least 30 points for each sample). The reaction
kinetics of alkali-activated pastes were analysed using isothermal calorimeter (at 20 °C). According to
the standard GB/T 17671-1999, mortar samples (40 × 40 × 160 mm) were prepared for the compressive
strength test at 1, 3, 7, 28, and 90 days. The samples were cured at 20 ± 1 °C and 95 ± 5% relative
humidity. The TCLP (Toxicity Characteristic Leaching Procedure) test was used to study the leaching
behaviours of heavy metal contaminants in the BFFS / EFFS raw material and milled alkali-activated
BFFS / EFFS hardened pastes at 28 days. One may refer to literature (X. D. Li, Poon, Sun, Lo, & Kirk,
2001) for the specific TCLP process. The filtrate was measured using PE-Optima8000 ICP-AES
(measuring Mn and total Cr) and DR5000 UV–Vis spectroscopy (measuring Cr(VI)) to obtain metal
concentrations.
3.
3.1

RESULTS AND DISCUSSION
Reaction products

Fig. 4a and Fig. 4b show the XRD patterns of the alkali-activated BFFS and EFFS at 28 days,
respectively. Strätlingite (peak 5, PDF#29-0285), which is a type of crystalized calcium silicoaluminate
hydrate phase, is a new crystalline phase in the reaction products of alkali-activated BFFS with a notably
strong intensity characteristic diffraction peak. As simulated by Myers et al. (Myers, Lothenbach, Bernal,
& Provis, 2015) and Ben Haha et al. (Haha, Lothenbach, Le Saout, & Winnefeld, 2011), a high alumina
content or low magnesium content tends to favour the formation of strätlingite according to its log K sp in
alkali-activated slag systems. Thus, the high-alumina and low-magnesium BFFS (considerable amount
of Mg in unreacted spinel and forsterite) tends to form strätlingite crystal when activated by NaOH and
water glass. In contrast, no new crystalline phase is formed in alkali-activated EFFS samples. Moreover,
the intensity of forsterite seems unchanged after the activation.
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Figure 4. XRD patterns of (a) BFFS raw material and alkali-activated BFFS pastes at 28 days
and (b) EFFS raw material and alkali-activated EFFS pastes at 28 days
The SEM was performed to observe the morphology of the gels in 5% NA-activated and 0.5-modulus
WG-activated BFFS at 28 days (as shown in Fig. 5). The gel in both alkali-activated samples is uniformly
distributed in the hardened paste and tightly coats the unreacted BFFS particles; it is mainly composed
of Ca, Al and Si with a small amount of Na and Mg determined by EDX. The gel product in alkaliactivated slag is normally summarized as C-A-S-H (C. Li, Sun, & Li, 2010; Provis, Palomo, & Shi, 2015);
however, whether Na and Mg are adsorbed on the gel surface or structurally incorporated into the gel
has not been clarified yet according to the present knowledge (Haha, Lothenbach, Le Saout, &
Winnefeld, 2012; Juenger et al., 2011). The EDX result shows that the Ca/Si ratio and Al/Si ratio of the
C-A-S-H gel are 0.64–1.65 and 0.57–1.44, respectively. Fig. 6 presents the porous structure of the EFFS
samples activated by whichever alkali solution (NA or WG). It indicates that EFFS is a type of low-activity
slag and is hard to be activated.

Figure 5. SEM observation of the gel in alkali-activated BFFS pastes at 28 days: (a) 5% NAactivated and (b) 0.5-modulus WG-activated

Figure 6. SEM observation of the gel in alkali-activated EFFS pastes at 28 days: (a) 5% NA-
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activated and (b) 0.5-modulus WG-activated
3.2

Reaction kinetic

Fig. 7a shows the exothermic rate of the NA-activated (with A/S ratios of 2%, 5%, and 10%) and WGactivated (with moduli of 0.5, 1.5, and 2.0) BFFS pastes. The main reaction peaks of the NA-activated
BFFS pastes appear at a notably early period due to their rapid reactions. The peak values decrease,
and the corresponding time is prolonged with a decreasing A/S ratio. In contrast, the heat evolution of
WG-activated BFFS pastes has an obvious induction period, which is significantly prolonged by the
increased n modulus. In addition, the peak values of WG-activated BFFS are remarkably reduced with
increases in the n modulus, which has also been reported in other studies on alkali-activated materials
(Berhan S. Gebregziabiher, Thomas, & Peethamparan, 2015; Berhan Seium Gebregziabiher, Thomas,
& Peethamparan, 2016). The results indicate that the reaction of alkali-activated BFFS requires high
alkalinity, and a low alkalinity or high modulus will inhibit the reaction.
Fig. 7b shows the exothermic rate of the NA-activated (with A/S ratios of 5%, and 10%) and WGactivated (with moduli of 0.5 and 1.5) EFFS pastes. The reaction heats of alkali-activated EFFS samples
are much lower than those of alkali-activated BFFS samples. It further indicates the low activity of EFFS
compared to that of BFFS, which is consistent with the results of SEM observation.

Figure 7. Heat evolution of the alkali-activated (a) BFFS and (b) EFFS pastes
3.3

Compressive strength

Fig. 8a and b show the compressive strength growths of alkali-activated BFFS and EFFS mortars,
respectively. Fig. 8a shows that the 5%, 10% NA and 0.5-modulus WG-activated BFFS mortars have
much higher compressive strengths at both early and late ages, which indicates the high alkalinity
requirement for BFFS activation. However, the late-age strength growth rate, which is defined as the
ratio of compressive strengths at 90 days and 7 days, is different among the three samples. The rates
of the A5, A10 and S0.5 mortars are varied at 1.90, 1.60 and 2.28, respectively, which indicates the
greater strength gain from days 7 to 90 of the 0.5-modulus WG-activated BFFS mortar. Fig. 8b shows
that the compressive strength of EFFS mortars is much lower than that of BFFS mortars due to the lowactivity of EFFS. Comparatively speaking, high alkalinity and a small amount of silicate benefit the
strength development of alkali-activated EFFS samples.
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Figure 8. Compressive strengths of the alkali-activated BFFS and EFFS mortars at different
ages: (a) BFFS; and (b) EFFS
Fig. 9a and b show the compressive strength growths of alkali-activated EFFS-BFS composite mortars
and EFFS-FA composite mortars, respectively. The compressive strength of EFFS-BFS composite
mortar can reach 30 MPa, which is acceptable in engineering. However, fly ash cannot improve the
compressive strength of the composite EFFS-FA mortars due to its relatively low activity.

Figure 9. Compressive strengths of the alkali-activated composite slags at different ages: (a)
EFFS-BFS; and (b) EFFS-FA
3.4

Leaching behaviours

The concentrations of Mn, Cr(VI) and Cr(III) and the reduction ratios after alkali activation are shown in
Table 2. The leaching amounts of heavy metals all decrease distinctly and are below the TCLP
regulatory limit after the alkali activation, which indicates the stabilization effect of the alkali-activated
matrix. The stabilization mechanisms of the alkaline matrix on heavy metals can be summarized as
encapsulation, sorption, surface complexation, substitution and precipitation (Batchelor, 2006; Chen,
Tyrer, Hills, Yang, & Carey, 2009). In most cases, the dominant solidification mechanism is the
precipitation of low solubility compounds in the leachate (Batchelor, 2006). The results show that alkaliactivated BFFS and EFFS materials are environmentally acceptable.
Table 2. Heavy metal concentrations and reduction ratios after alkali activation
Heavy metals

Mn

Samples

Metal concentrations
(mg/L)

Reduction
ratios

TCLP regulatory
limit (mg/L)

BFFS

187.6

-

-

BFFS-A2

64.6

65.6%

-

BFFS-S2

50.9

72.9%

-

EFFS

40.2

-

-
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Cr(Ⅵ)

Cr(Ⅲ)

4.

EFFS-A2

20.1

50%

-

EFFS-A2

16.4

59.2%

-

BFFS

0.21

-

5.0

BFFS-A2

0.07

66.7%

5.0

BFFS-S2

0.06

71.4%

5.0

EFFS

0.14

-

5.0

EFFS-A2

0.03

78.6%

5.0

EFFS-S2

0.03

78.6%

5.0

BFFS

44.0

-

5.0

BFFS-A2

3.82

91.3%

5.0

BFFS-S2

1.18

97.3%

5.0

EFFS

31.2

-

5.0

EFFS-A2

4.87

84.4%

5.0

EFFS-A2

3.65

88.3%

5.0

CONCLUSION

(1) Strätlingite is the most important crystalline reaction product of alkali-activated BFFS, whereas no
new crystalline phase is found in alkali-activated EFFS.
(2) The reaction of alkali-activated BFFS requires a relatively high alkalinity and low silicon modulus as
demonstrated by the reaction heat. However, EFFS is hard to be activated by alkaline solutions.
(3) The alkali-activated BFFS mortar shows satisfactory compressive strength (70 MPa) at late ages;
furthermore, it has great strength gain from days 7 to 90. The alkali-activated BFFS material shows
promising engineering properties. In contrast, the compressive strength of EFFS mortars is much
lower than that of BFFS mortars due to the low-activity of EFFS. However, the compressive strength
of EFFS-BFS composite mortar can reach 30 MPa, which is acceptable in engineering.
(4) The alkali-activation treatment can significantly decrease the leaching amount of heavy metals (Mn,
Cr(VI) and Cr (III)) and convert hazardous BFFS to non-toxic construction materials.
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Exhaustion of energy resources, climate change, and environmental pollution has resulted in
energy demand. In addition, air pollution is a great environmental health concern as it can lead to
serious health effects, such as respiratory diseases, including asthma and lung cancer. Indoor or
outdoor air contains many different pollutants. Hence, in the present paper will be presented the
facts related in the development of a metakaolinite-based geopolymer for the adsorption and
photodegradation of a cationic dye by heterogeneous photocatalysis as well as the possibility of
energy storage by embedding a phase change material (PCM).

1.

INTRODUCTION

Alkali activated materials have gained, in the past fifteen years, a major interest so that the applications
of these materials comprise new ceramics, fire-resistant materials, matrices for hazardous waste
stabilization, cement and high-tech materials (Cioffi et al. 2003). New ways in novelty applications had
been open, including fire protection (Giancaspro et al. 2004), immobilizations of waste and toxic
materials (Zhang et al. 2008) and radioactive waste encapsulation (Pereira et al. 2009). Environmental
pollution can be controlled by using TiO2 added into geopolymer matrix taking advantage of potential
uses of geopolymer materials as covering surfaces.
As many industries such as textile, cosmetics, plastics, paper generate considerable amount of organic
dyes which are discharged to water bodies without any prior treatment they can cause a great
environmental health concern as it can lead to serious health effects. In that way heterogeneous
photocatalysis involves the advanced oxidation processes (AOPs) which it is used as a possible solution
employing a suitable catalyst under UV radiation to generates chemical reactions to degrade organic
pollutants present in wastewater.
Recently, geopolymers have been used as a support material for optical applications. As color holder,
color pH indicator, photoluminescent materials and for volatile organic degradation by photocatalysis
(Mackenzie KJD et al. 2009), as well as on the study and development of photoactive composites along

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
titanium dioxide (TiO2), which is an excellent catalyst due to its strong oxidative potential, especially
when exposed to UV light, to remove organic dyes from water (Mahroo F. et al. 2015, 2016, Li C et. al.
2016, Zhang Y. et al. 2012, 2013, Masliana M. et al. 2013), in addition, adsorption studies on geopolymer
based materials have been carried out for the removal of MB from wastewater (Irfan K.M. et al. 2015).
Adsorption of organic pollutants is an important issue because can improve the efficiency of degradation
(Zhao H. et al. 2004). In case of fly ash-based geopolymers adsorption capacity depends of different
preparation conditions mainly (Li L et al. 2006).
On the other hand, nowadays, the higher demand in energy has resulted in exhaustion of energy
resources, climate change and environmental pollution, Zhang Z. et. al 2013. A great amount of the
energy required by buildings, for instance, comes from the services and comforts required by residents.
One way to reduce energy needs and contribute to the environmental improvement is by designing new
energy storage systems, Zhang Z. et. al 2013, Ali S. 2013, systems that are based on physical properties
of the materials like the latent heat, Perez-Lombard. 2008. These are known as phase change materials
(PCM’s) whose work in such a way that as the temperature increases, the material stores energy by
changing its phase from one to another and then it releases it in the opposite direction, Ali S. 2013, Ma
Y. 2015.
In this work methylene blue (MB) was selected to evaluate the capacity of the metakaolinite-based
geopolymer with TiO2 micro-particles for the adsorption and decomposition of an organic dye in aqueous
solution. The results showed a decay rate, k, with a good pseudo-second order kinetics along the
photocatalytic activity. In addition, and based on preliminary results, it is suggested how macropores of
geopolymers at 40 °C can be occupied by the PCM ,1-dodecanol, and that the capacity of geopolymer
to anchor 1-dodecanol is enhanced using CTAB as a cationic surfactant.
2.

MATERIALS AND METHODS

Kaolin from Tisayuca, Hidalgo, México was used in this work. The chemical composition (weight
percentage) of kaolin determined by X-ray fluorescence was: 73.19% SiO2, 24.80% Al2O3, 1.26% SO2,
and others. Commercial metakaolin was Metamax from BASF Corporation with the following chemical
composition obtained from X-ray fluorescence, 51.55% SiO2, 44.78% Al2O3, 0.48% Fe2O3, and others.
Sodium hydroxide and sodium silicate were purchased from SIDESA-Corporation México. TiO2 as an
Anatase with an average size of 300 nm was obtained from Xinhai Industries.

2.1

GEOPOLYMER PREPARATION

By DSC analysis the temperature at which complete dehydroxylation of the kaolin and formation of
metakaolinite (necessary to form the inorganic polymer matrix) was detected at 548 °C, Figure 1a) with
a heating time of 120 min, therefore to ensure full dehydroxylation the calcination of kaolin was carried
out at 700 °C for two hours. Figure 1b) shows the thermal evolution of kaolin thermal treatment to obtain
metakaolin at 700 °C. XRD results showed attenuation of Bragg’s reflections of kaolinite, red arrows.
The conversion of the kaolinite to metakaolinite was confirmed by XRD, thereafter, geopolymer samples
were prepared by mechanically mixing stoichiometric amounts of metakaolin, sodium hydroxide, distilled
water, sodium silicate (Na2O/SiO2 wt. ratio: 0.18) and commercial TiO2 micro-particles, at two different
weight percent concentrations, 20 and 50. The mechanical mixed was followed by 5 min. of vibration,
producing a homogenous slurry that was poured into cylindrical acrylic molds. The slurry was dried for
5 hrs. at 70 °C and cured in laboratory oven at 35 °C for 16h. After cooling, geopolymers were obtained.
The mixture constituents were formulated to follow the molar oxide ratios: SiO2/Al2O3 = 5.49, Na2O/SiO2
= 0.18, Na2O/Al2O3 = 1.01 and H2O/Na2O = 18.39.
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Figures 1a) DSC curve of kaolin sample and 1b) thermal evolution of kaolin sample
The nomenclature and the weight percentages of TiO 2 used in this work for each set of samples are
shown in Table 1.
Table 1. Weight per cent of TiO2 micro-particles in each set of samples
Sample

Geo cal

Geo 50-50

Geo 80-20

TiO2 micro-particles wt.%

None

50

20

2.2

PHOTOCATALYTIC ACTIVITY USING MB

UV spectrometric techniques were used to study the adsorption and photochemical degradation of MB.
The UV-Vis calibration curve for aqueous MB, operating a UV–vis double beam spectrophotometer
(Agilent 8453 spectrophotometer) at room temperature in the wavelength range 200–1100 nm. Five
different concentration of methylene blue, i.e., 4.5 10-6, 8.5 10-6, 1.0 10-5, 1.4 10-5 and 1.8 10-5 M were
used. The experiments were conducted under a UVA lamp (λmax = 340 nm), 14 w.
100 ml of a solution of methylene blue at a concentration of 0.85 x 10 -5 M was poured into a 200 ml
glass beaker (Pyrex) with circular geopolymer sample, 12.5 mm diameter 2.6 mm thickness, and placed
into the UV lamp system with a magnetic stirrer. The distance between the liquid surface and the lamp
was 17 cm.
For each measurement a 4 ml aliquot, deposited in 15 ml falcon tube was taken and placed in a
centrifuge, model: XC-2009, at a speed of 3500 rpm during 5 min, then a 3 ml sample was taken and
placed into quartz cells of 3.5 ml volume and 1.0 cm trajectory length. Absorbance was measured at a
wavelength of 664 nm that corresponds to the maximum absorption wavelength of MB, at times of 5 min
during the first 20 minutes. After twenty minutes, measurements were taken every 10 min up to 100 min.
To determine the adsorption equilibrium time, the experiment was conducted in dark conditions,
thereafter the degradation was divided into two steps, adsorption in dark conditions during the first 30
minutes of stirring and after that, photodegradation under UV illumination. Hence, each set of samples,
(i.e. Geo cal, Geo 50-50, Geo 80-20) were subjected to these experimental conditions. All experiments
were done in triplicate to ensure reproducibility of the methodology, and their average values were taken
and plotted into graphs.
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2.3

SYNTHESIS OF THE GEOPOLYMER/PCM

Samples were prepared by a pre-treatment the geopolymer with a 0.044 M Hexadecyltrimethyl
ammonium bromide solution (CTAB) for 24 h at 75 °C, afterwards, a direct impregnation with PCM 1dodecanol was performed over 1 g of geopolymer and heated at 50 °C for 24 h. The samples were
named as 40CD, 90CD (40 and 90 mean the synthesis temperature and treatment employed i.e. CD=
pre-treatment with CTAB then 1-dodecanol) were rinsed with deionized water to remove traces of
reactants, centrifugated at 500 rpm for 10 min and left at room temperature to dry.
3.

RESULTS AND DISCUSSION

Experiments in dark conditions were conducted to determine the adsorption equilibrium time, Figure
2a). Figure 2b) shows the behavior of photo destruction of MB.

1a

1b

Figures 2a) Residual MB dye concentrations in dark conditions and 1b) under UVA illumination
The absorption of organic dyes may be ascribed to the fact that hydroxyl groups present on the surface
of the geopolymer may attract and hold cationic organic species (Otsuki & Adachi 1993) as reported by
Mahroo (Mahroo F et al. 2015, 2016). It is suggested by Beaudon JJ et. al. (Beaudon JJ et al. 2011)
that the cationic monomer and dimer species are initially adsorbed via cation exchange with Ca2+ onto
anionic sites via an electrostatic attraction mechanism, (in the present work the adsorption is suggested
to occur mainly at the mesopores on the surface of geopolymer). In dark conditions the removal of MB
from solution is occurring by adsorption on the matrix. According to the results, it is possible to observe
an equilibrium sorption-desorption after only 30 minutes, Figure 2a, this fast adsorption, on the Geo 8020, indicates that its use as an adsorbent is economically feasible since an adsorption process is
preferred as an environmentally friendly and cost-effective technique (Li L et al. 2006).
Under UV illumination it is difficult to distinguish a combined mechanism of adsorption and
photodegradation. There`s no a very clear hypsochromic effect (even when exists) as result of Ndemethylation in the spectra since it is complicated to observe a visually change at low concentrations
of MB (Zhang T et al. 2001). Figure 1b shows how the combined mechanism for the elimination of the
cationic dye is due to adsorption and photo-destruction, both mechanisms occur in those geopolymers
with TiO2 micro-particles. In the case of the geopolymer without TiO 2, the concentration of MB has a
behavior very similar to those in dark conditions, a little diminution in the values due to photolysis. The
presence of TiO2 micro-particles could be related to an increased in the superficial area meaning an
increase in both the adsorption capacity and photocatalytic activity of the geopolymers i.e. Geo 80-20
and Geo 50-50. Notice that when the lamp is on, the residual MB concentration reduce significantly a
photoactivation of the semiconductor micro-particles on and inside the geopolymer matrix, similar results
are reported by trapping and holding dye molecules in proximity to oxides (Mahroo et al. 2015). The
rapid interaction between the MB solution and the geopolymer may be clearly illustrated by the
absorption spectra of geopolymers in MB solution (0.85 x 10 -5 M) Figure 3. In all the cases, very broad
bands are observed as well as a light shift to the left in the UV-Vis absorption band, phenomenon
ascribed to the dye molecules interaction or adsorption with materials such as polyelectrolytes, anionic
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polymers or clay minerals (Ismail B et al. 2013, Li L et al. 2006, Wohlrab et al. 1992). In addition, the
shoulder at approximately 610 nm can be related to the existence, in the MB solution, of free monomers
(MB+) and dimers (MB+)2 (Li L et al. 2006). The rapid change in color from dark blue to light blue along
a fast decrease of the absorption peak after 5 minutes reflects the high adsorption capacity of the
geopolymers, being for the Geo 80-20 the highest, Figure 3 c). Generally, it is believed the higher surface
area will result in higher adsorption capacity because the adsorption capacity depends on the porous
size and the surface properties. Nevertheless, in the case of geopolymers with TiO2 microparticles, a
combination of effects happens, the dye molecules adsorbed on the surface of geopolymers are
efficiently destroyed by interaction with the photocatalytic particles activated when the UVA light is on.
Table 2 shows the surface properties of the geopolymers.

Figure 3. UV-vis spectra of interaction between geopolymers with MB solution.
Table 2. Textural properties of geopolymers
Sample

SBET (M2/g)

V (cm3/g)

D (nm)

Geo 50-50

1.473

0.020

4.684

Geo 80-20

1.649

0.022

3.416

Geo cal

2.374

0.048

3.022

To observe the impact of UV light on the degradation and the kinetics of the photocatalytic process by
the different dehydroxylated kaolinite-based geopolymer, the experimental data were collected during
70 mins more, the results were evaluated according to the pseudo-first order equation (1), in the
modeling of adsorption kinetics (Luukkonen et al. 2016), Table 3, and pseudo-second order equation
(2) (Zhang Y et al. 2013), Table 4.
𝑙𝑛

(𝑞𝑒 − 𝑞𝑡 )
= − 𝑘1 𝑡
𝑞𝑒

𝑡
1
1
=
+
𝑡
2
𝑞𝑡
𝑘2 𝑞𝑒
𝑞𝑒

(1)

(2)

Where qe (mg/g) is the sorption capacity of MB at equilibrium and qt (mg/g) is the sorption capacity at a
time t, k1 (min-1) and k2 (g/mg min-1) are the rates constant for pseudo-first rate and pseudo-second
order, respectively. By plotting ln(C0/Ct ) versus t, the pseudo-first rate constant k1 and the equilibrium
capacity (qe) can be obtained from the slope and the intercept, respectively. Using the pseudo-second
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order equation, by plotting t/qt versus t, the second-order rate constant (k2) and the equilibrium capacity
(qe) are obtained from intercept and slop, respectively.
Table 3. Experimental data and the linear fit of the pseudo-first order kinetics
First order kinetics parameters
Time (min)

Geo 50-50

Linear Fit

Geo 80-20

Linear Fit

Geo cal

Linear Fit

20

0.83009

0.5422

0.75409

0.6179

0.50384

0.5101

30

0.96033

0.8132

0.83476

0.8259

0.65118

0.6031

40

1.06389

1.0842

1.07539

1.0339

0.70749

0.6961

50

1.13925

1.3552

1.18109

1.2419

0.73243

0.7891

60

1.29281

1.6262

1.39711

1.4499

0.8923

0.8821

70

1.31407

1.8972

1.44325

1.6579

0.96033

0.9751

80

2.44274

2.1682

1.67167

1.8659

1.0457

1.0681

90

2.76629

2.4392

2.20176

2.0739

1.13925

1.1611

100

2.80026

2.7102

2.48303

2.2819

1.3066

1.2541

R2 = 0.8470

R2 = 0.9393

R2 = 0.9789

Table 4. Experimental data and the linear fit of the pseudo-second order kinetics
Second order kinetics parameters
Time (min)

Geo 50-50

Linear Fit

Geo 80-20

Linear Fit

Geo cal

Linear Fit

20

75.75085

91.6778

80.67551

92.2752

107.94096

118.53

30

103.82419

109.5358

113.21833

110.9682

133.90742

142.08

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

40

130.47264

127.3938

129.69143

129.6612

168.49055

165.63

50

157.08181

145.2518

154.10924

148.3542

205.68847

189.18

60

176.66046

163.1098

170.27959

167.0472

217.1279

212.73

70

204.47707

180.9678

195.75928

185.7402

242.25644

236.28

80

187.1585

198.8258

210.43868

204.4332

263.49441

259.83

90

205.15471

216.6838

216.16068

223.1262

282.74725

283.38

100

227.43988

234.5418

233.07195

241.8192

292.91726

306.93

R2 = 0.9173

R2 = 0.9792

R2 = 0.9816

Table 3 and Table 4 show the linear fit of the experimental data of the different geopolymers for the
degradation of MB and the values of R2 for each geopolymer and the kinetic parameters for the pseudo
second order model are shown in Table 5.
Table 5. Parameters of the pseudo-second order model for the adsorption of MB on
geopolymers

Conditions

Second order kinetics parameters
K2 [g/(mg min-1)]

qe

R2

Geo cal

0.0776

0.425

0.9816

Geo 50-50

0.0570

0.560

0.9277

Geo 80-20

0.0637

0.535

0.9792

From the Table 3, it may be observed that the experimental data of MB absorbed in the metakaolinbased geopolymers do not fit well with the pseudo-first order model. In contrast, the correlation
coefficients for the pseudo-second order model show much greater values. In the case of the Geo 8020, the results evidence a true heterogeneous catalytic regime through photooxidation on the
photocatalyst (TiO2 micro-particles) appears since the photonic excitation of the catalyst is the initial
step. As the highest value is shown by the pseudo-second order rate equation (R2 =0.9792) with UV
irradiation, it is suggesting that the kinetics of the adsorption rate depends on the concentrations of the
demethylated intermediates formed (azure B and A) from MB degradation under UVA irradiation (Colling
et al. 2016). An excess of micro-particles of TiO2 into the geopolymer means a decrease in the kinetic
rate value, this behavior could be related to a blocking of the active adsorption sides and agglomerations
of the micro-particles which indicates no homogeneity of the micro-particles distribution inside the matrix,
Geo 50-50, Figure 4a). In contrast, in Figure 4b) it is possible to observe TiO2 micro-particles immersed
and well distributed in the geopolymer Geo 80-20, which means a higher k value than Geo 50-50. It can
be found that the ranking of kinetic rate constant follows the following order of Geo cal > Geo 80-20 >
Geo 50-50. As can be seen, the sorption capacity of the geopolymer without TiO 2 micro-particles is
higher than Geo 80-20 and Geo 50-50, hence it reaches equilibrium faster because the dye ions are
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adsorbed on the outer layers of the materials and in the other geopolymers the dye ions will require long
time and the equilibrium is slowly reached.

Figure 4. SEM micrographics of the a) Geo 50-50 and b) Geo 80-20.

A

B

Figure 5. SEM micrographs of geopolymers: A) 40CD (detailed view) and B) 90CD (detailed view)
Figure 5 shows the SEM micrographs of samples prepared by the pre-treatment the geopolymer with a
0.044 M Hexadecyltrimethyl ammonium bromide solution (CTAB) then impregnated directly with PCM
1-dodecanol. It may be observed in figure 4B that the main change is the appearance of 1-dodecanol in
the pores as a tiny particle in the internal surface of the geopolymer (well defined circumference). On
the contrary, in sample 90CD no crystalline phases of 1-dodecanol nor CTAB were observed, figure 4B.
The XRD analysis for samples 40 CD, JADE software shows Methylammonium manganese chloride
(CH6Cl3MnN). This may be ascribed to a modification of the crystalline phase of CTAB in the sample
and a liquid phase of 1-dodecanol.
The FT-IR spectra of samples are shown in Figure 6. By comparison; the presence of a rocking vibration
mode corresponding to a methylene group (718.79 cm-1), the stretching mode (2922.79 and 2852.24
cm-1) of 1-dodecanol, the vibration mode corresponding to a crystalline structure of CTAB (2960.29 cm 1) and the presence of alkane chain assemblies of low packing density (1468.06cm-1) corresponding to
monoclinic and triclinic conformation of methyl group which were found in sample 40CD (Figure 640CD), it is suggested the settle of 1-dodecanol in the geopolymer pores. This was not the case for
sample 90CD where any of the previously mentioned vibration modes were found.
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Fig. 6 FT-IR spectrum of geopolymer 40CD and geopolymer 90CD.
4.

CONCLUSIONS

This work had demonstrated the photocatalyst efficiency of a metakaolinite-based geopolymer with
additions of TiO2 by the removal of a cationic dye, methylene blue dye. The highest photocatalytic
degradation of MB was observed in the geopolymer with the addition of 20 percent of TiO 2 as an
increase of superficial area which promotes an increase of active sites for the catalytic activity, this high
rate of degradation is related to a combined effect, adsorption and semiconductor photocatalytic effect.
Hence according with the kinetic results it is suggested that the removal efficiency of the MB on the
surface of metakaolinite-based geopolymer follows a pseudo-second order kinetics. Hence, these
results suggest that due to its adsorbent behavior these materials can be used as environmentally
friendly absorbent composites. In addition, when a PCM was infiltrated into the geopolymer, tiny particles
of Methylammonium manganese chloride were observed in samples sintered at 40ºC, ascribed to a
modification of the crystalline phase of CTAB and liquid phase of 1-dodecanol in the samples, which
settled in the internal surface of the pores of the geopolymer, confirmed by FT-IR. Hence, it is believed
that the 1-dodecanol was present as a liquid phase which precipitated, by heterogeneous nucleation
mechanism, as amorphous particles so that no crystalline phases were shown by the XRD pattern, while
samples sintered at 90ºC did not show them.
5.
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ABSTRACT
Cement materials are one of the most economical structural materials in the history of mankind and are
able to meet various required characteristics. With the recent concern about global warming, various
efforts have been exerted to reduce CO2 emissions from cement manufactor, which have been
investigated through various attempts by numerous researchers. Suppose that cement materials based
on calcination of lime and gypsum are classified as first-generation cement materials and that the
current Portland cements developed through clinker calcination by Joseph Aspdin in the UK are
regarded as second-generation cement materials. The current demand requires third-generation
cement materials made by a low-temperature calcination based on CO2 emissions reduction or with a
non-OPC concept. Although third-generation cement materials would not be completely distinct from
the current OPC through clinker calcination, the third-generation cement materials can be classified
differently from the first-generation or second-generation materials because the third-generation
cement materials have a new hydration mechanism that is different from or modified from the basical
hydration mechanism of OPC. The present study analyzed the characteristics of the hydration
mechanism of non-OPC binders based on GGBFS and fly ash as a binder for steam-curing concrete.
Particularly, this study analyzed the characteristics according to the decomposition of aluminosilicate
glass of GGBFS by calcium aluminate compounds and gypsum. The non-OPC binders for steamcuring concrete used in this study exhibited compressive strength similar to that of steam-curing
concrete using OPC, and the CO2 reduction efficiency was approximately 80% of that obtained with
the use of OPC.
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1.

INTRODUCTION

Cement is one of the least costly structural materials and has been used to meet various requirements
in the history of the human race. Owing to global warming, recent efforts have attempted to reduce
carbon dioxide emissions. From this perspective, changes in cement materials are required, and various
research attempts towards this end have already been made. Cement materials are binders based on
the calcination of lime, gypsum, and other materials. If the calcined lime from the pyramid age in Egypt
or the Roman age is considered as 'first-generation' cement material and the current Portland cement
made by the clinker calcination process developed by Joseph Aspdin of England is referred to as
'second-generation' cement, then 'third-generation' cementitious materials based on the non-OPC
concept utilizing low-temperature calcination or non-calcined materials with low carbon dioxide
emissions are required. Although third-generation cementitious materials cannot be completely
distinguished or separated from the current OPC made by clinker calcination, the former can be
interpreted as differing from the existing first- and second-generation cement materials in that hardening
of the material proceeds by a new hydration mechanism that is different from or a variant of the OPC
hydration mechanism. In this study, as the concept of third-generation cement, the physical properties
of a non-OPC binder based on GGBFS(Ground Granulated Blast Furnace Slag) and fly ash are
compared with those of OPC.
2.

EXPERIMENTAL

2.1

Experiment design and mixture proportions

Table 1 shows the basic composition of the mortar used for the experiment. The non-OPC material is
referred to as “SNC,” and for the SNC binder, desulfurization gypsum (DG), which is a byproduct
generated from the desulfurization of crude oil, was used to activate the hydration reaction of GGBFS
and fly ash. To compare the physical properties of each binder, an experiment was performed based on
the plaster mortar used in buildings. The Water/Binder(W/B) was set to 0.75, 0.80, and 0.85,
respectively. In the case of plaster mortar, the amount of fine aggregate (sand) in the mixture is higher
than that in ordinary mortar, and a high content of fine aggregate is required for its utilization as a plaster.
Therefore, the W/B was set to high values. The physical properties of the mixed plaster mortar evaluated
herein include the compressive strength, length change, and water-tightness.
Table 1. Composition of binder
Binder (wt.%)

S/B*
OPC

GGBFS

fly ash

CSA**

DG***

OPC mortar

4.0

100

-

-

-

-

SNC mortar

4.0

-

60

20

15

5

* S/B: Mass fraction of Sand/Binder
** CSA: Calcium Sulfoaluminate
*** DG: Desulfurization Gypsum
**** SNC : Non-OPC Binder

2.2

Materials

GGBFS used in the experiment was grinded; it had a specific surface area of 4,250 cm2 g−1 and
contained 3 wt.% gypsum. OPC, a product from Dongyang Cement in South Korea, was used. Table 2
presents the chemical compositions of each material. In addition, fly ash was introduced to induce the
pozzolanic reaction. DG, a byproduct generated from the desulfurization process of fluidized bed boilers,
was used. Sand corresponding to the plastering fine aggregate of KS F 2578 was used as the fine
aggregate to produce the mortar mixture. Herein, the mortar hardening paste employing the SNC binder
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is referred to as “SNC mortar” and the mortar hardening paste employing the OPC binder is referred to
as “OPC mortar”.
Table 2. Chemical composition of raw materials
Chemical composition (wt.%)

2.3

CaO

SiO2

Al2O3

SO3

MgO

TiO2

K2O

Fe2O3

OPC

61.50

20.60

5.39

2.17

0.15

0.34

1.04

2.91

GGBFS

38.02

35.23

15.73

5.15

4.26

0.47

0.35

0.25

fly ash

6.67

59.80

18.70

0.71

1.84

1.12

1.42

7.31

CSA

44.80

1.40

37.80

13.20

0.29

0.04

0.10

0.36

DG

74.80

1.35

0.31

21.50

0.94

0.03

0.13

0.43

Mixing

For the mortar mixture, water was added first and the dry mortar components were then added. A delay
of 30 s was allowed for water absorption, and mixing was then performed for 30 s at the first speed and
stopped. The mortar was scraped down for 15 s and mixing was resumed for 60 s at the second speed.
2.4

Evaluation of physical properties

Compressive strength measurement
For measurement of the compressive strength of the cured mortar specimens, specimens with
dimensions of 40 × 40 × 160 mm were fabricated. The specimens fabricated using frames were
subjected to wet curing for 24 h. After 24 h, the specimens were separated from the frames and
subjected to water curing in a constant-temperature water tank at a temperature of 20±3°C until the
strength measurement test was conducted. The compressive strength was measured using the
fragments of the specimens that were broken in the bending strength measurement. A compressive
strength tester for mortar was used for the strength measurement. The loading speed was 1.131 kN s−1
for the bending strength measurement and 1.71 kN s−1 for the compressive strength measurement.
Length change test
Specimens with dimensions of 40 × 40 × 160 mm were fabricated for the length change measurement.
The specimens were subjected to wet curing for 24 h and then separated from the frames and cured in
a constant-temperature water tank at a temperature of 20±3°C for six days. The lengths of the
specimens were measured during curing in a constant-temperature constant-humidity chamber at a
temperature of 20±3°C and humidity of 60±10%. For the length change measurement, a device with a
gauge capable of measuring 1/1000 mm was used. The length change ratio according to the age was
calculated using Equation (1). ΔL is the length change ratio at age x (%), Lx is the length at age x (mm),
Li is the initial length (mm), and Lg is the nominal gauge length, which is the length of the mold (160
mm).

∆L =

Lx − Li
× 100
Lg

(1)

Water-tightness
Mercury intrusion porosimetry (MIP) was used for evaluation of the water-tightness of OPC mortar and
SNC mortar. As the MIP measurement device, an Auto Pore IV 9520 instrument (Micromeritics; USA)
was used to measure the maximum pressure up to 60,000 psi. The pore measurement range was from
360 µm to 3 nm in diameter. For the samples for the analysis, the cured specimens were cut to sizes of
4−5 mm and immersed in acetone to stop hydration.
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3.

RESULTS

3.1

Strength characteristics of OPC and SNC mortars

40
3d

35

7d

28d

56d

31.4

30

29.8
27.2

27.1
24.9
23.5

25

19.4

4.4

14.9
10.1

8.8

5

24.8
17.6

16.1

11.2

10

26.7
23.9

21.5
16.6

15

25.3

24.5

20.1

20

91d

8.5

8.5
5.4

6.6

3.1

2.8

8.0
4.7

Bending strength (MPa)

Compressive strength (MPa)

Figure 1 shows the compressive strength data for the SNC and OPC mortars with different W/B after
aging for 3, 7, 28, 56, and 91 days, and Figure 2 shows the bending strength data. After ageing for
3 days, the compressive strength of SNC mortar was lower than that of OPC mortar, but SNC mortar
exhibited higher compressive strength after ageing for 7 days. The bending strength data exhibited
a remarkably similar tendency to the compressive strength results. The strength values for SNC mortar
were higher after aging for 7 days, but the rate of increase of the bending strength declined after ageing
for 28 days. Figures 3 and 4 show the change in the compressive strength with ageing based on
regression plots of the compressive strength of OPC mortar and SNC mortar, from which the
compressive strength after aging for 91 days was predicted. Figure 3 shows that the optimal long-term
compressive strength of SNC mortar was expected at the W/B of 0.75. From the W/B of 0.75, the
compressive strength of SNC mortar after ageing for 140 days was predicted to be approximately
34.1 MPa. Although this is an extremely low value compared to that of ordinary mortar or concrete due
to the characteristics of plastering mortar, it is approximately 7% higher than the compressive strength
of OPC mortar at the same age (approximately 31.6 MPa), as shown in Figure 4.

0
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0.80

0.85

0.75

W/B of SNC
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10
9
8
7
6
5
4
3
2
1
0
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20
SNC 0.75 y = 7.7609ln(x) - 4.2765
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5
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70

R² = 0.9944
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Figure 2. Bending strength of SNC and OPC mortar
different W/B.
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Figure 3. Compressive strength of SNC mortar.
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Figure 1. Compressive strength data for OPC and SNC
with mortar with different W/B.
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Figure 4. Compressive strength of OPC
mortar.

Bending strength vs. compressive strength

Figure 5 shows the relationship between the bending strength and compressive strength for SNC and
OPC mortars. The relationship between the bending strength and compressive strength can be
expressed by an exponential function. Moreover, a sharper increase in the compressive strength was
observed in the exponential function of the OPC mortar compared to that of the SNC mortar. This is
attributed to the fact that the bending strength of SNC mortar was higher than that of OPC mortar in the
early stages. The higher bending strength in the early stages may indicate that GGBFS has excellent
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Compressive strength (MPa)

inter-granular bonding strength in the early stages. This is considered a general characteristic of a
hardened body utilizing GGBFS-based geopolymer binders. Therefore, these characteristics can be
described as the benefits of the use of GGBFS as a binder in the hardened body.
35
y = 2.3966e0.4096x
R² = 0.9892

30

OPC

25

0.3654x
SNC y = 2.4251e

R² = 0.9621

20
15
10
5
0
0

1

2

3

4

5

6

7

8

Bending strength (MPa)

Figure 5. Bending strength versus compressive strength.
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Compressive strength in early stages
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Figure 6. Compressive strength of SNC
mortar relative to OPC mortar.

3.4

Compressive strength of SNC mortar
(MPa)

Relative strength of mortar for
SNC/OPC (%)

As shown in the plot of the ratio of the compressive strength of SNC mortar to that of OPC mortar with
ageing (Figure 6), SNC mortar exhibited 53−66% of the compressive strength of OPC mortar after
ageing for 3 days. Although the compressive strength declined after long-term ageing depending on the
W/B, the compressive strengths of OPC and SNC mortars were similar, with a difference of around 10%,
except for in the first 3 days. Error! Reference source not found.shows the ratio of the compressive
strength of SNC mortar to that of OPC mortar for the same W/B and age. The compressive strength
measurements were compared for all W/B ratios at each age. The compressive strength was close to
100% after ageing for 7 days, indicating that the strengths were the same. Differences in the values
appeared at the same age because of the difference in strength due to the difference in the W/B.
However, at 3 days, the strength values were relatively low. This appears to be because the rate of
hydration by activation was relatively low compared to that of OPC in the hardened body of GGBFS
activated by the generation of ettringite.

0.90

0

5
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15

20

25

30

35

Compressive strength of OPC mortar
(MPa)

Figure 7. Relation of compressive strength
of SNC and OPC mortar.

Effect of W/B

Figure 8. shows the change in the compressive strength of SNC mortar with ageing, according to the
W/B ratio. As the W/B ratio increased, the compressive strength showed a tendency to decrease. This
tendency was slightly different from that of OPC mortar (Figure 10). In the case of SNC mortar, the
decline in the compressive strength according to the W/B ratio increased significantly as the age
increased. This was confirmed by the data in Figure 9, which shows the absolute value of the gradient
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of the linear graph according to the W/B ratio at each age. This indicates that the W/B ratio has a larger
effect on the physical properties of SNC mortar with long-term aging than in the early stages. Therefore,
more attention should be paid to the content of water in the mixture to achieve long-term durability of
the mortar.
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Figure 8. Compressive strength of SNC mortar with different W/B ratios.

Figure 9. Gradient of strength
degradation from Figure 8. .
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Figure 10. Compressive strength of OPC mortar with different W/B ratios.

3.5

Length change characteristics

Figures 11, 12, and 13 show the measured length change characteristics of SNC and OPC mortars. For
the length change measurement, the specimens were subjected to water curing for seven days after
fabrication and then subjected to air curing in a constant-temperature constant-humidity chamber. The
length change measurement data in Figure 11 show that all of the specimens expanded up to the age
of 7 days, for which water curing was performed, and showed a tendency to contract during air curing.
The tendency to expand during water curing was more apparent for SNC mortar than OPC mortar. This
is expected to be due to the production of ettringite by CSA in SNC mortar. which can contribute to
expansion, was present in SNC mortar. Owing to the effect of this expansion, the length change ratio at
the age of 49 days based on the W/B ratio of 75% was -0.041% for SNC mortar and -0.070% for OPC
mortar. Lower contraction was observed as a compensation for the early expansion.
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Figure 13. Length change ratio of OPC mortar under air curing.

Figures 12 and 13 show the length change ratios of SNC and OPC mortars under air curing. The length
change ratios are expressed relative to aging for 7 days when water curing was complete. The
contraction trends were overall similar with the use of both binders under air curing. The results show
that the difference in the length change ratio depending on the W/B ratio was larger than the difference
depending on the binder type. At the W/B ratio of 75%, the length change ratio of SNC mortar (-0.080%)
was lower than that of OPC mortar (-0.094%), indicating that the rate of contraction of SNC mortar was
relatively lower. However, the weakness caused by the generally known large contraction of the GGBFS
hardened body was not observed. This is attributed to the expansibility, which is the basic physical
characteristic of ettringite, where the decrease in the contraction rate due to expansibility will significantly
contribute to crack reduction.
3.6

Water-tightness

To compare the water-tightness of SNC mortar and OPC mortar, the porosity was measured by MIP
analysis after aging for 28 days for the W/B ratio of 0.75, as shown in Table 3 and Figures 14 and 15.
As shown in Table 3, the SNC and OPC mortars exhibited almost the same porosity after aging for 28
days. The porosity of OPC mortar decreased significantly at 56 days of aging. However, analysis of the
average pore diameter showed that the pore size of SNC mortar decreased significantly at 56 days of
ageing. According to Ampadu and Torii(2001), as the amount of GGBFS substituted into slag cement
increases, the porosity decreases with long-term aging. In the hydration of ordinary OPC, the
introduction of GGBFS can contribute to the production of a hardened body with higher density. In the
case of SNC mortar, where the binder employs GGBFS alone, although the porosity is higher than that
of OPC mortar, the pore diameter decreased significantly, contributing to the generation of a stable
hardened body as the long-term hydration reaction progressed. This appears to have caused an
increase in the compressive strength. The pore volume distribution of SNC and OPC mortar after aging
for 28 days (Figure 14) shows that the total porosity was similar for both mortars, but SNC mortar had a
higher distribution of large pores with diameters equal to or larger than 100 nm. It is expected that these
characteristics may cause a decrease in durability, such as increasing carbonation and lowering the
resistance to chloride penetration. In the cumulative pore volume graph of SNC mortar shown in Figure
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15, the difference in the final cumulative pore volume was not significant as the age increased, but the
pore size distribution shifted to smaller sizes.
Table 3. Total porosity of SNC and OPC mortar
SNC mortar

OPC mortar
56 d

28 d

56 d

Porosity (%)

23.44

22.75

23.64

20.38

Average pore
diameter (nm)

21.5

18.7

22.3

21.7

Incremental pore volume
(mL/g)

28 d

0.014
SNC 28d

0.012

OPC 28d

0.010
0.008

0.006
0.004

0.002
0.000
1

10

100

1000

10000

100000

Pore diameter (nm)

Cumulative pore volume
(mL/g)

(a) Incremental pore volume
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Figure 14. Pore volume distribution of SNC and OPC mortar at 28 days of curing. ; a) Incremental pore volume, b) Cumulative
pore volume
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3.7

Characteristics of mortar employing OPC and SNC binders

To investigate the physical characteristics of the mortars employing the OPC and SNC binders, the
compressive strength, length change ratio, and water-tightness were evaluated. After aging for 3 days,
SNC mortar exhibited lower compressive strength than OPC mortar. Moreover, the MIP measurement
revealed that SNC mortar exhibited higher porosity than OPC mortar, but the average pore diameter
was smaller for SNC mortar. Owing to the smaller average pore diameter, SNC mortar exhibited higher
compressive strength after ageing for 28 days. Moreover, due to the characteristics of GGBFS that
basically exhibits slow hydration, from a long-term perspective, it appears that the long-term durability
of SNC mortar should be superior to that of OPC mortar. These characteristics must be investigated for
the application of SNC mortar as a structural material as a replacement for OPC mortar. Based on the
results of this study, it is judged that non-OPC mortar produced based on GGBFS can be effectively
used as a substitute non-structural material.
4.

DISCUSSION

The necessity for materials that can replace OPC has been recognized based on efforts to decrease
the use of OPC in the cement industry to reduce CO2 emission. However, there is still no material that
can perfectly replace OPC or that is superior to OPC from the economic and technical perspectives.
Although materials that are technically superior and safer to use exist, no material that can replace OPC
from the economic point of view has been discovered. OPC has been developed through numerous
studies over several hundred years and can be considered the best development in the history of human
civilization. The recent concerns about atmospheric environmental problems caused by rapid
industrialization, the limitation of resources due to attempts to reduce CO2 emission, and the rapid
decrease in natural resources are considered serious problems in the continuous development of the
human race. From this perspective, GGBFS has been selected as a prospective replacement for OPC,
but is currently used as an admixture with OPC due to the limitations of its characteristics. In this study,
a GGBFS-based binder was fabricated as a new binder for the complete replacement of OPC, and was
compared with OPC. Based on its physical properties, this material can be applied as a non-structural
material with sufficient safety at the current level. Moreover, for the sustained use of non-OPC materials
as structural materials, it will be necessary to reduce carbon dioxide emissions by decreasing the use
of OPC through the development of new-generation cement based on the existing Portland cement, as
summarized in Figure 16.
1824

1st generation
Lime cement

1700

2015

2nd generation
Portland cement

1800

1900

3rd generation
New cement

2000

Figure 16. Change of cement materials over time.
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5.

CONCLUSION

In this study, the physical characteristics of OPC and SNC mortars were compared and the following
results were derived. Comparison of the durability of SNC mortar with that of OPC mortar shows that
the compressive strength of SNC mortar was as low as 60±6% of the compressive strength of OPC
mortar after ageing for 3 days, but the former exhibited higher compressive strength as the age
increased. The compressive strength is expected to increase through continuous hydration.
For the hardened body of SNC mortar, in the early stage, the total porosity was lower than that of OPC
mortar. However, the average pore diameter of SNC mortar was less than that of OPC mortar.
Therefore, improved physical properties are expected with long-term ageing. Measurement of the basic
physical properties of the hardened body employing the SNC binder showed that this material cannot
completely replace OPC as a binder for structural materials, but can replace OPC as a non-structural
material.
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ABSTRACT
By-product ash, which is generated from power plants, is largely classified into fly ash and bottom ash.
More than 80% of the fly ash generated from the pulverized coal firing system is actively used as a
material in concrete admixture and as a raw material in cement production. However, fly ash from a
fluidized-bed boiler has not been used as a material for concrete admixtures or cement raw materials
due to the presence of an unstable CaO component generated by desulfurization using limestone in a
furnace. Therefore, it is necessary to examine recycling fly ash from a fluidized-bed boiler.
This study focused on the recycling of fly ash from a fluidized bed boiler with a large amount of
unstable CaO component by investigating the conversion of unstable CaO to a stable Ca compound
through a carbonation reaction and the physical properties of cement mortar with the converted stable
Ca compound.
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1.

GENERAL INSTRUCTIONS

Combustion methods for energy production using coal in power plants are generally classified into
pulverized combustion (PC) and circulating fluidized bed combustion (CFBC). A recent trend in power
generation involves replacing traditional pulverized combustion boilers with circulating fluidized bed
combustion boilers that are advantageous in terms of combustion efficiency and fuel diversity. Figure 1
shows the global market size of CFBC and its compound annual growth rate (CAGR). It is anticipated
that the CAGR of CFBC will exceed approximately 21% between 2013 and 2025 and that the global
market size will reach approximately US $12,520,700,000,000 by 2025 [1]. Additionally, PC fly ash is
actively used as an admixture for cement and concrete since it reduces initial hydration heat and
improves long-term compressive strength and fluidity [2]. Limestone is added in the combustion process
of fluidized bed boiler fly ash for desulfurization. However, the CaO component does not participate in
the desulfurization and remains as free CaO in fly ash after the decarboxylation of limestone [3]. Thus,
problems such as quick setting, low fluidity, heat, and volume expansion generally occur when fluidized
bed boiler fly ash is used as an admixture and replacement material for cement and concrete. Therefore,
most fluidized bed boiler fly ash is buried without recycling and thus an appropriate treatment method is
urgently required to resolve this issue [4, 5, 6].
2.

RESEARCH SIGNIFICANCE

In order to recycle CFBC fly ash containing a large amount of unstable free CaO, this study investigated
the feasibility of converting a free CaO compound to a stable Ca compound through carbonation and by
using carbonated fly ash as a cement substitution material as follows:
3.
3.1

EXPERIMENTAL INVESTIGATION
Materials

3.1.1 Fluidized Bed-boiler Fly Ash
Fluidized bed-boiler ash (FBA) was used for the experiment. It is a by-product of the Yeosu thermal
power plant with a Blaine value of 4070 cm2/g, a specific gravity of 2.60, and a loss on ignition
corresponding to 3.87 wt%. Table 1 presents the chemical composition of FBA. Additionally, Figure 2
shows the results of X-ray diffraction (XRD) measurement. Figure 3 shows the results of the
thermogravimetry (TG) and differential thermal analysis (DTA) of FBA.
3.1.2 Portland Cement
Sampyo and Tongyang ordinary Portland cement (OPC) with a Blaine value of 3200 cm2/g was used to
examine the physical properties of FBA blended mortar. Tables 1 and 2 show the chemical and physical
properties, respectively, of the OPC.
3.1.3 Carbonate Solution
In this study, each 0.5 M of sodium carbonate (Na2CO3) and potassium carbonate (K2CO3) were used
for the carbonate compound. Table 3 presents the physical and chemical properties of each carbonate
compound.
3.1.4 Standard Sand
Jumunjin standard sand was used as a fine aggregate for the strength test of the cement. The grain size
was relatively small and uniform. Table 4 shows the physical properties of the fine aggregate.
3.2

Experimental Method and Analytical Investigation

3.2.1 Experiment method of carbonate reaction of FBA
The experiment involved converting a large amount of unstable free CaO that is contained in FBA to a
stable Ca compound (CaCO3 or Ca(OH)2) by combining it with dissociated CO2 in a carbonate solution.
Tables 5 and 6 present the experimental conditions and mixing ratios, respectively, of the carbonation.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
3.2.2 Measurement of the compressive strength of mortar
In order to examine the feasibility of using carbonated FBA (CFBA) as an OPC substitution material,
part of the OPC was replaced by CFBA and the compressive strength of cement was measured based
on the KS L ISO 679 standard (Methods of testing cements – Determination of strength). The hardened
specimen was separated from its mold after a period of 24 h. The specimen was then cured in water at
20±2 ℃ prior to performing the measurement. The compressive strength was measured at the ages
corresponding to 3 d, 7 d, and 28 d. Table 7 presents the mixing proportions of the mortar.
3.2.3 Analysis
The crystal structure of the minerals generated from carbonation reaction was qualitatively analyzed by
XRD under the condition of 2 Theta 5∼80˚ at the rate of 4 ˚/min. The generated Ca compound was
quantitatively analyzed by the XRD-Rietveld method under the condition of 2 Theta 5∼60˚ at the rate
of 2˚/min. In order to identify the quantitative and thermal properties of the Ca compound, the TG-DTA
was conducted up to 1100 ℃ at the heating rate of 10 ℃/min by injecting inert N2 gas at a constant
speed of 50 ml/min.
Specimens containing the CFBA as a substitution material for OPC were tested by a universal testing
machine (UTM) to measure the compressive strength (ASTM D 695) to examine the effect of FBA based
on the carbonation reaction.
4.
4.1

EXPERIMENTAL RESULTS AND DISCUSSION
Carbonation based on reaction time

Figure 4 shows the XRD analysis results of the compound generated from the carbonation reaction of
FBA and either 0.5 mole Na2CO3 or K2CO3 solution based on the carbonation reaction time. The
concentration of the Na2CO3 and K2CO3 was set 0.5 mole to examine the carbonation reaction according
to the time. The XRD analysis results were as follows: (a) The reaction of FBA with 0.5 mole Na 2CO3
solution increased the peak intensity of CaCO3 albeit decreased the peak intensity of Ca(OH) 2 as the
reaction time increased. (b) The carbonation of FBA with 0.5 mole K 2CO3 solution led to increases in
the peak intensity of CaCO3 with increases in the reaction time as shown in the graph (a). Additionally,
gypsum (CaSO4•2H2O) was generated near 2 Theta 30.8° when the reaction time exceeded 4 h. This
was because OH and CaSO4 that did not participate in the carbonation reaction with Ca(OH) 2 (to
generate CaCO3) were combined with each other. The peak intensity of CaCO3 at 2-Theta 29.3°
increased with increases in time. Specifically, it increased sharply for the first 1 h, and this was followed
by a slow change although the peak intensity continued to still increase. In cases in which the Na2CO3
and K2CO3 solutions were used, the reaction occurred within 1 h and then the peak intensity remained
almost constant in both cases. Thus, the results indicated that 1 h appeared to correspond to an
adequate carbonation reaction time with respect to FBA.
4.2

Carbonation based on molarity

Figure 5 presents the TG analysis results of carbonated FBA based on molarity. According to the results
of 4.1, the reaction time with each solution was 4 hours. Free water evaporated below 200 °C, and
Ca(OH)2 was pyrolyzed into CaO and H2O at an approximate temperature range of 400-500 °C
Additionally, CaCO3 was pyrolyzed into CaO and CO2 approximately between 700 ℃ and 810 °C.
Generally, the weight loss of CFBA with increases in the molarity exceeded that of FBA. Furthermore,
a higher weight loss was observed with carbonation by the K 2CO3 solution that corresponds to a K+ ion
compound, and thus it was observed that additional amounts of CaCO 3 were produced. Figure 6 shows
the results of the DTA analysis based on the molarity of carbonate solution. In both the Na2CO3 as well
as the K2CO3 solutions (which are carbonate solutions) H 2O was decomposed at dihydrate gypsum at
100 °C, and Ca(OH)2 was decomposed into CaO and H2O at 500 ℃. Furthermore, CaCO3 was
decomposed into CaO and CO2 approximately at 800 °C where the heat absorption peak by
decomposition of hydrate was identified and additional CO 2 was consumed with increases in molarity.
In the case of the carbonation reaction by K2CO3 solution, the increase of molarity was accompanied by
a greater weight loss with respect to CaCO3. The decrease in the ionization energy of K+ ion increased
the number of electronic shells, and this increased the atomic radius and decreased the electrostatic
attraction between the atomic nucleus and electrons. This led to the state in which electrons could be
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easily removed. Hence, CaO in FBA reacted with carbonates in the K 2CO3 solution to create large
quantities of CaCO3.
Figure 7 depicts a graph of XRD quantitative analysis based on concentration. The carbonation reaction
between carbonate solution and FBA was conducted from 2 Theta 28° to 36° to identify major peaks in
the pattern of the generated material. As a result, it was observed that the increase in molarity decreased
the peak intensity of CaO and Ca(OH)2 while increasing the peak intensity of CaCO3. Furthermore, CaO
reacted with H2O to create Ca(OH)2 when the Na2CO3 and K2CO3 solutions were observed based on
the mole ratio. However, the increase in the molarity of Na2CO3 and K2CO3 solutions decreased the
amount of Ca(OH)2 while increasing the amount of CaCO3. Nevertheless, the increase in CaCO3 caused
by the increase in molarity was not significant, and the highest intensity of CaCO 3 was observed at 3
mole of the carbonate solution. Additionally, the amount of gypsum decreased and was mixed with the
solution to gradually increase the amount of dihydrate gypsum (CaSO 4•2H2O). Gypsum also appeared
to participate in the generation of other hydrates. As shown in Figure 8, in the case of a carbonation
reaction with the Na2CO3 solution, the increase in molarity initially created additional amounts of CaCO 3
but this decreased after 2 moles. Conversely, in the case of the carbonation reaction with K2CO3, the
amount of CaCO3 increased until a concentration of 2 moles and subsequently remained constant. The
carbonation of FBA by the K2CO3 solution led to the creation of additional amounts of CaCO 3 as a byproduct. The amount of CaCO3 increased significantly when FBA was carbonated with 0.5 mole Na2CO3.
The carbonation reaction with 3 mole K2CO3 solution corresponded to the optimal condition to produce
CaCO3, which is a Ca compound.
4.3

Properties of mortar with CFBA substitution material.

Figure 9 shows a graph of the compressive strength of mortar with the FBA admixture based on
carbonation. The increase in the age of CFBA increased compressive strength. However, CFBA
generally showed a lower compressive strength than that of the OPC mortar. Nevertheless, the CFBA
substitution mortar exhibited a higher compressive strength than that of the conventional FBA
substitution mortar. This is because the free CaO of FBA caused significant heat and expansion, which
in turn increased inner porosity and generated cracks, thereby decreasing compressive strength. Thus,
FBA is not an adequate substitution material for OPC. However, the carbonated FBA (CFBA) reduced
the decrease in compressive strength by converting unstable free CaO in FBA to a stable Ca compound
(CaCO3) [7]. The compressive strengths of the FBA mortar and the CFBA mortar that were preprocessed
by carbonation corresponded to approximately 88% and 95%, respectively, of the compressive strength
of OPC mortar at the age of 28 days.
5.

CONCLUSIONS

This study examined the feasibility of using CFBA as a cement admixture and substitution material by
converting a large amount of unstable free CaO in FBA to a stable Ca compound (CaCO 3) through a
carbonation reaction. The conclusions of this study are as follows:
Irrespective of the type of carbonate, the peak intensity of CaCO 3 increased for 1 h and then remained
constant. Thus, the carbonation reaction was completed in 1 h.
Up to a concentration of 3 moles, the increase in molarity also increased the peak intensity and yield of
CaCO3. The CFBA that was carbonated by 3 mole K2CO3 solution as opposed to the 3 mole Na2CO3
solution exhibited the highest yield of 27.8 wt.% in producing CaCO 3.
The comparative analysis was conducted between three types of mortars, namely OPC mortar, 10%
FBA substitution mortar, and 10% CFBA substitution mortar. The OPC mortar exhibited the highest
compressive strength while the 10% CFBA substitution mortar exhibited a compressive strength higher
than that of the 10% FBA substitution mortar. The compressive strength exhibited by the CFBA mortar
corresponded to approximately 95% of the compressive strength of the OPC mortar at 28 d.
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ABSTRACT
This study is aim to investigate the plastic shrinkage cracking of self-compacting concrete (denoted as
SCC) with different proportions of fly ash and granulated blast-furnace slag using the inducing crack
method. The plastic shrinkage cracking of the SCC is analyzed by the tests of evaporation capacity
and hydration heat of the SCC. The results show that the crack initiation time of SCC specimen is
related to the induction period of mortar hydration. Under the same mineral admixtures content, the
induction period of mortar hydration and the crack initiation time of SCC specimens are delayed, and
the evaporation capacity of SCC is enhanced with proportions of fly ash and granulated blast-furnace
slag decreasing. The speed of crack development of the SCC after 12 hours ages is accelerated by
increasing the granulated blast-furnace slag content. The influence regular of proportions of fly ash
and granulated blast-furnace slag on plastic shrinkage cracking of SCC is related to the total mineral
admixtures content.
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Plastic shrinkage cracking is one of the earliest forms of cracking in concrete as it occurs within the
first few hours after the concrete has been cast (Boshoff WP & Combrinck R 2013). Concrete elements
with large exposed surfaces are especially vulnerable to plastic shrinkage cracking, e.g. floor slabs or
bridge decks. The crack in concrete may provide access for external corrosive substances such as
chlorine ion, CO2, etc, and then the concrete structures may be damaged (Yoo SW et al. 2012, Jang SY
et al. 2011).The plastic shrinkage cracking of concrete is affected by the mix proportion.
Self-compacting concrete (SCC) can be placed and compacted under its own weight without any
vibration effort, which is a challenge to the building industry. In order to achieve the behavior, the
paste-aggregate ratio and sand-aggregate ratio of SCC is higher than that of ordinary concrete to obtain
the high fluidity and good cohesiveness of the fresh concrete. The more paste means the larger plastic
shrinkage of concrete and the more prone to cracking in concrete (Almusallam AA et al.1998).To
reduce plastic shrinkage cracking risk of SCC, there are many measures adopted such as addition fiber
or admixture (Leemann A et al. 2014, Corinaldesi V & Moriconi G. 2011). Mineral admixture is an
important component of SCC which affect the plastic shrinkage cracking of concrete (Tongaroonsri S
& Tangtermsirikul S 2009, Zheng JL & Wang XF 2009, Darquennes A et al. 2011). Fly ash and
granulated blast-furnace slag (slag) is the most common mineral admixture. In the paper, the influence
of fly ash- slag ratio and mineral admixture content on the plastic shrinkage cracking risk of SCC is
investigated.

1 Experiment Program
1.1 Materials
A grade 42.5 ordinary Portland cement according to Chinese Standard GB/T175-2007 with density of
3.08g/cm3. A class I fly ash and a S95 grade slag were used in the experiment which is according to
Chinese Standard GB/T1596-2017 and GB/T 203-2008, respectively. The chemical composition and
fineness of the cement, fly ash and slag were presented in Table I. Fineness of binder is the volume
content of particle size which is greater than 45 micron. The crushed coarse aggregate and natural river
sand were used. Fineness modulus and bulk density of sand was 2.2 and 1460 kg/m3, respectively. The
maximum size of coarse aggregate was 20mm, and bulk density and apparent density of coarse
aggregate was 1457 kg/m3 and 2658 kg/m3, respectively. Polycarboxylate superplasticizer was used.
TableI.

Chemical composition and fineness of cement and fly ash and slag (Unit: %)

CaO

SiO2

Al2O3

Fe2O3

SO3

MgO

K2 O

Others

LoI

Fineness

Cement

59.45

17.64

4.89

3.83

2.99

2.41

0.44

8.35

-

1.88

Fly ash

3.36

62.89

18.61

4.54

0.48

2.53

1.15

7.64

3.88

13.9

Slag

45.17

39.44

8.7

0.96

0.31

2.78

0.42

2.22

1.62

1.4

To investigate the influence of fly ash-slag ratios and mineral admixture content on the plastic
shrinkage cracking of SCC, the ratio are 0:1, 3:7, 1:1, 7:3, 1:0 at 30% and 50% total mineral admixture

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
content. The mix proportion of SCC was presented in Table II. In the table, total mineral admixture
content of B1~B5 and C1~ C5 is 30% and 50% of binder, respectively. The fresh properties of SCC
were tested by slump cone, the segregation resistance and flow properties of fresh SCC are fine as
shown in Figure 1 and table II.

Figure 1. Slump test on Self-compacting concrete
TableII.

Mixture proportions, fresh properties and compressive strength of SCC

Mixture proportions [Kg/m3]
Mix

SP

Fresh properties

Cubic Compressive

[mm]

[Mpa]

Cement

Fly ash

Slag

Sand

CA

Water

B1

378

162

-

788

888

184

1.00

265

B2

378

113.4

48.6

788

888

184

0.95

B3

378

81

81

788

888

184

B4

378

48.6

113.4

788

888

B5

378

-

162

788

C1

270

270

-

C2

270

189

C3

270

C4
C5

slump

1d

28d

650

12.49

55.9

260

600

15..9

59.0

1.00

260

640

13.1

60.6

184

1.00

260

610

13.5

62.4

888

184

1.05

260

580

7.1

62.8

788

888

184

0.90

265

670

6.8

44.4

81

788

888

184

1.00

260

690

4.6

53.6

135

135

788

888

184

1.00

260

670

2.8

54.2

270

81

189

788

888

184

1.00

265

680

0.8

55.4

270

-

270

788

888

184

1.05

265

640

1.2

58.7

/%

Slump

flow

Note: CA and SP are coarse aggregate and superplasticizer, respectiverly.
1.2 Test specimens
In the plastic shrinkage cracking test method of ASTM C1579-06, there are two ridges to restrain the
concrete and a latter (middle) to localize the plastic shrinkage cracking in the middle of the specimen.
However, the thickness of concrete in the middle is only 36.5mm less than other place in which the
thickness is 100mm, which may result in uneven distribution of concrete material and the settlement in
the middle is also lower than others. And then, the accuracy of test results may be affected.
The inducing crack method was proposed to test plastic shrinkage cracking in concrete (See Figure 2)
(Zheng JL et al. 2009). The concrete was poured into two molds (600mm× 600mm×50 mm) with
bolts of 6mm diameter, and a pairs of steel plate. The bolts are mounted uniformly at each two sides of
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the rigid frame to restrain the concrete. The purpose of the steel plate is to localize and promote the
plastic shrinkage cracking. In the specimen, the concrete material distribution and settlement is
prepared even. In order to avoid friction between concrete and bottom plate of the restriction steel form,
a Teflon sheet is placed at the bottom of the form, and a paraffin paper is placed on it.
After casting, the specimens were stored in a climate chamber at a temperature of 22±3°C and 60±5%
of relative humidity. The crack was monitored by cracking observation meter with 40 times of
magnification. The specimen was observed every 5 minute until the crack pronged the specimen, and
then was observed every 2 hours.
At the same time, SCC was poured to two prisms with width and length of 150mm, height of 60mm to
test the water evaporation. The prism was alto exposed to the same environment of plastic shrinkage
cracking test. The weight of the prism was weighed per hour by electronic balance weighing with sense
of 0.1g until 6h, and then again after every 1.5 h until 12h. The evaporation capacity of the concrete
can be calculated with following equation:
Et=(mt-m0)/A
Where ‘mt’ is the weight of the prism specimen at time ‘t’, ‘m0’ is the initial weight of the prism
specimen, and ‘A’ is the area of the prism.

600

A

A

(c) Steel plate

600

4

600
75×9
50×50×6

50

200

200
1

2

3

50×50×4

A-A

(a) Single partition model

(b) Profiles

①―motherboard; ②―  6 bolt; ③―paraffin paper, teflon paper; ④―steel plate
Figure 2. Details of modified flat-type specimen (Unit: mm)
The hydration heat release characteristics of mortar were tested by TAM Air Microcalorimeter at a
temperature of 20°C. The mortar was sieved from fresh SCC by 2.36mm sieve aperture.

2 Results and Discussion
2.1 Hydration heat of mortar
Figure 3 and Figure 4 show the test results of the hydration heat of SCC with 30% and 50% mineral
additions content, respectively. Under the same mineral admixture content, when the fly ash - slag ratio
decrease, the value of hydration heat flow peak is increased, hydration induction period is prolonged,
and the appearance of hydration heat flow peak is delayed. The appearance of hydration heat flow peak
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is delayed 2.5 hours to 10 hours with the fly ash - slag ratio decreasing at 30% mineral admixture
content, however, the value at 50% mineral admixture content is about double times of that at 30%
mineral admixture content.

（a）Hydration heat flow

（b）Hydration heat

Figure 3. Hydration heat of mortar with 30% mineral additions

（a）Hydration heat flow

（b）Hydration heat

Figure4. Hydration heat of mortar with 50% mineral additions
At the same time, the experimental results also show that total hydration heat at 3 days ages is
increased with the value of the hydration heat flow peak increasing. When mineral admixture content is
30% of binder, hydration heat flow peak and total hydration heat of mortar with fly ash-slag ratio of 5:5
is highest, which is about 1.5 times of that only with fly ash. For the mortar with 50% mineral
admixture content, due to greatly delay the hydration accelerated period, heat flow of mortar hydration
at 3 days ages is higher, thus the total hydration heat curve slope nearly 3 days ages is also steepening
with decrease of fly ash-slag ratio.
2.2 Evaporation of self-compacting concrete
Figure 5 shows the test results of the evaporation of SCC. As shown in Figure 4, the difference of SCC
evaporation is slight when the fly ash-slag ratio is over 1:1. When fly ash-slag ratio is under 1:1,
however, the evaporation of SCC is enlarged with decrease of fly ash-slag ratio. The evaporation of
SCC with fly ash-slag ratio of 0:1 is about 1.4 times of that with fly ash–slag ratio of 1:0 at 12 hours
ages. Increasing mineral admixture content may reduce the evaporation of SCC without changing fly
ash-slag ratio. The evaporation difference of SCC between 12 hours and 24 hours ages is slight.
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(a) SCC with mineral admixture content of 30%
(b) SCC with mineral admixture content of 50%
Figure 5. Evaporation development of self-compacting concrete
2.3 Plastic shrinkage cracking of SCC
Figure 6 shows the test results of the plastic shrinkage cracking of SCC. The cracking initiation time of
SCC is delayed by reducing fly ash-slag ratio, the delaying effect is lowered with the increase of
mineral admixture content. For SCC with mineral admixture content of 30%, the cracking initiation
time is delayed 140 min when fly ash-slag ratio decreased from 1:0 to 0:1. However, For SCC with
mineral admixture content of 50%, the cracking initiation time is only delayed 60min.
At the ages of 12 hours, the influence of fly ash-slag ratio on the crack area of SCC specimens with
mineral admixture content of 30% is different from that with mineral admixture content of 50%. When
mineral admixture content is 30% of binder, the crack area of SCC specimens there is little difference
by the change of the fly ash-slag ratio expect fly ash-slag ratio of 7:3, the crack area of SCC with fly
ash-slag ratio of 7:3 is 64% of that only with fly ash at 12 hours ages. When mineral admixture content
is 50% of binder, the difference of crack area of SCC is little by replacing fly ash with slag.
Replacing fly ash with slag may magnify the cracking development speed of SCC after 12 hour ages.
From 12 hours to 24 hours ages, the increase of crack area of SCC with slag is 2.26-3.82 times of that
only with fly ash. As the fly ash-slag ratio is 3:7, the increase is lowest which is 2.3 times of that only
with fly ash. On the whole, the magnified amplitude of crack area of SCC is increased with the increase
of mineral admixture content. As result of that, the crack area of SCC with slag is higher than that only
with fly ash expect SCC with fly ash-slag ratio of 7:3 and with mineral admixture content of 30% at 24
hours ages.
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(a) Cracking initiation time

(b) Crack area of SCC with

(c) Crack area of SCC with

mineral admixture content of 30% mineral admixture content of 50%
Figure 6. Comparisons of early-age cracking behavior of SCC with different fly ash-slag ratio
2.4 Discussion
Crack may appear in concrete when the restrain tensile stress caused by shrinkage is larger than its
tensile strength. The cracking initiation time of the specimen is associated to the setting time of the
concrete (Boshoff WP & Combrinck R 2013); and cracking likely occurs in the hydration induction
period of concrete, before the main cement hydration started (Leemann A et al. 2014). The effect of
slag adsorption superplasticizer is greater than that of fly ash. When the superplasticizer in liquid phase
of cement paste is reduced by the hydration of cement, the superplasticizer which is adsorbed by slag is
release to the liquid phase to maintain the concentration of superplasticizer. And then, the hydration
speed of binder is lowered, and the hydration induction period and SCC is prolonged, the setting time
of SCC is delayed with the fly ash - slag ratio decrease. The test results of hydration heat of mortar
(Figure 3and Figure 4) indicate that the hydration induction period of SCC is prolonged, and the
appearance of hydration heat flow peak is delayed when the slag content is increased. As result of that,
the cracking initiation time of SCC is delayed with the decrease of fly ash - slag ratio, and cracking
occurred in induction period of SCC hydration.
Crack area indicates the balance between the shrinking stress and the tensile strength of the concrete.
The tensile strength development of SCC depends on its hydration rate. With the fly ash-slag ratio
decreasing, the development of tensile strength and elastic module of SCC is reduced at early age as
the result of the prolonged induction period of SCC (Figure 3 and Figure 4). For mineral admixture
content of 30%, the end time of induction period of SCC with fly ash-slag ratio of 3:7 is only one hour
later than that only with fly ash, which is larger lower than 10 hours for SCC with fly ash-slag ratio of
0:1. When mineral admixture content is 50% of binder, compared to SCC only with fly ash, the end
time of induction period of SCC with slag is delayed 6-16 hours. The shrinking stress is enhanced by
the increase of plastic shrinkage and elastic module. The plastic shrinkage of concrete maybe enhance
with the evaporation increase. The water retention of slag is lower than that of fly ash, and then there
are more water is evaporated for SCC with slag. The results show that the evaporation of SCC ((Figure
5) is also increasing with the fly ash-slag ratio decrease when fly ash-slag ratio is lower than 1:1. The
evaporation of SCC with fly ash-slag ratio of 3:7 is lowest. As result of above, the crack area of SCC
with fly ash-slag ratio of 3:7 is lowest for mineral admixture content of 30%, the others is similar at 12
hours ages.
After ages of 12 hours, the hydration of SCC only with fly ash is in acceleration period; however, the
hydration of SCC with fly ash-slag ratio under 1:1 is still in induction period (Figure 3 and Figure 4).
The hydration degree of SCC is reduced with fly ash-slag ratio increase; the reducing amplitude is
enlarged with the mineral admixture content increase. The development of tensile strength of SCC is
reduced with the hydration degree. As results, the increase of cracking area of SCC from 12 hours ages
to 24 hours ages is increasing with slag incorporated.

3 Conclusions
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1) Slag replaced fly ash prolong the hydration induction period of SCC, delay the appearance of
hydration heat flow peak, enlarge the hydration heat flow peak. On the whole, the effect is enhanced
with the increase of replacement rate or the increase of mineral admixture content. The hydration
induction period end time of mortar is delayed 1-10 hours and 6-16hours when mineral admixture
content is 30% and 50% of binder, respectively.
2) As the water retention of slag is lower, the evaporation of SCC is increased with the decrease of fly
ash-slag ratio when the fly ash-slag ratio is lower than 1:1. The evaporation of SCC with fly ash-slag
ratio of 0:1 is 1.3 times of that with fly ash-slag of 1:0.
3) The cracking of SCC occurs in induction period of SCC hydration. Since the slag replaced fly ash
may delay the induction period end time of SCC, the cracking initiation time of SCC is delayed with
the decrease of fly ash-slag ratio.
4) The crack area of SCC is affected by the hydration progress and evaporation of SCC. Compared
with SCC only mixed with fly ash, when SCC is mixed with mineral admixture content of 30% binder
and the fly ash-slag ratio of 7:3, the crack area of which is also lowest, since its hydration progress is
only slightly delayed, and its evaporation is a little lower.
At the ages of 12 hours, the crack areas of others SCC with the same mineral admixture content are
similar. Between the 12 hours and 24 hours ages, however, the development speed of crack area of
SCC is greatly enlarged by replacing fly ash with slag. This may be due to the delay of the acceleration
period begin time of SCC hydration by replacing fly ash with slag, which affected the development of
tensile strength of SCC.
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ABSTRACT
This study investigates the hydration behavior of calcium sulfoaluminate (CSA) cement/Portland cement
blends. 5, 10, and 15 wt. % CSA cements are added to Portland cement, and gypsum and retarder are
also incorporated in the blends. Rietveld quantitative phase analysis are conducted to evaluate
hydration products of the blended cements. Initial and final setting times are obtained by using Vicat
needle method, and the results are analyzed with the quantitative results of hydration products
produced at the very early ages. From the test results, it was found that how an initial setting time of
CSA/OPC blends is dominated by the quantitative amounts of ettringite or AFm phases which can affect
an early-age hydration of cement pastes.
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1.

INTRODUCTION

Calcium sulfoaluminate (CSA) cements have recently emerged as a sustainable alternative to Portland
cement. They are characterized by beneficial properties such as high early compressive strength, good
expandability, and high corrosion resistance (Glasser FP & Zhang L. 2001). The chemical composition
of CSA cement is very different from that of Portland cement and other common cementitious materials.
CSA cements are richer in alumina and poorer in calcium oxide and silica than Portland cement; they
are also abundant in sulfate (SO3). These oxides appear mainly in the form of Ye’elimite (C4A3Ŝ), belite,
ferrite, and calcium sulfate (Thomas et al. 2018). The main reaction products are ettringite (C 6AŜ3H32),
amorphous aluminate, and monosulfate (C4AŜH18) (Glasser FP & Zhang L. 2001); (Péra J & Ambroise
J. 2004); (Winnefeld F & Lothenbach B. 2010). In the CSA cements, a rapid formation of ettringite is
beneficial as it contributes to significant early-age strength development. Ettringite precipitates in a
needle-like form and its formation at very early age results in rapid strength development. They are
utilized as rapid set cements with high early strength (Nagataki S & Gomi H. 1998) or as shrinkage
reducer (Sakai E et al. 2004).
Due to the superior properties of CSA cements, some studies on OPC/CSA cement blends were carried
out for the purpose of the application to concrete structures. The effect of CSA additions on the hydration
behaviour of Portland cement was investigated using analytical methods such as X-ray diffraction,
isothermal calorimetry, scanning electron microscopy, solid state NMR and pore solution analysis (Le
Saoût G et al. 2013). It was found that the addition of CSA to OPC does not influence the hydration
behaviour of alite but controls the aluminate phase dissolution (Le Saoût G et al. 2013). The impact of
variations of the OPC:CSA:CS (calcium sulfate) ratio on the hydration process was also investigated.
Until about 7 days, mainly the CSA clinker reacted, and 15-20% of the anhydrous binder was converted
to ettringite. From about 7 days on, the main clinker alite of OPC reacted significantly and strätlingite,
C–S–H and monosulfoaluminate were formed, whereas ettringite content decreased. The CSA clinker
was mainly associated with the early-age mechanical properties and OPC played a significant role at
later ages (Pelletier L et al. 2010).
The hydration mechanism of OPC/CSA blends is very complicated due to the simultaneous hydration
process of OPC and CSA so that it is too difficult to control and predict the hydration behaviour of
OPC/CSA blends. The practical application of OPC/CSA blends is thus limited and it is only utilized as
expansive additives in shrinkage-compensated cements or as additives to special concretes (Namkon
et al. 2018). This study investigated the hydration behaviour of calcium sulfoaluminate (CSA)
cement/Portland cement blends. 5, 10, and 15 wt. % CSA cements substituted for Portland cement, and
anhydrite were also added in the blends. Rietveld quantitative phase analysis were conducted to
evaluate hydration products of the blended cements. Initial and final setting times are obtained by using
Vicat needle method, and the results are analysed with the quantitative XRD results and the
compressive strength.
2.
2.1

EXPERIMENTAL DETAILS
Materials

Ordinary Portland cement (OPC, ASTM C150 Type I) used in this study was provided by Sungshin
Cement Corp., South Korea. CSA cement and anhydrite were supplied by ISOCA Corp., South Korea.
The chemical compositions of these materials are listed in Table 1. The CSA cement showed high
amounts of Al2O3 (32%) and SO3 (7.15%) due to the presence of Ye’elimite (C4A3Ŝ). It is noted that the
CSA cement contained a small amount of SiO2 (6.10%) compared to the OPC because it has no C3S
phase. The surface area of OPC and CSA cement are 3682 and 5500 cm 2/g, respectively. The
mineralogical composition of the anhydrous OPC and CSA cement were determined by XRD Rietveld
analysis (Table 1).
2.2

Mix proportions

The mixture proportions of samples are provided in Table 2. A water-to-binder (OPC + CSA) ratio was
0.50. A CSA cement-to-binder ratio was 0%, 5% and 10% by weight. An AH (anhydrite)-to-CSA ratio
was 0%, 10% and 20% by weight.
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Table 1. Composition of raw materials
Chemical composition

Mineralogical composition

CSA

OPC

CSA

OPC

SiO2

8.5

20.6

C3S

-

62.2

Al2O3

30.4

5.0

C2S

19.7

11.0

Fe2O3

2.1

3.4

C4AF

-

11.0

CaO

41.8

60.7

C3A

-

4.2

MgO

2.2

2.6

Calcite

-

5.1

SO3

11.95

2.38

Gypsum

-

0.7

K2O

0.30

0.98

Anhydrite

0.7

-

Na2O

0.06

0.15

Ye’elimite(C)

17.8

-

TiO2

1.50

0.27

Ye’elimite(O)

51.1

-

P2O5

0.15

0.11

CT

7.4

-

Others

<0.1

<0.25

C2AS

1.1

-

LOI

3.67

0.75

Hemihydrate

1.7

-

Quartz

1.2

-

Arcanite

1.4

-

Others

1.5

2.2

Table 2. Mix proportions of samples
sample

OPC

CSA

AH

water

Control

1

0

0.00

0.5

C5

0.95

0.05

0.00

0.5

C10

0.90

0.1

0.00

0.5

G10

0.90

0.1

0.01

0.5

G20

0.90

0.1

0.02

0.5

* AH: anhydrite (CaSO4)
2.3

Experimental procedures

The setting time was measured according to the ASTM C403 by using automatic vicat needle apparatus
(CONTROLS Vicamatic2).
The compressive strength test was carried out using a 300 kN universal testing machine in accordance
with ASTM C39, and the strength was averaged from three specimens. The sample size for compressive
strength measurement was 5 cm cube.
The XRD tests were performed using a SmartLab device (manufactured by Rigaku). A CuKα radiation
at 45 kV and 200 mA, a step size of 0.01° and 3° scan speed were employed over a 2θ range of 5° to
70°.
QXRD with Rietveld refinement were conducted for the quantitative hydration study of the CSA
cement/OPC blends. The hydration of the samples for QXRD was stopped using isopropyl alcohol (IPA)
[37–39]. An internal standard material (crystalline CeO2, SRM 674b, NIST, USA) was homogenenously
blended with the samples at a weight ratio of 1:9 for 15 min.
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3.

RESULTS AND DISCUSSIONS

3.1

Setting time

The setting time results are listed in Table 3. As the amount of CSA increases from 5% to 10%, initial
set time remarkably reduces from 62.4 min to 12.2 min. The replacement of OPC by CSA cement
accelerated the hydration of OPC/CSA mixture due to the rapid dissolution of Ye’elimite in the CSA
cement. As the amount of anhydrite increases, initial set time increases. The presence of sulfate in
anhydrite delayed the hydration of CSA so that the initial setting time was increased.
Table 3. Setting time results (minute)

3.2

C5

C10

G10

G20

Initial set time

62.4

12.2

22.2

29.1

Final set time

125

85

65

95

XRD pattern

The XRD patterns of C10 Sample were measured at 1 m, 30 m, 2 h, 1 d, 7 d and 28 d, and the results
are shown in Figure 3. The peak related to ettringite was observed from 1 m to 1 day of hydration. No
peak corresponding to ettringite was detected at 7 d and 28 d of hydration, while hemicarbonate and
monocarbonate were newly detected at 7 d and 28 d of hydration. In addition, a significant peak
corresponding to portlandite was also observed after 7 d of hydration. Most of peaks related to C3S were
observed until 1 d of hydration, then disappeared after 7 d of hydration. These results presented that
the incorporation of CSA cement slightly delayed the early hydration of OPC even though the hydration
of CSA itself was accelerated at very early ages.

Ce

CH
Mc
E

A
C

Hc
F

A E

E
Y
E Mc

A

A

B

Figure 1. XRD patterns of C10 sample with time (E: ettringite, Hc: hemicarbonate, Mc:
monocarbonate, F: C4AF, A: C3S, CH: portlandite, Y: Ye’elimite, C: CaCO3, B: C2S, Ce: CeO2)

The effect of anhydrite was shown in Figure 4. An anhydrite-to-CSA amount was 0 % (C10), 10 % (G10)
and 20 % (G20). When the amount of anhydrite was 0% (C10 sample), ettringite was not observed at
28 days, while it was observed in G10 and G20 samples. The intensity of peak associated with
hemicarbonate was also increased as the amount of anhydrite increased. Monocarbonate peak intensity
has hardly changed. It is obvious that the addition of anhydrite mitigated the transformation of ettringite
into monosulfate.
XRD/Rietveld analysis of raw material and anhydrous C10 mixture was listed in Table 4. These results
shows that the XRD/Rietveld analysis result of anhydrous C10 sample well matches with the calculations
from the refinement results of each raw material.
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CH
E

Mc
Hc
F

A

E

E

Figure 4. XRD patterns of C5, C10, G10 and G20 samples at 28 days
Table 4. XRD/Rietveld analysis of raw material and anhydrous C10 mixture
XRD/Rietveld
Refinement results

Calculation
Difference

Compound

OPC

CSA

C3S

62.2

-

54.1

55.9

1.8

C2S

11.0

19.7

13.7

11.9

1.8

C4AF

11.0

-

8.7

9.9

1.2

C3A

4.2

-

5.6

3.8

1.8

Cc

5.1

-

4.3

4.6

0.3

Cs

-

0.7

0

0.1

0.1

Cs2H

0.7

-

1

0.6

0.4

C4A3s

-

68.9

8.1

6.9

1.2

CT

-

7.4

0.5

0.7

0.2

M

1.3

-

0.6

1.2

0.6

MT2

-

0.5

0.3

0.1

0.2

C2AS

-

1.1

-

0.1

0.1

Minor phase

4.5

1.7

3.1

4.2

1.1

Total

100

100

100

100

anhydrous C10 (①) 90OPC+10CSA (②)

(｜①-②｜)
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Table 5. Rietveld quantitative analysis of hydrated C10 sample
Hydrated C10
Compound

2h

24h

7d

28d

C3S

47.8

46.4

7.1

4.7

C2S

12.5

12.4

10.7

6.6

C4AF

7.3

7.3

2.3

2.1

C3A

4.5

4.9

0

0

Cc

1.5

1.8

3.0

2.6

Cs

0

0

0

0

Cs2H

0

0

0

0

C4A3s

2.5

1.0

0.4

0.3

CT

0.5

0.4

0.1

0.1

MT2

0.2

0.3

0.2

0.4

ettringite

5.2

5.3

1.8

0

CH

0

0

13.8

16.8

hemi-carbo

0

0

1.3

0.9

mono-carbo

0

0

4.9

7.5

mono-sulfo

0

0

0

0

Amorphous

22.1

25.6

79.7

90.9

Sum

106.3

108.0

128.4

136.4

Table 5 presents the Rietveld quantitative analysis results of hydrated C10 sample. As shown in the
XRD patterns, C3S phase was significantly reduced between 24 h to 7 d of hydration. Ye’elimite phase
has been already significantly hydrated at 2 h of hydration, and most of them was consumed at 24 h of
hydration. Ettringite was already produced at early ages (2 h and 24 h) of hydration and it remarkably
reduced after 7 d of hydration. The amount of CH was 1.15 % until 24 h and increased by 12.3 % at 7 d
of hydration. Hemicarbonate and monocarbonate was formed after 7 d of hydration, which is highly
related to the decrease in ettringite amount. The amount of amorphous phase mainly including C-S-H
phase was increased with time as C-S-H produced by the C3S hydration.
3.3

Compressive strength

The compressive strength results are listed in Table 4. C5 and C10 samples had no measurable strength
at 1 day. G10 and G20 samples have also very low compressive strength. It is because the incorporation
of CSA in OPC delayed the hydration of main clinker C3S although it reduced the setting time. However,
the compressive strength was more than 40 MPa at 28 days resulting from the delayed but continuous
hydration reaction of C3S. As the CSA cement amount was lower, a higher compressive strength was
obtained due to the hydration of a higher amount of C3S in OPC. A higher anhydrite amount resulted in
the higher compressive strength of CSA/OPC blends due to a dense microstructure resulting from
ettringite formation.
Table 4. Compressive strength results (MPa)
C5

C10

G10

G20

1 day

Not hardened

Not hardened

2.6

2.8

28 days

48.5

38.1

39.9

43.1
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4.

CONCLUSIONS

The following conclusions can be drawn from the experimental results presented in this paper.







5.

The XRD pattern analysis presented that the incorporation of CSA cement delayed the early
hydration of OPC even though the hydration of CSA itself was accelerated at very early ages.
The replacement of OPC by 5% and 10% CSA delayed the hydration of main clinker C 3S,
thus resulting in the very low compressive strength at the early ages although the use of
CSA cement significantly reduced the setting time.
It is obvious from the analysis of XRD patterns that the addition of anhydrite mitigated the
transformation of ettringite into monosulfate and some of ettringite was transformed into
hemicarbonate and monocarbonate due to the presence of calcite in anhydrous OPC.
The ye’elimite phase has been significantly hydrated during initial 2 h of hydration, and most
of them were consumed at 24 h of hydration. Ettringite was produced at very early ages (2
h) of hydration and it remarkably reduced after 7 d of hydration. The amount of CH was 0 %
until 24 h and increased by 13.8 % at 7 d of hydration.
The lower amount of CSA cement was incorporated, the higher compressive strength was
obtained due to the hydration of the higher amount of C3S in OPC. The higher amount of
anhydrite resulted in the higher compressive strength of CSA/OPC blends due to the dense
microstructure resulting from ettringite formation.
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ABSTRACT
Due to its slow strength development at early age, long heat curing period and external energy
sources are needed for preparing alkali-activated fly ash (AAFA) concrete, which limit the application
of AAFA materials only to the pre-stressed and precast concrete. Microwave curing is considered to be
a promising technology which can significantly reduce the energy consumption of preparing AAFA
concrete. Based on the multi-stage microwave curing regime, alkali activated fly ash (AAFA) paste
riching in floating beads were prepared in an artificial dosage, and the effect of floating beads on the
mechanical properties of AAFA cementitious materials under microwave curing was studied. The
hydration process and reaction products of samples were studied by means of XRD, FTIR and
FESEM-EDS. The results showed that the addition of floating beads was beneficial to improving the
compressive strength of AAFA specimens. The optimum amount of floating beads was 10% and the
strength of AAFA samples could up to 49.44 MPa after curing for 105 mintues. The hydration speed of
the pastes with floating beads were faster than the standard pastes without floating beads.
Hydroxysodalite and chabazite-Na were formed quickly during the AAFA materials activated by NaOH
solution and cured under microwave system. Chabazite-Na phase is flattened ring-like initially, with the
extension of curing time, it developed into spherical particles of about 1 micron eventually and crossshaped prismatic bulges appeared on the surface. Meanwhile, worm-like substances also presented
on the zeolite particles surface.
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1.

INTRODUCTION

Portland cement (PC), the most widely used construction materials in the world. The large-scale
production of PC has not only caused the deterioration of the environment, but also consumed a lot of
mineral raw materials and non renewable energy resources. Moreover, the durability of PC is limited
(Ali MB et al. 2011, Davidovits J 1993). Therefore, its imperative to develop new cementitious
materials instead of PC. Alkali-activated fly ash (AAFA), composing of alkaline activators and fly ash,
shows similiar cementitious properties to PC. The main reaction product is three dimensional
amorphous sodium aluminosilicate hydrate (N-A-S-H gel) along with a small quantity of zeolites.
Thereinto, fly ash, a by-product from coal power plant, is produced on a large scale annually. It could
be activated directively by alkaline without using any PC to produce a cementitious material for it rich
in alumina and silica. Unlike PC, AAFA has lower CO 2 emissions and less energy consumption. More
importantly, it possess superior durability and realized the resource utilization of fly ash. Thus, AAFA
has been considered as a potential alternative to replace PC (Palomo A et al. 1999, Khale D et al.
2007).
Since the low activity of fly ash, the strength development of AAFA is very slow under room
temperature, thermal curing is essential for the initiation of the chemical reaction and then subsequent
appreciable strength gain (Criado M et al. 2005, Katz A 1998). However, the traditional thermal curing
method has a long curing cycle (Hwang SD et al., 2012), which inevitably increases energy
consumption and offsets the environmental benefits obtained from AAFA itself (Shi S et al., 2014).
Compared with conventional thermal heating, it has been arrived at a consensus that microwave is a
low energy heating source. In the past, several investigations have been carried out by different
researchers to explore the potential of using microwave as an alternative heating source to cure PCbased products (Xuequan W et al. 1987, Leung CKY and Pheeraphan T 1997, Rattanadecho P et al.
2008, Fabian M et al. 2016). Under the alternating electromagnetic field of microwave, dipolar
molecules of dielectric materials can vibrate and, thus, generate frictions between the molecules which
then convert microwave energy into heat energy instantly and volumetrically. Hence, the curing
duration and energy consumption can be reduced dramatically (Makul N et al., 2014). In recent years,
microwave curing for AAFA has arisen. Somaratna et al. reported the first application of microwave
curing on AAFA mortar. They found out that the high compressive strength of AAFA can be reached in
a short time under microwave curing (Somaratna J et al., 2010). Subsequently, Shi.S et al. studied
the microwave curing on AAFA paste, and proposed multi-stage microwave curing regime (the curing
process consisted of four stages and lasted for different durations) on the AAFA paste in light of
arbitrary of curing regime (Shi S et al., 2017).
Despite previous research have shown that microwave is a potential low energy curing technique, it is
focused on the macroscopic mechanical property of AAFA in the microwave field, seldom paid
attention on the hydration process of micro-beads, which makes the curing regime is imperfect.
Therefore, based on the exsisting multi-stage microwave curing regime (Shi S et al., 2017), this paper
attempts to prepare the fly ash groups rich in different amounts of floating beads in an artificial
simulation, and study strength development and hydration process of these kinds of AAFA under the
microwave curing. Simultaneously, the influence of floating beads on AAFA is also analyzed. It is
expected to provide a theoretical reference for the preparation of alkali-activated fly ash-based
preform with good properties by microwave curing technology in the future.
2.

EXPERIMENTAL

2.1

Raw materials

An original low calcium fly ash from a power plant in Sanmenxia( according to the Chinese standard
GB/T1596-2005, this fly ash could be ranked as class F) was calcined for 20 minutes at 800 ℃to
remove the carbon particles inside fly ash, and then the floating beads and magnetic beads among fly
ash were seperated from the fly ash by flotation and magnetic separation. The fly ash thus obtained by
the above method was used as raw material, called calcined fly ash. The mean particle size is 18.31
μm. The chemical mass percentages of calcined fly ash and floating beads were given in Table 1. The
mineral composition of calcined fly ash and floating beads were displayed in Figure 1 and Figure 2
respectively. It reveals that floating beads consist of glassy matrix with crystalline phases like quartz
and mullite. Unlike calcined fly ash, there is no hematite in floating beads. The calcined fly ash is used
as the standard sample (referred to as the Standard Group, SG). Different amount of floating beads
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are added to the standard group as floating beads-rich fly ash sample (referred to as Floating beadsrich Group, FG). Alkali activator is an analytical pure sodium hydroxide (NaOH) bought from
Tianzheng Fine Chemical Reagent Factory (Tianjin,China).
Table 1. Chemical composition of calcined fly ash and micro-beads (wt%)
Raw materials
Calcined fly ash
Floating beads

SiO2
44.19
40.30

Al2O3
32.46
38.16

CaO
4.949
2.37

Figure 1. XRD patterns of calcined fly ash
2.2

Fe2O3
3.751
2.032

K2O
1.31
0.869

TiO2
1.16
1.23

Figure 2. XRD patterns of floating beads

Preparation of AAFA paste and curing

The preparation of alkali activated fly ash (AAFA) paste is in accordance with the preparation process
of cement paste. The ratio of water to binder (W/B) was constantly 0.2 and amount of NaOH was 9%
of the binder throughout this investigation. According to Table 2, a certain amount of calcined fly ash,
floating beads and NaOH solution are mixed and stirred in the cement mixer, and then the mixed
paste was poured into the 25 mm x 25 mm x 25 mm of the tailored-made PEEK mould, which vibrates
1 minutes on the vibrator and curing under the microwave workstation after forming.
“Multi-stage microwave curing regime” adopted in this paper was shown in Table 3. As described
previously, Shi.S et al. proposed the curing temperatures at each stage were 65 ℃ (duration: 35
minutes), 85 ℃ (duration: 35 minutes), 105 ℃ (duration: 35 minutes) and 125 ℃ (duration: 85 minutes)
respectively (Shi S et al., 2017). Based of this, the curing regime was performed five stages. That is
to say, the last stage was divided into two sections, with a interval of 35 min. Mobilelab-series
microwave workstations produced by Tangshan Nayuan Microwave Instrument Manufacturing Co.,
Ltd. was used to curing samples to different stages (stage1, stage2, stage3, stage4-1, stage4-2). It
should be recognized that curing stages are continuous. After curing, samples were removed from
microwave oven and allowed to cool down to room temperature. And then used for subsequent
testing.
Table 2. Mix proportion design
Calcined fly ash

Floating beads

Amount of NaOH

(g)

(g)

（%）

100
95
90
85

－
5
10
15

9

Groups
SG
5% FG
10% FG
15% FG

W/B

0.20

Table 3. Multi-stage microwave curing regime
Stage

Curing temperature（℃）

Curing duration（min）

Power（W）
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1
2
3
4
2.3

65
85
105
4-1
4-2

125

35
35
35
35
85

400

Compressive strength test

The compressive strength of AAFA samples were tested using a NYL-60 testing machine at a load
rate of 0.5 N/mm2/second after the accelerated curing when the samples were cooled down to room
temperature. Three samples were tested for each case and the average value was recorded.
2.4

Characterization

Reaction products were characterised by means of X-ray Diffraction (XRD) and Fourier Transform
Infrared spectroscopy (FTIR). X-ray diffraction patterns were recorded in the range of 2θ=5 °80 °(interval of 0.02 °) on a D/Max2200 X-ray diffractometer, with Cu anode radiation operated at 40
kV and 40 mA. FTIR spectra were examined on an FTIR spectrometer in the wavenumber region of
4000-400cm-1 using KBr pellets. The microstructure of hardened AAFA paste were studied by Verios
460 field emission electron microscope (FESEM) along with EDS.
3.
3.1

RESULTS AND DISCUSSION
Compressive strength

Strength development of floating beads-rich groups and the standard group were shown in Figure 3. It
is seen that the compressive strength of all groups presenting increased to the max and then
decreased with the prolongation of curing duration.
The samples were soft and no strength when the standard group and floating beads-rich groups
accomplished the stage 1 of microwave curing. It is because 65 ℃ is the initial temperature of alkaliactivated reaction (Palomo A et al. 1999, Atiş CD et al. 2015), and holding time is too short to form
enough hydration products. Accordingly, the strength were not detected.
At the stage 2, strength of floating beads-rich groups less than that of the standard group. It possibly
because particle size of floating beads are larger than fly ash, and floating beads are hollow structure.
However, strength of the group with 15% floating beads-rich is higher than 10%, which may be due to
a reasonable particle size distribution.

Figure 3. Strength development of floating beads-rich groups
Curing to the stage 3, the strength of all floating beads-rich groups reached peak value. It is worth
noting that hydration rate of floating beads-rich groups are quite fast, a stage earlier than the standard
group reaching a peak value. This probably owing to hollow structure of floating beads stored a certain
amount of alkali solution under mechanical pressure when mixed with the alkali solution. During
microwave curing, the inner and outer walls of floating beads react simultaneously and produce a
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large amount of hydration products quickly. Unlike solid micro-beads, alkaline solution is already
present inside the micro-beads, eliminating the need for the activator to diffuse inward from the
outside of the beads, which greatly reduce the reaction time. In addition, the larger amount of floating
beads (except 15%), the higher peak value. The highest compressive strength of 49.44 MPa was
recorded for sample at 10% floating beads-rich group. It attribute to the introduction of floating beads
with high amorphous phase content. However, the maximum compressive strength of the 15% floating
beads group is only 32.88MPa, the possible reasons are as follows: the more alkaline solution enter
into the floating beads, the less alkali solution exist between fly ash particles. The above reasons
resulting hydration products formed between fly ash particles is limited, and making the interface
between particles becomes weak. So the strength reduced greatly.
To the end of stage 4-1, strength of floating beads-rich groups decreased, whereas the standard
group continued to increase and reached its peak value. The strength peak value of standard group is
42.77 MPa.
At the stage 4-2, compressive strength of all groups decreased. A possible explanation for it is that the
growth of small size zeolite phase lead to original dense structure becomes loose. And also may
owing to stress occuring between neighbouring particles. It shows over-curing has occured at 125 ℃.
Hence, it is necessary to control strictly curing stage and holding time.
3.2

X-ray diffraction analysis

Due to XRD patterns of all groups are identical, X-ray diffraction patterns of the 5% floating beads
group was selected to plot in Figure 4. The hump appeared in calcined raw fly ash represents the
amorphous phase (as indicated at 15-35 ° 2θ). After microwave curing, two new zeolitic phases were
identified in alkali-activated fly ash. One new zeolitic phase, as indicated by the new peaks appeared
at 13.9 ° 2θ were attributed to hydroxysodalite. The other new zeolitic phase identified at 24.2 ° and
34.4 ° 2θ was assigned to chabazite-Na (Bakharev T 2005, Criado M et al. 2007a, Kovalchuk G et al.
2007). The diffraction peaks of quartz, mullite and magnetite still exist after reaction, indicating the
crystalline phase does not take part in the reaction. These results were essentially in agreement with
those findings reported in the literature by other researchers.

Figure 4. XRD patterns of calcined fly ash and 5% floating beads-rich group curing to
different stages：(a)Calcined fly ash；(b)stage2；(c)stage3；(d)stage4-1；(e)stage4-2
3.3

FT-IR spectrum analysis

FT-IR analysis was further carried out to verify the reaction process. Figure 5 depicts the FT-IR
spectra of the 5% floating beads-rich group. The presence of quartz and mullite in calcined fly ash
was responsible for the bands appeared at 795-777cm-1 and 560cm-1 respectively. These bands
almost unchanged during reaction, indicating that the quartz and mullite phases are inert, which is
consistent with the XRD. In addition, a wide band associated with T-O (T=Al, Si) asymmetric stretching
vibrations from the amorphous phase can be observed at 1095 cm-1 in the calcined fly ash. After
alkali activation, the T-O band became sharper and shifted towards lower frequencies at 999 cm-1,
which is considered as the fingerprint of the formation of N-A-S-H gel in AAFA (Kovalchuk G et al.
2007, Criado M et al. 2007b, Fernández-Jiménez A and Palomo A 2005a). Moreover, bands
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associated with newly formed hydroxysodalite and chabazite-Na appeared at 734cm-1 and 693cm-1,
615cm-1 , which are in conformance with XRD analysis results.

Figure 5. FTIR patterns of calcined fly ash and the 5% floating beads-rich group
3.4

Morphology analysis

Figure 6 are images of growth process of the zeolite. It is visible from Figure 6(a) the zeolite phase is
flattened ring-like initially. Moreover, it also can be seen that the hollow floating bead produce microcrack easily, which explained the cause of floating beads-rich group in Figure 3 has low compressive
strength when samples microwave curing to the stage 2. With the prolongation of curing time, a large
number of spherical particles produced in the floating bead wall(see Figure 6 (b)). These substances
can be termed as zeolite precursor. Subsequently, the number of particles increased and crossshaped prismatic bulges appeared on particles surface. Zeolites thus formed. At the same time, wormlike substances presented on the zeolite particles surface which grew in floating beads wall(Figure 6
(c), (d), (e)). During curing period, the size of products increased from a few hundred nano-meters to 1
μm. EDS analysis shows that the molar ratio of Na, Al and Si of the new substances is 1:1:2(see
Figure 6 (g)). Combined with XRD and FTIR analysis, these spherical particles are Chabazite-Na
(Duxson P et al., 2007). Figure 6 (f) shows the mutual extrusion between adjacent particles, making
the inner wall of the floating bead run a micro-crack, which is the result of the particles grow sufficiently
when curing time is too long.

(a)

(b)
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(c)

(d)

(e)

(f)

(g)
Figure 6. FESEM image of the growth process of zeolite

Figure 7(a) and Figure 7(b) are FESEM images of zeolite precursors existing in the inner wall of
floating beads and pores respectively. It indicate that besides formated in the hollow floating beads,
zeolite precursors still existed in vesicle-like beads (Li H et al., 2014). Simultaneously, zeolite
precursors formed inside pores reduced the volume of pores and increased compressive strength of
samples.
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(a)

(b)

Figure 7. FESEM image of Chabazite-Na in vesicle-like floating bead and pore

4.

CONCLUSIONS

The addition of floating beads is beneficial to improving the compressive strength of AAFA specimens.
With the increase of floating beads, the maximum compressive strength of alkali activated fly ash
samples first increased and then decreased significantly, indicating that there exsist an critical value of
floating beads content. The optimum content of floating beads is 10% and the strength of samples
could reach 49.44 MPa.
The hydration rate of floating beads-rich groups are fast, a stage earlier than the standard group
reaching a peak value. Due to floating beads stored a certain amount of alkaline solution under
mechanical pressure when mixed with the solution, the reaction was carried out inside and outside the
wall simultaneously. Thus, the hydration rate of AAFA samples improved.
Fly ash-based cementitious materials activated by NaOH solution formed hydroxysodalite and
chabazite-Na. Chabazite-Na phase is flattened ring-like initially. With the extension of curing time, it
developed into spherical particles of about 1 micron eventually and cross-shaped prismatic bulges
appeared on the surface. And worm-like substances presented on the surface of zeolite particles
which grew in floating beads wall.
5.

REFERENCES

Ali MB, Saidur R, & Hossain MS (2011). A review on emission analysis in cement industries.
Renewable and Sustainable Energy Reviews, 15(5): 2252-2261.
Atiş CD, Görür EB, & Karahan O, et al (2015). Very high strength (120 MPa) class F fly ash
geopolymer mortar activated at different NaOH amount, heat curing temperature and heat curing
duration. Construction and building materials, 96: 673-678.
Bakharev T (2005). Geopolymeric materials prepared using Class F fly ash and elevated temperature
curing. Cement and concrete research, 35(6):1224-32.
Criado M, Palomo A, & Fernandez-Jimenez A (2005). Alkali activation of fly ashes. Part 1: Effect of
curing conditions on the carbonation of the reaction products. Fuel, 84:2048-2054.
Criado M, Fernández-Jiménez A, & De La Torre AG, et al (2007a). An XRD study of the effect of the
SiO2/Na2O ratio on the alkali activation of fly ash. Cement and concrete research, 37(5): 671-679.
Criado M, Fernández-Jiménez A, & Palomo A (2007b). Alkali activation of fly ash: Effect of the
SiO2/Na2O ratio: Part I: FTIR study. Microporous and mesoporous materials, 106(1-3): 180-191.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Davidovits J (1993). Geopolymer cements to minimise carbon-dioxide greenhouse-warming. Ceram.
Trans.,37: 165-182.
Duxson P, Fernández-Jiménez A, & Provis JL, et al (2007). Geopolymer technology: the current state
of the art. Journal of materials science, 42(9): 2917-2933.
Fernández-Jiménez A, & Palomo A (2005a). Mid-infrared spectroscopic studies of alkali-activated fly
ash structure. Microporous and Mesoporous Materials, 86(1-3): 207-214.
Fernández-Jiménez A, Palomo A, & Criado M (2005b). Microstructure development of alkali-activated
fly ash cement: a descriptive model. Cement and concrete research, 35(6): 1204-1209.
Fabian M, Jia YD, & Shi S, et al (2016). Optimization of the accelerated curing process of concrete
using a fibre Bragg grating-based control system and microwave technology. International Society for
Optics and Photonics, 9916: 99160P.
Hwang SD, Khatib R, & Lee HK, et al (2012). Optimization of steam-curing regime for high-strength,
self-consolidating concrete for precast, prestressed concrete applications. PCI journal, 57(3): 48.
Katz A (1998). Microscopic study of alkali-activated fly ash. Cement and Concrete Research, 28(2):
197-208.
Khale D, Chaudhary R (2007). Mechanism of geopolymerization and factors influencing its
development: a review. Journal of Materials Science, 42: 729–746.
Kovalchuk G, Fernández-Jiménez A, & Palomo A (2007). Alkali-activated fly ash: effect of thermal
curing conditions on mechanical and microstructural development–Part II. Fuel, 86(3): 315-322.
Leung CKY, & Pheeraphan T (1997). Determination of optimal process for microwave curing of
concrete. Cement and Concrete Research, 27(3): 463-472.
Li H, Xu DL, & Feng SH, et al (2014). Microstructure and performance of fly ash micro-beads in
cementitious material system. Construction and Building Materials, 52: 422-427.
Makul N, Rattanadecho P, & Agrawal D K (2014). Applications of microwave energy in cement and
concrete–a review. Renewable and Sustainable Energy Reviews, 37: 715-733.
Palomo A, Grutzeck MW, & Blanco MT (1999). Alkali-activated fly ashes: a cement for the future.
Cement and concrete research, 29(8): 1323-1329.
Rattanadecho P, Suwannapum N, & Chatveera B, et al (2008). Development of compressive strength
of cement paste under accelerated curing by using a continuous microwave thermal processor.
Materials Science and Engineering: A, 472(1-2): 299-307.
Somaratna J, Ravikumar D, & Neithalath N (2010). Response of alkali activated fly ash mortars to
microwave curing. Cement and Concrete Research,40(12):1688-96.
Shi S, Bai Y, & Li H, et al (2014). Comparative Study of Alkali-Activated Fly Ash Manufactured Under
Pulsed Microwave Curing and Thermal Oven Curing.
Shi S, Li H, & Fabian M, et al (2017). Alkali-activated fly ash manufactured with multi-stage microwave
curing. International Conference on Sustainable Construction Materials and Technology.
Xuequan W, Jianbgo D, & Mingshu T (1987). Microwave curing technique in concrete manufacture.
Cement and Concrete Research, 1987, 17(2): 205-210.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

The influence of direct current on the hydration of alkali
activated fly ash cementing materials at early age
Xiaodong Jiao1,a, Hui Li 1,2,3,b, Wukui Zheng 1,2,c, Huimei Zhu1,2,d, Feng Wu1,2,e, Wei Wang1,f,
Mengmeng Zhou 1,g
1College of Materials Science and Engineering, Xi'an University of Architecture and Technology, Xi'an,

China
2Shaanxi Ecological Cement & Concrete Engineering Technology Research Center, Xi’an, China
3State Key Laboratory of Green Building In Western China, Xi’an, China
a991164424@qq.com
bsunshineli@vip.sina.com
c 22426659@qq.com
dzhuhuimeitj@163.com
ewufeng@xauat.edu.cn
f1250305604@qq.com
g1791007136@qq.com

ABSTRACT
Alkali activated fly Ash (AAFA) cement as a low carbon environment-friendly material has attracted the
attention of many researchers. However, strength development of this cementitious material at room
temperature is too slow to limit its application. In this study, Direct current (DC) field was added to the
curing system of alkali-activated fly ash cementing pastes to improve its mechanical performance at
early age. The curing temperature, the resistivity and compressive strength development of the AAFA
were investigated. After 1 hour of electric curing, the mixture consisting of 11.6%Na2O with the
water/binder ratio of 0.38 obtained a compressive strength of 13.8 MPa at 3 days. Subsequently, the
compressive strength of mixture continued to grow at ambient temperature, up to 24.8 MPa at 28 days.
The analytic result of XRD shows that the formation of aluminosilicate gel and hydroxysodalite
(Na6(AlSiO4)6•8H2O) in AAFA materials under a short period of direct electric curing, improved the
strength of AAFA materials at early age.
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1.

INTRODUCTION

Cement is still the most commonly used binders in building materials industry. However, the
production of 1 tons of Ordinary Portland cement（OPC）will produce almost 1 tons of carbon dioxide
(Pacheco-Torgal F et al. 2008, Hasanbeigi A et al. 2010) and Portland cement industries contribute 57% of total worldwide CO2 emissions，which can cause significant environmental problems (Chen C
et al.2010). For another, in many developing countries, with the power generation of coal-fired power
plants, a large amount of CO2 and fly ash will be generated (Kovtun M et al.2016). It is estimated that
more than 500 million tons of fly ash is produced annually in China and the amount of fly ash will be
up to 30 billion tons by 2020. Effective utilization of the fly ash is a major problem which needs a
solution. Meanwhile, due to environmental friendly nature, enormous efforts have been made to
develop eco-friendly construction materials in order to reduce the CO2 emission and make the fly ash
beneficially used.
At present, fly ash had been widely used as an admixture at high replacement levels for concrete
(Durán-Herrera A et al.2011) and it also could be activated directly with an alkaline solution without
using any OPC to form geopolymer under ambient room conditions (Fernández-Jiménez A et al.2006).
The fact that fly ash is made into cementitious material can not only solve the storage and
environmental issues, but also reduce the exploitation of natural resources for cement production, for
example, limestone. However, strength development of alkali activated fly ash (AAFA) at room
temperature is too slow to limit application of the material. First of all, according to previous research,
the variety in the chemical and mineralogical composition of fly ashe, the proper alkali activator and
appropriate curing temperature has been considered essential factors to increase the initiation of the
chemical reaction and subsequent strength of alkali activated fly ash (Fernández-Jiménez A et
al.2003). The reaction process of AAFA is a chemical reaction which involves three main steps
including dissolution, polymerization and coagulation hardening: (a) a breakdown of the covalent
bonds -Si-O-Si- chain and -Si-O-Al- chain under strong alkaline condition; (b) the dissolved reactive
silica and alumina polymerize to produce the main reaction product；(c) condensation and hardening
of the structure in an inorganic polymeric system (Jaarsveld J G S V et al.2002). The activation of fly
ashes is a process that may be considered as a zeolitization in which the last phase does not occur,
since the experimental conditions lead to very fast dissolution and condensation reactions but a lower
one when the hardening take place. So without the presence of an external energy source as heat, the
polymerization reaction takes place very slowly under room temperature (Somna K et al 2011). Hence,
AAFA can't be unmolded in a short time at room temperature and needs to be cured to get good
mechanical properties at a relatively high temperature and despite the alkali excitation reaction is an
exothermic process (Bakharev T 2005). Palomo A (Palomo A et al. 1999) concluded that an increase
of the curing temperature accelerated the activation of alkali activated fly ash. In addition, Hardjito D
(Hardjito D et al. 2008) studied the changes of the compressive strength and the setting property at
the same age of different temperatures and indicated the strength increased with the increase of
curing temperature and the setting times decreased with the increase of the curing temperature.
Graytee A (Graytee A et al. 2018) studied the effect of microwave curing on the strength of
geopolymer and showed microwave curing at higher temperatures in short periods of time(≤60min)
could increase the compressive strength as compared to conventional heat curing. In other work，The
results of Yaning K (Yaning K et al. 2018) also showed that microwave curing could effectively
improve the early-age compressive strength of mortar prepared with composite binder containing
coarse glass powder. Steam and microwave curing techniques are expected in future, but they are
rather energy or time consuming respectively. In addition，It is so difficult for development of steam
and microwave curing equipment to produce big structural elements on the construction site.
Therefore, a new alternative to steam curing or microwave curing should be studied to improve the
early strength and setting time of alkali activated fly ash. Direct electric curing (DEC) is a technology
for rapid heating and curing concrete. Its process essentially consists of passing a current through the
freshly mixed concrete between two electrodes (Kafry I D 1983). Kovtun M (Kovtun M et al. 2016)
showed alkali activated fly ash concretes with compressive strengths up to 15 MPa at 2 days could be
gained under short time electric curing of alternating current (AC) but very limited information could be
found on electric curing with direct current (DC) of AAFA pastes. AAFA pastes consisted of activators,
fly ash and water are a conducting system, which could be cured by means of DC curing.
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In this paper, the electrical properties and the development of mechanical properties of alkali activated
fly ash pastes under direct current electric field is studied. The main contents include the preliminary
and ultimate strength development of the AAFA cementitious materials and resistivity change of the
AAFA cementitious materials under DC electric field in the study. Moreover, the mineral composition
were investigated by X-ray diffraction to provide insight into the strength development of pastes cured
by DC electric field.
2.
2.1

MATERIALS USED AND EXPERIMENT
Raw materials and activator

The characteristic of the starting material are the most crucial factors to influence properties of AAFA
end product. The fly ash used in this study was generated in a coal-fired power plant located in Henan
Province, China. X-ray diffraction (XRD) patterns of the fly ash in the study is presented in Figure 1,
。
。
which shows a diffuse band corresponding to the glassy phase at a 2θ of about from 10 ‐40 and
also shows that there is a large amount of glass phase of silica and alumina in the fly ash.
Furthermore, from the quantity and intensity of the XRD diffraction peaks, the main crystalline phases
of fly ash are mullite and quartz. The chemical composition of the fly ash used is shown in Table 1 and
calcium content of the fly ash is low. That is to say, the reactivity of the fly ash used in this study may
be relatively low at room temperature. In order to increase the reactivity of fly ash, the fly ash was
milled. The particle size distributions of the milled fly ash in the study is shown in Figure 2 and its
average particle size is about 4.34 um. The alkaline activator solution used in this study was made up
of sodium hydroxide crystals (96% purity) and tap water.
Table 1. Chemical composition of fly ash（%）
Al2O3
30.64

CaO
4.14

Fe2O3
4.11

TiO2
0.89
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Figure 1. XRD spectra of fly ash; Q=Quartz; M=Mullite
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Figure 2. Particle size distribution of the fly ash after grinding
2.2

Equipment design

The circuit diagram of the whole test device is shown Figure 3. The equipment consisted of modified
moulds, a DC voltage regulator of digital current and voltage with 150VA, output maximum current 5A,
output voltage 0‐30V, and a temperature sensor and a 40 cm long temperature measuring line (PTFE
material) with anticorrosion probe.
The equipment used for DEC of AAFA pastes in the study was designed to feed three samples of the
same mold connected in series, each sample consists of a 30×30×50 mm cuboid in a PTFE mould
with pure copper electrodes on two opposite phases (Kovalchuk G et al 2007). The modified moulds
are detachable and removable for the curing specimens. The electrodes were designed to be 30×30
mm to make the electric current traverses the full area of the specimen. The moulds with pastes were
coated with a fresh-keeping film to reduce the loss of water and then were placed in the incubator to
limit energy loss (Criado M et al 2006, John Gibb Wilson et al 1996).

Figure 3. The circuit diagram of the whole test device
2.3

Preparation of the AAFA pastes

Prior to the preparation of the AAFA pastes, NaOH solutions of the desired concentrations were
prepared and cooled down to room temperature. In the research, the water/binder ratio was kept at a
constant of 0.38. An activator concentration equivalent of 11.6% Na2O per fly ash mass was used as
the activator solutions. The program of the AAFA pastes in the study was listed in Table 2.
The order of mixing is that the fly ash was added after the NaOH solutions adding and stirred for four
minutes in cement paste mixer. After the agitation, the AAFA pastes was placed into modified casting
moulds and vibrated for 1 min.
In the study, two groups of parallel specimens were prepared by us each time. One named AF1 was
cured in a fog box at >90% relative humidity and 24±1℃ until demoulding test; the other named AF2
was cured by DEC and then they were cooled down, demoulded and cured in the same situation of
the first specimens. A set of three paste specimens was tested for standard cement strength at 3,
7and 28 days.
Table 2. Mix designs of AAFA paste.
Mix No.

Activator

Na2Oeq, wt.%

Water/binder ratio

AF1

NaOH

11.6

0.38

AF2

NaOH

11.6

0.38

Curing Method
At >90% relative humidity
and 24±1℃
DEC and at >90% relative
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humidity and 24±1℃
2.4

Experimental methods

All mixes were cured following a temperature cycle consisting of precuring, heating, isothermal and
nature cooling phase (Wilson J B et al. 1996), however, Kovtun M (Kovtun M et al. 2016) showed it is
obvious that the precuring times have no much effect on compressive strength for AAFA concretes
with NaOH solutions as a activator, moreover an increase of precuring time resulted in an increase of
the fresh paste resistivity and this will have a negative effect on power consumption during DEC. So in
the study, the precuring phase was not carried out. In the heating phase, rate of temperature rise
depends on the beginning applied power, the specific heat of material, the heat loss from the system,
and the heat generated by exothermic reaction. All pastes were heated from the room temperature to
the temperature of the isothermal phase. The temperature and time of the isothermal phase was set
for 85℃, 30min. Palomo A (Palomo A et al. 1999) showed mechanical strengths with 60 MPa were
obtained after curing the AAFA paste for only 5h at 85℃.Similar conclusion can be drawn from the
study done by Criado M (Criado M et al. 2005)on alkali activation of fly ash where curing at 85℃
provided a better strength in the long term. The 30-minute setting designed in the study is due to the
fact that the pastes can be demoulded and to reduce energy consumption. The temperature in the
isothermal process can be stabilized by adjusting the output power of the DEC device. After the
isothermal phase, the DEC equipment was turned off, and the specimens were left to cool down
naturally within the incubator. When they were cooled down about 30℃, they were demoulded and
cured at >90% relative humidity and 24±1℃ until test.
In the study, the values of voltage, current and temperature were recorded every 1 minutes by the
corresponding display instruments described above during the heating phase. Because of the high
temperature coefficient of resistivity for ionic solutions ( it refers to when the temperature change of
the resistance is 1℃, the relative change of resistance value), resistance values corrected to a
particular temperature must be used, the calculation of resistivity is corrected to a standard
temperature of 20℃ to allow for the high temperature coefficient of resistance using the formula:
Rc=U(1-α[T1 -TR ]) / I

(1)

where Rc = corrected resistance (Ω);
U= voltage (V);
I= current (A);
α =temperature coefficient of resistance(/℃)=-0.030/℃(Kovtun M et al. 2016);
T1 = measured temperature (℃);
TR = reference temperature (℃) =20℃.
For three same samples in the mold, the resistivity, ρ, of the AAFA material was calculated by using
Ohm`s law as indicated in Equation:
ρ=Rc S/L=27Rc /500

(2)

Where ρ=resistivity of AAFA paste (Ω·m)；
Rc = corrected resistance (Ω);
S=cross-sectional area of AAFA paste(m 2)=0.0027 m2;
L =length of AAFA paste(m)=0.05m.
In the study, Energy consumption is based on the integration of power to time. Generation of heat is
calculated by the following formula. Formulas for electrical and energy parameters are used：
E= ∫ U2 /Rc dt

(3)

Q=I2 𝑅𝑐 t

(4)

where P= power (W);
E= energy applied (kW ·h);
t= timing interval (h) =1/60 h;
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Q=CM( T1 -T0 )

(5)

Where Q=heat generated (J)；
t = heating time (s)
M=mass of material (kg)
C= specific heat capacity ( kJ/(kg·℃) )
T1= ending temperature (℃)
T0= starting temperature (℃)
2.5
Analysis methods
Microstructure and mineral composition of AF2 with samples of 3 days and 28 days was to carried out
to detect by XRD and Fourier Transform infrared spectroscopy (FTIP). The changes in mineral
composition for compressive strength development of the samples was to be seen through clearly.
3.

RESULTS AND DISCUSSION

3.1

Electric properties

Electric resistivity of paste is one of the main parameters to design equipment used for DEC. During
the DEC, the resistivity of the AAFA paste in the study was calculated by using Equations (1) and (2)
respectively and as shown in Figure 4. Figure 4(a) shows the resistivity values and current values in
the process of direct electric curing, the current values first increases and then decreases gradually
with the increase of direct electric curing time. Figure 4(b) shows that over the first 10min, the
resistivity values are decreased with the time, but after the 10 min, the resistivity values begins to
increase. The resistivity values initially decreased, which is attributed to an increase in temperature of
the conductive medium. The ions movement in a conductive medium is quicker with an increase in
temperature under the DC field, and, consequently, conductivity increases, resistivity decreases.
Afterwards the current values reached the peak and then had a sharper drop. Ziolkowski M
(Ziolkowski M et al. 2017) shows that is caused by design points with higher heating rates once the
peak current density was reached. Temperature rise is related to current flow in formula (4) and (5)
and there is a time interval between the peak temperature in Figure 5 and the peak current in Figure 4,
which indicates that the actual heating rate is markedly higher than the measured rate.
Meanwhile, in the process of direct electric curing, the temperature and power graphs are given in
Figure 5. The power was calculated by product of current and voltage. Figure 5 shows the
development of the power is opposite to that of the resistivity.
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3.2

Compressive strength

All samples were tested for compressive strength at 3, 7and 28 days and the compressive strength
results are presented in Figure 6. Puertas F ( Puertas F et al. 2000) found that AAFA cement pastes
could hardly be demoulded after 7 days when cured at 25℃. As can be seen from Figure 6, the
compressive strength at 28 days of AF1 at ambient temperature is only 16.2Mpa. Comparing to the
early compressive strength of AF1 at ambient temperature, the curing of using direct current
significantly improved the strength performance, the compressive strength at 3 days and 7 days of
AF2 increased about 14 MPa and then the compressive strength of 28 days of AF2 also improved
about 8 MPa, which indicating that DEC of using DC equipment can be effectively used for production
of AAFA pastes.
The compressive strength at early stage could to a great extent be improved under the DC field. On
the one hand, maybe the rate of the migration of ions in the DC electric field was quicker, which made
the contact probability of OH- and surface of fly ash increases and improved the degree of reaction of
fly ash. On the other hand, the rapid increase of temperature has accelerated the depolymerization
and condensation reaction of fly ash.

Compressive strength (Mpa)

25
AF1
AF2

20

15

10

5

0
3d

7d

28d

Time

Figures 6. Mechanical strength development of different curing time forAF1 and AF2.
3.3 XRD and SEM
The XRD patterns of the studied AF2 samples are shown in Fig. 7. First of all, in the analysis results,
the main products generated by the alkali-activation process are aluminosilicate substances with an
amorphous structure. It is very difficult to find the peaks of the products with amorphous phase by
XRD. But the diffractogram for the raw fly ash changed perceptibly when the fly ash was activated: the
halo attributed to the vitreous phase of the initial fly ash shifted slighted to higher 2θ values(2θ=2540°),which indicates the primary reaction product-the formation of an alkaline aluminosilicate hydrate
(N-A-S-H gel) (Criado M et al.2007).Then, numerous peaks of mullite (3Al2O3SiO2) and quartz (SiO2)
in the crystalline phase can be observed at all ages, which shows the relatively low reactivity of these
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phases in the alkaline condition. Only the glassy phases in the fly ash are to form the aluminosilicate
gel. Furthermore, alkaline activation also generated new zeolite-type crystalline phases around14°,
and28° 2θ for the AF2 samples at all ages. Criado M (Criado M et al.2005) also observed these peaks
and associated it with hydroxysodalite-Na6(AlSiO4)6·8H2O,which is a zeolite.
After 3d of AF2, the unreacted spheres (point“1”) and reaction product aluminosilicate gel (point “2”)
are all found in the system in Fig.8(a). The unreacted fly ash particles are surrounded by the reaction
products as the arrow shows in Fig.8(c), which might be suggesting that the precipitation of the
reaction products forms, in a short time of DEC, a shell on still unreacted spheres. Although a large
amount of OH- exists in the system at a higher concentration, which will prevent further activation of
the fly ash. From the energy dispersive X-ray spectra (EDX) analysis (see Table 3), an averaged
compositional ratios of ‘‘Na/Al’’=0.004 for the unreaction of the point “1” is smaller than that of that gel
(Na/Al=0.38 of point “2”, as deduced from Table 3). From the Fig.(b), it can be found that more gel
products are produced ,which make the structure densify and the increase of strength cured for 28d at
ambient temperature. Fig.8(d) show that some irregular crystals (point “3”) were observed on the
matrix of the product “N-A-S-H gel”. They contain more Na and less Al than the main matrix
(Na/Al=1.12, as deduced from Table 3). These portions probably correspond to a more advanced or
developed stage of the aluminosilicate gel. Meanwhile, the same similar product (hydroxy sodalite)
was also found by Katz A (Katz A et al. 1998) and the existence of hydroxy sodalite are confirmed by
the XRD of AF2 in Fig.7. The tracks of spheres previously occupying that space can also be seen in
Fig. 8(a).
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Fig. 8 SEM images showing the characteristic morphology of the sample AF2 with different
curing time;(a), (c): the SEM of AF2 cured at 3d; (b), (d): the SEM of AF2 cured at 28d.
Table 3.EDX microanalysis on specific points of the samples (atomic data)
Sample

Point

Na

Al

Si

Na/Al

Si/Al

AF2

1
2
3
4

0.12
4.79
12.93
34.65

29.18
12.67
11.51
6.67

41.8
28.89
15.39
6.83

0.004
0.38
1.12
5.19

1.43
2.28
1.34
1.02

3.4 FTIP
The FTIR spectra from 4000 to 500 cm -1 of the AF2 samples at different ages are presented in Figure.
9. It can be seen from Figure 8. that in the region of high wave number (functional group region) of
4000 cm-1-1300 cm-1, it is mainly H-O-H and O-C-O. (Lodeiro I G et al. 2009).The broad peaks
observed in all spectra between 3000cm -1and 3600cm-1 were attributed to the asymmetric stretching of
H–OH, the bending mode of H–O–H is also observed around 1670 cm-1 of AF2. As the curing age
increases, a narrowing of the H-OH band and a slight increase in intensity are identifiable. Ismail I
(Ismail I et al. 2013) explained that this is caused by the presence of chemically bound water in the
alkali aluminosilicate gel. The O-C-O stretching vibration band in the region about 1430 cm -1 and 1447
cm-1 was attributed to the atmospheric carbonation.
The absorption peaks in the fingerprint region of fly ash (below 1300 cm-1) are assigned to the
stretching vibration of the T–O bonds (T: tetrahedral Si or Al) in the fly ash, and the main peak appear
near 1080cm-1, which is caused by the asymmetric vibration frequency of the aluminosilicate with T-OT bonds. The shift in the main band for AF2 at all ages was attributed to the formation of alkali
aluminosilicate gel as a result of NaOH activation. The T-O-T band shifted to 992 cm -1 for AF2
samples respectively, at 3 days. From 3 to 28 days, the T-O-T band for AF2 samples shifted back to a
higher frequency of 1010cm-1. Ziolkowski M ( Ziolkowski M et al. 2018) showed the movement mode
of the band corresponded to the compressive strength development of the AF2 samples (Figure.6).
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Figure 9. FTIR of raw fly ash and AF2 samples after curing at 3 days and at 28 days.
3.5 Other Observation of experiment
In the study, bubbles on both sides of the electrodes were observed during the process of electrical
curing. The fresh AAFA pastes consist of activator(NaOH), water and fly ash. When we apply the DC
electric field to the system, the electrolytic cell is formed. In this system, the cations originally have Na+
and H+, and anions have OH-. With the conduction of electricity, electrolysis of sodium hydroxide
solution results in gas generation as follows:
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Anode：4𝑂𝐻 − − 4𝑒 − = 2𝐻2 O + 𝑂2 ↑

Cathode：4𝐻 + + 4𝑒 − = 2𝐻2 ↑

(6)

But the fact of sodium hydroxide solution electrolyzed is electrolysis of the water in the system, which
results in an increase in the concentration of OH - and this is beneficial to the activation of the fly ash.
On the other hand, the speed of the migration of ions in the DC electric field is also quicker, which
increases the contact probability between OH- and surface of fly ash and improves the degree of
reaction of fly ash.
Fig.10 shows some specific morphological and microstructural characteristics of AF2 after 3d and
28day curing. Fig.10(e) shows SEM of AF2 at 3d and some long stripes similar to fibers with about 50
µm length were observed curing for 3d. It can be seen that the formation of these substances should
evolve from the center of matters to the surrounding and that they are not only present on the surface,
but are also shown to be interspersed in the fly ash and the products in Fig.10(e). Fig.10(f) shows that
these substances begin to disconnect gradually and disappear as shown as the curing age increases
for 28 days. The (EDX) corresponding to the points marked “4” in Table 3. The EDX for point “4”
shows the elemental composition of the stripes similar to fibers. The content of “Na” was too large that
indicates these substances are, to a large extent, crystals of sodium hydroxide. The reason for this
phenomenon is that with the power supply turning off, the temperature of the cementitious material
began to drop to normal temperature, the unreacted sodium hydroxide in the process began to
precipitate and crystallize. With the curing age increasing, these substances gradually participate in
the hydration process and disappear. This phenomenon also indicates the occurrence of the
directional shift of sodium hydroxide in DC electric field, which will be in favor of increasing the
reaction degree of fly ash and improving the early properties.

4

(e)
(f)
Fig. 10 SEM images showing the characteristic morphology of the fly ash and the sample AF2
with different curing time;(e) the SEM of AF2 cured at 3d; (f): the SEM of AF2 cured at 28d.
4. CONCLUSION
In the study, low calcium fly ash and sodium hydroxide were used to produce alkali-activated fly ash
pastes and through adding the direct current electric filed, the following conclusions can be drawn
from the investigation.
The resistivity values as a whole first decreases and then increases with the increase of direct electric
curing time, which is caused by a change in temperature during electrical curing. A value of energy
input is necessary to achieve the required value of temperature and this will depend on the particular
material of AAFA used. In the isothermal phase, the control of temperature can be achieved by
adjusting the output power of the electrical equipment. Compressive strengths up to 13.8Mpa and
24.8Mpa at 3 and 28 days respectively can be achieved after relatively direct electric curing of short
time of 1h.
The addition of the direct electric current can largely improve the early performance of alkali activated
low calcium fly ash cementitious materials and the XRD and SEM show the appearance of a
crystalline product (hydroxysodalite-Na6(AlSiO4)6·8H2O). The movement of the T-O-T bands deriving
from FTIP corresponded to the compressive strength development of the AF2 samples. Meanwhile, it
can be found from the SEM of AF2 that the product “N-A-S-H gel” makes the structure denser cured at
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room temperature to 28 days, which makes the compressive strength continue to increase with the
increase of the curing time.
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ABSTRACT
Leaching is a phenomenon of fundamental interest in low-level radioactive waste disposal, and the
measurement of the leaching resistance of different wasteforms is very important for proper waste
management. In general, alkali-activated binders (AABs) can be considered as a sustainable solution
for safe immobilization of hazardous wastes containing different toxic or radioactive elements.
In this paper, the leaching resistance of AAB based on blast furnace slag (BFS), contaminated with 2%
cesium (i.e., solidified simulated low-level radioactive waste), was investigated according to the
ANSI/ANS-16.1-2003 standard procedure.
Based on the leaching results obtained for different elements, in particular for Cs, Si, Al, Ca, Na, and
K, it was concluded that the short (up to 5 days) semi-dynamic process of leaching from AAB can be
divided into two distinct stages: a) fast leaching of non-bound or loosely bound ions during the initial 24
hours, which occurred mostly between the surface of AAB and the leachant, and b) slower leaching in
the later stages of the experiment, which was controlled by diffusion of ions through AAB matrix.
By calculating the diffusion coefficient (D) and the leachability index (L) of cesium, it was also
concluded that AAB based on blast furnace slag, synthesized under the given experimental conditions,
can be considered as a potentially efficient matrix for immobilizing up to 2% cesium in hazardous
wastes.
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1. Introduction
Leaching is a phenomenon of fundamental interest in low-level radioactive waste disposal, and the
measurement of the leaching resistance of different wasteforms is essential for proper management of
these potentially hazardous substances.
Alkali-activated binders (AABs) have frequently been studied for immobilization of different hazardous
wastes, such as heavy metals or complex solid and liquid industrial wastes (Lancellotti et al. 2014).
However, there are a limited number of studies related to the use of AABs for radioactive waste
immobilization (Bernal et al. 2014). in particular when blast furnace slag (BFS) was used either as a
sole solid precursor (Qian et al. 2001, Tsutsumi et al. 2014, Vandevenne et al. 2018) or combined with
other solid aluminosilicate precursors (Qian et al. 2001, Chen et al. 2010, Kryvenko et al. 2015, Jang
et al. 2016, El-Naggar & Amin 2018).
In this paper the leaching resistance of an alkali-activated binder based only on blast furnace slag,
contaminated with cesium (i.e., a solidified simulated low-level radioactive waste) by a short-term test
procedure (up to 5 days) was investigated according to the ANSI/ANS-16.1-2003 standard test
method.

2. Experimental
2.1 Materials
In this work, granulated blast furnace slag from pig iron production at the facility “Železara Smederevo”
(Serbia) was used as a solid precursor for the synthesis of the alkali-activated binder. Prior to testing,
granulated BFS was ground so that its specific surface area (according to the Blaine test) was ~400
m2/kg.
Sodium silicate solution (13.60% Na2O, 26.25% SiO2, 60.15% H2O on a mass basis; GalenikaMagmasil, Serbia) was used as an alkali activator; its modulus (n = SiO2/Na2O, mass ratio) as
supplied was 1.93. The sodium silicate modulus was adjusted to 1.5 for use in alkali-activation by
adding sodium hydroxide pellets (98.5 % NaOH, Lach-Ner, Czech Republic), according to the
previously optimized procedure (Marjanović et al. 2015).
Cesium chloride (99.5% CsCl, Superlab, Serbia) was used as a Cs source for doping AAB.
Concentrated nitric acid (65% HNO3, Analar Normapur, EC) was used to stabilize the leachate (the
solution after the process of leaching and filtration was finished) until instrumental analysis.

2.2 Paste preparation
The preparation of AAB paste was performed by mixing ground BFS, sodium silicate solution, and
water or cesium chloride solution (in the case of AAB doped with Cs). The concentration of Na2O was
4%, while the concentration of Cs was 2.0% with respect to the total mass of BFS. The water/binder
ratio (water represents the total amount of water in the system including water from the activator, while
binder represents the total mass of BFS and the solid part of the activator) was 0.21. The AAB paste
was mixed for two minutes, then poured into a cylindrical plastic mold (ø 60 × 10 mm), after which the
air bubbles were removed on a vibrating table. The AAB pastes were cured covered with plastic for 23
h at 95 oC, and then, also covered, at room temperature until testing.

2.3 Methods of characterization
2.3.1 Chemical composition and particle size distribution of BFS
The chemical composition of BFS was examined by a classical chemical analysis - alkali melting, and
the results are given in Table 1, while the particle size distribution of BFS was examined by wet
sieving and the results are given in Table 2.
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Table 1. Chemical composition of BFS, reported on an oxide basis other than for the reduced S
component. LOI is loss on ignition
Comp.

SiO2

Al2O3

Fe2O3

MnO

CaO

MgO

SО3

S

Na2O

K2O

LOI

Mass (%)

39.88

6.68

0.97

0.63

39.34

8.61

0.20

0.51

0.42

0.61

1.23

Table 2. Particle size distribution of ground BFS
Particle size

< 45 μm

> 45 μm

> 63 μm

> 100 μm

Mass (%)

85.98

6.50

4.11

3.41

2.3.2 Leaching tests
Semi-dynamic leaching tests of different elements (Si, Al, Ca, Mg, Na, K, Fe, and Cs), both from the
reference and Cs-doped AAB, were performed according to the ANSI/ANS-16.1-2003 standard
procedure. This test is a semi-dynamic leach experiment that consists of submerging a monolithic
sample (with a fixed geometry) in water at a fixed liquid-volume to solid-geometric surface area ratio,
and replacing all the leachate at fixed periods of time. The leachates are then analyzed for key
constituents.
Demineralized water (<5 μmho/cm at 25 °C) was used as a leachant at a liquid volume to wasteform
surface area (L/S) ratio of 10 ± 0.2 cm. The specimens were put in a plastic container with leachant
while being supported by a grid plastic holder that does not preclude more than a small fraction of the
specimen`s external surface from exposure to the leachant. The standard leaching test was performed
without any stirring within a period of 5 days, whereby the leachate was completely replaced by fresh
leachant after cumulative leach times of 2, 7, 24, 48, 72, 96, and 120 hours. After the specified period
of leaching the leachate was vacuum filtered through a 0.45 m membrane filter, after which the pH of
the leachate was measured with a pH meter (HANNA instruments HI 991001, USA).
An inductively coupled plasma optical emission spectrometer (ICP–OES, Spectro–Genesis EOP II,
Spectro Analytical Instruments GmbH, Kleve, Germany) was used to determine the concentration of
leached elements present in the leachate. Before testing the leachate was acidified with nitric acid to a
pH value less than 2.

3. Results and discussion
3.1 Composition and pH of leachate
The results of the leaching tests for Cs, Si, Al, Ca, Na, and K are given in Figures 1 and 2. The values
of Mg and Fe leached were below the detection limit throughout the whole period of testing, i.e.
magnesium and iron leached were not detectable; therefore, the results are not given.
In the case of AAB doped with 2% Cs, the concentration of Cs cations leached from AAB has reached
its peak after the first 24 hours of testing, probably due to the leaching of non-bound or loosely bound
cesium cations present in the pore solution on the surface or close to the surface of specimen, which
is also known as the surface wash-off (Abdel Rahman & Zaki 2009). Fast initial leaching of cesium
was followed by lower leaching rates between 48 and 120 hours of testing (Figure 1a), which was
obviously controlled by the diffusion of Cs through the AAB matrix. Therefore, the surface wash-off
mechanisms should also be taken into account while developing models for predicting the long-term
behavior of the immobilized waste matrices.
The same leaching pattern was identified for silicon (Figure 1b), potassium (Figure 1f), and to some
extent aluminum when the AAB was doped with 2% Cs (Figure 1c). The overall concentration of
aluminum leached was quite low, which is in agreement with our previous findings (Komljenović et al.
2012). Relatively high leaching of silicon is probably connected with the excess of sodium silicate
present in the pore solution, since it is relatively difficult to remove Si from C–A–S–H gel in AAB by
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aqueous leaching. This statement is also supported by quite low silicon leaching when BFS was
activated with sodium hydroxide only (Vandevenne et al. 2018). The concentration of sodium leached
was relatively high throughout the whole experiment duration (Figure 1e), with a noticeable decline in
the final stages of the experiment (72-120 hours) probably due to the depletion of sodium ions present
in the pore solution.
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Figure 1. Incremental leach fractions of main elements from AAB matrix up to 120 hours
(reference AAB, and AAB doped with 2% Cs)
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Figure 2. Cumulative leach fractions of main elements from the AAB matrices up to 120 hours
(reference AAB, and AAB doped with 2% Cs)
The presence of Cs cations did not significantly influence the leaching of Si, Ca (Figure 1d), and Na,
while some minor influence was noted in the case of Al. The most significant influence of the presence
of Cs cations was noticed in potassium leaching, particularly during the first 48 hours (Figure 1f).
However, the increased potassium leaching in the mentioned period did not have any significant
impact on the pH values of leachate (Table 3), since the concentration of potassium leached was
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relatively low, as this was only supplied by the slag and not the activator. On the other hand, sodium
leaching had a more pronounced effect on pH value of leachate, particularly after the first 48 hours
when the concentration of sodium leached started to decline, followed by a pH decline regardless of
the Cs cations present (Table 3). These results are also in good agreement with some recent findings
(Vandevenne et al. 2018).
Table 3. pH of leachates up to 120 hours measured at each replacement of the water (reference
AAB, and AAB doped with 2% Cs)
Leaching period
(h)

2

7

24

48

72

96

120

Ref. AAB

11.02

11.13

11.53

11.42

11.15

11.06

10.93

2% Cs

10.94

11.15

11.51

11.43

11.18

11.05

10.98

Cumulative leaching results for main elements from the AAB matrices are given in Figure 2. These
results confirmed the high mobility of alkali cations in the pore system of the AAB matrices based on
BFS, particularly of Cs and Na, which might have a negative influence on the efficiency of Cs
immobilization. These results are in good agreement with the results of Lloyd et al. (2010) who also
suggested that the presence of calcium was important for reducing alkali mobility through reduction of
pore volume. This might mean that AAB based on high-calcium containing solid precursors, such as
blast furnace slag, could provide a better microstructural environment for safe immobilization of wastes
than low-calcium containing solid precursors, such as the ASTM type F fly ash which would generate a
more porous binder. However, Cs binding in C-S-H type gels is known to be relatively weak, whereas
some low-calcium containing binders could potentially offer specific chemical binding of Cs and/or ion
exchange for the other alkalis present (Jang et al. 2016).
It is also worth noticing that the concentration of Ca in the leachate, although relatively low, steadily
increased over time. This might be the result either of C-A-S-H decalcification or additional dissolution
of unreacted BFS grains, or even both. This phenomenon should not represent a serious threat to the
structure stability of AAB since our previous findings showed that the strength of AABs slowly but
steadily increases over time even when AABs were exposed to aggressive solutions (Marjanović et al.
2015).

3.2 Diffusion coefficient (D) and leachability index (L)
The diffusion coefficient (D) and the leachability index (L) of cesium leached from AAB can be
calculated according to the following equations (ANSI/ANS-16.1–2003):
D =  (аn/Ао)/(Δt)n2·V/S2·T

(1)

where D is the effective diffusivity (cm 2/s), аn is the quantity of cesium released from the specimen
during leaching interval n (g), Ао is the total quantity of cesium in the specimen at the beginning of the
first leaching interval (g), (Δt)n = tn–tn-1 is the duration of the nth leaching interval (s), V is the volume of
the specimen (cm3), S is the geometric surface area of the specimen in contact with the leachant as
calculated from measured dimensions (cm2), and T is the leaching time representing the “mean time”
of the leaching interval (s) as follows:
T = [1/2(tn1/2+tn-11/2)]2

(2)

The non-dimensional leachability index is defined by:
Li = 1/7 Σ17log(/Di)n
where  is a defined constant (1.0 cm 2/s).

(3)
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Based on the results of cesium leaching tests (given in Figure 1a) and the equations (1), (2), and (3),
the diffusion coefficient (D) and leachability index (L) of cesium leached from alkali-activated BFS
doped with 2% Cs were calculated, and are given in Figure 3.

Figure 3. Diffusion coefficient (D) and non-dimensional leachability index (L) of cesium leached
from alkali-activated BFS doped with 2% Cs versus time
The leachability index (L) is a parameter which characterizes the leaching resistance of an element of
interest, and can be used to estimate the applicability of a certain material or matrix for safe
immobilization of hazardous waste. Obviously, the mean leachability index of cesium leached from
alkali-activated BFS doped with 2% Cs (7.84, Figure 3) exceeded the minimum required value of 6,
since the value of 6 is considered as the threshold for a given matrix to be accepted as adequate for
the immobilization of radioactive wastes (Abdel Rahman et al. 2007). The results presented here are
comparable with the results for cesium immobilized in Portland cement matrix obtained under same
experimental conditions (ANSI/ANS-16.1), where after 5 days of leaching the mean cesium diffusion
coefficient and leachability index were 1.2·10-7 cm2/s and 6.9, respectively (Jang et al. 2016).
Consequently, an AAB based on BFS, synthesized under given experimental conditions, can be
considered as a potentially efficient matrix for immobilizing cesium from radioactive wastes.
It also seems resonable to expect that by the addition of some other material with high sorption
capacity, such as clay or zeolite, the leachability index of cesium immobilized in alkali-activated BFS
might be additionally improved.

4. Conclusions
In this paper the leaching resistance of alkali-activated binder (AAB) based on blast furnace slag
(BFS), contaminated with 2% cesium (i.e., a solidified simulated low-level radioactive waste), was
investigated according to the ANSI/ANS-16.1-2003 standard procedure.
Based on the leaching results obtained for different elements, in particular for Cs, Si, Al, Ca, Na, and
K, it was concluded that the short (up to 5 days) semi-dynamic process of leaching from AAB can be
divided into two distinct stages: a) fast leaching of non-bound or loosely bound ions in the initial 24
hours which occurred mostly between the surface of AAB and the leachant, and b) slower leaching in
the later stages of experiment which was controlled by diffusion of ions through the AAB matrix.
By calculating the diffusion coefficient (D) and the leachability index (L) of cesium it was estimated that
AAB based on blast furnace slag, synthesized under the given experimental conditions, can be
considered as a potentially efficient matrix for immobilizing up to 2% cesium in hazardous wastes.
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ABSTRACT
In this work, authors report an investigation that reveals the possibility of dosing "Portland-Alkaline"
hybrid cements by mixing small amounts of Clinker with different cementitious materials (in the form of
binary mixtures, ternary, etc.). Specifically, one binary and three ternary cements are described in the
paper: B2-FA [20% Clinker + 80% Flying Ash (FA)]; B3-FA [20% Clinker +50% FA + 30% Ground
Granulated Blast Furnace Slag (GBBFS)]; B3-MK [20% Clinker + 40% Blast Furnace Slag (BFS) +
40% Metakaolin]; B3-BT [20% Clinker + 40% Blast Furnace Slag (BFS) + 40% Dehydroxylated
Bentonite]. These cements (in the absence and presence of a solid activator) have been hydrated with
water. All of them have the same Clinker content (20%) and all of them have technological properties
(mechanical strength development) similar or even better than the commercial cements used as
reference. Finally, and the most relevant is that all of them, in their hydration process, there is a
generation of more than one type of cementitious gel.
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1

INTRODUCTION

In 2001 Alonso and Palomo published an article about the alkaline activation of mixtures of metakaolin
+ lime (Alonso and Palomo, 2001) where it was revealed the simultaneous precipitation of different
types of cementing gels (C-A-S-H / N-A-S-H and/or similar gels) was a technological option by simply
modifying the pH levels at which the hydration of the mixes occurred. Since then, many researches
have been developed to understand better the chemistry of hybrid cements made by Portland cement
plus alkaline cement ((Donatello et al 2013, García-Lodeiro, et al 2013, Alahrache, et al 2016,
Martauz, et al 2016); i.e., mixes of materials able to generate the simultaneous precipitation of the
hydration products of Portland cement (C-S-H gel or C-A-S-H gel) and of the hydration products of the
alkaline cements (N-A-S-H, N-(C)-A-S-H, etc.) (Garcia-Lodeiro et al 2011, 2016).
From the technological point of view of the materials applications, it seems reasonable to make the
following assumption: "The development of a solid and compact matrix containing a mixture of
different cementitious gels can generate in this matrix interesting and novel mechanical and durable
properties". In fact, the existing literature on hybrid cements has already shown this (Alahrache, et al
2016, Martauz, et al 2016, Garcia-Lodeiro et al 2016). And from the sustainability point of view,
everything suggests that hybrid cements can help to reduce considerably the consumption of Clinker
Portland and the consumption of high volume of natural resources.
The most frequently studied hybrid cement are mixes of Portland Cement (Portland Clinker) with Fly
Ash (Alahrache, et al 2016, Martauz, et al 2016, Garcia-Lodeiro et al 2016) and/or ground granulated
blast furnace slag (GGBFS) (Fernández-Jiménez et al 2013, Angulo Ramirez et al 2017), followed by
those with natural pozzolans or dehydroxylated clays (metakaolin, bentonite, etc.), or even complex
mixes of three or more of the mentioned materials (García-Lodeiro et al 2015). The present work
covers a brief study of a set of hybrid cement, all formulated with a low content of Clinker Portland
(20%) and a large content of supplementary cementitious materials. Even though hybrid cements
admit the use of many kinds of alkaline activators (Alahrache, et al 2016, Garcia-Lodeiro et al 2016),
it’s remarkable that during the research program, a variety of alkaline activator has been used,
focusing on the selection of adequate solid and economically efficient activator as a key objective.
Resulting hybrid cements are hydrated with water, as the commercially available Portland cements,
developing similar fresh and hardening characteristics.
Some of the alkali activators used on this research study are: Na2SO4, Na2CO3, Na2SiO3, Li2SiO3 and
Li2CO3. Because the restricted length of the present publication, not all the results are included. But to
each hybrid cement, its alkali activator has been specified.
2.- HYBRID CEMENTS BASED ON CLINKER AND FLY ASH (BINARY SYSTEM, B2-FA)
Table 1 shows the chemical composition of the cement B2-FA [20% Clinker + 80% Fly-Ash (FA)]
determinate by XRF and the binary hybrid cements with and without alkali activator. Hybrid cements
correspond only to formulations where the alkali activator has been introduced at the manufacture
process (B2-FA-C and B2-FA-S). These cements are hydrated with water, and the resulting paste is
studied as a regular Portland Cement. Prism moulds (10 x 10 x 60 mm) were prepared to test
compressive strength. The samples in the moulds (6 prism by mould) were cured up to 24 h in a
conditioned chamber (22 ºC and 99% R.H.), at 24 h samples were demoulding and continuously cured
at the same chamber and under same conditions. Prisms were tested to determine compressive
strength at 2, 28 and 90 days. The water to cementitious materials (W/C) ratio was determined to
reach same consistency by flow measurement.
Compressive strength results are presented at Figure 1. Without alkaline activator, the strength
development of the cement B2-FA-H at 2 days was low. Nevertheless, the addition of an alkali
activator increases notoriously the kinetic and the strength development. At the B2-FA cement
formulation, because the absence of an alkali activator, the hydration of the Portland Clinker begins
first and the Fly-Ash reacts later with the Ca(OH)2 that precipitates during the hydration of the clinker
(pozzolanic reaction) (Taylor, 1997). Due to the low Clinker content and the high Fly-Ash content, this
is a slow process. When there is an alkaline activator in the system, an increase in the pH of the
aqueous phase is induced, accelerating the dissolution of the Fly-Ash and, therefore, stimulating the
chemical reactions within the system (see the heat development of hydration in Figure 1). In summary,
the high pH values intensify the reactivity and consequently the initial development of mechanical
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strength (García-Lodeiro et al., 2013). For this reason, the compressive strengths developed of the
two hybrid cements: B2-FA-C and B2-FA-S can be described as very satisfactory, observing at the all
ages tested a mechanical behavior very similar to the normally commercial cements
Table 1. Chemical composition and hybrid binary cement formulations B2-FA

Al2O3
18.10

Name
B2-FA-H
B2-FA-C
B2-FA-S

Chemical composition (% by weight)
CaO
Fe2O3
MgO
Na2O SO3
K2O
TiO2
P2O5
LoI*
15.26
7.49
2.15
0.64
1.01
2.42
0.72
0.21
2.29
Hybrid binary cement formulations (% by weight)
Precursor (P)
Solid Alkaline Activator (A)
W/C
Ratio
Clinker
FA
C =(Na2CO3)
S =(Na2SO4)
20
80
-----0.40
20
80
4%
--0.38
20
80
---4%
0.38
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Figure 1. (Left) Compressive strength (paste) of hybrid cements B2-FA at 2 and 28 days; (Right) heat
flow and total heat. (Legend: H=H2O; C=Na2CO3; S= Na2SO4)

3.- HYBRID CEMENTS BASED ON CLINKER, BLAST FURNACE SALG AND FLY ASH (TERNARY
SYSTEM B3)
Using the same experimental procedure briefly explained in the previous section, the pastes obtained
by hydrating with water the hybrid cements formulated with Clinker, Fly-Ash, ground granulated blast
furnace slag (GGBFS) and Alkaline Activator were poured into prismatic moulds (10 x 10 x 60 mm).
Samples were cured during 24 h to be demolding and continuously cured at same conditions (22 ºC
and 99% R.H.), in order to reach testing ages of 2, 28 and 90 days to determine compressive strength.
The W/C ratio was determined to reach same workability by flow measurement (see Table 2). A
sample of the activator-free ternary B3-FA-H mixture was used as reference. The results are shown in
Figure 2.
These results are very similar to those obtained with the B2-FA binary mixture, where the presence of
an alkaline activator significantly increases the initial mechanical strengths of the cements (over than
20 MPa at 2 days). At latest ages, the strength of all cements tested tends to be similar. In this specific
case it is also observed that the incorporation of a percentage of Slag (GGBFS) (ternary B3 mixture
versus binary mixture B2 of the previous section) improves the strength at 2 days.
In summary, the multi-component hybrid cements studied in this research (B3 ternary mixes) also
developed excellent technological properties. The higher strengths, like in the binary mixtures of
section 2, were reached with the activator “S”.
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Table 2. Composition and formulation of hybrid cements B3-FA (% by weight)
Chemical Composition
Fe2O3
MgO
Na2O
SO3
K2O
TiO2
5.06
4.05
0.61
1.35
1.83
0.54
Composition of hybrid cement
Precursor (P)
Solid Activator (A)
Clinker
FA
BFS
C =(Na2CO3) S =(Na2SO4)
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-----20
50
30
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--20
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---4%
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Figure 2. (Left) Compressive strength (paste) of hybrid cements B3-FA at 2 and 28 days; (Right) heat
flow and total heat. (Legend: H=H2O; C=Na2CO3; S= Na2SO4)
Regarding the hydration kinetic of these ternary cements, the calorimetric technique again shows the
remarkable increase in heat development when hybrid cements include an alkaline activator,
compared to the same ternary system without alkalis.
These findings confirmed that the activators used with this type of compositions significantly improve
the reactivity of Fly-Ash and GGBFS, both individually and when mixed together, always generating,
from the first instants of hydration, the precipitation of cementitious gels in greater quantities than
when there is no alkaline activator in the system. Obviously the "significant" amounts of cementitious
gel that precipitates in these hybrid cements provide these materials with levels of mechanical
strength comparable to the strength level developed by commercial Portland cements.
4.- HYBRID CEMENTS BASED ON CLINKER, BLAST FURNACE SALG AND THERMAL
TREATMENT CLAYS (TERNARY SYSTEM B3)
The possibility of using clays and feldspars in alkaline activation processes significantly increases the
alternatives of producing hybrid cements worldwide. Moreover, knowing that the reactivity of clays and
feldspars improves considerably after its thermal treatment (Buchwald et al 2009, Ruiz-Santaquiteria,
et al 2013Ferone et al 2013), it uses seems to be more attractive. In fact, the process of
dehydroxylation of these materials in the temperature ranges of 550 °C to 850 °C allows the removal
of OH- groups providing silica-based materials and alumina, (XSiO2.YAl2O3.ZH2O → (SiO2)x.(Al2O3)y+
ZH2O) with a high content of amorphous portion, and therefore potentially usable as raw material in
the production of alkaline cements and therefore also of hybrid cements (Garcia-Lodeiro et al 2018). In
this study two types of hybrid cements were prepared with ternary mixtures: one of them containing
40% of metakaolin (B3-MK) and the other 40% of a dehydroxylated bentonite (B3-BT). The
composition and dosage of these cements is shown in Table 3. The two cements had similar
CaO/SiO2 ratios but very different SiO2/Al2O3 ratios, because the calcium contents of bentonite and
metakaolin are very low (less than 1%); the silica contents are very high in both cases (around 50%);
but the alumina content of metakaolin is double that of bentonite.
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Table 3. Composition and dosage of hybrid cement B3-MK y B3-BT (% by weight)
Chemical composition by XRF
SiO2
Al2O3
CaO
Fe2O3 MgO Na2O SO3
K2O
TiO2 P2O5
LoI*
B3-MK
41.41
19.48
27.30
2.12
4.23
0.40
1.15
1.76
1.16
0.17
2.12
B3-BT
47.21
12.52
27.63
1.79
5.76
0.85
1.23
0.79
0.19
0.08
1.81
Composition of hybrid cements B3-MK y B3:BT
Precursor (P)
Alkali activator (A)
W/C
Ratio
Name
Clinker
BFS
MK
BT
C =(Na2CO3) S =(Na2SO4)
B3-MK-H
20
40
40
-------0.42
B3-MK-C
20
40
40
5%
--0.42
B3-MK-S
20
40
40
-----5%
0.42
B3-BT-H
20
40
-40
0.30
B3-BT-C
20
40
40
5%
--0.30
B3-BT-S
20
40
-40
---5%
0.30
With these hybrid cements pastes were prepared by hydrating with water in order to fill the moulds for
the compressive strength test. The W/C ratios used were the same as for the heat flow determination
(0.42 and 0.30 cements B3-MK and B3-BT respectively, to have similar standard consistency). The
results obtained are shown in Figure 3. Performance was good in both (upward of 15 MPa) but higher
in B3-BT-S, for which a value of 32 MPa was recorded at the testing age (2 days). The lower strength
in B3-MK could be due to the W/C ratio used, which would affect the system porosity. However, the
impact of the type and proportion of cementitious gels on strength development could not be ruled out.
In the Figure 3 curves of heat flow (J/gh) and total heat (J/g) released are shown for both hybrid
system. Both diagrams were similar for the two hybrid systems, with practically the same induction
period preceding the precipitation peak (normally associated with the mass precipitation of reaction
products (Figure 3). Signal intensity, however, was much greater in the bentonite (B3-BT) than in the
metakaolin (B3-MK) system. The total heat curves were nearly identical for the two materials, although
slightly more heat was released by B3-BT (Figure 3). The apparent delay in the precipitation peak for
the metakaolin system may be explained by the higher W/C ratio used, for higher water content may
retard hydration/activation.
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Figure 3. (Left) Compressive strength (paste) of hybrid cements B3-MK y B3-BT at 2 days; (Right)
Heat Flow and total heat. (Legend: H=H2O; C=Na2CO3; S= Na2SO4)
5. DISCUSION
The authors of this research keep as main starting hypothesis that all "Portland - Alkaline" hybrid
cements lead to hardened matrices very similar to each other; i.e., very similar in its mineral
composition, in its technological properties, and of course in its nanostructure development, and all
this regardless of the specific effects on these variables that may be attributable to each alkaline
activator, like: sulphates, carbonates, etc.- and / or to each additional material used (GGBFS, Fly-Ash,
dehydroxylated clay).
To validate this hypothesis, the reaction products of all the cements described in this work were
characterized by NMR. Representative samples of the different systems described in sections 2, 3 and
4 were selected and the reaction products generated were analyzed. Figure 4 shows the NMR spectra
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of 27Al and 29Si of the cements B2-FA-S and B2-FA-H hydrated up to 28 days. Figure 5 shows the
NMR spectra of 27Al and 29Si of the B3-FA-H and B3-FA-S cements hydrated up to 28 days and in
Figure 6 the NMR spectra of 27Al and 29Si of the B3 cements are represented: MK -H, MK-S, BT-H and
BT-S hydrated until 2 days.
5.1- CLINKER + FLY-ASH
Figure 4 (a) and (b) reproduce the 27Al MAS-NMR and 29Si MAS-NMR spectrum at 28 days for three
versions of the B2-FA system: anhydrous, hydrated in the absence of activator, hydrated in the
presence of sodium sulfate. The spectrum of 27Al corresponding to the B2-FA system shows a broad
signal at +52.7 ppm attributed to Al tetrahedral (AlT), which is essentially found in Fly-Ash (Palomo et
al., 2004, Fernández-Jiménez et al., 2006; Duxon et al., 2007). Due to the dilution made on the Clinker
(the hybrid cement contains 20% Clinker, whose Al2O3 content was only 4.85%: see Table 1), the
contribution of the Portland Clinker to this signal was very small. When the hybrid cement was
hydrated (in the presence or absence of activator), the AlT signal shifted slightly to +58 ppm and a
signal associated with octahedral aluminum (AlO) appeared between +5 and +10 ppm. That signal
centered around +10 ppm could be associated with the formation of calcium aluminate hydrates
resulting from the hydration of C3A present in Clinker. However, in the B2-FA-S spectrum, that signal
changed to +13.9 ppm (position associated with aluminum in ettringite, phase detected by XRD)
(Skibsted, et al 1992, Faucon et al 1998, Andersen et al 2006).
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Figure 4. 27Al 29Si NMR-MAS of samples B2-FA,
The interpretation of 29Si MAS-NMR in the spectrum of the B2-FA system is more complex. The
intensity of the signal at -71.7 ppm (associated with the Q0 units in the "alite + belite" present in the
clinker) decreases in all the hydrated materials, which confirms that the calcium silicates in the clinker
are reacting. The Fly-Ash spectrum exhibits a wide signal centered around -100 ppm. This signal
contained a series of peaks around -88, -100, -103 and -107 ppm, associated with the various forms in
which silica appears in the Fly-Ash (mullite, vitreous phase, quartz ...) (Palomo et al., 2004;
Fernández-Jiménez et al., 2006; Duxon et al., 2007). The intensity of the signals associated with the
anhydrous phases decreased in the spectrum of the hydrated materials, while the new (and intense)
signals were found in the range of -80 to -100 ppm. More specifically, the spectrum of all samples
contained a strong signal around -85 ppm that could be associated with Q2 units (Faucon et al 1999,
Myers et al 2013, 2015).
The component associated with the presence of unreacted Fly-Ash generated an intense signal (see
peak at -108 ppm) in the hydrated cement spectrum in the absence of an alkaline activator (B2-FA-H),
which is an indication that in these conditions the Fly-Ash has poorly reacted. That explains the low
mechanical strength observed in this material. When the alkaline activator (cement B2-FA-S) was
added, clearer signals were observed at -85 ppm, along with others at -92 ppm and -98.5 ppm. This
spectrum proves to be very similar to that obtained for similar materials but activated with alkaline
solutions (Palomo et al., 2004; Fernández-Jiménez et al., 2006; Duxon et al., 2007). The increase in
the signal at -85 ppm, together with the appearance of the new signals, denotes the formation of a
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polymerized gel, consisting of units Q 3 (mAl) or Q4 (mAl). The presence of Al in positions around +58
ppm suggests the presence of units Q4 (4Al,), Q4 (3Al) and Q4 (2Al). However, the possibility of
superposition of signals Q3 (mAl) and Q4 (mAl) cannot be ruled out. These data indicate the formation
in hybrid cements of a mixture of gels: a C-S-H gel from the hydration of the Clinker fraction, which
incorporates aluminum from the Fly-Ash, and ultimately generating a type C-A-S-H gel; and a gel
more polymerized than the previous one [with units Q 3 (mAl) and/or Q4 (mAl)] coming from the
reaction of the Fly-Ash with the sodium coming from the activator and with the calcium presumably
coming from the Portlandite; i.e., a gel type (N,C)-A-S-H. The presence of a mixture of gels in hybrid
cements has been confirmed by different authors through electron microscopy (Garcia-Lodeiro et al.
2016).
5.2.- CLINKER + FLY-ASH + SLAG (GGBFS)
Figure 5 (a) and (b) reproduces the 27Al MAS-NMR and 29Si MAS-NMR spectrums at 28 days for the
three versions studied of the B3-FA system: anhydrous material (B3-FA), hydrated material without
activator (B3-FA-H), and hydrated material containing sodium sulfate (B3-FA-S).
The aluminum spectrum of the anhydrous B3-FA mix exhibits a unique signal at +57 ppm, indicative of
the presence of tetrahedral aluminum, aluminum found in the Fly-Ash and GGBFS. The contribution of
the Clinker to that signal is practically nil due to the dilution effect. After the sample was hydrated (in
the presence and absence of the activator), the signal was slightly sharpened and shifted to +58 ppm.
The AlT signal that changed with respect to the signal observed in the spectrum corresponding to the
anhydrous material was associated with the existing Al in a mixture of gels C-A-S-H and (N,C)-A-S-H
(Skibsted, et al 1992, Faucon et al 1998, Andersen et al 2006). The signal detected around +10 ppm
was attributed to octahedral aluminum (AlO) associated with the formation of a carboaluminate. When
an alkaline activator was used in the preparation of the cement and later it was hydrated, the signal
appeared around +13.2 ppm, that is, the position of the aluminum signal in the ettringite (phase whose
presence had been confirmed through XRD)
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Figure 5. 27Al 29Si NMR-MAS of samples B3-FA,
The interpretation of the 29Si spectrum is again complex, essentially because in these spectrum the
signals generated by the anhydrous (unreacted) components and the hydration products overlap. The
29Si spectrum of the anhydrous hybrid cement B3-FA exhibits an intense peak at -71.7 ppm, attributed
to the Q0 units in the clinker. A series of signals observed in the range of -91 ppm to -110 ppm were
undoubtedly generated by the components present in the Fly-Ash (vitreous phase, quartz, mullite ...).
The signal around -74 ppm (typical of the anhydrous slag and generated by the Q 1 units), was
superimposed with the signal associated with the Clinker, located around -72 ppm (Colombet, and
Grimmer, 1994; Scrivener et al. 2016).
The spectrum of the hydrated materials differs significantly from the spectrum corresponding to the
anhydrous mixture. The hydrated sample (without activator) showed signals at -79 and -85 ppm,
characteristics of a C-S-H gel and associated respectively with the Q 1 and Q2 units (Andersen et al.,
2003). A signal detected at -75 ppm was attributed to the Q1 units in the unreacted slag and a group of
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signals in the range of -91 to -109 ppm to unreacted Fly-Ash. A signal detected at -72 ppm was
attributed to the Clinker, (an indication that its calcium silicates -alite and belite- had not been
completely hydrated).
Hydration in the presence of activator directly modified the spectrum of 29Si. The intensity of the clinker
signal (-72 ppm) clearly decreased, while the other signals, at -85 ppm and those in the range of -90
ppm to -110-ppm, increased. These results once again showed the formation of polymerized gels, i.e.,
gels containing Q3 (mAl) or Q4 (mAl), in accordance with the shift in the AlT signal in the hydrated
phases. These results are quite similar to those obtained in the previous case (B2-FA), i.e., signals are
obtained in the NMR spectrum in relatively similar positions; signs that are associated with the
formation of a mixture of cementitious gels type C-A-S-H and (N,C)-A-S-H. Although, some
differences in the intensity of these signals are observed. These differences in intensity are largely
associated with the composition of the precursor (starting cement mixture), which is richer in calcium
in cement B3-FA, and richer in Aluminum in B2-FA. The type of activator used seems to have a
special influence on the reaction kinetics and on the type of secondary products that precipitate, but its
influence is not very important on the type(s) of gel(s) cementing that is formed.
5.3.- CLINKER + GROUND GRANULATED BLAST FURNACE SLAG (GGBFS) +
DEHYDROXYLED CLAYS
Finally, Figure 6 shows the spectrum of 29Si MAS-NMR and 27Al MAS-NMR at 2 day for the different
versions of the B3-MK and B3-BT system: anhydrous (B3-MK and B-BT) and hydrated with activator
(B3-MK-S and B3-BT-S). In the last case, it is confirmed that the chemical composition of the initiation
system affects its precipitation, especially at early ages, a greater or lesser proportion of one gel or
another. The higher calcium and silica contents and lower Al in B3-BT stimulate the quick precipitation
of the C-S-H / C-A-S-H gels. Instead of reacting with the silica and the alkalis to form gels like the N-AS-H gel, the reactive aluminum was more easily absorbed in the structure of the C-A-S-H gel. In
cement that contains MK, where the content of reactive aluminum is higher, gels (N,C)-A-S-H in
addition to C-S-H (mainly from the hydration of the clinker) and C-A-S-H (from the hydration of the
GGBFS). Despite of working with different ratios W/C, the experience of the authors suggests that the
best strength observed in B3-BT (compared to B3-MK) could be explained by the more compact and
less porous matrix generated by the B3-BT cement. However, in the mechanical strength at early ages
cannot rule out a direct effect of the amount and type of gels that precipitate.
Regarding to these cements, a differentiated behavior is observed depending on the type of activator;
the hydration reaction is very fast with activator S and slower with activator C. This process is
associated with the formation of secondary reaction compounds: AFm phases, and hydrated calcium
carboaluminates.
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Figure 6. 27Al 29Si NMR-MAS of samples B3-MK and B3-MK un- reacted and hydrated.
CONCLUSIONS
The formulation of hybrid cements has proved to be very versatile allowing to use a wide range of raw
materials (precursors) and alkali activators. At the all studies cases of hybrid cements, the Portland
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Clinker content is much lower than any “blended” commercially available cement specified at the most
part of the nationals’ cement standards. The very low Portland Clinker content is not a limitation to
hybrid cements to develop excellent technological properties even better than current commercially
available cements. The main factor to justify the excellent behavior of the hybrid cements is that during
the hydration process always a cementing gel is formed from the first stage to long-term ages (C-SH/C-A-S-H / N,C-A-S-H / etc.).
The different precursors and alkali activators (always solid products) that are part of the hybrid cement
formulation are the key factors to its hydration kinetic and the formation of secondary reaction
products.
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ABSTRACT
Due to their high swelling capacity and retention, SuperAbsorbent Polymers (SAPs) can be applied as
an admixture in cementitious materials for mitigating autogenous shrinkage. By releasing the stored
water for internal curing, the self-desiccation is counteracted. However, not all SAPs completely
mitigate autogenous shrinkage and it is very important to use a SAP with the ideal properties. If the
water is released too soon (i.e. before setting), the microstructure will be completely different and the
effective water-to-cement ratio changes. If the water is released too late, the purpose of internal curing
vanishes. The kinetics and water release by the SAPs during cement hydration are studied nondestructively by means of Nuclear Magnetic Resonance (NMR) as a function of time and degree of
hydration. The results are linked to the Powers and Brownyard model. Two different SAPs were
studied; SAP A and SAP B. SAP A showed a partial and gradual release of entrained water for internal
curing after final set. This mixture showed complete mitigation of autogenous shrinkage and fits the
model of Powers and Brownyard. SAP B seemed to release the stored water prematurely till initial
setting, to re-absorb part of the free water before final setting and again release it more quickly before
the more steady decrease in free water for cement hydration. As part of the entrained water is quickly
released during hydration, there was less mitigation of autogenous shrinkage. NMR proved to be an
effective tool to study the water release by SAPs towards the cementitious matrix.
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1.

INTRODUCTION

New and interesting admixtures to use in cementitious materials are superabsorbent polymers (SAPs).
SAPs are cross-linked hydrogel networks showing a high swelling capacity and are used to mitigate
shrinkage (Jensen and Hansen 2001; Jensen and Hansen 2002; Mechtcherine and Reinhardt 2012;
Snoeck 2018) as they absorb part of the mixing water. As, upon hydration of cement, capillary water is
consumed followed by a reaction of more strongly bound gel water, there is a problem of selfdesiccation and autogenous shrinkage. By internally and/or externally treating the material, the
autogenous shrinkage can be prevented. During cement hydration, the included SAPs can provide the
absorbed entrained water as internal curing water towards the cementitious matrix, a process which
maintains the internal relative humidity at high values. This permits to compensate up to full extent the
self-desiccation effect and the SAPs are thus able to mitigate autogenous shrinkage. Other areas of
application in cementitious materials are the change in rheology and pumpability (Secrieru et al.
2016), the partial mitigation of plastic shrinkage (Snoeck et al. 2018a), the change in microstructure for
increasing freeze-thaw resistance (Mechtcherine et al. 2017), the sealing of cracks from intruding
fluids (Lee et al. 2016; Snoeck et al. 2012; Snoeck et al. 2018c) and the promotion of autogenous
healing (Snoeck and De Belie 2015; Snoeck et al. 2016; Snoeck et al. 2014).
The main area of investigation of SAPs remains autogenous shrinkage mitigation, especially in
systems showing a low water-to-binder ratio. For this purpose, the SAPs should be ideally engineered
to be able to absorb the requested amount of mixing water and to retain it for a sufficient amount of
time. If the water is released too soon (i.e. before setting), the microstructure will be completely
different and the effective water-to-cement ratio changes. If the water is released too late (i.e. after a
couple of days), the purpose of internal curing is not achieved. Therefore, not all available SAPs
completely or perfectly mitigate autogenous shrinkage and one should be careful to use a SAP with
the ideal properties. The SAPs need to release their stored water at the right moment in time during
hydration of the cementitious material. They need to be homogenously distributed throughout the
cementitious matrix and need to show sufficient surface area available for internal curing.
The kinetics of water absorption and release during hydration and internal curing is thus important.
However, this is not easily studied and is still object of investigation. In this paper, the kinetics and
water release by the SAPs during cement hydration and internal curing are studied non-destructively
by means of Nuclear Magnetic Resonance (NMR) as a function of time. 1H-NMR is an interesting
technique to study the water atoms in a material. It is used to study the cement hydration (Muller et al.
2013a; Muller et al. 2013b) and overall fluid transport in porous materials (Pel et al. 2016; Valckenborg
et al. 2001). Two preliminary studies were found in literature to study the internal curing of SAPs in
cementitious materials by means of NMR (Friedemann et al. 2006; Nestle et al. 2009). However, it is
interesting to investigate the kinetics of water release of the SAPs towards the cementitious matrix to
fully understand the principle of internal curing and the effect of the SAPs on the internal curing
mechanism. The results are compared to relative humidity measurements and autogenous shrinkage
measurements on the same mixtures.
2.
2.1

MATERIALS AND METHODS
Mixture composition and superabsorbent polymers

Four different cement pastes were studied containing CEM I 52.5 N type of cement (Holcim, Belgium).
These include two reference pastes and two SAP mixtures. The two reference pastes have a water-tobinder ratio of 0.30 (R0.30) and 0.354 (R0.354), respectively. As internal curing can be linked to the
Powers and Brownyard model, these water-to-binder ratios are well chosen. To properly mitigate selfdesiccation in a 0.30 water-to-binder system an additional entrained 0.054 water-to-binder ratio is
needed (Jensen and Hansen 2001; Powers and Brownyard 1948). The mixture with a total water-tobinder ratio of 0.354 is thus also studied as a reference. A polycarboxylate-type superplasticizer
(Glenium 51, conc. 35%, BASF) was added in an amount of 0.5 and 0.3 m% (mass-% of cement
weight), respectively, to ensure practical workability and to have the same overall flow characteristics.
Two different SAPs were studied; SAP A and SAP B. SAP A was studied as this SAP is ideally
mitigating autogenous shrinkage (Snoeck et al. 2015) and is able to preserve the internal relative
humidity (Snoeck et al. 2017). This SAP thus should follow the theory of Powers and Brownyard. SAP
B, however, does not result in complete mitigation of autogenous shrinkage even though the SAP
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presumably absorbed the correct amount of water (Snoeck et al. 2015). SAP B either prematurely
released its water or was not able to provide the water during hardening, leaving behind water-filled
inclusions in the cementitious matrix. The main difference of the SAP samples is their size. SAP A is a
cross-linked copolymer of acrylamide and sodium acrylate with a particle size of 100 ± 21 µm and SAP
B is a cross-linked potassium salt polyacrylate with a particle size of 477 ± 53 µm. Both SAPs consist
of irregular particles as they are produced by bulk polymerization.
The absorption capacity of the SAPs was measured using the filtration method (Mechtcherine et al.
2018; Schröfl et al. 2017; Snoeck et al. 2018b). The absorption capacity in demineralized water is 305
± 4 and 283 ± 2 g/g SAP, respectively for SAP A and SAP B. To determine the amount of mixing water
absorption, the flow values of different mixtures with and without a predetermined amount of SAP
were investigated. The influence on the flow values reflects the absorption in a cementitious material.
The amount is 23 g/g SAP A and 11 g/g SAP B in cement pastes with a water-to-binder ratio of 0.30.
The amount was verified using optical microscopy on polished sections (Snoeck 2015) and by means
of X-ray computed microtomography (Snoeck et al. 2016) as the pore size of a remaining initially
water-filled macro pore with the dry SAP particle (Trtik et al. 2010) should show an expected size. The
additional water should not be included in the effective water-to-binder ratio, which is 0.30. The total
water-to-binder ratio is 0.354, but the additional water-to-binder ratio of 0.054 should only be used for
internal curing purposes. The amount of SAPs added to absorb this internal curing water was 0.22
m% (mass-% of binder weight) SAP A (Ae) and 0.45 m% SAP B (Be). The superplasticizer content in
the SAP mixtures was the same as for the R0.30 reference mixture, being 0.5 m%. All studied
mixtures showed the same flow value and workability after 5 and 10 min after contact of cement with
water compared to the R0.30 system.
The swelling time was determined using the vortex method (Schröfl et al. 2017; Zohuriaan-Mehr and
Kabiri 2008). For this experiment, 100 g of demineralized water was added to a cup. A vortex was
applied using a magnetic stirrer with a length of 20 mm at 400 rpm. A predetermined amount of SAP,
based on the absorption capacity as determined using the filtration method, was added. This amount
is able to absorb 100 g in demineralized water. The time was recorded until the vortex disappeared,
and this time served as the time of swelling. SAP A was able to swell to full extent in 10 ± 2 s and SAP
B in 60 ± 5 s. This was also verified using optical microscopy after placing a droplet on the dry SAP
particle. All SAPs thus absorbed to full extent upon mixing in. No additional swelling is expected during
the hardening process, as the pore fluid and cation concentration are more or less constant in time.
2.2

Nuclear Magnetic Resonance testing

A custom-made NMR from the Technical University of Eindhoven was used. Figure 1 shows the setup
alongside a schematic overview.

Sample

Figure 1. Used NMR apparatus and schematic overview
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An external magnetic field of 0.8 T was applied corresponding to a frequency of 34 MHz. This was
applied to a cementitious sample in a container with a diameter of 27 mm and a total height of 100
mm. The one-dimensional resolution of the NMR was in the order of magnitude of 1.0 mm. The
relaxation time was used to determine the pore size development during cement hydration and
internal curing and was measured using Carr-Purcell-Meiboom-Gill sequences (CPMG). The obtained
signals were a complex summation of decaying signals and Fast Laplace Inversion (FLI) was
therefore used to obtain the relaxation times T 2 as a spectrum. The next step was a normalization
towards the first obtained signal (10 min after contact of water with cement) and the percentage of
each signal was studied. The weighed percentage of each peak was then multiplied with the
normalized signal to receive the relative ratio of each peak studied. Different water signals (free water
and entrained SAP water) could be compared relatively. All NMR measurements were performed at
room temperature of 23 ± 1°C.
2.3

Relative humidity measurements

A drop in relative humidity can state the start of the self-desiccation process that is responsible for
autogenous shrinkage as it is related to the capillary pressures due to the formation of water menisci.
The internal relative humidity was measured using sensitive relative humidity probe sensors (HMP110
from Vaisala) with a measuring range of 0% to 100% RH. The probe has a Vaisala Humicap 180 R
sensor with an accuracy of ±1.5% RH at room temperature. Together with a probe, a protective lid
system was used to protect and maintain the internal conditions of the sample near the probe. A small
cylinder with diameter of 14 mm and height of 85 mm was filled with cement paste and the probe was
positioned 1 mm above the fresh cementitious surface in the protective lid system. The sample
container and lid system were sealed with parafilm to exclude moisture to escape from the setup. The
complete setup was placed in a water bath at constant temperature of 20 ± 1°C. The complete setup
was placed in a controlled climate room at 20 ± 2°C.
2.4

Autogenous shrinkage measurements

To measure the autogenous strain, the Standard ASTM C1698-09 was followed. In this test,
corrugated tubes with a length of 420 ± 5 mm and a diameter of 29 ± 0.5 mm were used. The length of
the specimen was monitored by means of an automated system where the dilatometers with samples
were submerged in a polyalkylene-glycol thermobath. All automated measurements were done during
temperature control at 20.0 ± 0.1°C and the temperature increase due to hydration heat was negligible
for the autogenous strain as most of the energy was dissipated in the thermobath. To determine timezero, the start of the autogenous shrinkage and to visualize the autogenous strain in time, the final
setting as obtained with the Vicat needle test according to the Standard ASTM C191-08 (Method A)
was used. The Vicat needle test was performed in triplicate at 20 ± 1°C.
3.

RESULTS AND DISCUSSION

Upon hydration of a cement paste, the mixing water will be consumed forming products that will
densify the cementitious matrix. This was translated in the T 2 relaxation distribution profiles as some
peaks (with free water) reduce in intensity. With the setup and rather big sample used and due to the
use of ‘grey’ cement containing a noteworthy amount of cement masking the NMR signal, only two
major peaks were distinguishable. These were attributed to free water and SAP entrained water.
In reference samples the free water relaxation peak shifts from 10-3 s to 10-4 s, showing the
densification. In time, the 10-3 s peak reappears and is attributed to some larger capillary pores which
are visible after hardening of the cement paste. They appear due to the decrease in intensity of the
other predominant peak due to the hydrating system. In SAP systems, additional peaks are found in
the region of 10-2 s to 100 s range. As the T 2 seemed to be different, the water kinetics from SAPs
towards the cementitious matrix for internal curing could be studied in detail and non-destructively.
As the signals were transformed towards the percentage of the initial signal intensity, a gradational
graph was obtained with the height of the peaks relative to the initial signal intensity. The largest peak
was the free water and this water is consumed in time due to hydration. The results are found in the
top part of Figure 2. Here, the total signal of free water (R0.30, R0.354, Ae and Be) and the entrained
water signal (Ae IC and Be IC) are shown for all studied mixture compositions. The middle part of
Figure 2 shows the relative humidity measurements and the bottom part the autogenous shrinkage
measurements for comparative reasons.
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Figure 2. Comparison between the water signal fractions obtained with NMR (top), the internal
relative humidity (middle) and autogenous shrinkage measurements (bottom)
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The top part of Figure 2 shows the water signal fraction in arbitrary units. The R0.30 and R0.354
system have a different starting unit. This due to the different amount of initial free water and thus
initial total signal intensity. Assuming this signal start at the unity 1 for R0.354, having the highest
intensity which was used for normalization, then one would expect a 0.30/0.354 = 0.85 unit for R0.30,
following the theory of Powers and Brownyard (Powers and Brownyard 1948). This is approximately
the initial value found. This value is the same for the free water signals for A e and Be. This show that
the additional amount of water found in an additional peak in the T 2 spectrum (entrained water) is the
correct one. About 0.054/0.354 = 0.15 unit is found as entrained water, which can be used for internal
curing purposes.
The initial setting of the cement paste occurred at 8 h of age and final setting was at 11 h of age. This
was determined using a Vicat needle test. This time of initial setting corresponded to the drop in NMR
intensity signal. After final setting, the SAP entrained water was also being consumed, thus for internal
curing. SAP A water seems to be released steadily while SAP B water is released too quickly, when
studying the graphs. A first glimpse on the results shows that the internal-curing water in SAP A (Ae
IC) remains constant in time while the internal-curing water in SAP B (Be IC) seems to be released
between 0.5 days and 1 day. The free water of Ae initially behaves as the R0.30 system and gradually
reaches the R0.354 graph. The free water of the B e system, however, completely follows the R0.30
system. This can point to less prominent mitigation of autogenous shrinkage and a possible reduction
in relative humidity.
For Ae the free water is consumed in high amounts from 11 h onwards and at approximately 22 h until
30 h, the entrained water is used. For Be, the entrained water seems to be released and partly
reabsorbed at 10 h followed by a quick release between 13 h until 20 h. This shows a too quick
release of stored water and as self-desiccation is still prone to occur, there is a too low amount of
internal curing water remaining. A possible solution could be to increase the amount of SAPs, but this
is subject for further investigation, and may lead to a decrease in mechanical properties.
The internal relative humidity measurements are shown in the middle part of Figure 2. The initial
values are still moving towards equilibrium after the start of the measurements but will never reach the
high 100% RH value. This is due to the present of salts in the pore solution, reducing the relative
humidity. In the R0.30 system, the relative humidity drops dramatically due to the low water-to-binder
ratio and noteworthy self-desiccation effect. In a R0.354 system, this is less prominent, but still a
decrease is found. The rate of decrease will in the end be the same as for the R0.30 system (Snoeck
et al. 2017). In the Be system there is also a drop noticed, while for Ae the value remains constant and
high. This value was maintained for 28 days. The measured relative humidity at 28 days was 96%,
90%, 80% and 76% for Ae, Be, R0.354 and R0.30, respectively. The value for Be levels off compared
to R0.354. This is possibly due to a partial remaining internal curing. The difference between SAP A
and SAP B is thus explained by the results found by NMR. SAP A is able to maintain the internal
relative humidity and thus should show a steadily decreasing NMR water signal as enough entrained
water is available for internal curing. SAP B seems to be less effective to maintain the internal relative
humidity as the stored entrained water is prematurely released towards the cementitious matrix, as
was found with the NMR measurements.
The results on autogenous shrinkage are shown in the bottom part of Figure 2. The final setting was
used as the time-zero to determine the initial length for autogenous shrinkage measurements. The
final setting as obtained with the Vicat needle test corresponded with the so-called knee point in the
autogenous shrinkage measurements.
The R0.30 mixture and R0.354 mixture show prominent autogenous shrinkage. Most shrinkage is
found in the R0.30 system due to a denser cementitious matrix due to the lower water-to-binder ratio.
There is thus an increase in self-desiccation due to higher hydrostatic tension forces in the capillaries.
This was also seen with the relative humidity measurements. The expansion in the SAP systems can
be due to the re-absorption of bleeding water, but this was not seen with the NMR measurements. The
main reason seems to be due to the crystallization pressure of calcium hydroxide (Sant et al. 2011).
For Ae the autogenous shrinkage is completely mitigated. Be showed partial mitigation and a general
trend as found in the R0.354 system afterwards. The rate of shrinkage of Be and R0.354, i.e. the slope
of the autogenous shrinkage curves, is the same after 1 day. There is thus still ongoing shrinkage.
This is due to the premature release of internal curing water by SAP B as observed with the NMR
measurements.
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4.

CONCLUSIONS

NMR proved to be an effective tool to study the water release by SAPs towards the cementitious
matrix. It is a powerful technique to study the different water states and hydration in a cementitious
system as a function of time. With the used setup, two different peaks could be studied. These are the
free water and the entrained water stored in SAP pores. The relative magnitude of the two different
peaks could therefore be studied. This made it possible to make conclusions on the kinetics of SAP
entrained water used for internal curing.
The results obtained with NMR correspond to the relative humidity and autogenous shrinkage
measurements. The mechanism of internal curing could therefore be studied. After final setting the
free water was consumed, the relative humidity dropped in reference systems and thus caused a
shrinkage in time. Autogenous shrinkage was most prominent in the reference systems, followed by
the SAP B system and a complete mitigation of autogenous shrinkage by SAP A.
SAP A showed a partial and gradual release of entrained water for internal curing after final setting.
This mixture showed complete mitigation of autogenous shrinkage and fits the model of Powers and
Brownyard. SAP B seemed to release the stored water prematurely until initial setting, to re-absorb
part of the free water before final setting and again release it more quickly before the more steady
decrease in free water for cement hydration. As part of the entrained water is quickly released during
hydration, the internal relative humidity was not maintained and there was less mitigation of
autogenous shrinkage.
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ABSTRACT
It is commonly recognized that cement-based material is naturally vulnerable to micro-cracking
brought by drying action. The almost unavoidable micro-cracking is frequently and vaguely blamed to
take the responsibility to many unexplained and unexpected performance or phenomenon such as
anomalous gas permeability obviously higher than corresponding water permeability, while the
detailed evolution of micro-structure is still far from being totally understood. Taking advantage of low
field nuclear magnetic resonance, the evolution of pore and micro-crack structures caused by aging
through water bath at elevated temperature, ambient drying at 3% RH and oven-drying at high
temperature are quantified on white cement mortar of w/c=0.43. It is found that the collapse of
interlayer pores and expansion of gel pores inside C-S-H gel are always remarkable during the aging
of mortar even through water bath. The drying-induced micro-cracks, if any, are not observable from
the identified water distribution. More importantly, instead of the mysterious micro-cracks, the
irreversible contraction of interlayer pores, expansion of gel pores and thus coarsening of the pore
structure may take the charge of several unexplained experimental observations on cement-based
materials.
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1.

INTRODUCTION

Cement-based material is by nature quasi-brittle and thus vulnerable to the evolution of pore structure
and micro-cracking under the actions of both mechanical and environmental factors. It is well recognized
that, the pore structure of cement-based material is fragile and sensitive to any kind of drying treatment
(Zhang & Scherer 2017). When regarding to the characterization of its pore structure, although several
advanced techniques have been proposed and broadly adopted, there is no doubt that the obtained
characteristics suffers from the transform of pore space and thus are biased. For example, the mercury
intrusion porosimetry (MIP) is frequently criticized and blamed due to its limited capability to achieve the
actual pore size distribution (Diamond 2000). In fact, almost all available testing methods for its pore
structure requires pre-drying treatment, which has changed the target pore structure before testing.
Besides, it is believed that more or less micro-cracks will be brought and incorporated into the microstructure of cement-based materials (Wu et al. 2019). As weak links and strong paths available to the
transport of deleterious agents, the generated micro-cracks will damage its durability performances of
fundamental significance to a great extent (Reinhardt 1997). In the various struggles to understand the
degradation of cement-based materials, it is critical to investigate the evolution of its pore structure and
the development of micro-cracks during its long-term service.
In literature, a number of attempts have been devoted to quantify the developing of micro-cracks and its
influences on the mass transport properties of cement-based material from the viewpoint of durability
(Samaha & Hover 1992, Hoseini at al. 2009). The cracking pattern of cement-based material underwent
mechanical loading, moderate or severe drying as well as heating have been observed and quantified
(Ammouche et al. 2001, Litorowicz 2006). Their negative effects on the transport properties of chloride
ions, liquid water and inert gas etc. have also been vastly explored (Sugiyama et al. 1996, Hearn 1999,
Maes et al. 2016). The influence of widely observed micro-cracks on transport properties such as gas
permeability is so significant (Sugiyama et al. 1996) that, when an unexpected and unexplained problem
occur, people always tends to blame it to the presentation of micro-cracks without verification. Actually,
unobservable micro-cracks by naked eyes are mostly detected on pre-dried specimens, in which the
observed micro-cracks may be generated by secondary drying preconditioning. When regarding to the
measurement of pore structure, the physical reason responsible to the biased characteristics is still
unclear. Moreover, when talking about the measured gas permeability, it is ambiguously guessed that
the anomalous value of gas permeability higher than its permeability to water is attributed to the microcracks possibly induced by necessary drying preconditioning (Loosveldt at al. 2002). It is not the actual
case since the influence of micro-cracks is not observable on the repeated testing of water permeability.
Recently, the authors have validated that the obvious coarsening of pore structure rather than microcracks is responsible to the anomalously higher permeability to gases and isopropanol after removing
all pore water through drying or replacement (Zhou et al. 2017). Inspired from this new finding, it is still
unclear how the structure of pores and micro-cracks evolves during common oven-drying treatment
applied in laboratory. This question is critical to understand the structural characteristics and transport
properties measured on dry specimens but is still open.
In this paper, the alteration of pore structure and micro-cracking for cement-based materials is denoted
as aging. In order to quantify the aging of its structure during drying at high temperature, the powerful
Low-field Nuclear Magnetic Resonance (LF-NMR) technique is used to non-destructively quantify the
evolution of white cement mortars. In Section 2, the testing method of LF-NMR is briefly summarized. A
thorough experimental scheme is designed and described in Section 3. The obtained results are then
discussed in Section 4. Finally, several concluding remarks are given in Section 5.
2.

LOW-FIELD NUCLEAR MAGNETIC RESONANCE TESTING

This non-destructive technique uses the water in pores as probes, and thus is able to detect the structure
of wet cement-based materials (Zhou et al. 2017, Zhou et al. 2018). Through detecting the proton signal
by LF-NMR relaxation method, the pore structure of porous medium could be achieved from the classical
diffusion cell model, which gives the detected transverse magnetization M(t) (a.u.) at time t (s) in a multiexponential function as,
𝑀(𝑡) = 𝑀0 ∑𝑖 𝑓𝑖 𝑒𝑥𝑝 (−

𝑡
𝑇2𝑖

) , 𝑓𝑖 =

𝑉𝑖
𝑉𝑤

, ∑𝑖 𝑓𝑖 = 1

(1)
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where Vw (m3) and M0 (a. u.) denotes the evaporable water volume and initial magnetization at time t=0
before resonance frequency (RF) pulse, respectively. The fraction fi (-) is the proportion of the volume
Vi (m3) for the ith water reservoir with characteristics spin-spin relaxation time T2i (s) summarized over
all fast diffusion cells. After measuring the transverse magnetization decay M(t) through the well-known
CPMG pulse sequence (Lowder et al., 1998), the volumetric fraction fi for pore water reservoir with
relaxation time T2i could be inversely calculated through solving equation (1). Since this equation is illconditioned, the frequently adopted public module “Discrete” is employed to inversely and numerically
solve equation (1) through multi-exponential fitting (Provencher, 1976). Consequently, the best solutions
of volume fraction fi for the ith water reservoir with relaxation time T2i are obtained and help quantify the
pore structure of cement-based material saturated by water. If the total water content Vw is also known
gravimetrically with good accuracy, the isolated water content fraction i (mL/g) is also yielded as,
𝜔𝑖 = 𝑓𝑖 × 𝑉𝑤 /𝑚𝑠

(2)

where ms (g) is the solid mass of totally dry specimen. If the water distribution is identified on saturated
cement mortar specimen of different ages through LF-NMR, the evolution of pore structure and microcracks could be inspected quantitatively and non-destructively during long-term aging.
3.

EXPERIMENTAL METHODS

The common oven-drying procedure actually contains two kinds of actions including heating and water
removing, which are both suspicious of altering the structures of pores and micro-cracks. In order to
separate their coupled effects and quantify them one by one, a thorough testing scheme is designed
and carried out mainly by aid of the LF-NMR technique.
3.1

Materials and specimens

A mortar material (water to cement ratio 0.43, white cement to river sand ratio 1:3) is prepared with white
cement to avoid the ambiguous effect of Fe2O3 on the signal of LF-NMR. The raw materials are mixed
and casted into a big prims of 100mm100mm300mm. After demoulding at 24 h, prims are cured under
water. At the age of 20 months, 6 cores of diameter 25 mm are drilled from the centre of prims and cut
to be of length 40-50 mm. These 6 cylinders are subjected to a series of treatment and testing.
3.2

Aging treatment

These 6 cylinders are first vacuum-saturated by water, and then subjected to LF-NMR testing to obtain
their pore structure at initial water-saturated state. Since all the coarse pores of cylinders are hardly
filled by water through vacuum saturation, the water intrusion at high pressure of 3 MPa is additionally
introduced to make them saturated. The pore structure of mortar specimens at high-pressure intrusion
state is also characterized by the identical LF-NMR method. At the states of vacuum saturation and high
pressure intrusion, their masses are also measured by an electrical balance of 0.001 g.
Thereafter, these 6 specimens are randomly divided into 3 groups. The first group of cylinders are ovendried at elevated temperature 80 oC. To avoid carbonation, the oven is vacuumed before. After drying
for 7 days, these 2 cylinders are vacuum-saturated to obtain their pore structure characteristics through
LF-NMR. The second group of specimens are subjected to water bath at 80 oC with the action of high
temperature and no effect of water removal. After 7 days, they are cooled to room temperature and then
tested by LF-NMR. Moreover, the third group of specimens are dried at room temperature and 3% RH,
which is controlled by blue silica gel. In this situation, only the removing of water is incorporated without
the action of high temperature. After aging for 7 days, the characteristics for their pore structure are also
measured by LF-NMR. In this way, the effect of water removing, high temperature as well as these two
actions together is separately quantified. After the first round of aging and testing, they are subjected to
another similar round of treatment that they have been subjected to. After different aging for 14 days,
their pore structure are measured once more through LF-NMR technique. Finally, they are totally ovendried at 105 oC until constant weight, from which the solid mass ms and thus water content fraction i
are determined through equation (2) for each specimen.
3.3

Testing of pore structure through LF-NMR

A 2 MHz NMR rock core analyser that is manufactured by Limecho Ltd., China is applied to capture the
transverse relaxation behaviour of water in pores through CPMG pulse sequence. The critical echo time
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is adopted as short as 60 s to detect the water confined in interlayer pores of fast relaxation. Moreover,
enough long repetition time 15 s and enough echo number are selected to detect the signal from coarse
pores. Enough number of scans is also taken to ensure enough high signal to noise ratio of about 80.
As reported in Zhou et al. (2017) and Zhou et al. (2018), it is thus able to detect all the evaporable water
confined in pores of various sizes covering several magnitudes. From the captured relaxation behaviour
of all water in pores, the content fraction i(T2i) for ith water reservoir is then inversely identified for each
specimen at four different states, including initial water saturation, high pressure intrusion and aging for
7 d and 14 d through either oven-drying at 80 oC, ambient drying at 3% RH or water bath at 80 oC.
4.

RESULTS AND DISCUSSION

The common oven-drying procedure actually contains two kinds of actions including heating and water
removing, which are both suspicious of altering the pore structures and causing micro-cracks. In order
to separate these coupled effects and quantify them one by one, a thorough testing scheme is designed
and carried out mainly by aid of the non-destructive LF-NMR technique. The identified water content
fraction and relaxation time for these 2 specimens in each group are averaged and listed in Table 1-3.
Table 1. Characteristics of pore structure for specimens underwent oven-drying at 80 oC
Status

Property

Initial vacuum
saturation

T2i (ms)

0.38

1.92

34.21

272.21

1919.77

i (L/g)

36.78

22.63

4.69

2.94

5.64

T2i (ms)

0.50

2.56

57.37

449.64

2149.61

i (L/g)

43.38

18.38

3.38

3.30

10.13

T2i (ms)

0.65

2.34

35.00

239.61

1210.40

i (L/g)

42.86

15.75

4.43

4.89

7.30

T2i (ms)

0.44

2.18

33.76

405.48

2054.95

i (L/g)

24.21

42.62

3.60

5.53

5.59

High pressure
intrusion
Drying at 80oC
for 7 d
Drying at 80oC
for 14 d

1st

2nd

3rd

4th

5th

Table 2. Characteristics of pore structure for specimens underwent ambient drying at 3% RH
Status

Property

Initial vacuum
saturation

T2i (ms)

0.43

2.06

33.99

282.35

1940.30

i (L/g)

38.74

18.86

4.24

2.91

6.40

T2i (ms)

0.59

3.37

60.36

435.97

2055.48

i (L/g)

45.22

11.46

3.98

3.03

7.22

T2i (ms)

0.45

1.98

38.01

415.62

2179.18

i (L/g)

34.41

22.07

4.45

4.70

5.75

T2i (ms)

0.52

2.49

47.36

402.35

1897.47

i (L/g)

44.97

14.76

4.16

4.05

5.32

High pressure
intrusion
Drying at 3% RH
for 7 d
Drying at 3% RH
for 14 d
4.1

1st

2nd

3rd

4th

5th

General characteristics of pore structure

Theoretically, the water distribution at saturation state through either vacuum method or high-pressure
intrusion indicates the pore structure characteristics for cement mortars. Taking advantage of LF-NMR
technique, the best solution of equation (1) almost always yields 5 components of transverse relaxation
time from several micro-seconds to seconds, as shown in Table 1-3. From their characteristic relaxation
time T2i, the ith reservoirs are assigned to the interlayer pores (i=1), gel pores (i=2), inter-hydrate pores
(i=3), fine capillary pores (i=4) and coarse pores (i=5). To further quantify characteristics of their
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structure, the identified water distribution i(T2i) are averaged over all 6 samples at initial vacuum
saturation and high pressure intrusion states, as shown in Figure 1.The averaged evaporable water
content fraction is also yielded as 75.26 L/g and 76.25 L/g for the state of vacuum saturation and high
pressure intrusion, respectively. This means that intrusion at high pressure brings only a little more water
into them when comparing to vacuum saturation method (Figure 1a). However, when regarding to their
distributions in pore reservoirs (Figure 1b), it is obviously clear that, although the water content fractions
i (i=3-5) show a small gap, the water contents in interlayer pores and gel pores are remarkably different
from one to another. After intrusion at high pressure, the volume of interlay pores increases by about
6.34 L/g (+15.76%), at the expanse of the decreased volume of gel pores by 7.31 L/g (-36.03%), as
shown in Figure 1b. Although intrusion at high pressure brings a little more water into small cylinders
than vacuum saturation, surprisingly, it will remarkably change the pore structure of mortar, especially
the C-S-H gel.
Table 3. Characteristics of pore structure for specimens underwent water bath at 80 oC
Status

Property

Initial vacuum
saturation

T2i (ms)

0.48

2.35

37.30

325.86

2126.98

i (L/g)

45.17

19.39

4.48

3.14

9.80

T2i (ms)

0.55

2.99

54.99

444.31

2236.25

i (L/g)

46.99

16.68

4.23

3.61

11.68

T2i (ms)

0.67

5.08

91.13

674.56

2691.07

i (L/g)

46.82

16.74

4.90

5.26

7.80

T2i (ms)

0.44

2.18

33.76

405.48

2054.95

i (L/g)

24.21

42.62

3.60

5.53

5.59

High pressure
intrusion
Water bath
for 7 d
Water bath
for 14 d

1st

2nd

3rd

4th

5th

Figure 1. Water content of mortar during aging (left) and water distribution (right) before aging.
4.2

Evolution of pore structure during aging

By aid of non-destructive LF-NMR technique, it is able to characterize the pore structure of aged mortar
specimens at water-saturated state without the indefinite interference of totally drying. According to the
C-S-H model, the pore volume inside C-S-H gel is composed of the 1st, 2nd and 3rd components identified
by LF-NMR. And the 4th and 5th components make up the pores out of C-S-H gel. To further investigate
the evolution of pore structure for C-S-H gel and thus mortar material, the pore water inside C-S-H gel
(1+2+3) and outside (4+5) is calculated and illustrated in Figure 3.
4.2.1 Aging by water bath at 80 oC
Without the action of water removal, the effect of aging through water bath at 80 oC on mature mortar
material is believed to be negligible. From the evaporable water contents after water bath for 7 d and 14
d, a tiny change is found when comparing to the initial vacuum saturation state. However, if looking at
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the isolated water contents of C-S-H gel inside and outside (Figure 3), the water content in C-S-H gel
phase increases continuously with decreasing water content outside C-S-H in contrast to the saturation
state through high pressure intrusion, indicating that the C-S-H gel does swell a little into coarser pores.
When looking at the evolution of water distribution inside C-S-H gel, in Figure 2 one can see that, the
volume of gel pore increases remarkably when aging for 14d at the expanse of collapse of interlayer
pores. Consequently, the C-S-H gel is aging under the only action of high temperature, decreasing the
interlayer pores of C-S-H gel and coarsening the gel pores of mortar materials.

Figure 2. The volume of interlayer pores (left) and gel pores (right) for mortar during aging.

Figure 3. The water content for inner (left) and outer (right) pores of C-S-H gel during aging.
4.2.2 Aging by ambient drying at 3% RH
Without the action of elevated temperature, ambient drying at low relative humidity about 3% is believed
to be gentle, though it is also said to possibly introduce micro-cracks into cement-based materials. When
comparing the evaporable water contents shown in Figure 1a, it increases a little after aging at 3% RH
for 14 d, although it is not clear for 7 d. Furthermore, the volume of interlayer pores (Figure 2a) and gel
pores (Figure 2b) evolve little with remarkable scattering. At the same time, the pore volume inside CS-H gel increases by 3.23 L/g from the saturation state by high pressure intrusion (Figure 3a). And the
pore volume outside C-S-H does not altered observably (decreases only by 0.88 L/g). In another words,
during the aging by ambient drying at 3%RH, the interlayer pores and gel pores are almost not changed.
Importantly, the micro-cracks possibly brought by drying at 3% RH is negligible from the viewpoint of its
water volume and pore structure identified by LF-NMR.
4.2.3 Aging by oven-drying at 80 oC
During the aging treatment through oven-drying at 80 oC, both the actions of elevated temperature and
water removing at low RH are incorporated. Consequently, the effect of aging by oven-drying at 80 oC
on the pore structure of cement mortar is made of the combined effects of high temperature and low
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RH. From the results listed above and discussions, a little increase of water content after oven-drying
for 14 d is reasonably expected, as shown in Figure 1a. Fundamentally, it is not surprised to see the
more obvious collapse of interlayer pores (decreasing 1) in Figure 2a and expansion of gel pores
(increasing 2) in Figure 2b, since high temperature action contributes much to them. When regarding
to the pore volume of C-S-H gel inside (Figure 3a), it is almost unchanged due to the balanced effects
on interlayer pores and gel pores. Moreover, the pore volume outside C-S-H gel decreases a little due
to the reducing of 4+5 brought by the action of high temperature (Figure 3b). Nevertheless, the
indefinite micro-cracks that is usually blamed for the evolution of many macroscopic properties is not
clearly observed (see also Figure 1b). Importantly, it is surprised to find that the aging of C-S-H gel is
more remarkable than micro-cracks in mortar specimens underwent the action of high temperature or
gentle water-removing. As a result, in contrast to the initial vacuum saturation state or that achieved
through high pressure intrusion, the gel pore structure of cement mortar is made coarser at the expense
of contraction of interlayer pores, as shown in Figure 1b. This remarkable change of the C-S-H gel rather
than doubtful micro-cracks takes actually the major role to change the micro-structure and thus several
macroscopic properties of cement-based materials.
5.

CONCLUDING REMARKS

Through the non-destructive LF-NMR techniques, the pore structure of cement mortar is characterized
at initial vacuum saturation, high pressure intrusion and different aging states. Several remarks could
be concluded with regards to the evolution of pore structure and micro-cracks during aging.







6.

Although intrusion at high pressure brings a little more water into small sample than vacuum
saturation, it will change the pore structure characteristic of mortar especially the C-S-H gel.
During the aging by water bath at elevated temperature, the pore volume of C-S-H gel slowly
increases, which comes from the compromises between the collapse of interlayer pores and
the more remarkable rising of gel pores inside C-S-H gel. No micro-crack appears.
During the aging by ambient drying at 3%RH, although the total pore volume and that inside
C-S-H gel increases only a little, the volumes of interlayer pores and gel pores are almost
not changed. No micro-crack is observed.
During the aging by oven-drying at elevated temperature, the interlayer pores collapse and
the gel pores expand by a great extend. The pore volume inside C-S-H gel increases a little,
and the pore volume outside C-S-H gel also decreases a little. These two factors together
increase the evaporable water content and thus porosity by a rather small extent.
The aging of C-S-H gel, which is mainly composed of the remarkable collapse of interlayer
pores and coarsening of the gel pores, is more prominent than the indefinite micro-cracks.
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ABSTRACT
Structural build-up is of great importance in many concrete applications, such as formwork pressure,
multi-layers casting, slip form paving, stability, and 3D printing. In this paper, the rheological
characterization methods of structural build-up were first reviewed. The growth of static yield stress
and thixotropic area methods were used to characterize the structural build-up of cement paste. The
effects of different mineral admixtures, water-to-binder ratio, and accelerators were studied. Mineral
admixture included silica fume (SF), ground slag (GS), fly ash (FA), nano calcium carbonate (NC) and
nano silica (NS), and water-to-binder ratio included 0.35, 0.4, 0.45 and 0.5, and accelerators included
sulfate, chloride and nitrate. Results showed that thixotropic behavior characterized by the growth of
yield stress and thixotropic area gave different ranking on cement pastes with various mineral
admixtures. NS, AG, NC and SF increased the growth of yield stress over 120 min, and NS was the
most effective one. FA and GS decreased the growth of yield stress over 120 min. The lower w/c ratio
is, the higher structural build-up rate is. Chloride is the most effective accelerator to increase the
structural build-up of cement pastes.
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1.

INTRODUCTION

The structural build-up of cement-based material at rest is a complex phenomenon associated to the
combined effect of both physical inter-particle colloidal interactions and chemical cement hydration
[Roussel et al. 2012]. The high structural build-up rate is desirable at rest. It can lead to high segregation
and bleeding resistance that can improve the quality of interface between aggregate and cement paste
[Assaad et al. 2006]. This directly affects the permeability, bond to steel and mechanical properties
[Assaad et al. 2004]. Besides, a high build-up rate of fresh concrete decreases lateral pressure exerted
on the formwork system. In case of multilayer casting, includes 3D printing and smart casting, high buildup rate may lead to a sufficient strength to sustain the weight of subsequent casting layers, as well as
ensure strong bond between cast layers [Kazemian et al. 2017].
Many rheological methods proposed to monitor and assess the structural build-up of cement-based
materials. The hysteresis area enclosed between the ascending and descending flow curves by loop
test is often used as an index to quantify thixotropic behavior of cement-based materials [Lapasin et al.
1979]. An alternative method, start-up test, is applied by shearing cement-based material at different
shear rate and using the area between the initial shear stresses and the equilibrium stresses [Lapasin
et al. 1983]. Static yield stress test is another way, which is performed by shearing the sample at a very
low and constant shear rate [Mahaut et al. 2008]. The evolution of static yield stress with time is most
commonly employed to evaluate the rate of build-up. To avoid excess flocculation induced by constant
shear, creep test was implemented and developed to characterize thixotropic rebuild [Struble et al. 1993,
Qian et al. 2016]. Moreover, the non-destructive small amplitude oscillatory shear (SAOS) technique
has been widely used to investigate the recovery of cement-based materials at rest [Yuan et al. 2017].
Slump test and penetration test were also developed as a characterization for structural build-up of
cement-based materials, including inclined plane test [Coussot et al. 1995], undisturbed slump spread
test, K-slump test [Khayat et al. 2012], plate test [Amziane et al. 2008] and static Vicat tests [Sleiman et
al. 2010].
Mineral admixtures are indispensable component of modern concrete, which have also been proved as
an effective way to increase thixotropy or recovery rate of cement-based materials. It was found that
appropriate dosage of fly ash, silica fume, limestone powder [Rahman et al. 2014, Ahari et al. 2015,]
and clay [Kawashima et al. 2013, Quanji et al. 2014] led to an increase in thixotropy value of selfconsolidating concrete (SCC), contrarily the addition of slag decreased thixotopic rate of SCC. The effect
of mineral admixtures on the structural build-up of cement paste can be ascribed to chemical and
physical reasons [Roussel et al. 2012, Mostafa et al. 2017]. Although there are a few studies dealing
with the mineral admixtures affecting the structural build-up of cement-based materials, the effect of
different mineral admixtures is still unclear.
Now that hydration process is seem as one of the main contributors of cement paste build-up,
accelerating hydration properly may be another way to increase the growth rate of structural build-up of
cement paste. Many effective accelerators for quick setting or hardening have been reported. Among
them, CaCl2 is most popular one. Small addition of CaCl2 makes the initial setting time reduced by half
[Kazemian et al. 2017]. It was revealed that CaCl2 can make the CSH layers surrounding cement
particles more permeable, so that ions and water can easily pass the layer, and thus hydration is
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accelerated [Peterson et al. 2006]. In addition, Ca(NO3)2 also shows an advantage in reducing setting
time at low temperature, while its impact at room temperature depends significantly on the cement type
[Justnes et al. 1993]. The presence of sulphate helps well-defined calcium sulphate or AFt occurs much
earlier in fresh paste, which accelerates the setting process [Taylor, 1997]. However, those studies
focused on the influence of hydration accelerators on setting time rather than the structural build-up
behavior before setting.
In present paper, we studied the effect of cement to water ratio (w/c), common mineral admixtures and
inorganic accelerators on structural build-up of cement-based materials based on the static yield stress
test, along with its rheological properties. In order to provide more insightful evidence of structural buildup, calorimetric test was conducted to evaluate the hydration rate of cement paste.
2.

MATERIALS AND EXPERIMENTAL PROGRAMS

2.1 Material and sample preparation
P II 52.5 portland cement complied with Chinese Standard GB175-2007 and a polycarboxylate highrange water reducer (HRWRA) was used in this study. Fly ash (FA), ground slag (GS), silica fume (SF),
attapulgite (AG), nano calcium carbonate (NC) and nano silica (NS) were used to partially replace
cement. The chemical compositions and physical properties of the powders are given in Table 1. The
accelerators used in this study were analytical grade, including CaCl2, Na2SO4, Ca(NO3)2 and Mg(NO3)2.
Water, superplasticizer and hydration accelerators admixtures (if any) were first added into the Hobart
N50 mixer. This was followed by adding cement and other minerals. The paste was mixed at low speed
for 30 s, and then the mixer was stopped for 60 s. This was followed by mixing at high speed for 90 s
and low speed for another 30 s. The w/c was 0.35, 0.4, 0.45 and 0.5, and SP addition level was 0.1%.
The replacement level (by mass) of the minerals was 20% (FA), 30% (GS), 5% (SF), 1% (AG), 2% (NC)
and 2% (NS). The additions of hydration accelerators were from 0.5% to 3%.
Table 1 Chemical composition and physical properties of the powders
Composition (%)

Cement

FA

GS

SF

AG

NS

NC

CaO

62.80

3.70

41.00

0.20

0.79

-

51.48

SiO2

20.60

52.7

33.10

93.00

58.50

99.8

-

Al2O3

4.13

25.8

15.40

0.41

9.92

-

-

Fe2O3

2.99

9.70

0.50

0.80

6.23

-

0.05

SO3

2.56

0.20

1.95

0.39

-

-

-

MgO

2.99

1.81

7.50

0.60

11.12

-

-

Other minor oxides

3.93

6.09

0.55

4.60

13.44

-

48.47

Loss on ignition

0.31

1.76

0.40

2.01

10.61

0.20

0.50

353

410

442

17800

15340

261000

254000

Specific surface
area(m2/kg)
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2.2 Testing procedures
2.2.1

Rheological tests

Anton paar Rheolab QC coaxial cylinder rotary rheometer was used for rheological test. Dynamic yield
stress test was started at 10 min after the contact of cement and water, and the test was conducted as
follows: pre-sheared the paste at 100 s-1 60 s, and stopped for 15s, followed by linearly increasing shear
rate from 0 to100 s-1 within 60 s, and then sheared the pate for100 s -1 for15 s, followed by linearly
decreasing shear rate from 100 to 0 s -1 within 60 s. Bingham model was used to fit the data between
the shear rate of 20-80 s-1 and thixotropic area can be obtained. At the time of 15 min, the paste was
subjected to static yield stress test which was conducted at a constant shear rate of 0.02 s -1 for 30 s.
The static yield stress test was repeated every 15 min until 120 min. During the test, the temperature of
paste was maintained at 25 oC by water bath.
2.2.2

Calorimeter test

TAM Air thermal activity micro-calorimeter was used to measure the hydration heat of cement pastes.
The mass of sample was calculated based on thermal capacity. The cups with paste were put into the
chambers and the ambient temperature around the samples is controlled to 25 oC. The data were
recorded every 30 s. The boundary nucleation and growth (BNG) model were used to fit the calorimetric
results and obtain hydration kinetics of cement. According to BNG model, the volume fraction of hydrates
at a given time (X(t)) can be identified from Eq. 1 [Cahn 1956, Scherer et al. 2012]. X(t) = 1 −
1

exp{−2𝐾𝐺 t ∫0 [1 − exp(−𝐾𝑁 𝑡 3 (1 − 𝜇)2 (1 + 2𝜇))]𝑑𝜇}, 𝜇 < 1  (1)
where 1/kG is the time for hydration products reaching the radius of “reaction vessel”. 1/(K N)1/3 is the time
needed for part of hydration products along the boundary of cement particles to become unity. The BNG
model well fits calorimetric data, and the heat flow can be defined as A(dx/dt), and A is scaling parameter.
In this study, the measured heat flow data, particularly the data between the minimum in the induction
period and the second peak, were used to determine KN and KG values.

3.

RHEOLOGICAL RESULTS

3.1 Effect of water to cement mass ratio (w/c)
The evolution of static yield stress of cement pastes with different w/c ratios are given in Figure 1a. The
static yield stress of paste developed non-linearly. It can be observed in Figure 1a, the growth of static
yield stress was quite slow within first 60 or 75 min, followed by relatively fast development of static yield
stress. Thus, the growth of yield stress of cement paste was divided into two phases as Figure 1a shown.
The slopes in these two phases were used to characterize the growth rate of static yield stress. The
change of the growth rate of cement paste with w/c ratio is presented in Figure 1b. The result shows
that the growth rate of static yield stress at the first phase was almost one quarter of that at the second
phase. The increase of w/c ratio decreased the growth rate of static yield stress during both two phases.
The growth rate decreased with w/c ratio non-linearly at first phase while linearly at second phase.
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3.2 Effect of mineral admixtures
The evolution of static yield stress of cement pastes with various mineral admixtures are given in Figure
2. As can be seen, the mineral admixtures affected the growth of static yield stress differently. The
growth rate of static yield stress is given in Figure 3a. At low w/c ratio, FA and GS had negative effect
on the growth of static yield stress in the whole 120 min. In case of first phase, NS was the most effective
mineral admixture to increase the growth rate of static yield stress, followed by AG, SF. NC made a
negligible influence on growth rate at first phase. Conversely, NC performed a dramatic positive effect
on the build-up rate as NS did at second phase. However, AG and SF had slight effects at second phase.
At high w/c ratio, all of minerals had positive effect on structural build-up at first phase. As similar as the
result for low w/c ratio, the incorporation of FA and GS were unfavorable for yield stress s growth at
second phase. As expected, NS, SF, NC and AG had significant advantaged impact at second phase.

(b) Growth rate

(a) Static yield stress
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Linear fitting result

250
200
150
100
50
0
0

15

30

45

60

75

90

105

4.58
4

Linear
3.17

3

2.27

2

2.08

1.29

1

Non-linear
0.64

0.49

0

0.0

120

5.42

First phase
Second phase

5

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

water to cement ratio (w/c)

Time (min)

Figure 1 Evolution of static yield stress of plain cement pastes with various w/c ratios.
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Figure 2 Evolution of static yield stress of cement pastes with various mineral admixtures.
3.3 Effect of hydration accelerators
Since NS had shown good performance on the enhancement of structural build-up rate, the effects of
accelerators on cement paste (w/c=0.45) incorporated with 2% NS were investigated. The influence of
CaCl2, Ca(NO3)2, Mg(NO3)2 and Na2SO4 and their addition level on static yield stress is given in Figure
4a. The data shows that yield stress of paste still grow linearly with time at first hour when paste was
modified by accelerators. Therefore, the growth rates of static yield stress are plotted as Figure 4b based
on linear fitting results. It can be seen that the presences of CaCl2, Ca(NO3)2 and Mg(NO3)2 had positive
effect on structural build-up rate and the level increased with dosage. The 2% addition of CaCl 2 and
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Mg(NO3)2 tripled the growth rate of yield stress. Small additions of Na2SO4 decreased the build-up rate
of cement paste. 1% Na2SO4 reduce the growth rate of static yield stress by about 35%. However, when
the dosage over 2%, there showed an opposite trend about the effect of Na2SO4. At that time, the more
Na2SO4 added, the faster build-up rate was. The efficiency of Na2SO4 in term of accelerating build-up
rate was much lower than others.
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(a)Growth rate of static yield stress
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4.

DISCUSSION

Calorimetric testing results of plain cement paste and blended cement pastes at two w/c are given in
Figure 5. Most of the structural build-up tests were stopped before the end time of induction period
(within 120 min). The heat flow values of all pastes during induction period were quite small and similar.
However, based on the analysis of the whole hydration evolution, it obviously showed that hydration
process was subjected to effect of mineral admixtures. Simulated and measured curves of hydration
degree are shown in Figure 5. Hydration kinetic parameters obtained by BNG model are listed in Table
2. It was suggested that incorporation of minerals resulted in considerate variations in the nucleation
and growth kinetics and those changes linked to the influence on structural build-up. The replacement
of FA and GS decreased the KN and KG at lower w/c ratio. However, their negative effects on KN were
eliminated when w/c up to 0.45, while their impact on KG were still negative. In addition, the small dosage
of SF, NS and NC were of benefit to the increase of both KN and KG. NC had a greater positive effect
on KG while SF had a greater positive effect on KN. NS made both KN and KG be enhanced by ten folds.
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However, AG showed a little impact on KN, but it slightly increased KG value. Thus, the incorporation of
AG was harmful for hydration.
According to Ref. [Mostafa et al. 2017], KN describes the rate of covering the surface of cement particles
with hydration products in unit volume of paste and KG indicates the rate of filling the pore space between
particles in unit volume of paste. A larger KN increases the possibility for forming more bridges between
particles. Meanwhile, the charged hydrate covered on surface of particle may also lead to alteration of
surface interactions. It further caused a change of flocculation rate. Likewise, a larger K G reflects a
quicker dimensional growth of hydrate, which provides a stronger bridging for given pseudo contact
distance between particles [Mostafa et al. 2017]. Under the assumption that the structural build-up is
mainly provided by CSH bridge between particles, either a larger KG or a larger KN is favorable to the
structural build-up of cement paste.
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Table 2 Hydration kinetics of cement pastes containing different mineral additives
KN(×10-3 h-3)

KG( h-1)

KN(×10-3 h-3)

KG( h-1)

Ref.

0.0466

0.0265

0.0657

0.0281

FA

0.0401

0.0255

0.0879

0.0284

GS

0.0313

0.0193

0.0707

0.0219

0.1058

0.0936

0.1314

0.0964

AG

0.0428

0.0475

0.0505

0.0511

NS

0.3561

0.3143

0.2744

0.2188

NC

0.0719

0.2253

0.1202

0.2407

Additives

SF

w/b

0.35

w/b

0.45

It is revealed that KN related to the structural build-up rate at the first phase while KG governed the buildup rate at second phase. FA and GS reduced K N value, which predicted the lower flocculation rate of
cement system. It resulted in lower build-up rate at first phase. Moreover, FA and GS decreased the
covering rate of CSH on the surface of grain, it therefore reduced the rate of forming effective CSH
colloidal bridges among particles. The lower KG values further limited the growth of formed CSH bridges
and the much lower growth rate of static yield stress. Nevertheless, since the values of KN of those
pastes containing FA or GS were larger than that of plain cement at w/c of 0.45, the effect of FA or GS
on the structural build-up rate converted to be positive. It explained why the replacement of FA and GS
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accelerated the build-up at first phase at high w/c. However, their effect at second phase were negative
due to the lower values of KG and growth rate of CSH. On the contrary, the presence of NS and SF
increased the nucleating and growth kinetics of CSH by several times, and resulted in a strong
foccluation ability and a quicker establishment of rigid colloidal network between cement grains,
structural build-up rate therefore increased at the whole testing period. NC only increased K N at higher
w/c and it therefore only increased the build-up rate during first phase at high w/c. Nevertheless, the
addition of NC benefited to KG of CSH, which leads to desirable increase in build-up rate at second
phase. It worth mentioning that the positive effect AG made in first phase cannot attribute to hydration
kinetic, which agreed with the conclusion in the previous studies [Kawashima et al. 2013]. The growth
rate of CSH was decreased by 10% due to the addition of AG, it may be responsible for significant
deceleration of structuration at the low w/c.
Table 3 Hydration kinetics of cement pastes with NS and various hydration accelerators
Additives

KN(×10-3 h-3)

KG( h-1)

Additives

KN(×10-3 h-3)

KG( h-1)

Ref.

0.2744

0.2188

1% Mg(NO3)2

3.4915

0.2278

1% CaCl2

2.2889

0.2946

2% Mg(NO3)2

14.2804

0.2564

2% CaCl2

17.896

0.3586

1% Na2SO4

0.0595

0.2041

1% Ca(NO3)2

2.2879

0.2211

2% Na2SO4

0.1773

0.2235

2% Ca(NO3)2

8.9951

0.2434

2.5% Na2SO4

0.3655

0.2834

The calorimeter data of cement pastes with NS and various accelerators were also well fitted with BNG
model, and hydration kinetic are listed in Table 3. According to the result, the addition of CaCl 2 strongly
accelerated nucleation and growth rate of hydrate at early stage. The higher addition level was, the
faster hydration rate was. It is well established that chloride can significantly accelerate the hydration of
C3S, and more CSH with permeable structure can be formed at very early ages. In comparison with
CaCl2 at the same addition level, Ca(NO3)2 has lower accelerating effect on the nucleation and the
growth of CSH in pore space between particles. Due to the addition of CaCl 2 and Ca(NO3)2, the
significant enhancement of hydration kinetics of C 3S leads to rapid formation [Justnes et al. 1993] and
fast rigidification of CSH bridge, which contributed to a high speed structural build-up rate within 1 hour.
It can be seen from Table 3 that the hydration kinetics of paste with Mg(NO 3)2 were lower than that with
CaCl2, although higher than the reference. But the structural build-up rate of paste with Mg(NO3)2 was
higher than the addition of CaCl2 and Ca(NO3)2. The excessive effect may be contributed by magnesium
ions. In highly alkaline environment, Mg2+ may react with OH- into Mg(OH)2 [Deng 1999]. The formation
of Mg(OH)2 may be responsible for the high structural build-up. 0.5~1% addition of Na2SO4 reduced the
nucleation and growth kinetic of cement. However, higher addition levels of Na 2SO4 was found to
enhance the rate of hydration. In the presence of SO 42- accelerated the production of ettringite but
reduced the Ca2+ concentration, resulting in a lower rate of formation of CSH at the early age. When
dosage of Na2SO4 is small, its delayed action on CSH formation may slow down the structuration rate
of cement paste. Conversely, an increase in Na2SO4 content may leads to initial context with a higher
value pH which was found to be benefit of cement hydration [Mostafa et al. 2017]. On the other hand,
large number of SO42- may cause the mass formation of needle-like ettringite to enhance mechanical
interaction force between particles. Although the role of Na 2SO4 on hydration of cement has been
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unclear, the positive or negative effect of Na2SO4 on structural build-up was proved to be related closely
with hydration kinetics.
5.

CONCLUSIONS

The higher the nucleation and growth rate constants (KN and KG) of CSH conduces to structural buildup of cement paste. NS, NC and SF significantly accelerates the hydration process. AG has a little
positive effect on the hydration of cement. FA and GS decelerate the hydration process. As a result, NS,
AG, NC and SF increases the growth of yield stress, and NS is the most effective one. FA and GS
decrease the growth of yield stress over 120 min. Hydration accelerators increase both the nucleation
and growth rate. All the accelerators with appropriate dosage have, to some extent, positive effect on
structural build-up of cement paste. Among them chloride performed most efficiently.
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ABSTRACT
DEIPA (diethanol isopropanolamine) and EDG (ethanol diglycine) are chemical compounds that can
provide early strength enhancement to concrete when added in small amounts during cement grinding
or concrete production. Some of the mechanisms of strength enhancement of DEIPA have been
published in the literature, but this is not the case for EDG, a new amino-acid strength enhancer.
In this article, we report the results of an investigation that compared the impact of EDG and DEIPA on
some mechanisms of cement hydration and on the microstructure of hardened cement pastes. EDG
significantly increased early strengths in more than 60% of tested cements. Chemical analysis of
model systems and cement pore water showed that EDG chelates Ca2+ ions during cement hydration,
increasing the availability of these ions in the aqueous media beyond that of a blank sample.
Microscopic analysis and mercury intrusion porosimetry suggest that the mechanism of strength
enhancement is at least in part due to a more uniform distribution of portlandite and to a refined
porosity of the cement matrix. DEIPA has similar effects, although to a somehow lesser extent.
The interfacial transition zone (ITZ) between cement matrix and aggregates has been examined by
optical and electron microscopy in cement mortars and concretes. EDG reduces the amount of
calcium hydroxide in the paste and in the ITZ, therefore improving its homogeneity. Despite the lower
amount of calcium hydroxide in the paste, the carbonation depth of 1-year-old specimens is
unchanged by the presence of EDG or DEIPA.
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1.

INTRODUCTION

The most common water-soluble organic early strength enhancers used in the production of cements
are tertiary alkanolamines, such as triethanolamine (TEA) and diethanol-isopropanolamine (DEIPA).
Besides reducing the agglomeration of the cement particles during grinding, these amines have the
ability, during cement hydration, to chelate metal ions such as aluminium and iron, thus affecting
dissolution of anhydrous phases and precipitation rates of hydrates (Riding et al., 2010; Cheung et al.,
2011; Ma et al., 2015; Yan-Rong et al., 2016).
Most recently, ethanol dyglicine (EDG) has been shown to also work as a grinding aid and to increase
the early compressive strength of cement-based mortars and concretes by up to 25% (Silva & Sibbick,
2018; Silva et al., 2018a; Silva et al., 2018b).
While tertiary alkanolamines have been used in the production of cements for decades, the use of EDG
in the construction industry is new; therefore, most of the knowledge on the impact of this new compound
on the cement hydration reactions and its effect on the microstructure of hardened cement materials is
still to be acquired. The objective of this investigation is, therefore, to understand the mechanisms of
EDG as it compares to DEIPA, which is a better known technology that can provide similar strength
benefits, as shown in Figure 1.

Figure 1. Compressive strength of EN-196 mortars with a commercial OPC. Chemical additives
added to the EN-196 mortar mixing water as weight percent of cement.
To obtain a deeper insight on the impact of these chemical compounds on the phenomena involved in
cement hydration, calcium hydroxide model systems and Portland cement-based systems were studied
using various techniques as will be described.
2.

CALCIUM HYDROXIDE MODEL SYSTEM

Calcium hydroxide (CH) is one of the main products from cement hydration and plays a key role on the
performance and durability of concrete. In order to investigate the impact of these chemical compounds
on CH, some of the model systems described by Galmarini et al. (2011) were used. 100mL of each
0.4M NaOH and 0.2M CaCl2 solutions were mixed together in a high-speed magnetic stirrer for 5
minutes and allowed to rest for 1 hour, to form stoichiometric amounts of CH. For samples containing
sulfate, 0.1M Na2SO4 was added to both NaOH and CaCl2 solutions. 0.16 active grams of each of the
organic compounds (Na2-EDG and DEIPA) were added to the initial NaOH solutions, resulting in 4mM
and 5mM concentration of EDG and DEIPA, respectively, in solution after mixing. These concentrations
in solution are slightly higher than the range used in concrete field applications (0.5mM – 3mM) to
intensify the effect of the organic compounds.
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After vacuum filtration, the precipitates were collected, washed with deionized water for removal of NaCl,
and allowed to air dry inside a silica-gel-containing desiccator. Quantitative x-ray diffraction (QXRD) was
performed using Rietveld refinement to confirm purity of the precipitates, and scanning electron
microscopy (SEM) was used to observe the morphology of the CH crystals. The aqueous solution was
analysed using inductively coupled plasma spectroscopy (ICP) for the determination of the
concentration of calcium and sulphur ions in solution. Carbonation was minimized by running the
precipitation step of the experiment inside a N2-filled glove bag.
Table 1 shows the active amounts of reactants and organic compounds, as well as the measured
concentration of calcium and sulphur ions in solution for each of the samples after CH precipitation. Both
chemical admixtures increased the concentration of calcium, but EDG had a slightly stronger effect than
DEIPA. These results indicate that the organic additives affect the solubility of CH in these model
systems.
The theoretical concentration of sulphur in solution, for the amount of Na2SO4 added, should be 100mM.
As can be seen in Table 1, the measured sulphur is lower than that. This difference is attributed to the
sorption of S onto precipitated CH (Galmarini et al., 2011). Table 1 also shows that, in the presence of
sulfate, the organic additives increase the calcium concentration more dramatically.
Table 1. Active contents of initial reagents and concentrations of calcium and sulphur in
solution after CH precipitation
Suspensions
No sulfate
Initial reagents

With sulfate

Blank

EDG

DEIPA

Blank

EDG

DEIPA

NaOH (g)

1.60

1.60

1.60

1.60

1.60

1.60

CaCl2 (g)

2.22

2.22

2.22

2.22

2.22

2.22

Na2SO4 (g)

--

--

--

2.84

2.84

2.84

Na2-EDG (g)

--

0.16

--

--

0.16

--

DEIPA (g)

--

--

0.16

--

--

0.16

21.8

26.7

24.8

22.2

32.9

28.0

--

--

--

80.4

81.0

84.8

Ionic concentration
[Ca] (mM)
[S] (mM)

The QXRD analysis showed a high purity precipitated CH from these model systems. Traces of calcite
were found in all samples, as shown in Table 2, probably due to the carbonation of the samples during
synthesis. The sample with EDG, in the presence of sulfate, showed a higher calcite content, indicating
more intense carbonation. In the partial XRD spectra shown in Figure 1, a broadening of the CH peak
that corresponds to the (0001) basal plane (peak at 18.1 2 in the samples with EDG, especially in the
presence of sulfate, may be an indication of a different crystal morphology and/or crystallite size. The
more intense carbonation of the sample with sulfate and EDG is probably due to the higher surface area
of the CH crystals precipitated in this sample.
Table 2. QXRD analysis of precipitates via Rietveld refinement
No sulfate
Crystalline phase

With sulfate

Blank

EDG

DEIPA

Blank

EDG

DEIPA

CH

99.0

99.5

99.8

99.8

98.3

99.6

Calcite

0.8

0.5

0.2

0.2

1.7

0.4
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(a) Without sulfate

(b) With sulfate

Figure 1. X-ray diffraction scans of precipitated CH
Figure 2 shows the morphology of the precipitates as observed in a scanning electron microscope
(SEM). In the absence of sulfate and organic additives, the precipitated CH crystals are equidimensional,
with 1-2m dimension (Figure 2a). EDG changes this morphology to hexagonal shaped plates of 1-2m
dimension, with some occasional piling on hexagonal faces (Figure 2b). The precipitates with DEIPA
are similar to the blank sample (Figure 2c).
The presence of sulfate changes the aspect ratio of the CH crystals, appearing to restrict growth of the
crystals on the (0001) basal plane (Figures 2d). This is in agreement with the findings of Galmarini et al.
(2011). DEIPA did not seem to have affected the morphology of the crystals in the presence of sulfate
(Figure 2f). On the other hand, the effect of EDG was dramatic, resulting in increased formation of more
elongated, thinner crystals sheets, in addition to the more hexagonal compacted platelets (Figure 2e).
Adsorption of chemical species onto the (0001) crystal plane could explain this phenomenon. Local
changes in the ionic concentration could also influence the growth kinetics.

(a) Blank, no sulfate

(b) EDG, no sulfate

(c) DEIPA, no sulfate

(d) Blank, with sulfate

(e) EDG, with sulfate

(f) DEIPA, with sulfate

Figure 2. SEM micrographs of CH precipitates
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3.

CEMENT PASTES

A commercial ordinary Portland cement with composition shown in Table 3 was used to investigate the
mechanisms of strength enhancement of EDG as compared to those of DEIPA. Figure 1 showed the
impact of these additives on the compressive strength of EN-196 mortars prepared with this cement.
The effect of the addition of 0.02% EDG and DEIPA (% of cement weight) on the ionic concentration of
the pore water of 1.0 w/c ratio pastes was investigated. After mixing in an overhead mixer for 2 minutes,
the pastes were gently rotated for 90 minutes to prevent settling, and centrifuged. The supernatant pore
water was passed through 0.45m PFTE membrane syringe filter and acidified with a 1M HNO 3 solution
to avoid precipitation. The entire process was developed inside a N 2-filled glove bag to prevent
carbonation. The 1.0 w/c ratio allowed enough supernatant pore water for the determination of ionic
concentration by ICP. Table 4 summarizes the concentrations of calcium, aluminium and iron in solution
as a function of the active dose of organic additive on cement. The results show that the concentration
of calcium increased similarly with EDG and DEIPA. However, DEIPA increased the presence of Al and
Fe ions in solution, while EDG did not. These results confirm that the new molecule interacts with the
hydrating cement paste by a different mechanism as compared to DEIPA, which chelates iron and
aluminium.
Table 3. Characterization of commercial OPC (% weight)
Alite

Belite

C4AF

Cub_C3A

Ort_C3A

CH

Calcite

Gypsum

Plaster

Anhydrite

Na2Oeq

59.6

11.8

5.4

6.6

4.1

0.4

2.2

1.3

3.6

0.6

0.42

Table 4. Ionic concentration in pore water
Organic additive

Dosage, % cwt

Ca, mM

Al, M

Fe, M

Blank

0

45.4

23.8

0.1

EDG

0.02

48.3

22.7

0.0

DEIPA

0.02

48.4

25.1

1.4

Figure 3 shows SEM micrographs of 0.4 w/c ratio pastes prepared with the same cement after 72 hours
of hydration. Sample preparation for SEM/EDAX analysis followed the protocol described by Scrivener
et al. (2016) for young cement pastes. Table 5 lists the phase assemblage determined by quantitative
Rietveld analysis of XRD scans of 1mm thick slices of the same pastes at 1, 3 and 28 days of hydration.
EDG slightly reduced the content of portlandite at 1 day of hydration, and changed the morphology of
the phase from large deposits to very thin needles, in agreement with a previous report based on optical
microscopy of thin sections of 24 hours-old pastes (Silva & Sibbick, 2018). It also increased the content
of ettringite at 1 day of hydration, but this effect disappeared at later ages. No important changes were
noticed on the content of the main anhydrous clinker phases. DEIPA also caused the formation of more
ettringite at early ages, but promoted the conversion from AFt to AFm with time, which is in alignment
with the findings of Ma et al. (2015). Table 5 also shows that DEIPA caused a faster consumption of
C3A and C4AF comparing to the blank and EDG pastes, confirming the impact of this amine on the
solubility of these phases. Consequently, to this effect, DEIPA also formed more of the
hemicarboaluminate, similarly to the mechanism of TIPA (Ichikawa et al., 1997).
The SEM analysis also indicated that EDG causes a refinement of the porosity of the paste, and that
this effect is similar to that of DEIPA. Figure 4 shows the pore size distribution of the blank, 0.02% EDG
and 0.02% DEIPA pastes at 1 day of hydration determined by mercury intrusion porosimetry (MIP). The
curves confirm the refinement of the pore size distribution noticed in the SEM micrographs. It is therefore
reasonable to conclude that the strength enhancement with these two additives is due, at least in part,
to a finer porosity of the hydrated cement matrix. The effect of DEIPA on the pore size distribution of
cement pastes was previously demonstrated by Ma et al. (2015).
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(a) Blank

(b) 0.02% EDG

(c) 0.02% DEIPA

Figure 3. SEM Micrographs of 3 days-old pastes
Table 5. Average phase assemblage by QXRD of 1, 3 and 28 days-old cement pastes by
Rietveld refinement (units in % weight; standard deviations shown in parenthesis)

1
day
17.6
(0.2)
5.4
(0.4)
2.6
(0.2)
4.3
(0.1)

Blank
3
days
10.6
(0.0)
5.5
(0.4)
1.5
(0.0)
1.3
(0.1)

7.6
(0.2)
6.2
(0.1)

10.3
(0.2)
6.9
(0.3)

Monocarboaluminate

--

--

Hemicarboaluminate

--

1.1
(0.1)

Katoite

--

--

Kuzelite (AFm)

--

0.4
(0.0)

Phase
Alite
Belite
C4AF
Cubic C3A
Portlandite
Ettringite

28
days
4.0
(0.1)
4.0
(0.3)
0.7
(0.2)
-12.3
(0.7)
6.5
(0.5)
0.6
(0.0)
2.1
(0.1)
1.0
(0.1)
0.2
(0.2)

1
day
17.7
(0.5)
5.7
(0.1)
2.8
(0.0)
3.8
(0.2)

0.02% EDG
3
28
days
days
11.0
4.1
(0.8)
(0.4)
5.7
3.4
(0.2)
(0.1)
1.7
0.5
(0.1)
(0.1)
1.3
-(0.3)

6.9
(0.1)
7.5
(0.0)

10.0
(0.1)
6.3
(0.1)

--

--

--

1.1
(0.1)

--

--

--

--

12.6
(0.5)
6.0
(0.4)
0.5
(0.1)
2.0
(0.2)
1.1
(0.1)
0.1
(0.0)

0.02% DEIPA
1
3
28
day
days
days
17.4
11.3
3.9
(0.2)
(0.9)
(0.8)
5.7
5.5
4.2
(0.0)
(0.1)
(0.0)
2.4
0.8
-(0.1)
(0.1)
3.4
0.5
-(0.3)
(0.1)
7.3
(0.3)
7.5
(0.1)

8.8
(0.4)
6.2
(0.3)

11.8
(1.1)
5.7
(0.1)

--

--

--

--

2.3
(0.5)

--

--

--

1.4
(0.0)

4.2
(0.1)
1.0
(0.1)
0.1
(0.0)
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Figure 4. MIP of 1 day-old pastes

4.

MICROSTRUCTURAL ANALYSIS OF THE ITZ IN CONCRETE

The impact of EDG and DEIPA on the characteristics of the interfacial transition zone (ITZ) with
aggregates in concrete was investigated by SEM/EDAX. Concrete mixes were prepared using clean
siliceous aggregates with low contents of mica and clay to facilitate the observation of CH deposits in
the ITZ. The concrete mixes were designed as follows: 334 kg/m 3 of a commercial ordinary Portland
cement, 0.56 w/c ratio, and 0.02% EDG or DEIPA (% cement weight). A blank concrete mix containing
no chemical additives was used as reference. No water reducers, air entrainers nor other concrete
admixtures were added to the mixes. All mixes were prepared and cured following the protocol described
in ASTM C31-15a (2015). Two cylinders were casted for compressive strength testing and one more
cylinder for ITZ assessment at each age (1, 3 and 28 days). Table 6 shows the fresh properties and the
compressive strength results of the concrete mixes at all ages tested. Both EDG and DEIPA increased
early strengths of the concrete.
Table 6. Performance of concrete mixes (standard deviation of strength values in parenthesis)
Additive

Slump (mm)

Air %

Blank

69.9

4.6%

EDG

57.2

4.4%

DEIPA

69.9

4.3%

1 day (MPa)

3 days (MPa)

28 days (MPa)

15.9
(0.5)
17.9
(0.3)
17.4
(0.0)

28.3
(0.6)
27.4
(0.7)
27.6
(0.0)

38.0
(3.0)
38.6
(1.0)
39.0
(1.4)

At the ages specified above, thin slices (20 x 20 x 3mm) of the concrete from one of the cylinders from
each mix were immersed in isopropyl alcohol for 24 hours to stop hydration. These concrete slices were
then dried at 40oC for 1-2 hours, before placed under high vacuum for 10-15 minutes and immersed in
a low viscosity araldite resin (EPO-TEK 301), after which the vacuum was released and the samples
were removed and allowed to fully harden for 24 hours. These impregnated samples were then polished
initially using a silicon carbide abrasive paper (600/1200 grit) with isopropyl alcohol to expose the
concrete before using a series of gradually finer diamond sprays (9μm, 3μm and 1μm) for periods of 530, 60 and 90 minutes, respectively, then fully cleaned in a sonic bath of isopropyl alcohol prior
examination under the SEM. The primary objective of this polishing process is not to pass through the
fully impregnated sample surface into the underlying partially impregnated zone. A fuller description of
this procedure can be found in Scrivener et al. (2016).
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Selected polished areas (magnification x200) of the various concrete samples at differing ages were
examined in back-scattered electrons (BSE) mode using SEM/EDAX. Segmentation was performed on
the resulting grey level maps to highlight different components. Each of the main constituent groups was
confirmed to be compositionally correct using EDAX analyses. Various colours were then attributed to
the different components of the concrete, as shown in Figure 5.

Figure 5. Segmentation of grey level in BSE/SEM analysis: voids are coloured black, residual
cement grains are pink, quartz and dense C-S-H are blue, CH is yellow and low density C-S-H is
orange. Magnification x200: Image widths 666m.
Figures 6, 7 and 8 show a selection of the segmented BSE images of the concrete samples after 1, 3
and 28 days of curing at 23oC and >90% relative humidity, respectively. As expected, a reduction in the
content of residual cement grains, an increase in the content of CH and a reduction in the volume of
micro voids with time were observed for all samples.

(a) Blank

(b) EDG

(c) DEIPA

Figure 6. Segmented BSE images of concrete samples at 1 day
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(a) Blank

(b) EDG

(c) DEIPA

Figure 7. Segmented BSE images of concrete samples at 3 days

(a) Blank

(b) EDG

(c) DEIPA

Figure 8. Segmented BSE images of concrete samples at 28 days
Using the segmentation maps, it was also possible to determine the percentages of residual cement
grains and other components in the various concrete mixes, as shown in Table 7. This confirms a
reducing residual cement grain content with increasing age as would be expected, but also shows the
clearly lower residual cement grain content in the EDG and DEIPA compared to the blank sample at 1
and 3 days. These differences become less clear by 28 days, when the associated C-S-H paste has
become more extensive and ‘denser’. A noticeable reduction on the content of CH in samples with EDG
can be seen at all ages. There is less CH on the ITZ, and the CH deposits show a smaller mean size.
This phase is also more evenly distributed in the samples with EDG, although this feature is less
pronounced in the DEIPA samples and more so at 28 days.
Table 7. Percentage of residual cement grains and calcium hydroxide crystals calculated from
the segmented BSE images of the various test concrete samples. Standard deviation values
are provided in parenthesis.
Blank
Feature
Residual
cement grains
CH

1 day
6.1
(1.0)
12.0
(1.9)

3 days
4.1
(1.5)
13.5
(1.4)

0.02% EDG
28 days
2.1
(0.3)
15.4
(1.6)

1 day
5.8
(1.4)
9.5
(0.8)

3 days
3.7
(1.5)
11.1
(2.5)

0.02% DEIPA
28 days
2.5
(0.6)
14.5
(1.2)

1 day
4.9
(2.3)
11.2
(2.5)

3 days
4.7
(0.7)
13.6
(1.2)

28 days
1.1
(0.5)
12.8
(2.4)
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5.

CARBONATION DEPTH IN CONCRETE

Given the reported effect of EDG on CH in model systems and hardened cement paste, it is important
to investigate if the chemical compound makes the concrete more prone to carbonation. Fluorescence
resin impregnated thin sections were prepared for the simple observation of the carbonation front by
optical microscopy using samples from the same concrete mixes shown in Table 6 that were maintained
in an environmental room at 23oC and >90% relative humidity for 1 year. Figure 9 shows the thin section
images of the top ‘outer’ surfaces of the blank, EDG and DEIPA samples. All three samples show
extremely narrow and similar carbonation depths of approximately 0.5mm. Underlying cement pastes
also show the same differences in CH crystallization (size and amounts) previously reported.

(a) Blank

(b) EDG

(c) DEIPA

Figure 9. Optical microscopy images of thin sections of concrete samples. Image size is
2.5mm.
6.

FINAL REMARKS

EDG is a new chemical substance to the construction industry that works well as a strength enhancer
for cement-based materials. The investigation reported in this article evidenced that EDG increases the
concentration of calcium ions in pore water and modifies the morphology, amount and distribution of
calcium hydroxide in model systems and in hardened cement pastes, refining the pore structure of the
paste. These effects are also noticed in concrete, being particularly evident at the interfacial transition
zone on the aggregates. The strength enhancing mechanism of EDG is attributed, at least in part, to
these effects. Importantly, even though EDG changes the calcium hydroxide characteristics in the paste,
it does not appear to lead to more intense carbonation.
The alkanolamine DEIPA also showed ability to increase calcium solubility and to change the amount,
size and distribution of calcium hydroxide in the hardened paste, but apparently to a lesser extent than
EDG. The main mechanism of strength enhancement of this amine is attributed to its ability to chelate
with aluminium and iron, as previously demonstrated in the literature (Riding et al., 2010; Cheung et al.,
2011; Ma et al., 2015).
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ABSTRACT
Durability of cement-based materials has been a worldwide focus for several decades, and cracking is
one of the most important factors for durability. Most cracks arise from the restricted shrinkage
deformation, especially in the early age of concretes. Among different kinds of shrinkages, autogenous
shrinkage (AS) is vital for high performance concretes with low water-to-binder ratios. Cement-based
materials have complicated compositions and structures, so the AS should also be heterogeneous. To
describe the AS heterogeneity inner the cement-based materials, local AS (LAS) in local volume is
defined in this study, which is different with the traditional AS in bulk specimen. Using the full field
digital volume correlation (DVC) method, the internal displacements and LAS of a typical cement paste
are experimentally obtained. Taking several X-ray tomography imaging data as input of DVC, the
applied method has a high precision of 25-100 micro strain. The effectiveness of LAS in local subvolume is verified by the full field information itself and by the traditional AS in bulk specimen. LAS is
mainly shown by the three normal strains, and the three shear strains can be neglected. Although LAS
is roughly homogenous from the displacement fields, LAS heterogeneity in frequency domain and in
spatial domain is clearly identified, especially in the early age.
Keywords: Cement-based materials; Autogenous shrinkage; Tomography imaging; Image analysis;
Digital volume correlation
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1.

INTRODUCTION

Durability of cement-based materials has been a worldwide focus for several decades, and cracking is
one of the most important factors for durability. Most cracks arise from the restricted shrinkage
deformation, especially in the early age of concretes. Among different kinds of shrinkages, autogenous
shrinkage (AS) is almost always present in high performance concretes with low water-to-binder ratios
and high admixture content.
AS is consequences of cement hydration, and there are several origins. Chemical contraction (Le
Chatelier’s contraction) observed first by Le Chatelier is one main origin (Powers 1935), and selfdrying is another origin (Wittmann 1968). Two kinds of physical mechanisms have been proposed to
establish the link between drying and shrinkage. One mechanism is based on capillary tension. Selfdesiccation results in the formation of menisci in hardened specimens, so tensile stresses are
generated according to Kelvin-Laplace law (Hua et al. 1995). The other mechanism is based on the
change of surface energy and disjoining pressure, which are also functions of relative humidity
(Wittmann 1968).
Since the pioneer work of Lyman (1934), AS is generally defined as the bulk shrinkage of a closed,
isothermal system not subject to external forces. There are mainly three kinds of methods to measure
the bulk shrinkage, including the volume method, the linear method, and the corrugated tube method.
Volume method has long been applied to measure the volumetric strain of cement pastes. It is
generally measured through the amount of liquid displaced by the tested specimen, such as through
measuring the weight change of the submerged specimen, or the water or oil level change of a
capillary tube. Linear method quantizes specimen’s shrinkage through the linear strain in one
dimension (1D). It is generally measured through placing the specimen in a rigid tube, and the rigid
tube has a low friction with the platform, so that the 1D length variation can be measured using
displacement sensors. The corrugated tube method cleverly combines the volume method and the
linear method through a corrugated tube. Due to various experimental errors of different methods,
there were some disagreements on the results of different methods (Lura & Jensen 2007).
Although the bulk definition of AS is reasonable and its measurements in whole specimen is easy to
be performed, the traditional AS ignores the deformation heterogeneity of cement-based materials.
Cement-based materials have complicated structures in multi-scales, so the AS is also
heterogeneous. Besides the AS difference between pastes and aggregates, the AS inner cement
pastes should also be different considering the difference between hydrated products and the
anhydrates. However, there is not any experimental study on AS difference inner the cement basedmaterials to the best of our knowledge. The heterogeneous AS may lead to cracking, and further
deteriorate the durability problems. Thus, AS in local sub-volume or full field LAS is strongly
anticipated to elaborate the deformation heterogeneity of cement-based materials.
Full field methods based on 3D images are required to characterize the local deformation inner the
specimen. Digital Volume Correlation (DVC), firstly developed by Bay et al.(1999), is an ideal tool for
3D full field deformation. The fundamental of DVC is the extension of Digital Image Correlation (DIC)
(Chu et al. 1985, Peters & Ranson 1999) from area subset to volume subset. DIC is one of the most
powerful tools for surface deformation, which has been fully developed and applied in experimental
mechanics for 30 years. Similar to DIC, the inner deformation can be obtained through comparing
reference volume data and target volume data, that is DVC. DVC has been applied to the mechanical
deformations of various materials, such as bone, metal foam, wood, compact particles et al. In the
field of cement-based materials, Yang et al.(2017) studied the fracture deformation of normal
concrete, and Wan et al. (2017) studied the drying shrinkage gradient of foam concrete recently.
Thanks to the DVC method, the full field LAS inner cement paste is possible. A series XCT
experiments are performed on a cement paste in early age, and a heterogeneous LAS is successfully
obtained in this study.
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2.
2.1

EXPERIMENTAL
Specimen preparation

The test specimens were prepared with PII 52.5 Portland cement, silicon fume (SF),
Polycarboxylicacid-based superlasticizer, and water. The mix property of the cement paste specimens
is as follows, water binder ratio (w/b) was 0.3, SF content was 20% of cement weight, and
superlasticizer content was 1% of cement weight.
The fresh paste was mixed in a pure cement paste mixer. Cement and all other admixtures were put
into the mixing bowl, and mixed for 5 minutes. Then the fresh pastes were vibrated for 10 minutes for
further experiments. Different specimens from the same fresh paste were applied for setting time
determination tests, corrugated tube experiments, and XCT experiments respectively. The room
temperature for paste mixing was about 25 °C.
2.2

Setting time determination

The Vicat needle penetration method prescribed in ASTM C191 was applied to determine the setting
time. When the needle penetrated into the cement paste for 25 mm, initial set was achieved; when
there was no mark of the specimen surface with a complete circular impression, final setting was
achieved. The initial setting time and the final setting time of the tested specimen were measured to
be 8.5 hours and 9 hours respectively. The room temperature for the penetration resistance
experiments was 25°C.
2.3

Corrugated tube experiments

The corrugated tube method was applied to measure the AS of the specimen. The tested cement
paste was put in polyethylene corrugated tubes with length of 300mm and diameter of 30 mm. An
automatic data-recording linear displacement sensor with a measuring accuracy of ±1 μm/m was
applied to record the length variation, and the length data were recoded every 5 min. The room
temperature for the corrugated tube experiments was 25°C.
Three parallel specimens were tested using the corrugated tube method (Figure 1a). As illustrated in
Figure 1b, all specimens have similar shrinkage trend. This AS results is used to determine the CT
scan time.

Figure 1. Experimental setup and macro AS results. (a) Photograph of the corrugated tube
experiments, (b) macro AS results obtained from the corrugated tube experiments, and the CT
scanning time also labelled in this Figure.
2.4

XCT experiments

To calculate the 3D full field LAS of the cement paste using DVC method, XCT data are required as
input of DVC. In-situ XCT experiments for LAS were performed in this study. A 4 mm cylinder
specimen was applied for XCT experiments. The tested specimen were made in a self-made plastic
mould, and demolded after 5 hours of initial setting. Then the specimen was sealed tightly using a
plastic film for further XCT scans. The ambient temperature of the XCT cabinet was 28 °C, which was
controlled by the applied XCT system.
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Seven XCT scans were performed for LAS according to the macro AS results in Figure 1b. Each scan
took about 1.5 h. The first XCT were scanned at 14.1 h from mixing, and followed CTs were scanned
at 15.6h, 22.3h, 46.4h, 59.3h, 71.6h, and 93.3h respectively. One month later, another two XCT were
continually scanned. These two CT scans can be seen as repeated scans on same specimen with
negligible deformation, and the obtained CT data were applied to evaluate the DVC performance.
All the XCT scans were performed using the Zeiss Xradia 510 Versa system. All scans were
performed with X-ray peak energy of 60 kV and power of 5 W. The applied voxel size was 4 μm. Each
scan consisted of 1601 projections, with an acquisition time of 1.5 seconds per projection. XCT
reconstructions were performed using the Zeiss software based on filtered back-projection (FBP)
algorithm.
3.

DVC CALCULATIN

DVC, as an ideal tool to characterize full field deformation, is applied to characterize the LAS in this
study. The input of DVC is two volume data of the tested specimen before and after deformation,
which are called as the reference volume data and the target volume data. The output of DVC is the
displacement fields and strain fields. In DVC method, the integer-voxel and sub-voxel displacement
fields are calculated first. Subset combining some neighbouring voxels are required for displacement
calculation, and the displacement is actually defined on each subset. Generally a cubical subset with
N3 voxels is applied, and N is a natural number specializing the subset size. Once the three
displacements of one subset is obtained, the displacements of other subsets can also be obtained
through moving the subset in 3D volume. The full field displacements of DVC are actually the
displacements of each subset. After the three displacement fields are obtained, the six strain
components can be calculated using a least squares algorithm on a displacement window where a
linear displacement field is supposed.
It should be noted that the displacements are defined in a subset, and the strains are defined in a
window combining several subsets. Thus, the subset size is critical for displacements, and the window
size is critical for strains.
Although in-situ AS experiments are performed on CT, there are still some small rigid motions due to
the XCT motors. An expanded DVC algorithm for ex-situ applications was applied to eliminate these
small rigid motions, and the inner image registration method was applied (Wan & Yang 2015).
4.
4.1

RESULTS AND DISCUSSION
DVC performance

For DVC method, the full field displacements or strains are actually the displacements or strains on
each local-volume. When the local-volume sizes are different, the precision of the DVC method is
different. Thus the performance of the DVC method needs to be evaluated firstly.

Table 1. The influence of subset size on displacement field
Subset size

11×11×11

21×21×21

31×31×31

SD of u

0.1234

0.0341

0.0281

SD of v

0.1888

0.0983

0.0650

SD of w

0.1505

0.0937

0.0853
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The influence of subset size on DVC performance is checked firstly. As can be seen from Table 1, the
standard deviation (SD) of the three displacements decrease with the subset size, which means the
precision of displacements increases with subset size. While large subset will reduce the spatial
resolution and consume more calculation resource. So a balance subset size need to be selected. A
subset size of 21 × 21 × 21voxels was selected in this study for its high precision of 0.03-0.09 voxel
and small size of 84 μm ×84 μm ×84 μm.
Table 2. The influence of window size on strain field
window size

3×3×3

5×5×5

11×11×11

SD of

εxx/με

83.3520

26.6348

1.4726

SD of

εyy/με

295.0278

74.7358

6.2591

SD of

εzz/με

274.8023

101.4658

17.0749

SD of

εxy/με

148.8910

41.5557

5.8783

SD of

εxz/με

107.9358

35.2695

5.7277

SD of

εyz/με

231.0247

73.8217

11.6953

Then the subset size is fixed, and the influence of window size on strain performance is further
checked. As can be seen from Table 2, all SD of the six strains decrease with the window size, which
means the precision of strains increases with window size. A grid window size of 5 × 5 × 5
displacements was selected for strain calculation in this study for its acceptable precision about 25100 με.
To keep the DVC performance constant, all following displacement calculations used the same subset
size of 21 × 21 × 21voxels, and the same grid window size of 5 × 5 × 5.
4.2

Comparison with the traditional AS

The LAS determined from the DVC method and the bulk AS determined from the corrugated tube
method are compared in this section. Because the first XCT scan was started at 14.1h and finished at
15.6h after mixing, 14.9h after mixing is selected as the time zero for AS, and only the AS results after
14.9h were compared in this study. For bulk AS determined from the corrugated tube method, average
results of the three tests were applied. For LAS determined from the DVC method, average local
strains of thousands points were applied.
The LAS from the DVC method and the bulk AS from the traditional corrugated tube method are
compared in Figure 2, where the standard deviations (SD) are also shown as error bars. Because the
calculated LAS are much larger than the DVC precision shown in Table 2, so the obtained AS strains
have a sound acceptance.
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Figure 2. Comparison between LAS obtained from DVC method and the bulk AS obtained from
the corrugated tube method(CTM), where the SD are also shown as error bar.
As can be clearly seen from Figure 2, the LAS from DVC method is much larger than the bulk AS from
the traditional method. There are several causes to explain the divergence between the bulk AS and
the LAS. Firstly, size effect is one main reason. DVC method applied a small specimen of about 4mm,
while the corrugated tube method applied a large specimen of 30mm. Larger specimen will have
larger self-restriction inner the specimen. Secondly, comparing to the traditional methods on the whole
specimen, only the centre part of the tested specimen was selected as VOI in this study, so the
possible bleeding and related expansion on the specimen edges could be avoided, and then the
obtained shrinkage would be larger. Thirdly, comparing to the corrugated tube method with restrictions
due to the corrugated tube, there is no such restriction in this study, so the shrinkage would be larger.
Fourthly, the temperature difference between the XCT experiments (28°C) and corrugated tube
experiments (25°C) also contributes to the AS difference.
Considering that the SD of LAS is much larger than the precision in Table 2, LAS heterogeneity can
be observed from Figure 2. The LAS heterogeneity will be discussed in following sections.
4.3

Displacements distributions

Full field displacements are analysed in this section. Taking the displacement fields between the first
CT scan and the last CT scan as an example, the DVC calculated shrinkage displacement fields are
shown in Figure 3. Roughly smooth shrinkage can be seen from the displacement fields, while some
shrinkage heterogeneity still can be seen.

Figure 3. Typical displacement results, taking the displacement fields between the first CT scan
and the last CT scan as an example.
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4.4

LAS distributions in spatial domain

Figure 4. Typical LAS results, (a),(b),(c) are LAS between the first CT scan and the fourth CT
scan, (d),(e),(f) are LAS between the fourth CT scan and the seven CT scan.
Full field LAS in spatial domain are analysed in this section. As one order derivative of displacement,
strain is more sensitive than displacement, so that the shrinkage heterogeneity unclear in
displacement fields can be clearly observed from the strain fields. Although strain fields show distinct
heterogeneity, while no regular pattern is found in Figure 4.
As can be clearly seen in Figure 4, the shrinkage heterogeneity between the first CT scan and the
fourth CT is much larger than that between the fourth CT scan and the Seven CT scan, which means
the shrinkage heterogeneity decrease with hydration time, or the shrinkage heterogeneity mainly
happens in the early age.
LAS distributions in frequency domain
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Figure 5. Histograms of the six strain components, taking the LAS fields between the first CT
scan and the seven CT scan as an example.
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Full field LAS in frequency domain are analysed in this section. Taking the strain fields between the
first CT scan and the last CT scan as an example, the statistical results of LAS are shown in Figure 5.
The mean of the six strain components of LAS is compared firstly. As can be seen from the
histograms of different strain components in Figure 5. Normal strains with values about -750～-1050
με are much larger than the shear strains with values about -100～130 με, so the shear strains can be
ignored for AS.
Not only the normal strains have large distributions , but also the shear strains have large distributions.
The SD of all strain components are about 200 με, which is much larger than the precision in table 2.
All DVC results in Figs. 2, 3, 4, 5 shows LAS heterogeneity. Why LAS has so large shrinkage
heterogeneity? The answer should rely on the complicate compositions and microstructures,
especially the lots unhydrates in hardened cement pastes. More deep study on the compositions and
microstructures is required, which is out of the scope of this study.
5.

CONCLUSIONS

To elaborate the AS deformation inner cement-based materials, the DVC method has been applied to
study the full field displacements and LAS of a cement paste. Following conclusions can be obtained:
─
DVC is an effective method to determine the internal full field LAS of cement pastes. At
controlled experimental conditions and calculation parameters, DVC has a precision of 25-100 με, and
it is also possible to get much higher precision.
─

The LAS from DVC method is much larger than the bulk AS from the traditional method.

─

LAS heterogeneity in frequency domain and in spatial domain is clearly identified.

─

Shrinkage heterogeneity mainly happens in the early age.

─
LAS is mainly shown by the three normal strains, and the three shear strains can be
neglected.
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ABSTRACT
Calorimetric studies on intercalation compounds made from different exo-polysaccharides with
hydrocalumite (Ca2Al-OH-LDH) surprisingly resulted in alginate accelerating the hydration of calcium
alumina cement (CAC). The following study of several commercial alginates and further
polysaccharides came to the conclusion that most sodium alginates show a comparable accelerating
effect. Recently this property could also be found for certain carrageenans. This accelerating action of
polysaccharides is very unusual and is distinct in aluminous cements depending on their mineralogical
phase composition.
In order to accelerate the setting of CAC salts of Lithium like Li2CO3 are used in ternary binders up-todate. Lithium ions form on mixing with cement and water a layered double hydroxide compound (
[Li2Al4(OH)12 ](OH)2·3H2O ) which is isostructural to C2AH8 and accelerates its crystallization by
forming a heterogeneous nucleation substrate. The use of Lithium in construction applications is
endangered because of the increasingly problematic availability of supplies which are in demand by
the continuous rising requisition for the production of lithium-ion-batteries for smartphones and electric
cars.
The accelerating effect of alginates is limited to high-alumina cements and is not present in Portland
cement or calcium sulfoaluminate cements.
Mechanistic studies revealed a high calcium binding capacity of the alginate in the cement paste. This
finding is very astounding as a high calcium binding capacity is normally associated with a retarding
effect and not an acceleration. A comparison of the chemical structure of alginate and carrageenan is
without a striking joint feature or property on first glance which could help explaining this effect.
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1.

INTRODUCTION

Calcium aluminate cement (CAC) is used in many applications where ordinary portland cement shows
insufficient performance. Especially the high acid and abrasion resistance as well as the quick heat
evolution and hardening make CAC the cement of choice in challenging applications. Because of the
different oxide composition of CAC (Al2O3 content of 35 % - 85 wt.%) and the thus increased sintering
temperature (1450 – 1650 °C), its production is more cost intensive. The main hydraulic clinker phases
of CAC are: CA, C12A7, CA2, C4AF, C2S. By mass, monocalcium aluminate (CA) presents the most
relevant phase in CAC. The hydration of CAC proceeds via dissolution and precipitation from solution.
The crystallization of the hydrate phases is strongly dependent on the reaction temperature. In the end,
C3AH6 (katoite) is formed after months or years from all metastable precursors and remains as the stable
hydrate phase. At early ages, CAH10 and C2AH8 are first crystallized from the supersaturated solution
and precipitated on and between the cement particles in the paste. Of them, C2AH8 is considered to be
the trigger for the setting of CAC. Its formation proceeds either directly (equ. I) or through the formation
of CAH10 (equ. II) and subsequent transformation (equ. III) to C2AH8 [1].

1.1

2 CA + 11 H → C2 AH8 + AH3

(equ. I)

CA + 10 H → CAH10

(equ. II)

2 CAH10 → C2 AH8 + AH3 + 9 H

(equ. III)

Lithium salts as accelerator in CAC

Lithium salts are commonly used to accelerate the setting of CAC. Most frequently Li2CO3 (dosed
between 0.005 and 0.1 wt.-% depending on application) is applied. It has been presented that lithium
ions accelerate the hydration of alumina cement through six pathways: (1) improved dissolution of CA
through an increased permeability of the aluminum hydroxo hydrate layer; (2) the thus increased
Ca2+ / Al3+ ratio in solution promotes the formation of C2AH8 thermodynamically; (3) formation of
[Li2Al4(OH)12](OH)2 ∙ 3 H2O LDH as precursor acts as seeding material which decreases the activation
energy necessary for the crystallization of C2AH8; (4) Li+ is then continuously exchanged and replaced
by Al3+ which then; (5) reduces the Al3+ concentration in solution and (6) further fosters the dissolution
of CA by the lower Al3+ content in solution [2].
1.2

Biopolymers

Alginates and carrageenans are biopolymers of natural origin and can be extracted from brown
(Phaeophyceae) and red algae (Rhodophyceae). Because of different species, growth conditions and
processing after harvest, their chemical composition and molecular weight is variable.

Figure 1. Chemical structures of alginate and carrageenan biopolymers.
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1.2.1

Alginates

Alginate is a copolymer of α-1→4 and β-1→4 glycosidically linked mannuronic (M) and guluronic (G)
acid (Figure 1). Their average molecular weight lies between 10,000 and 600,000 Dalton. The monomer
units (M and G) can be linked in different steric arrangements resulting from different tactical sequences.
The ratio between M and G as well as the molecular weight (viscosity) determine the properties of
alginates. Especially GG blocks exhibit a strong interaction with divalent cations like Ca 2+ which is
represented by the egg-box model and is responsible for the strong gelling properties of alginates
(Figure 2) [3,4].

Figure 2. Calcium ion complexation by alginate according to the “egg-box” model
(adapted from [5,6]).
1.2.2

Carrageenans

Carrageenans are a mostly alternating copolymers of α-1→4 and β-1→3 glycosidically linked galactose
and 3,6-anhydro-galactose (Figure 1). Their average molecular weight lies between 200,000 and
800,000 Dalton. Kappa (κ) and iota (ι) carrageenan differ with respect to the degree of sulfatation while
the lambda (λ) modification also is structurally different. Similar to alginates, κ- and ι-carrageenan form
a gel in the presence of specific cations (e.g. Ca2+) by bridging the sulfate groups (Figure 3). λcarrageenan does not gelate and shows no accelerating effect on cement hydration [3,4].

Figure 3. Complexation of calcium ions by κ - and ι – carrageenan (adapted from [4]).
1.3

Aim of this work

In this paper, the effect of different alginate and carrageenan biopolymer samples with respect to
hydration acceleration of different alumina cements was investigated via heat flow calorimetry and
determination of mortar strength. ICP-OES and in-situ XRD was applied to investigate this effect.
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2.

EXPERIMENTAL

2.1

Cement Samples

A variety of differently composed calcium aluminate cements (Ciment Fondu, Secar 41, Secar 51, Secar
71, Secar 712, Secar 80 as well as Ternal SE, Ternal LC and Ternal EP) produced by Kerneos was
studied. Their oxide contents were examined using XRF (Axios, PANalytical, Kassel, Germany) while
their phase composition was investigated via XRD (D8 advance, Bruker AXS, Karlsruhe, Germany). The
average particle size was determined by laser granulometry (Cilas 1064, Cilas Instruments, Orleans,
France). Particle size was measured three times after complete dispersion in isopropanol using
ultrasonic and the mean value was calculated. The specific surface area was determined according to
Blaine’s method.
Table 1. Oxide composition and properties of alumina cements studied.
Oxide / property
Al2O3
CaO
Fe2O3
SiO2
TiO2
MgO
Blaine [g/cm3]
d50 [µm]
Oxide / property
Al2O3
CaO
Fe2O3
SiO2
TiO2
MgO
Blaine [cm2/g]
d50 [µm]
2.2

Ciment Fondu
38.2 %
38.1 %
15.9 %
4.0 %
2.5 %
0.4 %
2,810
18.1 ± 0.3
Secar 41
44.3 %
38.7 %
7.2 %
5.2 %
2.3 %
0.3 %
3,580
15.6 ± 0.2

CAC sample (content in wt.%)
Secar 51
Secar 71
51.5 %
68.9 %
37.8 %
29.3 %
2.0 %
5.1 %
0.3 %
2.1 %
0.4 %
3,880
3,570
10.1 ± 0.5
12.8 ± 0.2
Secar 80
80.9 %
16.7 %
10,600
7.4 ± 0.5

Ternal SE
39.4 %
37.2 %
15.9 %
4.1 %
1.8 %
0.4 %
3,650
11.2 ± 0.2

Secar 712
68.3 %
28.7 %
1,8 %
3,370
13.4 ± 0.2

Ternal LC
51.2 %
38.1 %
1.8 %
5.0 %
2.4 %
0.3 %
3,330
15.9 ± 0.3

Ternal EP
36.5 %
49.5 %
7.1 %
4.3 %
1.7 %
0.3 %
3,140
17.1 ± 0.2

Chemicals

Deionized water obtained from a Barnstead Nanopore Diamond system (Werner Reinstwassersysteme,
Leverkusen, Germany) was used as mixing water.
A polycarboxylate (PCE) superplasticizer based on ω-methoxy-poly(ethylene oxide)-methacrylate and
methacrylic acid was utilized to reduce the viscosity of the CAC pastes. It was prepared via aqueous
free radical copolymerization utilising sodium methallylsulfonate as chain transfer agent and sodium
peroxodisulfate as initiator, as described in literature [7]. The molar ratio of the monomers was 6:1
(MAA : Ester), with the side chains made up of 114 ethylene oxide units. The product was analysed
using aqueous GPC (Waters Alliance 2695; pre-column PL aquagel-OH; columns ultrahydrogel 120,
250 and 500; Wyatt Dawn EOS dynamic light scattering detector) with 0.1 M NaNO3 (adjusted to
pH = 12) as eluent. Molecular properties of the PCE sample are presented in Table 2.
Table 2. Molecular properties and GPC spectrum of the MPEG-PCE sample 114PC6

time of eluation [min]
Mw [Da]
Mn [Da]
PDI
mass fraction

Peak 1
14.7 - 23.4
87,000 (0.6 %)
28,700 (2 %)
3.03 (2 %)
98 %

Peak 2
23.5 - 24.8
4,700 (19 %)
3,100 (22 %)
1.51 (29 %)
2%
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2.3

Biopolymer samples

KIMICA, Eurogum, FMC (through IMCD), Roeper, Cargill, Danisco and Polygal generously supplied
over thirty different samples of alginate and carrageenan biopolymers. Those differed by purity, particle
size, chemical composition and viscosity grade. In the following work, alginate XEA5036 (alginate #1)
and I-1 (alginate #2) as well as carrageenan GP379 (carrageenan #1) and XE4829 (carrageenan #2)
were utilized.
2.4

Mortar preparation and testing

Mortar testing was conducted according to DIN EN 196-1 and the strength was determined at different
times of hydration using a ToniNORM instrument setup (Toni Technik, Berlin, Germany). Measurements
were performed on a ToniNORM powerbox model 2010 equipped with two load frames model 1543 and
model 1544. The mortar was composed of 3 parts of norm sand and 1 part of cement which was blended
with the biopolymer powder. Using a ToniMIX eccentric agitator (Toni Technik, Berlin, Germany), the
mortar was automatically mixed with the water containing the superplasticizer as well as one drop of the
defoamer Dowfax DF 141. The prisms (4 x 4 x 16 cm) were compacted using a ToniVib vibrating table
(Toni Technik, Berlin, Germany) and stored at 20 °C / 90 % relative humidity until demoulding. Mortar
density was calculated using the weight and size of the prisms. For measurement of the tensile strength,
three specimens of each sample were used and the mean value calculated. Compressive strength was
assessed using the broken specimens from the tensile strength tests. The mean value for the
compressive strength was calculated from the results of the six pieces. The spread flow of the mortar
was captured according to DIN EN 1015-3. First, the mortar was added in two steps into a Vicat cone
and slightly compacted. Each layer was compacted 10 times with a tamping rod. Afterword’s, the cone
was lifted vertically and the flow table was lifted up 40 mm and then dropped 15 times, causing the
mortar to spread out. The resulting spread was measured twice, the second measurement being at a
90° angle to the first and the mean value was reported.
2.5

Heat flow calorimetry

Four gram of cement were weighed into sealable 10 mL glass ampules and blended with biopolymer
powder. The binder was mixed with deionised water and homogenised for two minutes with a vortex
mixer VWT 1419 (VWR, Ismaning, Germany). The ampoule was placed in an isothermal heat flow
calorimeter TAM air model 3116-2 (Thermometric, Järfälla, Sweden) to capture the heat flow.
Measurements were conducted at 20 °C until heat evolution ceased.
2.6

In-situ X-ray diffraction

Cement paste was poured in the designated sample holder and covered with a Kapton® polyimide foil
(VHG Labs, Manchester, UK). Measurements were performed every 30 minutes for 12 hours on a D8
advance (Bruker AXS, Karlsruhe, Germany) equipped with a VÅNTEC-1 detector (5 – 50 ° 2θ, 40 kV,
30 mA, 0.034 ° step, t = 0.4 s, Bragg-Brentano geometry and Cu Kα source). Because of the heat
generated by the x-ray tube, the temperature in the chamber of the XRD rose to about 27 °C during the
in-situ measurement. Evaluation and processing of the diffraction patterns was performed using Bruker’s
EVA2 software.
2.7

Inductively coupled plasma atomic emission spectroscopy

Concentrations of calcium and aluminum in the pore solution were measured on a series 700 (Agilent
Technologies, Santa Clara, CA, USA). The cement paste was prepared by admixing e.g. 10 g Ciment
Fondu blended with 0.1 % bwob alginate in a centrifuge tube and homogenising with a vortex mixer
(VWT 1419 from VWR, Ismaning, Germany) for two minutes. The cement paste was centrifuged
(8500 rpm, 15 min) and the pore solution collected using a 0.2 µm PES membrane filter. The resulting
solution was diluted accordingly and measured five times. Calibration was performed at 1, 10 and 50
mg/L using an ICP multi-element standard (standard IV, Merck) and data collected at several
wavelengths.
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3.
3.1

RESULTS AND DISCUSSION
Effect of biopolymers on CAC hydration

Normally, addition of polysaccharides to Portland or aluminate cements leads to a retardation of their
hydration. However, screening of a broad variety of different biopolymers produced two major
exceptions for CAC only. This accelerating effect is highly dependent on the structure of the biopolymer.
Some exhibit minor acceleration only whereas alginate and carrageenan strongly promote CAC
hydration. For example, addition of 0.1 % bwob of XEA 5036 (alginate #1) can reduce the time of
maximum heat release by up to 50 % whereas XE4829 (carrageenan #2) reduces the time to maximum
heat release only by 15 % (Table 3, figure 4).

Figure 4. Accelerating effect of various alginate and carrageenan samples (dosage 0.1 % bwob)
on CAC (Secar 51), determined via heat-flow calorimetry (w/c = 0.62).
From the samples tested it was observed that at comparable dosage alginates generally accelerate
stronger than carrageenans. For example, at a dosage of 0.1 % bwoc alginate in Secar 51 the point of
maximal heat release occurred 4 hours earlier then for the reference (Figure 4). This corresponds to an
acceleration of 45 % (9 h for the reference vs. 5 h with alginate sample #1). The same trend was
observed at different water-to-binder ratios, which were varied between 0.4 and 0.6.
Table 3. Accelerating effect of alginate #1 and carrageenan #1 on different CACs, determined
via heat flow calorimetry (w/c = 0.62).

CAC sample

Earlier occurrence of heat release upon addition of
0.1 % alginate

0.2 % alginate

0.2 % ι-carrageenan

Fondu

≈ 30 %

≈ 25 %

≈ 20 %

Secar 41

≈ 30 %

≈ 20 %

≈ 20 %

Secar 51

≈ 45 %

≈ 50 %

≈ 45 %

Secar 71

≈ 45 %

≈ 50 %

≈ 30 %

Secar 712

≈ 50 %

≈ 55 %

≈ 35 %

Secar 80

≈5%

≈ 15 %

≈ 15 %

Ternal SE

≈ 20 %

≈ 40 %

≈ 40 %

Ternal LC

≈ 50 %

≈ 60 %

≈ 55 %

Ternal EP

≈ 15 %

≈ 25 %

≈ 20 %
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Furthermore, alumina cements of different mineralogical compositions were differently effected by the
biopolymers (Table 3). Some were accelerated very strongly (e.g. Secar 51 or Secar 712) whereas
others were only slightly affected (e.g. Secar 80 or Ternal EP). This can be explained by their different
clinker phase composition. Cements with an inherent high reactivity from a high content of C12A7 and
C4AF (e.g. Ciment Fondu) are less accelerated by the biopolymers. Whereas cements rich in CA2 (e.g.
Secar 71) which are characterized by a CaO/Al2O3 ratio less favourable for the crystallisation of CAC
hydrate phases are strongly accelerated by the addition of these biopolymers. An exemption is Secar
80 which is accelerated only weekly. This might be owed to its high Blaine value in comparison to those
of the other cements.
3.2

Early strength in mortar

To confirm the results from heat flow calorimetry, mortar testing was performed in different CACs using
alginate #1 and carrageenan #1. In Ternal LC (≈ 52 % Al2O3), an increase in early strength after six
hours of hydration of ≈ 75 % at 0.1 % dose of the alginate and of ≈ 150 % at 0.2 % bwob of the
carrageenan sample was achieved (Table 4). Generally, alginates accelerate CAC hydration more
strongly than carrageenan and both biopolymers reduce workability of the cement paste as will be
discussed later. In CA2 rich Secar 712 (≈ 69 % Al2O3), after 16 hours the compressive strength of the
mortar was increased by 120 % from 15.8 N/mm2 (reference) to 34.9 N/mm2 for the carrageenan
(dosage 0.2 % bwob) and by 110 % to 33.4 N/mm2 for the alginate (dosage 0.1 % bwob) (Table 5).
Moreover, after twelve hours of hydration, Secar 712 still had not developed any measureable strength
while the mortar containing alginate or carrageen already exhibited 11.5 N/mm2 or 18.7 N/mm2 of
compressive strength. Such a difference corresponds to an acceleration of about four hours.
Table 4. Mortar properties after 6 h of hydration in absence or presence of alginate sample #1
or carrageenan sample #1 in Ternal LC (w/c = 0.5).
Ternal LC

+ alginate

+ carrageenan

0.10%

0.20%

compressive
strength

9.7 N/mm2

17.2 N/mm2
→ 75 % increase

25.0 N/mm2
→ 160 % increase

tensile
strength

1.4 N/mm2

2.5 N/mm2
→ 80 % increase

3.6 N/mm2
→ 155 % increase

mortar density

2,321 g/L

2,297 g/L

2,270 g/L

spread flow

24.1 cm

18.8 cm

17.9 cm

Addition of the biopolymers always strongly decreases workability of the pastes, as is indicated by lower
spread flow values (Table 4). Due to the strong viscosifying effect of both biopolymers, their effective
dosage range is limited and often necessitates the use of a (super)plasticizer to compensate their
thickening effect.
Table 5. Mortar properties of Secar 712 (w/c = 0.5) after 16 h of hydration in absence or
presence of alginate sample #1 and MPEG-PCE sample 114PC6.
Secar 712

+ PCE 0.02%

+ PCE 0.02%
+ alginate 0.1%

+ alginate 0.1%

compressive
strength

15.8 N/mm2

5.2 N/mm2
→ 70 % decrease

36.9 N/mm2
→ 135 % increase

33.4 N/mm2
→ 110 % increase

tensile
strength

2.1 N/mm2

0.8 N/mm2
→ 65 % decrease

4.4 N/mm2
→ 110 % increase

4.4 N/mm2
→ 110 % increase

mortar density

2,241 g/L

2,296 g/L

2,287 g/L

2,226 g/L

spread flow

19.7 cm

24.0 cm

21.3 cm

17.8 cm
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To study potential options to improve the workability of CAC pastes accelerated with these biopolymers,
combinations with polycarboxylate superplasticizers were studied. It was found that at only 0.02 %
addition an MPEG-PCE (114PC6) can effectively fluidize the CAC paste and compensate the observed
loss of workability due to viscosification and water binding by the biopolymer. However, PCE’s
significantly decrease the early strength after 16 hours of curing. In spite of this negative effect, the
combination of alginate and PCE still produced significantly higher strength values, compared to the
reference cement (36.9 N/mm2 vs. 15.8 N/mm2 which corresponds to an increase of 135 %) (Table 5).
3.3

Mechanism of acceleration

In the presence of calcium ions the anionic functional groups present in alginates and carrageenans
form gels, which are responsible for their thickening effect in cement. Furthermore, this chelation of Ca2+
results in a reduction of the free calcium ion concentration by e.g. ≈ 25 % in Ciment Fondu at a dosage
of 0.2 % bwob of alginate #1 (Figure 5). Complexation of aluminium or iron by the biopolymers is unlikely
due to the formation of [Al(OH)4]- and [Fe(OH)4]- at the high pH in CAC. According to atomic emission
spectroscopy, the aluminium concentration increased slightly in the presence of alginate. This can be
attributed to an increased solubility of Al3+ resulting from the decreased calcium concentration.

Figure 5. Ion concentrations of Ca2+ and Al3+ in the pore solution of freshly mixed Ciment
Fondu in absence or presence of 0.2 % bwob alginate sample # (w/c = 0.5)
Mignon et al. have already reported that in a cement filtrate from OPC, ion exchange of sodium against
calcium will occur in alginate. According to these authors, after 24 hours the resulting hydrogel consisted
of 85 % calcium und 15 % sodium as counterions to the carboxylic functionalities in alginate [7]. Calcium
becomes bound in the hydrogel while being removed from the cement pore solution, thus the decreased
calcium concentration in the pore solution. To reduce the free Ca2+ ion concentration in pore solution is
extremely surprising and uncommon for an accelerator, as such an effect is normally associated with
retardation. To the contrary, common accelerators such as CaCl2 increase the free Ca2+ concentration
in the pore solution and do not decrease it.

Figure 6. In-situ XRD measurement of the hydration of Secar 71 (w/c = 0.45) over 12 hours
in absence or presence of 0.1 % bwob alginate.
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In-situ X-ray analysis of CAC hydration in the presence of an alginate progressed normally and no
formation of unusual hydration products was observed. However, in the presence of alginate,
crystallisation of C2AH8 occurs earlier. This effect was most noticed in slowly reacting high-alumina
cements, such as Secar 71, where after 12 hours of hydration C2AH8 was observed only in the
accelerated cement and not yet in the blank cement (Figures 6).
4.

CONCLUSION

Biopolymers can significantly accelerate the hydration of aluminate cements, as is demonstrated by
heat-flow calorimetry and strength tests in mortar. Addition of alginates or carrageenans shifts the
beginning of the hydration reaction to earlier times. Because of this, noticeably higher early strength
values, especially in the presence of PCE superplasticizers can be obtained. However, in comparison
to lithium salts, these biopolymers require a significantly higher dosage and the addition of a
superplasticizer to compensate their viscosifying effect. Still, to reduce the consumption of lithium in
construction, a combined application of lithium salts and these biopolymers remains an interesting
option.
Normally, biopolymers and especially polysaccharides retard cement hydration. As such, the
accelerating properties of the studied biopolymers are most remarkable.
Regarding their chemical structures, alginates and carrageenans exhibit a common structural element,
which allows efficient complexation of cations (Figure 7). Apparently, this ability to complex ions such
as Ca2+ appears to be crucial for their accelerating effect, as was evidenced by a decrease in the free
calcium ion concentration of the pore solution. On the other hand, the increased Al concentration as a
consequence of the decreased Ca2+ content stimulates the earlier formation of CAH phases.

Figure 7: Joint structural element in alginate and carrageenan
(common structural bonds marked by drawn lines, bonds specific for
each biopolymer signified as dashed lines).
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ABSTRACT
The expansion behavior of heat-cured cement pastes with anhydrite compared to gypsum was studied.
The result shows that with a high content of anhydrite, DEF would occur in cement pastes at 20 oC
without experiencing an elevated temperature above ~70 oC, because of the slow dissolving/release
rate of anhydrite. Heat curing at 55 oC promotes the DEF and the expansion of cement pastes at later
ages, attributed to the dissolving/release rate of anhydrite inhibited by the elevated temperature at 55
oC. Low expansion of cement pastes was unexpectedly found in heat-cured cement pastes at an
elevated temperature at 85 oC, which may be associated with a converting of C-S-H into tobermorite
detected by XRD analysis. Compared to the typical expansion behaviors of mortars or concretes with
gypsum, the expansion behaviors induced by anhydrite indicate greater risks to the volume stability of
concrete structures. Meanwhile, the results will provide valuable reference for the curing regime of
products with anhydrite.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INSTRUCTION

During more than 20 years, heat-induced internal sulphate attack, commonly referred as delayed
ettrigite formation or DEF of cement-based materials has been studied extensively (Collepardi, 2003;
Diamond, 1996; Nguyen et al., 2013). It was proposed that an excessive rise of temperature (above ～
70 oC) during the casting of the cement-based materials, which is always related to the high hydration
heat of mass concrete or to the steam curing especially in the case of precast product, leads to DEF
and expansion cracking of concrete structures (Divet and Randriambololona, 1998). Escadeillas
(Escadeillas et al., 2007) summarized the presence of sulphates and moisture environment are related
with the appearance of DEF based on RILEM work-shop on internal sulphate attack and Delayed
Ettingite Formation in 2002. Some authors (Pavoine et al., 2012; Fu and Beaudoin, 1996; Ekolu et al.,
2007) also reported that pre-existing cracking and wetting-drying circles would accelerate DEF and
expansion of cement concrete.
DEF expansion was typically proposed occurring in heat-cured concretes, and barely observed in
concretes curing at ambient temperatures. Thermal decomposition of primary ettringite would occur
during heat curing at 85 oC and secondary ettringite could subsequently recrystallize during cooling
and storage under moist conditions at later ages, which is considered as an essential mechanism for
the DEF (Adamopoulou et al., 2011; Zhang et al., 2002; Zhang et al., 2002). Various researchers have
made parallel studies of expansion of heat-cured mortars or concretes in which the cement contains
gypsum (Katsioti et al., 2011; Yang et al., 1999; Chen and Jiang, 2009). Taylor (Taylor et al., 2001)
concluded a typical result that the mortar cured at an elevated temperature, above ~70 oC, expanded
markedly and that cured at about 20 oC did not, even for cements containing more than 5% of total
SO3.
The sulphate source in cement, which results in heat-induced internal sulphate attack or DEF, is
mainly from gypsum (CaSO4·2H2O) and also anhydrite (CaSO4). In real cement production, gypsum is
commonly used to control flash setting. Anhydrite that can adjust the setting time of cement, promote
the development of compressive strength and the volume stability of cement concrete, also has been
used in cement production (Tzouvalas et al., 2004). Anhydrite has a slower dissolving rate but higher
dissolution degree than gypsum (Partridge and White, 1929), so that may result in distinct impact on
the expansion behaviour and hydration products of cement concrete during heat curing. A possibility
that anhydrite in Portland cement with a slow and later dissolution behaviour may provide sulphate
ions for DEF at later ages without experiencing an elevated temperature was proposed by Taylor
(Taylor et al., 2001). There is still a lack of understanding about the expansion behaviour of cement
pastes with anhydrite experiencing elevated temperatures.
The aim of this work is to investigate the expansion behaviour of cement pastes with anhydrite
undergoing heat curing at 55 oC and 85 oC comparing to room curing at 20 oC. In the present work,
expansion of cement pastes has been followed for one more year. The factors of wetting/drying circles
and pre-existing microcracks associated with the expansion of heat-cured cement paste were also
explored.
2.
2.1

EXPERIMENTAL
Materials

Portland cement clinker and natural anhydrite were used in this work. The clinker and anhydrite were
grounded to Blaine fineness of 355 m2/kg and 360 m2/kg respectively. The free lime content of clinker
is 0.6%. The content of C3A in clinker is 4.4%. The clinker has a relatively low C3A content, which may
indicate a need for less sulphate for control of early hydration reactions. High additions of natural
anhydrite, 4.4, 6.4 and 8.4 wt. % (by weight of cement) were used, and the total SO3 contents in
cement are 3%, 4% and 5% respectively. In our further experiment, gypsum was used to compare with
anhydrite. The Blaine fineness of gypsum is 370 m2/kg. The additions of gypsum are 8.3% and 10.5%,
and the total SO3 contents are 4.5% and 5.5%. Anhydrite and gypsum were blended with clinker and
mixed by a mixer. The chemical compositions of clinker, anhydrite and gypsum are listed in Table 1.
Table 1 Chemical composition of clinker, anhydrite and gypsum (wt. %)
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2.2

Composition

Clinker

Anhydrite

Gypsum

CaO

66.56

40.67

32.5

Al2O3

3.68

0.42

0.22

SiO2

20.77

2.50

0.83

SO3

0.74

51.55

46.0

Fe2O3

3.16

0.17

-

MgO

1.73

3.02

-

K2O

1.28

0.11

-

Na2O

0.14

0.10

-

LOI

1.48

1.05

20.1

Methods

Cement pastes were prepared at a water to cement ratio of 0.3. In our further works, mortars were
prepared at a water to cement ratio of 0.5. The cement pastes and mortars were cast in 25*25*280
mm3 prismatic moulds with stainless steel studs in their end faces. Heat curing, thermal treatment and
wetting/drying cycles were imposed on cement paste specimens, as the following:
Heat curing- After casting, the parts of cement paste specimens were cured at room temperature of 20
oC, and another part of specimens were cured at elevated temperatures of 55 and 85 oC in the oven,
as shown in Figure 1. The cement paste specimens were cured in metallic moulds and tightly covered
by two-layer plastics to prevent the evaporation of water from the specimens during heat curing. The
rapid heating rate may lead to expansive behaviour. The expansion of specimens to some extent
could be confined by moulds during heat curing, and the expansion induced by rapid heating rate was
not taken into account.
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Figure 1 Temperature regime imposed on the heat-cured specimens.
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Thermal treatment- After the initial heat curing at 55 and 85 oC, parts of the 1-day-old specimens were
pre-cracked by placing in a drying oven at 85 °C for 24 h, cooling to ambient temperature and rewetting at 20 oC.
Wetting/drying circles- After the initial heat curing at 55 and 85 oC, parts of the 7-day-old specimens
underwent wetting/drying cycles (2 days in a drying oven at 40 °C followed by 5 days in lime-saturated
water at 20 °C) until 90 days. Heat-cured, pre-cracked and wet/dry-cured specimens were then stored
in lime-saturated water at 20 oC. The immersion procedure is in the light of previous research on tests
of DEF of cement-based materials.
Length changes of cement paste specimens were measured periodically, and the linear expansion
ratio was calculated by the average length change of three specimens relative to the initial length. The
length changes of the specimens subjected to the wetting/drying cycles were carried out after each
immersion period and after each drying period.
X-ray diffraction (XRD) (D/MAX-IIIC) with Cu kα radiation was used to measure phase compositions of
hydrated cement pastes at 300 days. Step scans were performed over the range of 5-50o, with a
stepping interval of 0.02o and a scanning rate of 2.5o per minute. Scanning electron microscopic
(SEM) examination was performed at 300 days on fresh fractures of cement paste specimens using a
Scanning Electron Microscope (SEM) (TESCAN VEGA) equipped with an energy dispersive X-ray
analyzer.
3.

RESULTS AND DISCUSSION

3.1 Expansion behaviour
Expansion behaviour of cement pastes experienced elevated temperatures at 55 and 85 oC comparing
to room temperature at 20 oC are shown in Figure 2 and 3. The linear expansion of cement pastes
increases with the increase of anhydrite content. With high content of anhydrite (> 4% SO 3), cement
pastes present large linear expansion, > 0.8%, cured at room temperature of 20 oC at 450 days
(Figure 2).
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Figure 2 Expansion behaviour of cement pastes cured at room temperature at 20 oC.

Heat-cured cement pastes at 55 oC comparing to 20 oC present lower linear expansion before 56 days,
but expand greatly after 56 days. Heat curing at 55 oC greatly promotes the expansion of cement
pastes with high content of anhydrite (5% SO 3) at later ages. The linear expansion of cement pastes
with anhydrite is more than 1.2% at 450 days underwent heat curing at 55 oC.
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We surprisingly found that cement pastes, even with high content of anhydrite, exhibit lower linear
expansion at 450 days following heat curing at an elevated temperature at 85 oC. The linear expansion
of cement pastes with anhydrite is less than 0.2% at 450 days underwent heat curing at 85 oC.
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Figure 3 Expansion behaviour of cement pastes experienced an elevated temperature at 55 and
85 oC.

Exposure to moisture environment is one of the necessary conditions for the formation of delayed
ettringite and expansion of cement concrete at later ages. It has been proposed that wetting/drying
cycles would accelerate the process of the DEF (Escadeillas et al., 2007). Figure 4 shows the effect of
wetting/drying cycles on expansions of cement pastes cured at elevated temperatures at 55 oC and 85
oC. It can be found that wetting/drying cycles do not have much influence on the expansion of cement
pastes with anhydrite following heat curing at 55 oC and 85 oC.
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Figure 4 Expansion behaviour of cement pastes experienced an elevated temperature at 55 and
85 oC and followed by wetting/drying cycles.
Pre-existing cracks in cement concrete would provide space for the DEF and accelerate expansion,
because ettringite tends to preferentially nucleate and grow in pre-existing cracks (Fu and Beaudoin,
1996; Ekolu et al., 2007). Figure 5 shows the effect of anhydrite on linear expansion of pre-cracked
cement pastes following heat curing at elevated temperatures at 55 and 85 oC. It can be seen that the
pre-existing microcracks result in a decrease of the expansion of cement pastes, especially heat-cured
at 55 oC. Lower expansions, less than 0.4% heat-cured at 55 oC and 0.2% heat-cured at 85 oC are
present at 450 days.
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Figure 5 Expansion behaviour of pre-cracked cement pastes experienced an elevated
temperature at 55 and 85 oC.
3.2 X-ray diffraction and scanning electron microscopy
XRD powder patterns of cement pastes experienced an elevated temperature at 85 oC compared with
curing at room temperature of 20 oC was studied at the age of 300 days, as shown in Figure 6. With
the addition of anhydrite, the diffraction peak of tobermorite can be distinguished at 29.7º of 2θ in XRD
pattern when cement paste was cured at an elevated temperature at 85 oC compared to 20 oC.
The diffraction peak of anhydrite can still be found in XRD patterns after 300 day’s hydration. There
presents higher diffraction peak of anhydrite at 25.6º of 2θ when cement paste was cured at an
elevated temperature of 85 oC compared to 20 oC. Besides, an obvious increase of the diffraction peak
of ettingite cannot be observed in XRD patterns following heat curing at 85 oC.
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Figure 6 XRD patterns of cement pastes experienced an elevated temperature at 85 oC
comparing to 20 oC at 300 days.

The effect of anhydrite on the hydration products of cement pastes at the age of 300 days was
investigated by SEM analysis. Figure 7 shows SEM patterns of cement pastes with anhydrite
experienced elevated temperatures at 55 oC and 85 oC respectively. Fine-needle shaped ettringite
crystals were found formed in the middle of portlandite crowd in pores following heat curing at an
elevated temperature at 55 oC. The fine-needle shaped ettringite could be ettringite formed at later
ages. Unreacted anhydrites were found existing in heat-cured cement paste at 85 oC at the age of 300
days, which is consistent with the XRD result.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

(55 oC)

(85 oC)

(85 oC)

Figure 7 SEM and EDS patterns of cement paste with anhydrite experienced an elevated
temperature at 55 and 85 oC at 300 days.
4.

DISCUSSION

It is found that a high content of anhydrite results in large expansion of cement pastes at 450 days
without experiencing an elevated temperature. The dissolving/release rate of anhydrite is relatively
slow, and the slow dissolving/release rate of anhydrite would probably provide sulphate ions for DEF
at later ages without experiencing an elevated temperature (Taylor et al., 2001). A high content of
anhydrite provides a large amount of sulphate ions for DEF, contributing to DEF expansion at later
ages when cured at room temperature of 20 oC. The needle shaped crystal observed in SEM pattern
could be the delay formed ettringite at later ages when cured at room temperature of 20 oC.
Heat curing at elevated temperature at 55 oC greatly increases the expansion of cement pastes with
high contents of anhydrite after 90 days hydration. Heat curing at 55 oC would slightly inhibit the
dissolving of anhydrite (Partridge and White, 1929) and leaves more unhydrated anhydrite in cement
paste. The unhydrated anhydrite would provide sulphate sources for DEF at later ages (Kurdowski,
2002). The elevated temperature at 55 oC could also promote the sulphate ions adsorbed on C-S-H
gel and then released into aqueous solution with descending to environmental temperature (Divet and
Randriambololona, 1998). The released sulphate ions provide sources for DEF expansion. The fine
ettringite crystals formed in the middle of portlandite crowd in pores indicates the formation of delayed
ettringite. It can be concluded that DEF could occur in cement paste with a high content of anhydrite at
ambient temperature, and be promoted by an elevated temperature at 55 oC. The elevated
temperature of 55 oC could be easily approached in some concrete structures with respect to high
hydration heat of cement and heat curing. A great attention needs to be paid to the effect of anhydrite
on the DEF at lower temperatures like 55 oC, compared to ～70 oC.
Furthermore, low expansion of cement pastes was unexpectedly found in heat-cured cement pastes at
an elevated temperature at 85 oC. Anhydrite has slower dissolving/release rate compared to gypsum,
and the dissolving/release rate would greatly decrease with heat curing at an elevated temperature at
85 oC (Partridge and White, 1929). Thus, a large amount of unhydrated anhydrite existed in cement
paste at the age of 300 days. There is a potential possibility that large expansion or even expansion
damage induced by a large amount of unhydrated anhydrite may occur in cement pastes at longer
ages. This potential phenomenon will be following observed in our further works.
Compared to the typical expansion behaviours of mortars or concretes with gypsum, the distinct
expansion behaviours of cement pastes with high content of anhydrite cured at 20, 55 and 85 oC are
originally attributed to the slower dissolving/release rate of anhydrite. These distinct expansion
behaviours indicate greater risks to the volume stability and durability of concrete structures when
anhydrite relative to gypsum is used in cement production. Expansion behaviour of heat-cured mortars
or concretes with anhydrite may be different from that of cement paste. Repeatable experimental work
was performed and further research work was carried out.
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With the addition of anhydrite in cement, a lower content of sulphate ions that generates from the
decomposition of the initial ettringite following heat curing at 85 oC would be provided for DEF,
because of the slow and inhibited dissolving/release rate of anhydrite at 85. Shimada and Young
(Shimada and Young, 2004) pointed out that sulphate ions generated from ettringite decomposition
would be incorporated into C-S-H, but mostly remain in the solution. Scrivener and Taylor (Scrivener
and Taylor, 1993) proposed that majority of aluminate and sulphate ions would intimately mix with the
C-S-H gel following heat curing of cement paste at 80 oC, and ettringite reforms as dispersed
microcrystals during subsequent storage under moist conditions. It is inferred that the aluminate and
sulphate ions generated from ettringite decomposition may intimately mix with the C-S-H gel at an
elevated temperature at 85 oC. DEF may also occur at later ages with the decomposition of the initial
ettringite at 85 oC. It is also inferred that a potential of the converting of C-S-H into tobermorite may
also have occurred in heat-cured mortars or concretes with gypsum in previous works, but was not
detected and focused.
Thermal treatment at 85 oC was to introduce micro-cracks and accelerate DEF expansion of cement
pastes. It was found the pre-cracked cement pastes have a lower linear expansion at 450 days.
Besides, wetting/drying cycles which were performed in a drying oven at 40 °C for 2 days and followed
by 5 days in lime-saturated water at 20 °C, would promote the dissolving of anhydrite and the DEF at
later ages, then slightly increase expansion of cement pastes with anhydrite following heat curing at
85 oC. Micro-cracks induced by thermal treatment and wetting/drying cycles would provide space for
the nucleating and growth of ettringite. Considering the existing of unhydrated anhydrites, DEF and
large expansion may be promoted by the presence of micro-cracks in cement pastes at longer ages.
5.

CONCLUSIONS

Low expansion of cement pastes with anhydrite was observed when experienced an elevated
temperature at 85 oC. Heat curing at an elevated temperature above ~70 oC is believed to be an
indispensable factor for the occurrence of delayed ettringite. But, with high content of anhydrite in
cement, DEF expansion was found occurred in cement paste at 20 oC and increased at 55 oC, without
experiencing an elevated temperature above ~70 oC, probably because of the slow and inhibited
dissolving/release rate of anhydrite providing sulphate sources for DEF at later ages. A lower
temperature, such as 55 oC, could be easily approached in some concrete structures with respect to
high hydration heat and heat curing. A great attention needs to be paid to the effect of anhydrite on the
DEF at lower temperatures such as 55 oC, compared to ～70 oC.
Compared to the typical expansion behaviours of mortars or concretes with gypsum, the different
expansion behaviours indicate greater risks to the volume stability and durability of concrete structures
when anhydrite is used in cement production.
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ABSTRACT
The dispersing effect of superplasticizers at standard temperature is well known. This contribution
extends the knowledge about interactions between superplasticizers and cements to common hot and
cold weather temperatures. With a temperature decreasing from 30°C to 5°C the maximum addable
dosage of superplasticizer (saturation dosage) to samples with Portland cement decreased
considerably. Temperature fluctuations can so quickly result in an insufficient or excessive
superplasticizer addition. The use of clinker-efficient cements with higher proportions of further main
constituents enhanced the robustness of the particular cement-superplasticizer-interactions against
temperature variations. Additionally, the cements with several main constituents were able to minimize
the temperature influences on the superplasticizer effects.
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1.

INTRODUCTION

Temperature influences on the effect of superplasticizers have so far typically been investigated using
Portland cement [Nawa & Ichiboji 1998, Jolicoeur et al. 1997, Yamada et al. 1999] or to increase the
robustness of high-performance concrete, e.g. self-compacting concrete [Schmidt et al. 2014]. The
use of superplasticizers and cements with several main constituents in normal-weight concrete is state
of the art since recent years and will increase to further improve concrete durability and sustainability.
Knowledge about influences of temperature on the interactions between cements with several main
constituents and superplasticizers is therefore important to prevent insufficient or excessive superplasticizer additions resulting in unwanted consistency changes and loss of concrete performance.
Influences of temperature ranging from 5°C (cold weather concreting) to 30°C (hot weather concreting) on interactions between five cements and three superplasticizers were determined. Four cements
with several main constituents containing same clinker and up to 55 mass % of either siliceous fly ash
or calcined clay and one reference Portland cement were used. Two superplasticizers based on polycarboxylate ether and one superplasticizer based on naphthalene sulfonate were applied.
The ionic composition of the pore solution, the zeta potential and the rheometric properties of fresh cement paste depending on the temperature were determined first to be able to assess the superplasticizer effects. Then, the sorption of the superplasticizers, their dispersing effects and the saturation dosages were determined by way of pore solution analyses, rheometry and consistency tests. The consistency and consistency retention in dependence of the temperature, the type of cement and the type
of superplasticizer were finally tested with latter methods.
2.
2.1

MATERIALS AND METHODS
Materials

2.1.1 Fly ash and calcined clay
The characteristic values of the siliceous fly ash (V) that are necessary for the discussion of the results
are shown in Table 1 and those of the original clay (T) and the calcined clay (Q) in Table 2.
Table 1. Characteristic values of the siliceous fly ash (V)

V

CO2
m. %

H2O
m. %

TOC
m. %

r. SiO2
m. %

r. CaO
m. %

f. CaO
m. %

glass
%

x’
µm

n
-

BET
cm²/g

0.08

0.24

3.30

38.8

4.0

0.3

71

25.4

0.79

17399

CO2 and H2O: 950°C/infrared spectroscopy; TOC: Total Organic Carbon (EN 13639); r. SiO2: reactive silicon dioxide (EN 196-2,
XRF); r. CaO: reactive calcium oxide (EN 196-2, XRF); f. CaO: free calcium oxide (EN 451-1); glass: content of X-ray
amorphous (XRD, 20 % zircon); x’ and n: position parameter and slope of RRSB particle size distribution (laser granulometer);
BET: specific surface area (ISO 9277, N2)

Table 2. Characteristic values of the original clay (T) and the calcined clay (Q)
CO2
m. %

H2O
m. %

kaolinite
-

mica/
illite

chlorite
-

MBV
m.%

h.-t.
phases

r. SiO2
m. %

x’
µm

n
-

BET
cm²/g

T

2.0

7.4

++

+++

++

n.d.

-

n.d.

n.d.

n.d.

n.d.

Q

0.23

0.69

-

+

-

0.13

+

30.2

13.5

0.60

50501

firing temperature (T → Q): 950°C, 210°C/h, no hold, passive cooling to ambient temperature; CO2 and H2O: 950°C/ infrared
spectroscopy; MBV: methylene blue value (EN 933-9); h.-t. phases: high-temperature phases; +++: prevailing phase; ++: main
constituent; +: minor constituent; -: not determinable (semi quantitative detection via XRD); r. SiO2: reactive silicon dioxide
(EN 196-2, XRF); x’ and n: position parameter and slope of RRSB particle size distribution (laser granulometer); BET: specific
surface area (ISO 9277, N2); n.d.: not determined
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The fly ash (V) and the calcined clay (Q) met the requirements of EN 197-1 on main constituents for
cement. The fly ash exhibited a high BET specific surface area primarily due to its comparatively high
content of unburnt carbonaceous residue (Table 2, TOC). The impure chloritic-illitic clay was of low ceramic quality but suitable for the use in the cement industry. The processing of that clay is described in
[Herrmann & Rickert 2015]. After the thermal treatment the calcined clay contained hardly any decomposed clay minerals (Table 2, low MBV). High-temperature phases (e.g. gehlenite and hematite) that
lessen the reactivity of the calcined clay were not yet formed to a major extent.
2.1.2 Cements
Portland cement CEM I 42,5 R acc. EN 197-1 was used for reference (“CEM I”) and to produce the cements with several main constituents. These were made in laboratory-scale by mixing the CEM I with
35 or 55 mass % of either fly ash V or calcined clay Q as further main constituent. The type, designation, composition and characteristic values of the cements are shown in Table 3. The cements met the
particular requirements of EN 197-1.
Table 3. Type, designation, composition and characteristic values of the cements
type

designation

composition
clinker
m. %

characteristic values
x’

n

BET

WD

type

µm

-

cm²/g

m. %

further constituent
m. %

CEM I

CEM I

100

0

-

19.7

0.85

11438

27.5

CEM II/B-Q

Z35Q

65

35

Q

15.8

0.74

24855

28.0

CEM IV/B (Q)

Z55Q

65

35

Q

15.5

0.66

30158

28.5

CEM IV/B (V)

Z55V

45

55

V

21.7

0.79

14842

27.0

x’ and n: position parameter and slope of RRSB particle size distribution (laser granulometer); BET: specific surface area
(ISO 9277, N2); WD: water demand (EN 196-3)

2.1.3 Superplasticizers
The commercially available superplasticizers were in accordance with EN 934-2. The polynaphthalene
sulfonate based superplasticizer was abbreviated to “PNS”. The superplasticizers based on polycarboxylate ether (PCE) were recommended by the manufacturer for the use in ready-mixed concrete
(“PCE1”) and concrete for precast elements (“PCE2”).
2.2

Methods

2.2.1 Temperature conditioning
Except for the superplasticizers which were stored at 20°C the constituent materials and the equipment for mixing and testing were stored for at least for 24 h in a temperature-controlled chamber at the
particular temperature of 30, 20 or 5°C. In this chamber at the particular temperature the fresh cement
paste was mixed, stored and tested unless otherwise stated.
2.2.2 Fresh cement paste
Fresh cement paste (w/c = 0.35) was prepared by mixing deionised water and cement in a mixer acc.
EN 196-1 at approx. 140 rpm for 30 s. A break of 30 s was taken to reincorporate the material that had
adhered at the bottom and the walls of the mixing bowl into the cement paste. Mixing was re-started
for 90 s at approx. 140 rpm. Superplasticizer was added 90 s after the water addition and mixed for
60 s. The quantity of superplasticizer added was based on its dry material mass content (considered
as basic substance) and related to the mass of the cement. The quantity of water within the superplasticizer was taken into account for the amount of mixing water to keep the w/c ratio constant. For each
superplasticizer dosage a fresh cement paste was prepared to maintain influences on the hydration
and sorption processes most consistently.
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2.2.3 Pore solution
Pore solution was separated for approx. 60 s from fresh cement paste approx. 5, 15, 30, 60, 90, and
120 min after water addition by low pressure method using a vacuum pump with a Buchner funnel and
a blue-ribbon filter. The pore solution was filtered by a 0.45 μm PTFE syringe filter, diluted in equal
proportions of 1 to 2 with deionised water and stored, flushed with argon, in sealed tubes, cold and
dark until the analyses were started within the following two weeks. The concentrations of Na+, K+ and
Ca2+ as well as SO42- in pore solution were determined by ion chromatography. The subsample for the
determination of the cations was acified with NHO3. On a further subsample the OH- concentration
was determined by dynamic equivalence point titration with hydrochloric acid (0.01 mol/L). On another
subsample the content of TOC (Total Organic Carbon) was determined acc. EN 1484.
2.2.4 Sorption
The quantity of superplasticizer sorbed (i.e. adsorbed, absorbed or intercalated [Flatt & Youst 2001])
was the difference between the content of TOC in pore solution and the TOC added by the addition of
the superplasticizer (depletion method). The TOC content of the particular pore solution without superplasticizer was taken into account.
2.2.5 Zeta potential
The zeta potential of fresh cement paste was determined approx. 15 min after water addition via an
electro-acoustic measurement device acc. Dukhin & Goetz (2002). The electro-acoustic background,
resulting from dissolved ions in the pore solution (ion vibration current), was measured previously on
the particular pore solution and taken into account via the automatic background correction.
2.2.6 Rheometric properties
Rheometric properties of fresh cement paste were determined using a rheometer for building material
suspensions. Immediately after mixing the fresh cement paste was filled into the rheometer’s vessel
and the paddle for testing fresh cement paste was inserted into it. The vessel was connected to a circulatory thermostatic bath operated at 30, 20 or 5°C. The vessel rotated gradually at 60, 80, 100, 80
and 60 rpm in turns of 5 min and via the paddle a torque was measured. Via the torque Ti at 80 and
60 rpm (Ni) the rheometric values “h” for plastic viscosity (slope of the balance line) and “g” as the measure for yield stress (intercept with the vertical axes) were calculated by Ti = g + h∙Ni assuming flow
properties of fresh cement paste acc. the Bingham model.
2.2.7 Saturation dosage
To determine the saturation dosage of fresh cement paste at the respective temperature of the particular combination of cement and superplasticizer the measured torque at 80 rpm at approx. 20 min
was used. The rheometric saturation dosage was the quantity of superplasticizer beyond which the
torque could not be reduced considerably further by higher superplasticizer additions.
2.2.8 Consistency and consistency retention
The consistency and consistency retention of fresh cement paste approx. 5, 15, 30, 60, 90, and
120 min after water addition was determined using a mini-slump flow test on the basis of EN 12350-8
with a mini-slump cone acc. EN 1015-3. Between the tests the fresh cement paste was stored in a
plastic bowl covered with a damp cloth to reduce evaporation. The samples were homogenized by stirring it with a spoon prior to testing.
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3.

RESULTS AND DISCUSSION

3.1

Pore solution composition, zeta potential and rheometric properties

The ionic composition of the pore solution of fresh cement paste as a function of the temperature and
the cement is shown in Figure 1. The zeta potential and the rheometric properties of the particular
fresh cement paste are shown Figure 2 and Figure 3, respectively.
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Figure 1. Pore solution composition as a
function of the temperature and the cement
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Figure 2. Zeta potential as a function of
the temperature and the cement

Figure 1 shows that the concentrations of the alkali ions (Na+ and K+) in the fresh cement paste’s pore
solution decreased almost linearly with a temperature decreasing from 30°C to 5°C and also with an
increasing proportion of fly ash V or calcined clay Q in the cement. This is attributed to variations in
both solubility and content of the alkali-bearing cement components. The solubility of the alkali sulphates decreases with decreasing temperature and the content of readily soluble alkalis decreased with
decreasing cement’s clinker content. The particular concentration of sulphate ions (SO42-) was the
consequence of two opposite effects. On the one hand, the SO42- concentration decreased with the
decreasing content of clinker (readily soluble alkali sulphates) and calcium sulphate in the cement. On
the other hand, the SO42- concentration increased with decreasing temperature because of the lower
clinker reactivity and the higher calcium sulphate solubility at lower temperatures [VDZ 2008]. The proportion of calcium ions (Ca2+) increased with an increasing proportion of the further main constituent in
the cement as well as with decreasing temperature. This was the result of the decrease in the alkalinity of the pore solution by decreasing the cement’s clinker content and the higher calcium sulphate solubility at lower temperatures. The ion concentrations did not change measurable within the test duration of 120 min. So, the temperature-related differences of the ion concentrations in the pore solution
decreased with an increasing proportion of further main constituents in cement that are still virtually inactive in the early period of hydration.
The variations in the ionic composition of the pore solution changed the zeta potential of the particular
fresh cement paste (Figure 2). The zeta potential of the reference paste with Portland cement CEM I
(stars) was slightly negative and its value decreased with decreasing temperature. Proportions of 35
mass % calcined clay Q in the cement (Z35Q), corresponding to Portland-composite cements
CEM II/B, did not significantly influence the fresh cement paste’s zeta potential. Increasing proportions
of calcined clay (squares) or fly ash (circles) and decreasing temperatures marginally reduced the zeta
potential, mainly due to the lower concentrations of SO 42- and OH- as well as the comparatively higher
Ca2+ concentrations.
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Figure 3 (A) shows the rheometric property “g” for yield stress of the particular fresh cement paste.
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Figure 3. Rheometric properties “g” for yield stress (A) and “h” for plastic viscosity (B)
of fresh cement paste as a function of the temperature and the cement
The g value of the reference paste with Portland cement CEM I (stars) decreased with a temperature
decreasing from 30°C to 5°C. This resulted in a softer consistency of the fresh cement paste and concrete, respectively. The decrease in the yield stress of the fresh cement paste and the respective softer consistency can be attributed to the decreasing reactivity of Portland cement associated with reducing the temperature and hence the larger proportion of mixing water available for liquefaction. The g
value of fresh cement paste also decreased for cements with a proportion of fly ash V (circles) of up to
55 mass %. Reasons for this were the increased proportion of initially still inactive fly ash, the improved particle size distribution of the cement and its decreased water demand (cf. Table 3). Because of
the lower water demand and by keeping the w/c ratio on a constant level more water was available for
liquefaction. This resulted in softer consistencies, especially at 30°C.
Increasing proportions of the calcined clay Q (squares) in the cement increased the g value. Despite
of the broader particle size distribution of the cement (cf. Table 3) this was mainly due to the far larger
specific surface area of the calcined clay and the water binding of the few residual clay minerals (cf.
Table 2). The influence of the calcined clay on the cement was particularly pronounced at 5°C because of the reduced reactivity of the clinker at this temperature.
The rheometric property “h” for plastic viscosity tend to increased slightly with a decreasing temperature and with an increasing proportion of the further main constituent in cement (Figure 3, B). This could
be the result of the higher particle volume fraction of the cements with several main constituents.
3.2

Saturation dosage

The saturation dosage of fresh cement paste as a function of the temperature, cement and superplasticizer is shown in Figure 4. The saturation dosages of the samples with the superplasticizer based on
PNS (Figure 4, A) were higher than those with PCE (Figure 4, B and C). That was irrespective of the
temperature and demonstrates that the stronger dispersing effect of PCE was also present at cold and
hot weather.
Figure 4 also shows that, regardless of the superplasticizer type, the saturation dosages of the reference samples with Portland cement CEM I (stars) decreased notable with temperature decreasing
from 30°C to 5°C. For example, the saturation dosage with PCE1 (Figure 4, B) decreased from
0.21 mass % of cement at 30°C by almost half to 0.11 mass % of cement at 5°C. This strong dependence of the saturation dosages on the temperature was caused by the temperature-depending reactivity of the Portland cement clinker. As with the decreasing temperature the reactivity of the Portland
cement decreased larger proportions of mixing water were available for liquefaction and fewer hydrates had to be covered with superplasticizer molecules. Using the same quantity of superplasticizer
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over the entire temperature range will therefore result in an underdosing or overdosage and in a loss
of the intended concrete performance.
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Figure 4. Saturation dosage of fresh cement paste as a function of
the temperature, cement and superplasticizer
With increasing proportions of the fly ash V (circles) or calcined clay Q (squares) in the cement the influence of temperature on the saturation dosage decreased considerably (Figure 4). This enhancement in the robustness of the cement-superplasticizer-interactions against temperature fluctuations
was due to the lower content of clinker (reactive, temperature-dependent component) in cements with
several main constituents. In addition to the enhanced temperature robustness the use of the cement
with 55 mass % fly ash V (Z55V, filled circles) resulted in lower saturation dosages regardless the superplasticizer. The decrease in the saturation dosage was due to the reduced amount of initial hydrates and hence the reduced surface area to cover with superplasticizer molecules. Compared to the fly
ash, the same proportion of the calcined clay Q in cement (filled squares) resulted in higher saturation
dosages due to its higher specific surface area (cf. Table 2 and Table 1).
3.3

Consistency and consistency retention

The consistency and the consistency retention of fresh cement paste as a function of the temperature,
cement and superplasticizer are shown in Figure 5. In Figure 6 the time-dependent sorption behaviour
of the superplasticizers as a percentage of the dosage is shown. The superplasticizer dosages (basic
substance) in mass % of cement derived from the saturation dosages (cf. Figure 4) are given in the
key.
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Figure 5. Consistency and consistency retention of fresh cement paste as a function of
the temperature, cement and superplasticizer
Figure 5 (A) shows that the consistencies of fresh cement pastes with the superplasticizer based on
PNS at 5 min were, as expected, only moderate in spite of the comparatively high dosages. This was
due to the moderate dispersing effect of PNS based superplasticizers and regardless of the cement
and the temperature. Because of the almost complete initial sorption of the PNS nearly independent of
the cement and temperature (Figure 6, A) the consistency retention was low resulting in the expectedly prompt reduction of the consistency (Figure 5, A). Increasing proportions of fly ash V (circles) or calcined clay Q (squares) in the cement and/or decreasing temperatures did not influence the sorption
behaviour of the PNS to great extent but resulted in the lower consistency reduction and the slightly
improved consistency retention, respectively, due to the reduced initial reactivity of the particular cement (cf.3.1).
The PCE for ready-mixed concrete (PCE1) achieved the desired moderate initial consistency of fresh
cement paste more or less irrespective of the cement and with relatively low temperature dependence
(Figure 5, B, 5 min). The initial sorption of PCE1 (Figure 6, B, 5 min) increased generally with decreasing temperature and the increasing proportion of the further main constituent in the cement. This was
first of all generated by the lower dosages as well as due to lower sulphate and higher calcium ion
concentrations in the pore solution as well as more positive zeta potentials of fresh cement paste (cf.
Figure 1 and Figure 2). In the course of the experiment up to 120 min the sorption of PCE1 increased
moderately in each case and ensured the retention of the consistency of fresh cement paste (Figure 5,
B). The somewhat shortened consistency retention of the samples with cement with 55 mass % calcined clay Q (Z55Q, filled squares) or 55 mass % fly ash V (Z55V, filled circles) at 20°C and 30°C, respectively, was due to the higher percentage of PCE1 sorbed (Figure 5, B). At 5°C the consistency retention was slightly more pronounced, but unwanted subsequent consistency increase or even sedi-
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mentation did not occur within the test duration of 120 min using superplasticizer additions below the
particular saturation dosage.
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Figure 6. Time-dependent sorption behaviour of the superplasticizers
as a function of the cement and the temperature
In contrast to PCE1, the action mechanism of PCE2 changed considerably with the temperature
(Figure 5, C). The desired strong dispersing effect of this PCE for the use in concrete for precast products along with its short-time effectiveness at 20°C was amplified at 30°C whereas at 5°C it was
hardly present. At 5°C PCE2 performed more like a PCE for ready-mixed concrete (cf. PCE1, Figure
5, B): the dispersing effect was moderate resulting in moderate consistency increase and pronounced
consistency retention. This temperature-dependent action mechanism of PCE2 was regardless of the
cement. It was due to changes in the sorption behaviour of that PCE (Figure 6, C). In the course of the
experiment PCE2 desorbed at 30°C and 20°C resulting in the intended consistency loss whereas at
5°C the sorbed amount was relative constant over time leading to the retention of consistency. Increasing proportions of fly ash V (circles) or calcined clay Q (stars) in the cement also compensated for
the temperature-dependent action mechanism of this superplasticizer to achieve a more uniform performance at varying temperatures (Figure 5, C).
4.

CONCLUSIONS

With a temperature decreasing from 30°C to 5°C the superplasticizer saturation dosage of the reference samples with Portland cement decreased notable. The use of the same superplasticizer quantity
over the entire temperature range without any adjustment to the concrete composition can so easily
result in an underdosing or overdosage and hence in the loss of concrete performance. Slight fluctuations in temperature can easily result in an insufficient or excessive superplasticizer addition.
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The strong temperature influence on the saturation dosages decreased clearly through the use of cements with several main constituents. Higher proportions of fly ash in the cement resulted in comparatively less temperature-dependent and lower saturation dosages, especially in hot weather. Compared
to fly ash and primarily in cold weather, calcined clay with its far larger specific surface area increased
the likewise less temperature-dependent saturation dosages.
Depending on the chemical nature and molecular structure of the superplasticizers the mode of action
changed considerably with decreasing temperature. Clinker-efficient cements with several main constituents compensated for this temperature-dependent action mechanism of the superplasticizers and
clearly balanced out the consistency of fresh cement paste and concrete.
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ABSTRACT
Ultra high strength concrete can be realized at low water-to-powder ratio of 15 to 20%. However,
rheological property such as dilatancy or thixotropy appear when much powders are kneaded up with
less water.
Especially when a lot of volume blast furnace slag powder included, dilatancy appears strongly. As a
result workability is greatly hindered. But the mechanism of these phenomenon has not been
explicated clearing.
So this study is to elucidate the reason of rheological property of mortar containing high volume blast
furnace slag powder as cement.
The needle with a area of 1cm2 and a length of 2.5cm used in JIS A 1147 penetration resistance was
used for the measured of dilatancy. According to the resistance value measured by penetrating the
needle in one second, the dilatancy was judged quantitatively.
About the results of this study when compared to ordinary mortar, at low replacement rate, the
viscosity decresed, the resistance value decresed and the fluidity improved. But at high replacement
rate, the viscosity decreased, the resistance value increased and the dilatancy appeared.
What’s more, when adding silica fume (Ultra fine particles) to the mortar at high replacement rate, the
resistance value decreased.
From the above results, we investigated the influence of fine powder of blast furnace slag on dilatancy
and its mechanism.
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1.

INTRODUCTION

Ultra high strength concrete can be realized at low water-to-powder ratio of 15 to 20%. However,
rheological properties such as dilatancy or thixotropy appear when much powders are mixed with less
water. It is different from the properties of Bingham fluid such as fresh Portland cement mixtures.
Especially, in the case of containing a large amount of blast furnace slag fine powder, the dilatancy
strongly appears which may cause a serious problem to the workability of concrete.
Here, the dilatancy is a peculiar phenomenon of granular material like single particle sand that volume
change occurs due to shear deformation.
In a state when particles are tightly packed, the shear resistance becomes large that is because when
shear deformation occurs, particles cannot move unless the gap between adjacent particles becomes
wide, so the apparent volume tends to expand.（figure1）That is, when an internal resistance force
(force accompanying volume expansion) that opposes external force (shearing force) is generated, the
state shifts that showing resistance like solid to the shearing stress as a whole. However, when the
applying external force is removed, the gap between the particles spreads out, the shearing force and
the resisting force no longer work and return to the state of the original liquid. The volume change is
caused by the change of the size of the gap between the particles. However, in mortar and concrete
where gaps are filled with water and particles with various particle size distributions, the behavior
becomes complicated, so the detailed mechanism of dilatancy appearance has not been elucidated.
When the dilatancy appears in concrete and mortar, it is difficult to concrete work because it causes
mixing failure and pumping problem due to the properties against external forces like solid. Since these
greatly impair construction efficiency, it is desired to elucidate the mechanism of the dilatancy
appearance in mortar and concrete. Therefore, in this research, experiments on the dilatancy of mortar
containing a large amount of blast furnace slag fine powder was conducted as the first step to elucidate
the mechanism.

Figure 1
2.
2.1

Schematic of dilatancy

OUTLINE OF EXPERIMENT
Materials used, mixture conditions and mixing method

The materials in this experiment are listed in Table 1. Blast furnace slag with Blaine value classes of
4000, 6000 and 8000 that regulated to JIS A 6206 " Ground granulated blast-furnace slag for concrete"
were used. In addition, blast furnace slag fine powder having Blaine value classes of 12000 and 20000
were also used. Figure 2 shows the particle size distribution according to the cumulative volume ratio of
the powder used. In order to eliminate the influence of flocculation, ultrasonic vibration was applied so
that each powder was sufficiently dispersed. And silica sand was used as fine aggregate with F.M. of
2.96.
The mixture conditions of mortar are shown in Table 2. With unified blending conditions, five kinds of
blast furnace slag fine powder (BS) were used and each powder replaced 0, 10, 30, 50, 70, 90 and
100% of cement in mass. An Omni type mixer with nominal capacity of 10 L was used for mortar mixing.
The mixing time was 5 minutes.
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As for the replacement rate of BS powders, 90% and 100% of BS8, BS12 and BS20 were impossible to
mix by using an Omni type mixer. 85% replacement of BS8 was conducted as it was able to obtain
sufficient fluidity by mixing for 5 minutes using a large planetary mixer after mixing by an Omni type
mortar mixer. Also, mortar was mixed at 75% replacement by rate of BS20 by same method.
Table 1
Material

Materials used
Symbol

Median diameter (μm)

Silica sand
S
Ordinary Portland cement
OPC
Blast furnace slag fine powder
4000 class
BS4
6000 class
BS6
Blaine value
8000 class
BS8
12000 class
BS12
20000 class
BS20
Polycarboxylic acids ether-based
SP
high range water reducing
Tap water
W
Table 2

13.98
12.87
8.37
5.05
4.68
1.79

Density
(g/cm3)
2.62
3.16
2.90

2.91

1.10
1.00

Mixing conditions

s/p*

SP addition rate (%)**

W/P(%)***

1

2.00%

18.00%

*s/p: volume ratio of sand to powder compounding
**SP addition ratio: 2.0% of powder by weight

Cumulative volume ratio (％)

***W/P: weight ratio of water to powder compounding

100
90
80
70
60
50
40
30
20
10
0
0.1
BS4

1
BS6
Figure 2

2.2

particle size (μm)
BS8
BS12

10

100
BS20

OPC

Particle size distribution

Test methods

(1) Mortar flow test
A mortar flow test was carried out in accordance with “JIS R 5201: Physical Testing Methods for Cement”.
Mortar flow was measured as a substitute characteristic of the yield value.
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(2) 200mm flow time
When carrying out the mortar flow test, as an alternative to evaluating the viscosity, the time from that
the mortar cone was raised to that the mortar flow reached 200mm was measured.
(3) Penetration resistance test
In order to quantitatively evaluate the dilatancy, the test was carried out using the proctor penetration
test apparatus shown in "JIS A 1147: Method of test for time of setting of concrete mixtures by
penetration resistance".
The needle with an area of 1cm 2 and a length of 2.5cm specified in JIS A 1147 was used. The needle
was inserted to the fresh mortar to depth of 2.5cm in 1 second. If the mortar have enough fluidity and
no dilatancy, the resistance value to insert is supposed to show 0. However, it is considered that mortar
having the dailancy shows some resistance value even if it has enough fluidity.
According to the resistance value, the dilatancy was evaluated quantitatively. The test apparatus used
is shown in Photo 1, and the state of the test is shown in Figure 3.

Photo 1
2.3

Apparatus for penetration resistance test

Figure 3 Test condition

Test results

(1) Mortar flow test
The test results of the mortar flow are shown in Figure 4. From this, it is found that the mortar flow value
increased and accordingly the yield value decreased when cement is replaced with fine blast furnace
slag powder of any degree of fineness. The mortar flow value gradually increased to the replacement
rate of 40 to 50% excluding BS4 series. The BS20 series showed a considerable decrease in flow value
as compared with other cases over replacement rate of 50%.
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Mortar flow(mm)
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Replacement ratio of BS(%)
Figure 4

100

Mortar flow

(2) 200mm flow time
The results of 200 mm flow time test are shown in Figure 5. As the same with the mortar flow test, it is
found that the flow time was shortened and accordingly the viscosity decreased when cement is
replaced with fine blast furnace slag powder of any degree of fineness. The blast furnace slag fine
powder is glassy material with smooth surface. Therefore, it was considered that the viscosity
decreases as the restrained water decreases and friction between particles was reduced.

40
200mm flow time(s)

35
30
25

BS4

20

BS6
BS8

15

BS12

10

BS20

5
0
0

20

40
60
80
Replacement ratio of BS(%)

Figure 5

100

200mm flow time

(3) Penetration resistance test
The penetration resistance test results are shown in Figure 6. In BS4 series, the resistance value tended
to decreased until 50% replacement, but the resistance value tended to increase as the replacement
rate further increased. In BS6, BS8, and BS12 series, as the degree of fineness became larger, the
resistance value became larger near to 300N/cm 2 at low replacement rate. In BS4 series and BS20
series, at all replacement ratios, large penetration resistance was not observed. Especially, by replacing
with BS20, the penetration resistance value remarkably decreased. The relationships of the penetration
resistance value and the mortar flow value and 200mm flow time in each blast furnace slag fine powder
series are shown in Figure 7 to 11.
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In Figure 7, 8, 9 and 10, it is found the same trend that mortar flow value increased and 200mm flow
time shortened by replacing with blast furnace slag fine powder. And penetration resistance became
lager as replacement ratio increased. Therefore, it is considered that the dilatancy appeared.
In BS6 series, when replacement ratio was from 30% to 70%, the penetration resistance was too low to
be measured. And as replacement ratio increased over 70%, the penetration resistance became larger.
In BS8 series, when replacement ratio was from 30% to 50%, the penetration resistance was also very
low, and then the penetration resistance became lager as replacement ratio increased over 50%. In
BS12 series, when replacement ratio was 30%, the penetration resistance was very low, and it increased
as replacement ratio increased over 30%. In these conditions, as the degree of fineness became larger,
the penetration resistance became higher at the same replacement ratio over 30%. On the other hand,
in the case of replacement with BS20, the resistance value could not be measured and the dilatancy
was not observed as shown in Figure 11.

Penetration resistance(N/cm 2)

It is thought that friction between particles is one of the reasons that the resistance value becomes large
and high dilatancy appears. The blast furnace slag fine powder has smooth glassy surface. Therefore,
when replacing cement, it is thought that smooth surface reduce friction between particles and increase
the fluidity of mortar. However, if the water powder ratio is remarkably low and the distance between the
particles is very close, it is thought that the influence of the particle shape increases remarkably. Since
blast furnace slag fine powder is manufactured by pulverizing glassy slag, it is generally said that the
particle shape is with many corners and flatness. In the case of replacement with BS20, total particle
size distribution becomes wide and accordingly filling ratio of powder increases. Therefore, the
restrained water decreases and surplus water increases and this increase fluidity. In the case of BS20,
this effect exceed in fresh property of the mortar. Figure 12 shows the particle size distribution of powder
those are OPC, powders at replacement rate of 70% by BS12 and BS20. It is found that the particle size
distribution of powder replaced with BS20 becomes wider.
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3.

INVESTIGATION OF INFLUENCE ON PENETRATION RESISTANCE BY PARTICLE SHAPE

From the results of the fresh properties tests, it was thought that the friction between the particles is
related to the appearance of the dilatancy. Therefore, the shape of particles of various powders were
evaluated and the influence on the dilatancy was considered.
Each powder was observed by SEM and the circularity was calculated from the image. Images of
powder particles observed by SEM are shown in Photo 2 to 7. Figure 13 shows the circularity of each
powder calculated by using the following formula.
Circularity r=

4πS
L2

Where S is the area of the particle and L is the perimeter of the particle.

Photo 2

Photo 4

SEM image of BS4

SEM image of BS8

Photo 3

SEM image of BS6

Photo 5

SEM image of BS12
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Figure 13

The circularity of each powder

Compared with BS4, BS8, BS12 and OPC, it was found that BS20 has a large circularity. The closer
the circularity is to 1, the closer it is to a perfect circle. From this, it was found that BS20 has more
circular shape than other blast furnace slag fine powder.
As a factor of this, BS20 exerts a ball bearing effect between particles to against shear stress, and the
penetration resistance value becomes very low.
On the other hand, the BS4, BS6, BS8 and BS12 have almost same circularity, so the penetration
resistance value became larger as the degree of powder became higher even at the same
replacement ratio.
It is considered that this is due to the difference of pulverization treatment method. BS4, BS6, BS8 and
BS12 are pulverized to 4000 of Blane value by using a vertical roller mill and then classified to target
fineness. On the other hand, BS20 are pulverized to 10000 of Blane value by using a horizontal ball
mill and then classified to target fineness that is 20000 of Blaine value. In general, the shape of
particles became roundish by pulverizing more finely. Therefore, BS20 has higher circularity.
4.

CONCLUSION

In this research, the following conclusions were acquired about the dilatancy of mortar containing a large
amount of blast furnace slag fine powder.
1. When cement was replaced with blast furnace slag powder, the mortar flow value increased in all BS
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series.
2. In all BS series, the 200mm flow time decreased compared to normal mortar. Because blast furnace
slag fine powder is glassy material with smooth surface so the friction between particles decreased.
3. In all the series excluding BS20, when the replacement rate became higher, the penetration
resistance became larger. But the rate of increase was different of each series.
4. From the relationships of penetration resistance value, the mortar flow and 200mm flow time, it was
considered that the dilatancy appeared in BS4, BS6, BS8 and BS12 series. Because the mortar flow
and penetration resistance increased while the 200mm flow time decreased. What’s more, the dilatancy
didn’t appear in BS20 series because it has larger circularity.
From the above result, it was thought that the shape of particles of blast furnace slag fine powder
particles is related to the appearance of the dilatancy.
Next issue is to elucidate the mechanism of the dilatancy in concrete.
And, in this study, only physical factors affecting fresh properties were considered. However, it is thought
that hydration of cement and blast furnace slag fine powder at the initial stage has an influence on the
rheology. Therefore, the next step it is necessary to investigate this.
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ABSTRACT
According to the past research results, it is effective to add urea to concrete as a way to reduce drying
shrinkage. However, in ready mixed concrete factory, adding various admixture materials to concrete
will increase equipment and labor costs because of the management problem and putting problem.
What’s more, drying of the concrete occurs mainly in the exposed surface portion, and the interior of
the concrete is in an equilibrium state, so drying does not progress much. The use of admixture
material for reducing drying shrinkage of the entire concrete in such a state is not so efficient. So it is
reasonable to select one kind of material having drying shrinkage reducing effect only on the surface
portion.
In consideration of the above problems, the purpose of this research is to develop a cheaper and
simpler method to reduce drying shrinkage by brushing and spraying the urea solution to the surface of
hardened concrete after demoulding . As a result, it was possible to reduce drying shrinkage by using
very little urea in solution compared to adding urea as admixture to concrete. However, when the
specimens of 91 days old were immersed in water, the effect of reducing drying shrinkage became
small.
Next, in order to prevent elution of urea inside the concrete due to rainwater, the effects by using the
mix solution of urea and mirabilite were investigated. This report examined the effect of applying this
method to concrete compared to those specimens without special treatment.
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1.

INTRODUCTION

In order to improve the durability of concrete structures, it is very important to decrease cracks.
However, it is difficult to completely prevent the occurrence of cracks in concrete structures. Cracks
appear in concrete structures adversely affect physical properties such as durability. Among them,
many researches on cracks due to drying shrinkage have been carried out so far. From the past
research results, the following are effective methods of reducing drying shrinkage of concrete.
a) Mixing the expansion material
b) Mixing drying shrinkage reducing agent
c) Using limestone aggregate
d) Mixing urea
However, the method of mixing the admixture in the ready-mixed concrete plant causes increases in
cost due to the increase in the number of materials, management problem, labour that adding
materials at the time of mixing. What’s more, there is no existing equipment in plant to add the
admixtures. So the temporary manpower is required each time when adding the admixtures. And this
has been cramping the popularity of using admixtures to reduce drying shrinkage.
In the past research results, it was reported that when urea is used 50 kg/m³ as admixture in concrete,
drying shrinkage decreases about 60 % (Kawai T & Sakata K 2007). However, the drying of the
concrete proceeds mainly in the exposed surface portion, and drying inside the concrete does not
proceed so much. Therefore, for suppressing drying shrinkage, it is not efficient to use admixture
material for the whole concrete. So it is reasonable to use material that has shrinkage reducing effect
only on the surface portion of concrete where the drying shrinkage mainly proceeds.
In consideration of the above situations, this research develops a method for reducing drying
shrinkage inexpensively and easily that immersing the surface of the demoulded mortar or concrete in
the solution containing urea as main component. As a result of measurement of drying shrinkage of
mortar up to 91 days after demoulding as 0 day, it was confirmed that immersion in urea solution has
shrinkage reducing effect (Liu L et al. 2017). After that, the mortar after 91 days was soaked in water
to investigate the change in shrinkage reducing effect of the infiltrated urea solution. And, every time
after it was dipped in water, the shrinkage reduction effect decreased and elution of the infiltrated urea
solution was considered. Next, the mirabilite solution was used to reduce drying shrinkage because
mirabilite can react with unreacted cement mineral and do not elute when soaking in the water.
However, shrinkage reducing effect was not observed in mortar immersed in mirabilite solution.
Therefore, the mixed solution of urea and mirabilite at a certain ratio was used as drying shrinkage
reducing agent to immerse mortar. The same results as in the case of immersing in the urea solution,
the effect of the mixed solution to reduce drying shrinkage was also confirmed. Likewise, even if the
concrete after 91 days had been soaked in water, the shrinkage reducing effect did not decrease but
continue.
What’s more, in the case of concrete, measurement of drying shrinkage up to 91 days after
demoulding as 0 day, it was also confirmed that immersion in solution of urea and mirabilite at a
certain ratio has shrinkage reducing effect (Shirayama K et al. 2018). And, even if the concrete after
91 days had been soaked in water, the shrinkage reducing effect did not decrease but continue.
On the other hand, in order to apply the drying shrinkage reducing agent in actual construction, it is
necessary to consider simpler methods than soaking.
From the above, this report presents the study of the drying shrinkage reducing effect on concrete by
brushing or spraying aqueous solution of urea or the mixed solution of urea with mirabilite at a certain
ratio.
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2.
2.1

OUTLINE OF EXPERIMENT
Materials

Table 1 shows the materials used in this study. Urea was the kind of commercially available urea
using in industry.
Table 1. The used materials in this study

2.2

Type

Name

Symbol

Density (g/cm³)

Water

Tab water

W

1.00

Binder

Ordinary Portland cement

C

3.16

Sand

River sand
(F.M.2.65, Water absorption rate:1.94)

S

2.56

Gravel

Crushed stone
(F.M.6.23, Water absorption rate:0.75)

G

2.64

Admixture

Poly-carboxylic acid-based highperformance air entraining and
water reducing admixture

SP

1.00

Chemical
materials

Industrial urea

U

1.32

Mirabilite

Na

2.68

Mixture conditions

Table 2 shows the mixture conditions of concrete. The target values of the fresh properties were 8.0 ±
2 cm for slump, 4.5 ± 1.5 % for air volume content. And the addition rate of SP is to cement by mass.
Table 2. The mix conditions of concrete

Unit quantity (kg/m³)

Addition rate (%)

Fresh properties

W/C (%)

2.3

W

C

S

G

SP

Air volume (%)

Slump (cm)

40

170

425

716

983

0.10

4.5

8.0

50

172

344

811

947

0.10

4.0

8.0

60

174

290

847

950

0.10

4.0

8.0

Mixing method

For mixing, a biaxial mixer with a nominal capacity of 60 L was used. The mixing procedures are as
below. Firstly, putting cement, sand and gravel and mixing for 15 seconds. Thereafter, adding the
water previously mixed with SP and mixing for 60 seconds. Finally, discharging the concrete.
2.4

Test items

2.4.1 Fresh properties tests
The concrete slump test was carried out in accordance with JIS A 1101. Air volume measurement was
carried out in accordance with JIS A 1128.
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2.4.2 Compressive strength test
This test was carried out in accordance with JIS A 1108. After demoulding at the age of 1 day, the
specimens were cured in the constant temperature room at 20 ± 3 °C with 60 ± 5 % relative humidity.
Then the compressive strength tests were conducted at age of 7 and 28 days.
2.4.3 Drying shrinkage test
This test was carried out in accordance with JIS A 1129-3. Demoulding was on the day following the
preparation of the specimen, and this day was taken as 0 day of drying period. In the measurement
period, the concrete was kept in a constant temperature room at 20 ± 3 °C with 60 ± 5 % relative
humidity, the changes of length and weight were measured.
2.4.4 Dry and wet repeat test
In the dry and wet repeat test, the specimens whose drying shrinkage was measured up to 91 days
were soaked in water for 1 hour and dried repeatedly every 21 days from the 91 days to 154 days.
Then from 154 days the specimens were not soaked in water but only dried in the constant
temperature room. From this test the influence on drying shrinkage reducing effect when rainwater
cause the dissipation of urea was simulated.
2.4.5 SEM observation test
Test pieces of cement paste at water cement ratio of 60 % were demoulded at 1 day of age and cured
in the constant temperature room at 20 ± 3 °C with 60 ± 5 % relative humidity. And soaked in urea
solution or the mixed solution of urea with mirabilite at a certain ratio for 1 hour at 3rd day. After that,
the dried specimen was broken and the cross section of the specimen was observed by an electron
microscope.
2.5

Test procedures

The procedures of each test are shown in Figure 1.
◯Compressive strength test
Age (day)
0 day
1 day
Mixing

Demoulding

4 days

7 and 28 days

Soaking

Test

Air curing
◯Drying shrinkage test
Age (day)
0 day
1 day
4 days
Drying material age (day)
0 day
3 days
Mixing

Demoulding and
start of the test

Brushing or
spraying

92 days
91 days
The end of
the test

Air curing
◯Dry and wet repeat test
Drying material age (day)
91 days
Soaking in water
( test starts)

Repeat every 21
days

154 days

196 days

The end of
the test

Only drying
(measuring
every 21 days)

Air curing

Figure 1. The procedures of each test
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2.6

Brushing and spraying methods of drying shrinkage reducing agent

The brushing and spraying methods of urea solution and mixed solution of urea and mirabilite
(referred to as “Mix solution” below) in this study are described below.
Urea solution at a mass ratio of 50 % dissolved in water, and the mixed solution of urea 45 % and
mirabilite 5 % at mass ratio dissolved in water are used as brushing and spraying liquids in this study.
Assuming the applying to the structure at the site, after being cured in the constant temperature room
at 20 ± 3 °C with 60 ± 5 % relative humidity for three days, the concrete was brushed or sprayed with
different solutions.
For brushing, after curing in the constant temperature room, a commercially available brush with a
width of 70 mm was used to brush 36 g solution to the entire surface of the specimen once every 30
minutes. As shown in Figure 2, the number of brushing was 3, 6 and 9 times equivalent to the
immersion amount of soaking for 1 minute, 10 minutes and 30 minutes. As for spraying, using a
commercially available spray fog, pushing 4 times per area of 10 cm × 10 cm at a vertical distance of 5
cm from the surface of the specimen. The number of spraying was also set to 3, 6, 9 times as same as
the number of brushing.

Figure 2. The change of immersion amount
3.
3.1

TEST RESULTS AND DISCUSSIONS
Fresh properties tests

The test results are shown in Table 2. All results at different water cement ratios satisfied the target
values of slump and air volume content.
3.2

Compressive strength test

For the compressive strength test results when immersed in aqueous solutions, at any water cement
ratios, specimens immersed in urea and mixed aqueous solution showed tendencies to increase
compressive strength compared with untreated specimens (Shirayama K et al. 2018).
At water cement ratio 50 %, the compressive test results of brushing mix solution were shown in
Figure 3. As can be seen from the figure, compressive strength of specimens brushed with mixed
solution showed tendencies to increase compared with untreated specimens. There are two reasons
for this result. Firstly, it is thought that the aqueous solution entered from the voids on the surface of
the specimen into the fine voids of the surface layer of the specimen, and the urea concentration
increased with the dissipation of moisture in the voids, then the crystal of urea filled up the voids of the
hardened structure. Secondly, due to the entry of the aqueous solution, the water retention effect to
prevent dissipation of remaining moisture inside the specimen appeared. Therefore, it seemed that
much moisture was kept in the concrete which contributes to an increase in compressive strength.
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Figure 3. Compressive strength test results (W/C=50 %, brushing with mix solution)
3.3

Drying shrinkage test

3.3.1 Drying shrinkage test of brushing
For the drying shrinkage test results, at water cement of 40 %, Figure 4 shows the results when
brushing with urea solution and Figure 5 shows the results when brushing with mix solution. At water
cement of 50 %, Figure 6 shows the results when brushing with urea solution and Figure 7 shows the
results when brushing with mix solution. At water cement of 60 %, Figure 8 shows the results when
brushing with urea solution and Figure 9 shows the results when brushing with mix solution.
As can be seen from the figures, in all the drying shrinkage tests, the effect of brushing with each
solution on reducing drying shrinkage was recognized. And, it was found that when the brushing
number of the solutions was set to 3 times, 6 times and 9 times, the shrinkage reducing effect became
larger as the brushing number was more of any solution. As the same with the compressive strength,
the more the brushing number was, the larger the immersion amount of the solution became. As a
result, much urea remained and crystallized after drying. Therefore, it is considered that contraction
action was suppressed.
In the past research results, for mortar specimens, when soaked in aqueous solution for 1 minute, the
higher the water cement ratio was, the greater the shrinkage reducing effect appeared (Liu L et al.
2017). However, for concrete specimens, at each water cement ratio, there was almost no difference
in shrinkage reducing effect between untreated and soaking in each aqueous solution. Because when
compared with the mortar specimen (4 cm×4 cm×16 cm) used in the past study, the ratio of the
surface area to the volume of concrete specimen (10 cm×10 cm×40 cm) is small and the strength is
high. So the reducing effect appeared to be small when the soaking time was only 1 minute, and the
difference of the water cement ratio was not clarified (Shirayama K et al. 2018).
In this study, to compare the magnitude of shrinkage reducing effect of different water cement ratios,
Figure 10 shows the comparison of the length change rates at 91 days after brushing with solutions for
3 times. From Figure 10, when brushing with solution for 3 times, no matter brushing with urea solution
or mix solution, the drying shrinkage reducing effect at water cement ratio of 50 % and 60 % was
better than that at water cement ratio of 40 %. This is thought to be that the aqueous solution
permeated easier from the surface of concrete which was less likely to be densified.
In the past research results, compared to soaking, brushing repeatedly had higher shrinkage reducing
effect. There are two reasons for this. First, it is thought that a small amount of air remaining on the
surface of specimen was extruded by using brush to apply solution, and more solution entered into
concrete compared to soaking. Moreover, it was inferred that the urea concentration on the surface of
the specimen became higher during drying as it was set for 30 minutes’ interval to the time of rebrushing (Shirayama K et al. 2018). But further study is necessary to confirm this. To compare the
magnitude of shrinkage reducing effect between urea solution and mix solution, Figure 11 shows the
comparison of the length change rates at 91 days after brushing with different solutions at water
cement ratio of 50 %. From Figure 11, when brushing with mix solution, the
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Figure 4. Urea solution brushing (W/C=40 %)

Figure 5. Mix solution brushing (W/C=40 %)

Figure 6. Urea solution brushing (W/C=50 %)

Figure 7. Mix solution brushing (W/C=50 %)

Figure 8. Urea solution brushing (W/C=60 %)

Figure 9. Mix solution brushing (W/C=60 %)
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drying shrinkage reducing effect were the same or better than that of brushing with urea solution. It is
considered that mix solution had mirabilite with expandability which can also suppress drying
shrinkage to some extent. From this, it is assumed that immersion with mix solution contributes to
drying shrinkage reducing effect better.
3.3.2 Drying shrinkage test of spraying
When applying the solutions to the field with a wide range, direct spraying method is thought to be
more efficient, so the drying shrinkage reducing effect by spraying was also evaluated. For the drying
shrinkage test results when spraying with mix solution, Figure 12 shows the water cement of 40 %,
Figure 13 shows the water cement of 50 %, and Figure 14 shows the water cement ratio of 60 %.
In all the drying shrinkage tests, the shrinkage reducing effect of spraying with mix solution was
recognized. And, it was also found that when the shrinkage reducing effect became larger as the
spraying number became more of any solution. The same as with the brushing method, the more the
spraying number was, the larger the immersion amount of the solution became. As a result, much
urea remained and crystallized after drying. Therefore, it is considered that contraction action was
suppressed. What’s more, when spraying for 3 times, the drying shrinkage reducing effect at water
cement ratio of 50 % and 60 % was better than that at 40 %. It is thought to be the same reason as in
the results of brushing. To compare the magnitude of drying shrinkage reducing effect of brushing and
spraying method, Figure 15 shows the data of the length change rates at 91 days after brushing or
spraying with mix solution at different water cement ratios. Drying shrinkage reducing effect of
spraying method was the same or better than that of brushing method. This is probably because the
amount of solution used per spraying was twice as that used per brushing, so more solution entered
into the concrete. From this, it is considered that spraying method by mist spray can be applied on site.

Figure 10. Brushing 3 times at different
water cement ratios (91 days)

Figure 12. Mix solution spraying (W/C=40 %)

Figure 11. Brushing with different solutions
at water cement ratio of 50 % (91 days)

Figure 13. Mix solution spraying (W/C=50 %)
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Brushing or spraying number
W/C (%) Method

40

50

60

Figure 14. Mix solution spraying (W/C=60 %)

3.4

3 times

6 times

9 times

Brushing

-0.048

-0.0425

-0.0407

Spraying

-0.0469

-0.0412

-0.0389

Brushing

-0.0445

-0.0413

-0.0352

Spraying

-0.046

-0.0352

-0.0369

Brushing

-0.0512

-0.043

-0.0429

Spraying

-0.0467

-0.0407

-0.0356

Figure 15. Length change rates of
different methods (91 days)

Dry and wet repeat test

For the dry and wet repeat test, to compare the influence on shrinkage reducing effect when soaking
in water causing the dissipation of urea, Figure 16 shows the length change rates of specimens from
91days to 196 days. Here, the length change rates from 91 days to 154 days were calculated by using
the length of specimens before soaking in water. As can be seen from the figure, the ability of urea
solution and mix solution to keep the drying shrinkage reducing effect were observed during dry and
wet repeat period from 91 days to 154 days. However, during the drying period from 154 days to 196
days, the length change rates increased slightly. From this, the ability of urea solution and mix solution
to keep the drying shrinkage reducing effect was not clear, so further study is necessary to clarify this.
In the past studies, it was presumed that when drying the specimens after soaking in water for a
longer term as compared with every 7 days, the immersion with mix solution has the water retention
effect and it can contribute to drying shrinkage reducing effect, compared to immersion with urea
solution (Shirayama K et al. 2018). However, although the drying period after soaking in water was set
to 21 days in this study, the trend of length change rates between urea brushing and mix brushing had
no big difference. So it was considered that the ability of mirabilite to prevent the elution of solution
that entered into concrete during brushing and spraying was not clarified. What’s more, no matter
brushing or spraying with mix solution at 3rd day, the length change rates from 154 days to 196 days
had the same trend, so it is considered that the spraying method has no disadvantages over brushing
method, and it can be applied on site.

Figure 16. Length change rates of dry and wet repeat test (W/C=50 %)
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Figure 17 shows the weight change rates from 91 days to 196 days at water cement ratio of 50 %
when brushing with urea solution and mix solution. The weight change rate on each day was
calculated compared with the mass on the drying period 0 day. However, from 91 days to 154 days
the weight change rate was calculated using the mass before soaking in water. As shown in Figure 17,
the weight change rates were smaller for specimens immersed in mix solution, compared with
specimens brushing with urea solutions. It is considered that compared with using urea solution, when
using mix solution, mirabilite reacted with unreacted cement on the concrete surface and the products
provided dense structure for urea to remain and crystalline, so the dissipation of moisture was
prevented. From this, it is presumed that when the current test specimen is further dried, mix solution
has higher drying shrinkage reducing effect because it has water retention effect contributing to the
maintenance of drying shrinkage reducing effect.

Figure 17. Weight change rates of dry and wet repeat test (W/C=50 %)
3.5

SEM observation test

SEM observation test results are shown in Figure 18, Figure 19, Figure 20 and Figure 21. Figure 18
shows crystals on the surface of the specimen, and Figure 19 shows crystals inside the specimen after
soaking in urea solution. Figure 20 shows crystals on the surface of the specimen, and Figure 21
shows crystals inside the specimen after soaking in mix solution.

Figure 18. Urea crystals on the surface

Figure 19. Urea crystals inside
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Figure 20. Mix crystals on the surface

Figure 21. Mix crystals inside

According to Figure 18 and Figure 20, it is recognized that urea or mix of urea and mirabilite
crystallized from the pores on the surface of the specimen. And from Figure 19 and Figure 21, it is
recognized that urea or mix had crystallized from the void inside the specimen. From this, it is
considered that recrystallization of urea or mix of urea and mirabilite inside the concrete also occurred,
and the voids of the hardened structure were filled with these crystals. So the compressive strength
became higher and the drying shrinkage due to the dissipation of moisture became smaller.
4.

CONCLUSIONS

The results obtained from this study are as follows. Compressive strength of the specimen brushed
with mix solution was higher than that of the untreated specimen. This is probably because the
solution entered into the interior and the urea recrystallized to fill up the voids of the hardened
structure. It is also thought that water retention effect to prevent dissipation of moisture appeared and
much moisture remained in the hardened concrete.
Drying shrinkage of specimen brushed or sprayed with solutions was smaller than that of the
untreated specimen. It is considered to be the same reason as that of compressive strength test
results. Furthermore, it is considered that the drying shrinkage reducing effect became higher as the
applying number became more because the amount of urea entering into the specimens and
recrystallizing in the specimens increased.
Compared to brushing repeatedly, spraying repeatedly had the same or higher drying shrinkage
reducing effect. However, the effect of maintaining drying shrinkage reduction in the case of rainwater
was equivalent both brushing and spraying.
Both in the drying shrinkage test and dry and wet repeat test, no significant difference was observed in
length change rates when brushing or spraying with different solutions.
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ABSTRACT
In concrete elements hardening in sealed conditions, autogenous shrinkage is critical for crack
development, in particular in high performance concrete with low water to cement ratio. Being able to
predict autogenous shrinkage can provide insights for the long-term deformation of different concrete
mixtures, create a useful database for simulations and ultimately minimize the cracking risks.
In this study, FEM- based predictions of autogenous shrinkage of cementitious materials were
accomplished. In the prediction, elastic and visco-elastic responses of the material to the internal
stress (capillary pressure) induced by self-desiccation were considered with experimental quantities.
The visco-elastic response was studied with basic creep tests on hardening cementitious materials.
In the FEM-based simulation, capillary pressure calculated from measured relative humidity and
saturation degree was externally imposed into a 3-dimensional microstructure computed with µic
platform. Based on back-calculated elastic and visco-elastic behavior of C-S-H, an approach for
simulating the autogenous shrinkage was demonstrated. The results shown that predicted value
matched reasonably well with measured autogenous shrinkage.
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1.

INTRODUCTION

Autogenous shrinkage occurs as a consequence of decreasing internal relative humidity (selfdesiccation) and increasing pore pressure in cementitious materials (Lura et al. 2003). Some
governing parameters are the water to cement ratio (w/c), the chemical shrinkage and the pore
structure of the cement paste within the concrete (Jensen & Hansen 2001). When restrained,
autogenous shrinkage will generate stress (Lura et al. 2003). This restraint can happen at the material
level (mm- to cm-length scale) by the aggregates or by the reinforcement (internal restraint), or
macroscopically by adjoining structural elements (external restraint) or gradients of deformation
throughout the element (self-restraint) (Moon et al. 2005, Bentz 2008, Lura et al. 2009). As a result,
the buildup of tensile stresses may cause the formation of micro- or macro- cracks, respectively.
These cracks can cause serious durability problems in the long term, e.g., corrosion of reinforcing
steel due to penetration of harmful ions and oxygen into the cracks. Autogenous shrinkage is rather
small in normal strength concrete but it can be very substantial in high performance concrete (HPC)
with low w/c. The crack development or the stress generated by autogenous shrinkage is, therefore,
critical for HPC (Lura et al. 2009).
More reliable, fundamental and complete prediction models are essential to predict both the cracking
risk and the long-term deformation of concrete structures. Especially for HPC, successful prediction of
autogenous shrinkage will help to remove obstacles to its wider applications.
Finding a feasible model for predicting autogenous shrinkage, however, is rather challenging. At the
macroscopic level, autogenous shrinkage can be in principle calculated using only analytical models
based on the Biot-Bishop equation (Lura et al. 2003). There exist also multi-scale models, in which
autogenous shrinkage is calculated based on homogenization from the microstructural scale both
analytically or numerically (Do 2013, Grasley & Leung 2011, Pichler et al. 2007). It is moreover known
that, without considering the viscoelastic response of the material induced by the pore pressure, the
prediction will not be realistic (Aili et al. 2018). Up till recent, this viscoelastic response is estimated in
the literature by different methods, such as solidification, time-shifting, fictitious time methods (Grasley
& Leung 2011, Schutter & Taerwe 2000) and using rheology models, such as Kelvin-Voigt and
Maxwell unit chains (Do 2013). However, in terms of considering the aging effect of the viscoelastic
response under a continuously-evolving internal stress, modelling autogenous shrinkage is still a
difficult task.
In this study, a numerical simulation of autogenous shrinkage for two systems considering pure
Portland cement pastes and the influence of the replacement of the cement with quartz fillers was
accomplished. The microstructures of the two systems were simulated with the geometry modeling
platform μic, starting from the actual particle size distribution and the mixture proportions of the raw
materials. The microstructures evolve during time according to predetermined rules that simulate
hydration of the cement. The outputs of μic, voxels, nodes and elements of the voxels were used as
inputs of an extended finite element platform (AMIE) (Giorla et al. 2014). In the finite element method
(FEM) simulation of both the elastic and viscoelastic response of the materials, the pore pressure Pc
calculated from the relative humidity RHK due to the formation of water-air menisci, saturation degree
S and Biot coefficient b was imposed as the stress boundary condition. The autogenous shrinkage
was combined with the elastic and viscoelastic FEM simulations and compared with both the analytical
Biot-Bishop equation prediction and the experimentally-determined results of early-age creep and
autogenous shrinkage.
2.
2.1

MATERIALS AND METHODS
Materials

Portland cement pastes with w/c of 0.35 by mass (referred as PC) were prepared as reference
systems. By keeping the water to solid ratio (w/s) constant, part of the cement was replaced with
quartz filler (at 49% of volume replacement of cement, for details see (Hu 2017)) in the paste referred
to as PCQZ. The mean diameter of the quartz filler was 12 μm. The corresponding water to Portland
cement ratio (w/c) in PCQZ was 0.63.
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2.2

Experimental methods

The quantification of the degree of hydration was done based on the calorimetry results carried out
with a TAM Air isothermal calorimeter and on the theoretical potential heat release of different mineral
phases in cement systems. The pore pressure was calculated based on the relative humidity
measured with water activity sensors on both cement pastes and pore solution extracted from cement
pastes. Measurements of elastic modulus and compressive creep were also performed with lever
creep frames and LVDT. The applied stress in the compressive creep tests was 10% of the
compressive strength of the corresponding specimen. The loading was applied at 20 hours, 42 hours,
3 days, 14 days and 28 days. Autogenous shrinkage was measured with corrugated tubes immersed
in a silicone oil bath. All experiments were carried out at controlled temperature of 20  0.3 ºC on
sealed specimens (subject to self-desiccation). More experimental details can be found in (Hu 2017).
2.3

Numerical methods

The whole simulation can be separated into a number of sub-simulations from the microstructural
simulation to the mechanical simulation. In order to clarify the simulation procedure, the subsimulations used in each simulation are summarized as follows: 1) generate the microstructure with
μic by fitting experimental degree of hydration of cementitious materials; 2) back-calculate the
stiffness of the outer calcium silicate hydrate (C-S-H) gel (C-S-H + gel water) + capillaries by fitting the
measured elastic modulus with AMIE and link the stiffness with the porosity evolution in outer C-S-H
gel + capillaries; 3) simulate the elastic deformation of studied systems with FEM on meshes
generated based on μic microstructures in the AMIE framework and the calculated stiffness evolution
of outer C-S-H gel + capillary; 4) back calculate the viscoelastic behavior of C-S-H with macro-scale
experimental results of creep in AMIE framework; 5) simulate the viscoelastic behavior by FEM with
meshes generated based on μic microstructures. After accomplishing theses sub-simulations, the
autogenous shrinkage was simulated considering both the elastic and the viscoelastic response of the
system under a certain pore pressure. The constitutive elements of the simulation frameworks in the
micro-mechanical modelling are shown in the flowchart in Figure 1.
Elastic behavior of
C-S-H

Voxels

Elastic response

Pore
pressure

Viscoelastic behavior
of C-S-H

Viscoelastic response

Autogenous shrinkage
Figure 1Flowchart of the FEM simulation of autogenous shrinkage, the pore pressure was
determined directly from experiments
Hydration modelling
The microstructure evolution of PC and PCQZ was simulated with the µic platform. In µic modeling,
the selected computational volume is 100×100×100 μm3, with a minimum voxel size of 1 μm. The
duration for the simulation is 680 hours with increments of 1 h in the first 24 h and with increments of
10 h after 24 h. Spherical particles were randomly packed in the simulation unit. Sphere sampling
points are 92. As shown in (Bishnoi & Scrivener 2009), simulations with sampling points between 90100 gives reliable results.
In the simulation, four main clinker phases and gypsum are considered in one spherical cement
particle. C-S-H is growing outside of cement particles and other hydration products are all defined as
newly-created individual particles. New formed hydration particles are generated only on the free
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surface. The two main chemical reactions of different phases used in the simulation were as follows
(Hu 2017):
1.0VC3 S +1.318VH2O →1.0VinnerC-S-H +0.57VouterC-S-H +0.593VCH

(1)

1.0VC2S +1.476VH2O →1.0VinnerC-S-H +0.57VouterC-S-H +0.189VCH

(2)

The densities of all phases taken from (Tennis & Jennings 2000) are presented in Table 1. The
density of outer C-S-H evolved from 0.22 to 2.25 g/cm 3 (densification). The particle size of cement
particles was obtained from laser diffraction measurements and used as one major input of the
simulation. Three different kinds of kinetics and nucleation models were applied to fit the experimental
degree of hydration: densifying nucleation-growth (NG) kinetics, diffusion proportionate kinetics and
Avrami kinetics (Bishnoi & Scrivener 2009). The simulated degree of hydration fitted well with the
experimental results and the generated 3D microstructure of the two systems along with time series
were applied in the FEM simulation.
Table 1Density of phases considered in the µic simulation
Phases

C3S

C2S

C3 A

C4AF

C$H2

Density (g/cm3)

3.15

3.28

3.03

3.73

2.80

inner
C-S-H
2.25

AFt

AFm

CH

1.78

2.00

2.24

* C3S is tricalcium silicate, C2S is dicalcium silicate, C3A is tricalcium aluminate, C4AF is tetracalcium
aluminoferrite, C$H2 is gypsum, AFt is ettringite, AFm is monosulfate and CH is portlandite.
Mechanical properties modelling: elastic response
The simulation of elastic deformation of cementitious materials was separated into two steps: 1)
simulating the evolution of stiffness of the outer C-S-H with porosity; 2) simulating the elastic
deformation under capillary pressure (being an approximation of the pore fluid pressure). One
important assumption of the simulation is that all other phases in the mixtures, except for C-S-H, have
fixed elastic modulus (the assumed elastic modulus of all phases including quartz fillers considered in
the simulation is shown in Table 2).
As can be seen in Table 2, the range of stiffness of the outer C-S-H reported in the literature is very
broad. In order to determine the stiffness of the outer C-S-H, a back-calculation with trial-and-error
was used (Dunant & Hilaire 2015, Sanahuja et al. 2007) based on the macroscale evolution of the
elastic modulus of cement pastes. The back-calculated stiffness from one system was then bridged
with the porosity obtained from 1H nuclear magnetic resonance. Since the stiffness of the outer C-S-H
is thought to change only with porosity, by determining the porosity of the outer C-S-H in other
hydrating systems, the stiffness evolution of C-S-H as a function of time can be calculated.
The stiffness of the outer C-S-H is used in the simulation of the elastic deformation of cementitious
systems under a pore pressure load. This part of numerical simulation was done on the generated μic
microstructure but the computational volume was only a slice of 1×100×100 μm3. The reason is that
the 3D model demands higher resolution, which could not be reached. With insufficient resolution in
3D, percolation of the solid phases appears too early in the simulations for the systems with low w/c.
To overcome this limitation, 2D simulation is used instead at current stage. The load calculated from
Pc, S and b (Pc·S·b) was applied on the boundaries of the computational volume elements. The time
steps considered in both the elastic and viscoelastic response were: 0, 5, 10, 15, 20, 40, 60, 80, 100,
120, 140, 160, 180, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650 hours.
Table 2 Intrinsic stiffness properties of different phases
Phases

Elastic modulus (GPa)

Poisson’s ratio (-)

References

H2O
C3S

0.001
135

0.499
0.3

(Velez et al. 2001)
(Velez et al. 2001)
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C2S
C3A
C4AF
C$H2

130
145
125
30

0.3
0.3
0.3
0.3

inner C-S-H

29.4

0.24

outer C-S-H

19-45

0.24

CH

38

0.3

AFt

22.4

0.25

quartz

70

0.15

(Velez et al. 2001)
(Velez et al. 2001)
(Bell 1994)
(Constantinides & Ulm
2004)
(Manzano et al. 2009)
(Constantinides & Ulm
2004)
(Constantinides & Ulm
2004)
(Quartz n.d.)

Mechanical properties modelling: viscoelastic response
The principle of the method for simulating the viscoelastic behavior of the C-S-H is similar to the
simulation of the stiffness of the outer C-S-H. The viscoelastic behavior of C-S-H was back-calculated
with the experimental data of creep of cement paste at 28 d. The simulated result was used for the
simulation of creep for the three systems at early ages for verification. The entire simulation is based
on a two-scale homogenization: the scale of C-S-H and water and the scale of cement pastes
composed of other elastic phases within a matrix of hydrated gel (or C-S-H gel including C-S-H, water
and pores). The viscoelastic behavior of C-S-H + water was fitted with 5 Kelvin-Voigt chains. In this
simulation, for the sake of simplicity, the outer C-S-H and the inner C-S-H are both assumed to show
the same viscoelastic behavior (Hu et al. 2019).
The simulation of macroscopic aging viscoelastic response is based on the approach developed in
(Do et al. 2016). The main principle of the approach is applying a time-dependent generalized Maxwell
model for C-S-H in a 3D microstructure generated in µic (Do et al. 2016). The time-dependent
generalized Maxwell model is describing the viscoelastic behavior of C-S-H. In the simulation, spatial
solidification was considered (Do et al. 2016). During the solidification process, the viscoelastic
behavior of each new C-S-H layer follows its own evolution. Different loading histories of each C-S-H
layer should be taken into account. Therefore, all the state of the C-S-H phases and the final creep
were calculated based on the overall creep results stored in an index array and recalled at each time
step. The time steps considered in this simulation are the same as in the stiffness simulation. A static
boundary condition was used in this simulation. In the cubic CVE (from µic), a uniform stress is
applied on one face and the opposite face of it was fixed. The hydration products are generated in a
stress-free field.
3.

RESULTS AND DISCUSSION

Simulation of elastic response of autogenous shrinkage
The simulated evolution of the elastic modulus of the outer C-S-H as a function of porosity is shown in
Figure 2(a). As expected, the lower the porosity, the higher the stiffness of the outer C-S-H. Based on
the relationship of the back-calculated elastic modulus of the outer C-S-H and the porosity of the outer
C-S-H, the elastic modulus evolution of the outer C-S-H as a function of time in both PC and PCQZ
systems can be determined.
The simulated elastic response of PC and PCQZ under pore pressure is shown in Figure 2(b). The
results were compared with the elastic part of the autogenous shrinkage calculated by using
poromechanics for both systems (using the Biot-Bishop equation, based on the experimental results of
relative humidity) (Hu et al. submitted).
In both PC and PCQZ, it can be seen that the strain simulated in the FEM was lower than the
poromechanics strain, which is consistent with the higher simulated elastic modulus presented in the
previous section. At 28 days, the simulated elastic strain was around 70 µm/m lower than the results
from the poromechanics in both systems. The difference between the simulated and poromechanics
strain can be due to two reasons: 1) the simulated elastic response was based on the stiffness of
outer C-S-H back-calculated from a white cement system with w/c of 0.40 and the properties of the
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outer C-S-H depend on the w/c (Do 2013); 2) the poromechanics strain calculation is depending on a
range of parameters, such as saturation degree, Poisson’s ratio and bulk modulus (this is discussed in
(Hu et al. submitted)).
(a)

(b)

Figure 2 Back-calculated results from AMIE: (a) simulated elastic modulus of C-S-H as function of
porosity; (b) Simulated elastic response of autogenous shrinkage and comparison with analytical
calculation from poromechanics
Simulation of viscoelastic response of autogenous shrinkage
Both the evolution of the back-calculated viscoelastic response of the sole C-S-H and of the matrix
composed of C-S-H and capillary water can be seen in Figure 3.The fitted creep of cement paste is
compared to the measured creep of cement paste at 28 days, see Figure 3. The simulated creep of
cement paste can capture well the evolution of the measured basic creep.
The parameters obtained from FEM simulation for the generalized Kelvin-Voigt model by fitting the
macroscopic creep data of PC at 28 days are shown in Table 3. In Table 3, i and Ei are the
characteristic time and stiffness of a specific Kelvin-Voigt unit, respectively. Note that this calculation
was performed at the scale of the cement paste. Therefore, the calculated parameters are for the
matrix with C-S-H and water together. Next, the relationship between the porous body and the solid
was used. In the calculation, the solid volume fraction in the C-S-H and water matrix was around 0.55,
as calculated from the mass balance method. The corresponding ratio between the viscoelastic
behavior of the matrix and the C-S-H was around 0.70 (the scale factor).

Figure 3 Viscoelastic behavior of C-S-H and C-S-H with water with presentation of fitting of
creep compliance of PC
One aspect that should be noticed is that the parameters for the generalized Kelvin-Voigt chains for CS-H and water are proportional to the parameters for cement paste. This is not only an assumption but
is due to the fact that the C-S-H is the only phase in the system which exhibits viscoelastic behavior.
The study in (Königsberger et al. 2016) supports this behavior by indicating that down-scaling from
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cement paste to C-S-H hydrates does not change the trend of the creep function curve. Therefore,
during the fitting process, after fitting the cement paste with generalized Kelvin-Voigt chains, the
parameters for viscoelastic behavior of C-S-H and water can be simulated by only multiplying with a
scale factor. This two-step process makes the fitting of the viscoelastic behavior much easier.
Table 3 Parameters for the generalized Kelvin-Voigt model for C-S-H and water
τ1 (day)
0.02
E1 (Pa)
7.0×1010

τ2 (day)
0.2
E2 (Pa)
4.2×1010

τ3 (day)
2
E3 (Pa)
3.4×1010

τ4 (day)
20
E4 (Pa)
2.59×1010

τ5 (day)
200
E5 (Pa)
9.1×1009

To verify the viscoelastic behavior of C-S-H and the algorithm used to express the early age creep, the
specific basic creep of PC and PCQZ under loading at 3 days and 14 days is simulated. The results
were also compared with the experimental creep data, see solid lines in Figure 4. The results from
these two loading ages were selected due to the stable creep behavior apparent in the experimental
data.
(a)

(b)

Figure 4 Simulated creep of PC (a) and PCQZ (b) under loading at 3 d and 14 d
For both systems, the simulation underestimates creep at both loading times. The mismatch is more
significant at the beginning of loading. For the long term, the kinetics of the creep evolution was closer
in simulations and experiments. Since the same viscoelastic behavior of C-S-H was used for the
simulations, the differences between the two systems were only due to the amount of C-S-H. One
problem is the fact that the viscoelastic behavior of C-S-H was calculated from PC at 28 days. It
should be noted also that the density of C-S-H could depend on the w/c, which is not taken into
consideration in this study. Densification should have a significant impact on the simulation (Do et al.
2016).
The simulated autogenous shrinkage was composed of an elastic part and a viscoelastic part, as
shown in Figure 5. The simulated autogenous shrinkage in PCQZ was much lower than in PC, which
is consistent with the experimental data. However, in both cases, the simulated autogenous shrinkage
was higher than the experimental results, especially at later ages. Note that the loading steps are not
frequent enough to follow the accurate evolution of the capillary pressure and consequently the
viscoelastic behavior of the materials. This is for example the reason for the sharp increase of the
strain at 14 d in the simulation of autogenous shrinkage of cement paste.
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Figure 5 Simulated autogenous shrinkage of PC and PCQZ
4.

CONCLUSIONS

In this study, numerical simulation of autogenous shrinkage until 28 days for pure Portland cement
paste and quartz-blended cement paste (49% cement replacement by volume) with w/s of 0.35 and
PCQZ was accomplished. Actual particle size distributions of the raw materials were used in the
microstructure simulation with the µic platform. Using the same kinetics parameters for the same
phases in different systems, the degree of hydration of cementitious materials can be accurately fitted.
Since the pore size distribution cannot be accurately simulated, the capillary pressure as the driving
force of the autogenous shrinkage needs to be calculated from the experimental RH and RHS results
and be imposed as an external load (considering also the saturation degree and the Biot coefficient)
on the C-S-H in the FEM simulation. The main conclusions of this study are:
1. The elastic behavior of the outer C-S-H is highly linked with the porosity in the outer C-S-H. With the
back-calculated behavior of the outer C-S-H from one system, the elastic response of autogenous
shrinkage in other systems can be simulated. The simulated elastic response was higher than the one
analytically calculated with poromechanics. Possible reasons for this observed difference were that a
2D mesh with size of 1 ×100 ×100 μm3 was used in the simulation and also that the properties of the
C-S-H might vary with cement type and w/c.
2. The viscoelastic behavior of the C-S-H was obtained with back-calculation based on macroscopic
experimental measurements. The simulated creep based on the viscoelastic behavior of the C-S-H
was lower than in the experiments, especially for PCQZ. This is mainly due to the fact that the
viscoelastic behavior of the C-S-H used was calculated from creep at 28 days and the densification of
C-S-H may depend on w/c.
3. The final simulation of the autogenous shrinkage was of the same magnitude of the experimental
data. The autogenous shrinkage was overestimated in both systems. One of the reasons may be the
limited loading steps considered in the simulation. It is remarked that the assumptions and
simplifications used in this simulation need further verification.
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ABSTRACT
Polycarboxylic modified graphene oxide (PMGO) was prepared by free radical polymerization with
acrylic acid (AA) and isopentenol polyoxyethylene ether (IPEG) with amino modified graphene oxide
(AGO) and cerium amine nitrate as initiators. The molecular structure and morphology of PMGO was
characterized by fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR)
and atomic force microscope (AFM). The dispersion property of PMGO was characterized by
measuring the fluidity of cement paste. FTIR and NMR results indicated that the copolymerization
reaction was occurred successfully by the monomer of AA and IPEG under the initiation of AGO. A
large number of polymers were observed on the surface of GO nanosheets from the AFM image of the
PMGO. The fluidity of cement paste increases with the increase of PMGO dosage and it can reach to
255 mm under the saturation amount of PMGO is 0.2%. AGO was used as an initiator can solve the
problems of agglomeration of GO, and simplify the production process of the nanocomposites, avoided
the adverse effects of ultrasonic and surfactants on concrete properties.
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1.

INTRODUCTION

Graphene oxide (GO), as a two-dimensional nano-carbon material with high strength, high modulus of
elasticity, high toughness and other excellent mechanical properties, is a hot research topic in recently
years[1,2]. The excellent mechanical properties and durability will be obtained when combined with
fiber, polymer resin, biomedical materials, ceramic and cement-based materials at low dosage[3-5].
For example, wang[6] pointed out that introduction of GO into the structure of aramid nano fiber hybrid
membranes enhanced the mechanical strength, which was realized through π-π stacking interactions.
The tensile strength (377±3 MPa) and Young’s modulus (18.36±0.87 GPa) could be improved with GO
of 0.75% and 1.0%. Wang and Chen[7] adopted solution blending method to prepare a series of selfhealing waterborne polyurethane/GO nanocomposites, they found that the tensile strengths of the
nanocomposites could be improved about 22–47% higher than that of pure waterborne polyurethane.
One of the most promising applications of GO is the bone tissue regeneration, which can improve the
mechanical properties, surface wettability, cell viability and cell proliferation drastically of the bone
tissue[8]. As for the application of GO on Inorganic nonmetallic materials, huang[9] pointed out that the
fracture toughness and the bending strength of SiC/GO composites was strongly enhanced by
incorporating GO, which was 97% and 17.3% higher than the reference materials, respectively. In
recently years, more and more researches have been on the mechanical properties of cement based
materials[10-12], and the promotion degree on compressive strength can by 20% to 80%[13-15].
However, because of the small particle size and large specific surface area of GO so that it has a
larger water demand, which can significantly reduce the workability of cement-based materials. In
recently years, large amount of studies on improving workability of cement-based materials with
nanomaterials, like graphene or graphene oxide, were investigated. Li[16] studied the dispersion of
graphene oxide agglomerates in cement paste by using both X-ray computed tomography and X-ray
photoelectron spectroscopy. But the GO nanosheets were did not dispersed very well in cement
matrix and it mainly agglomerated as an individual phase, with platelet-like morphology being
absorbed onto surfaces of cement particles and hydration products. Lv [17] and Zhao[18] utilize the in situ
copolymerization method and covalent bonding method between polycarboxylate superplasticizer and
GO to solve the dispersion problem, respectively, and the positive effects on compressive strength of
hardened cement paste have been obtained. But the fluidity results of the cement paste in their
studies decreased with the increasing of GO dosage when keep the superplasticizers dosage
consistent. Other many studies on the dispersion of GO suspension and the dispersion of GO in
cement matrix have been investigated[19-21].
Due to a large number of active oxygen-containing functional groups on the surface of GO, which can
increase the surface reactivity by surface chemical modification [2,22-23]. GO is difficult to participate the
polymerization mainly because the small number of oxygen-containing functional groups on the
surface of GO or the surface groups activity is not strong enough or no active double bonds on GO
structure. So in this paper, the carboxyl group on GO surface was modified by to increase its surface
reducibility, and the redox initiation system will be formed by combining with oxidizing substances. The
polycarboxylate superplasticizer containing amino modified GO terminal groups was prepared by free
radical copolymerization, it can solve the problem of dispersion of GO in cement-based materials.
2.

EXPERIMENTAL

2.1

Raw materials

Natural graphite flake, sulfuric acid (H2SO4), potassium permanganate (KMnO4) and hydrogen
peroxide (H2O2, 30%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Isopentenol
polyoxyethylene ether (IPEG, Mw= ~2400 g/mol) was purchased from Liaoning Oxiranchem Co., Ltd of
China. Acrylic acid (AA) was purchased from Hongyan reagent factory of China. N-ethyl-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Aladdin Co., Ltd of Shanghai in China. Sodium chloride (NaCl), potassium chloride
(KCl), potassium dihydrogenphosphate (KH2PO4) and disodium hydrogen phosphate (Na2HPO4) were
purchased from Sinopharm Chemical Reagent Co., Ltd and used to prepare phosphate-buffered
saline (PBS). PBS (pH 7.4) was prepared by mixing KH 2PO4 of 0.27 g, Na2HPO4 of 1.42 g, NaCl of 8
g, KCl of 0.2 g and 800 ml of distilled water, then added HCl to adjust the pH after full stirring, and
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finally to volume of one liter. All the chemicals used are analytical grade and directly used without
additional purification.
2.2

Preparation of GO and and GO-NH2

Graphene oxide (GO) was produced according to the modified Hummer’s method [24,25]. Amidation
reaction of carboxyl groups in GO with amide groups in biterminal amino chemical, like
ethylenediamine (EDA), was conducted to prepare amino modified GO (AGO), as shown in Figure 1.
0.2 g GO was submerged in PBS solution (pH=6.0) using tip sonication (1 h) leading to dispersed GO
sheets in solution, 0.2 g EDC and 0.05 g NHS as well as 0.4 g EDA were added into the solution. The
system was sealed and stirred with 400 rpm, and reaction at 20℃ for 24 h. The sample was washed
with deionized water and filtered through a polyether sulfone membrane with the pore size of 0.2 μm.
The samples were dried in vacuum oven at 40℃ for 24 h after three times of purification.

Figure 1. Synthesis reaction diagram of GO and AGO
2.3

Preparation of PMGO

Suitable amount of IPEG and hydrogen peroxide were added into 120 mL distilled water in a 500 mL
three-neck round-bottom flask with a stirrer and a thermometer. Certain amount of AA and 40 mL
distilled water was blended in a glass beaker called A solution, and certain amount of AGO,
thioglycollic acid and 40 mL distilled water was blended in another glass beaker called B solution.
When the solution in the flask was heated to 40°C, the A and B aqueous solution were slowly dripping
for about 3 h, respectively. After the drop feeding was ended, the reaction was keep done at 40°C for
1 h. Then the product was adjusted the pH value to about 7.0 with 40 wt% NaOH solution. The
scheme diagram of synthesis of PMGO was shown in Figure 2.
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Figure 2. Synthesis reaction scheme diagram of PMGO
2.4

Characterization

Fourier transform infrared (FT-IR) measurements were performed by FTIR spectrometer (TENSOR
27, BRUKER, Germany). 1H-NMR spectrum of the PMGO were obtained by a NMR spectrometer
(AVANCE III, BRUKER-500 MHz, Switzerland), and chemical shift values were expressed in d values
(ppm) relative to tetramethylsilane (TMS) as internal standard. About 30 mg sample was dissolved in
0.6 mL DMSO-d6 as solvents. The surface morphology of GO, AGO and PMGO was observed by
atomic force microscopy (AFM, Dimension Icon, BRUKER).
2.5

Cement paste test (minislump)

The minislump test was employed to measure fluidity of cement paste according to the China standard
of GB/T 8077-2012 “Methods for testing uniformity of concrete admixture”. The fresh cement paste
with a certain amount of superplasticizer was prepared at a w/c ratio of 0.29 at 25°C and the flow
value was measured by using a minislump cone (60 mm high, top diameter 30 mm, and bottom
diameter 60 mm).
3.
3.1

RESULTS AND DISCUSSION
Molecular structure characterization of PMGO

The molecular structure of PMGO was characterized by FTIR and 1H-NMR spectroscopy. The FTIR
spectra of GO, AGO and GMPC are shown in Figure 3. Compared to the FTIR spectra of GO, the
double absorption peak at 1631 cm -1 and 1561 cm-1 due to the C=O and C-N bonds, the absorption
peak at 3400 cm-1 is mostly contributed by –NH, indicating that the amidation reaction was occurred
successfully by the carboxyl groups on GO surface and the amide groups in ethylenediamine
structure. In the FTIR spectrum of PMGO, 1735 cm-1 corresponded to the C=O bond of acrylic acid
side chain in the copolymer molecular structure, and the strong characteristic absorption peak at 1110
cm-1 is C-O-C functional group in IPEG structure. Meanwhile, there were no other absorption peaks in
the PMGO curve except the characteristic peak at 1636 cm -1 of GO in the region of 1600 ~ 1700 cm -1,
indicating that the copolymerization reaction was occurred successfully by the monomer of AA and
IPEG under the initiation of AGO.
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Figure 3. FTIR spectrum of GO, AGO and PMGO
Meanwhile, the copolymer structure was further verified by 1H-NMR spectroscopy. As seen from
Figure 4, the molecular structure of copolymer is related to the characteristic hydrogen proton peak by
1H-NMR test spectrum. For PMGO copolymer, the proton peaks of H1-δ0.6 ppm and H3-δ2.2 ppm
corresponded to -CH3 group of the IPEG and -CH group of the AA, and H2-δ1.5 ppm corresponded to
-CH2 of AA and IPEG on the main chain. The most intensively peaks of H4,5-δ3.3~3.7 ppm are due to
the C-O-C bond on the structure of IPEG, all the results indicated that IPEG and AA monomers were
copolymerized successfully under the initiation of AGO.

Figure 4. NMR spectrum of PMGO
3.2

Surface morphology and size of the GO, AGO and PMGO

The dispersion effect of GO with IPEG by in situ modification and the surface morphology of PMGO
can be observed by AFM. Certain amount of GO, AGO and PMGO are added into water and
ultrasonic for 1 hour, and then dropped it to the clean and dry mica chip. AFM images of the samples
are observed after natural drying, and the result is shown in Figure 5. As shown in Figure 5 (A), GO
nanosheets are well dispersed, have a maximum thickness of about 2.52 nm. Unlike the image of
Figure 5 (A), a large number of polymers are observed on the surface of GO nanosheets from the
AFM image of the PMGO, the result mainly because of the polycarboxylate product was grafted onto
the GO surface by the free radical copolymerization of the IPEG and the acrylic monomer. Meanwhile,
the thickness of the GO nanosheet of the PMGO product is about 4.62 nm from Figure 5 (B), which is
much larger than the pure GO samples.
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Figure 5. Surface morphology of the GO and PMGO by AFM
3.3

Effect of PMGO on the fluidity of cement paste

The dispersion of PMGO was characterized by the fluidity of cement paste. As the shown of Figure 6,
the fluidity of cement paste increases with the increase of PMGO dosage (by mass of cement) and
then increases no longer when the dosage exceed 0.2%, which indicates that PMGO has a saturation
amount about 0.2%, and the fluidity of cement paste can reaches to 255 mm. When continue to
increase the dosage of PMGO, the fluidity of cement paste will not increase obviously, instead, the
phenomenon of bleeding and segregation would happened due to the excessive participation of
PMGO.

Figure 6. The fluidity of cement paste with different PMGO dosage
4.

CONCLUSIONS

Polycarboxylic modified graphene oxide (PMGO) was prepared by free radical polymerization with
acrylic acid (AA) and isopentenol polyoxyethylene ether (IPEG) with amino modified graphene oxide
(AGO) and cerium amine nitrate as initiators. The characterization of FTIR and 1H-NMR spectra
indicated that the monomers were copolymerized successfully, and a large number of polymers were
observed on the surface of GO nanosheets from the AFM image of the PMGO. The fluidity of cement
paste with PMGO can be improved significantly when the dosage of PMGO at 0.2%.
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ABSTRACT
The adsorption process of superplasticizer molecules to cement particles and other components of
cement bound systems is crucial for the efficacy of the admixture. Superplasticizers are indispensable
for modern ultra-high performance concretes because these polymers overcome the challenge to
achieve good workability despite low water/cement ratios and a high amount of fine fillers. The
adsorption of the superplasticizers to mineral surfaces inhibits the agglomeration of the ingredient
particles and induces homogeneous dispersion by shielding attractive particle interactions. Different
factors influence the adsorption and efficacy of superplasticizers. That is why an in-situ-method for
detecting the amount of surface adsorbed polymer in dependency of particle characteristics and
chemical composition of the suspension provides useful information to validate the superplasticizer for
certain applications and further development.
For this purpose a fluorescence microscopic method is developed, enabling the in-situ detection and
quantification of superplasticizers in suspensions in-situ. A fluorescent dye is bound to the molecules so
the measured fluorescence intensity is proportional to the concentration of superplasticizer in the
experiment. This way, the amount of adsorbed polymer depending on experimental factors like pHvalue, concentration of ions and particle material becomes analyzable.
To proof this approach the results were compared to prevalent methods like zeta potential and indirect
adsorption measurements. The adsorption development during cement hydration is of special interest
because chemical conditions are changing over time. The correlation of microscopic results to the
macroscopic rheology of corresponding pastes connects the new method to real application and further
enhances the understanding of superplasticizers.
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1.

INSTRUCTION

Since their invention in the 1980’s (Hirata et al. 1981) superplasticizers based on polycarboxylatepolymers are an essential research topic in construction chemistry, because of the high benefit for
concrete performance in many applications. They allow the reduction of mixing water even together with
the usage of fine fillers like silica fume. Both aspects enhance the compressive strength and durability
of concrete by generating a very dense matrix in comparison to common concretes. Using
superplasticizers and solids with adjusted grading curve in addition with a low water to cement value
(w/c, below 0.3) so called ultra-high performance concretes (UHPC) with compressive strength of more
than 150 MPa can be produced (Schmidt et al. 2014). In general, the effect of plastifying admixtures is
based on electrostatic forces that induce a better dispersion of the particles. Beside a polycarboxylate
backbone, modern superplasticizers carry side chains to form a comb shaped polymer. Often these side
chains are polyethers so the superplasticizer is called polycarboxylate ether (PCE). In alkaline
environment, typical for cement and concrete mixtures, the carboxyl groups are deprotonated and thus
negatively charged. This way, the polymer interacts with charged particle surfaces and adsorbs to them.
The side chains cause a steric repulsion effect in addition to the electrostatic forces of the backbone
and attractive interparticular forces, which cause detrimental agglomeration of particles, are shielded
effectively (Uchikawa et al. 1997). In case of an efficient interaction, PCEs provide workable pastes with
low w/c values by enhanced particle dispersion. To investigate the particle-superplasticizer-interaction
in situ in plastic pastes and concretes, a fluorescence microscopic method was developed (Arend et al.
2018). Several experiments and correlations to other methods are presented in the following to show
the development of an approach, that predict the plasticizing capacity of a PCE for certain mixtures by
analysing the adsorption behaviour microscopically.
2.

METHODS

Without former treatment, superplasticizers are not detectable by optical microscopic methods, which
allow in situ analyses. If fluorescent dyes are chemically coupled to the polymers before the experiment,
a localisation via fluorescence microscopy is possible. The stained PCE are mixed with particles in
various conditions (pH-value, ion concentration). The detected fluorescence intensity at the particles
corresponds to the amount of adsorbed polymer and is analysed digitally with ImageJ. These results
are compared to measurements of the particles zeta potential in various ion concentrations and the
indirect measurement of adsorbed superplasticizer with the total organic carbon method (TOC). In a first
approach, suspensions of largely inert particles are used for microscopic adsorption experiments to
provide constant conditions validating the method. Although it is not closely related to cementitious
systems aluminium oxide is used due to a high specific surface and an unique development of the zeta
potential in combination with calcium (see figure 2). As representatives for hydration products of ordinary
Portland cement tobermorite as C-S-H-phase and synthetic ettringite (Terai et al. 2007) are investigated
beside others. For those experiments, Fluorescin is used as fluorescence dye. This dye has good
fluorescence properties, but shows a dependency of the fluorescence to the pH-value. It can be used
anyway, because this parameter is constant for the experiments with inert particles. Furthermore,
microscopic adsorption experiments with cement particles and different PCEs were conducted.
Rhodamin-dye is used in this case. The fluorescence intensity is lower than the one of Fluorescin, but
it is not affected by the pH-value in the alkali range. The results of the microscopic adsorption
experiments are correlated to the slump of pastes and mortars made of the same cement and PCEs.
2.1

Fluorescence microscopy

For the microscopic measurements, the fluorescence stereoscope M 205 FA by Leica Microsystems
GmbH (Germany) is used. To observe the dependency of the polymer adsorption to the chemical
conditions, solutions of stained PCE with defined pH value and ion concentration are produced. At first,
this paper focuses on the influence of the amount of solved calcium ions at a constant pH value of 12.
Therefore, calcium chloride (CaCl2) is dissolved in a 0.01 molar potassium hydroxide solution to achieve
Ca-concentrations between 0 and 0,1 mol/l. Stained PCE is solved in this solution to a concentration of
1 mg/ml. 50 µl of the solution are mixed with 10 mg of aluminium oxide particles (Merck, Germany),
tobermorite (Cirkel, Germany) and ettringite and analysed in the measuring set up (Figure 1). The
suspension is placed between two glass slides to guarantee a constant thickness of the sample. Then
the suspension is illuminated with the excitation light. The dye, bond to the polymers, emits fluorescence
and an image is detected. The more fluorescence is measured at the particles, the better the polymer
adsorbs under the chosen conditions. Experiments with Portland cement (CEMI 52,5 R Sulfo, Holcim,
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Germany) are performed in a similar way but without the addition of calcium chloride and with two
different PCEs which differ in their charge density (PC2: low, PC6: high).

Figure 1. Cross section of microscopic set up

2.2

Zeta potential

The zeta potential of the inert particles in 0.01 potassium hydroxide solution depending on the amount
of present CaCl2 is measured with the ZetaProbe Analyzer by colloidal dynamics (USA). Solutions with
CaCl2-concentrations from 0 to 100 mmol/l in steps of 5 mmol/l are investigated. Cement is not
investigated because of its reactivity with water.
2.3

Adsorption measurement via TOC-method

The amount of adsorbed superplasticizer depending on the concentration of CaCl 2 is determined using
the TOC-method (DIMATOC 2000, Dimatec, Germany, following DIN EN 1484). Therefore, the same
suspensions as for the microscopic experiments are used. The CaCl2 concentration is chosen to be 0,
10 and 100 mmol/l. The amount of polymer before and after mixing the PCE solutions with aluminium
oxide particles is analysed. The difference of both values is the amount of polymer that adsorbs to the
particles, so that it is not present in the analysed aqueous phase anymore. This value is given by
milligram adsorbed polymer per gram substrate (mg/g).
2.4

Slump of paste and mortar

The slump of a paste made of CEM I 52,5 R Sulfo (Holcim) and an UHPC mortar with the same cement
is measured depending on the used PCE (PC2 or PC6). The composition of the mixtures is given in
Table 1 (grey rows show the composition of the cement paste).
Table 1. Composition of paste and mortar
Material

Mass [g/l]

CEM I 52,5 R Sulfo

775

Silica fume

164

Quartz powder

193

Quartz sand

946

Water

183

Superplasticizer (40 w% PCE)

23.5

w/c

0.25

PCE by weight of cement

1.2%
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3.
3.1

RESULTS AND DISCUSSION
Measurements with inert particles

The use of the fluorescence microscopic approach is validated by the comparison of results of different
methods. Aluminium oxide is chosen as an inert substrate to avoid effects, which result from time
depending reactions like hydration in case of cement. Another reason for using aluminium oxide in these
experiments is the atypical development of the surface charge, represented by the zeta potential, if the
suspension contains different concentrations of CaCl2.

Figure 2. Fluorescence intensity (black squares), zeta potential (blue triangles) and adsorbed
PCE (pink crosses) of an aluminium oxide-suspension with different CaCl2 content
In alkaline media, inorganic oxide based materials show negative zeta potentials. Without additional
ions, the adsorption of PCE molecules is hindered because of the homopolar charge of polymer and
particle. If calcium ions are added to those suspensions, a charge reversal is detected. The dicationic
calcium ions compensate the negative surface charge of the particles and cause a positive zeta
potential. Thus, the adsorption of PCE is improved because of electrostatic attraction. Usually, the
development of the zeta potential follows a saturation curve, if more calcium is added, like in the case
of tobermorite and ettringite (Figure 3).

Tobermorite

Ettringite

Figure 3. Fluorescence intensity (black squares) and zeta potential (blue triangles) of
suspensions of tobermorite (left) and ettringite (right) with different CaCl2 content
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Nevertheless, in case of aluminium oxide the zeta potential decreases with further addition of CaCl 2
(see Figure 2, blue triangles). The reason for that might be an increasing impact of anionic chloride ions.
The amount of adsorbed PCE corresponding to the determined fluorescence intensity (Figure 2, black
squares) shows a similar dependency to the CaCl2 concentration, what proves the method to be
reasonable. The adsorption experiment using TOC method shows as well a maximum of adsorbed PCE
with small CaCl2 concentration (Figure 2, pink crosses). These results show the general functionality of
the fluorescence microscopic approach, which provides new possibilities for superplasticizer research.
3.2

Measurements with cement

In order to prove the correlation between the adsorption behaviour observed by fluorescence
microscopy and the plasticizing effect of a PCE the results of the microscopic experiments are compared
to the slump of paste and mortar. Figure 4 shows the fluorescence images (in false colour) of Portland
cement particles with PC2 (a), low charge density) and PC6 (b), high charge intensity) whereupon the
fluorescence of the pure PCE solutions was the same. The digital analyse proves the optical impression,
that PC6 shows a higher fluorescence intensity (and in this manner PCE adsorption) than PC2. A higher
plastification of PC6 in pastes and mortars with this cement is expected due to this result, because
generally better adsorption provides better plasticizing effect.

Figure 4. Fluorescence images in false colour of Portland cement with solutions of a) PC2 and
b) PC6
In fact, the measurement of the slump of cement paste and UHPC mortar shows clearly that PC6 is a
better plasticizer for the chosen system than PC2 (Figure 5). Concerning a starting value of the
Hägermann conus of 10 centimetres, PC2 is able to provide a homogeneous mixture, but does not
plasticise the material in an effective way.

Figure 5. Slump of UHPC mortar (black) and cement paste (blue) for superplasticizer
PC2 and PC6
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4.

CONCLUSION

The interaction of superplasticizers with mineral particles is mainly influenced by the charges of the
polymers and the surfaces (Ferrari et al. 2011, Plank et al. 2010). Most oxide based minerals show
negative zeta potentials in alkali conditions, because of the deprotonation of surface-hydroxide-groups
so the electrostatic interaction with negatively charged superplasticizer molecules is unfavourable.
Nevertheless, the presents of additional ions, Ca2+ in the presented case, results in a charge reversal
and thus an attractive force between polymer backbone and particle (Plank et al. 2009). This
phenomenon is detected via the increasing fluorescence intensity caused by higher amounts of particleadsorbed, stained polymer as well as via prevalent methods (e.g. TOC).
Based on the results for simplified systems with inert particles, in situ measurements with reactive
cement are conducted. Because of different clinker phases, formation of hydrate phases and thus
changing chemical parameters in the liquid phase the conditions for the adsorption of superplasticizers
is very complex. In general, aluminium-rich clinker phases and early hydration products like ettringite
show a higher affinity to PCEs because of more positive surface charges (Yoshioka et al. 2002).
Anyway, the investigation of this aspect requires higher magnification and resolution as they can be
provided by a laser-scanning-microscope. For the chosen experimental setup, the correlation between
the enhanced adsorption of a PCE with a high charge density (PC6) detected via the fluorescence
microscopic approach and the beneficial properties concerning the concrete rheology succeeds.
5.

SUMMERY AND OUTLOOK

The shown results of the different experiments demonstrate the high potential of the developed
fluorescence microscopic method to investigate the interaction of superplasticizers and particles in situ.
Although some research is going on to apply fluorescence spectroscopic methods to investigate the
early hydration of cement concerning the influence of additives (Ramírez-Caro et al. 2018), the
presented approach is outstanding to visualize and localize polymers under various experimental
conditions in cementitious systems. With further refinements, concerning e.g. specific surface of
substrates and digital analysis a useful tool for superplasticizer research will be established. The method
allows various experimental set ups to investigate the influence of single experimental parameters like
the concentration of present ions and the effect of the chemical structure of the PCE or the prediction of
the plasticizing capacity of different superplasticizers without time consuming and cost intensive mixing
experiments.
6.
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ABSTRACT
Granites are rocks formed primarily by the minerals quartz, feldspar and mica, but they also contain
varying amounts of natural uranium (238U) and thorium, which are a source of natural radioactivity. In
Spain, certain areas of the Sierra de Madrid and the Galician area are rich in this type of rocks, which
are used not only as stones in construction, but also as aggregates in the preparation of mortars and
concretes. Directive 2013/59 / EURATOM establishes the limits of natural radioactivity that come from
building materials. Therefore, given the uranium content of the granites, their radiological control
addresses special importance.
In the present study we have studied natural radioactivity of Portland cement mortars made with
granite sand. For this purpose, three granitic aggregates of different origin have been characterized
chemically, mineralogically and petrologically. The natural radioactivity of the three granitic aggregates
with three different granulometry has been determined through gamma spectrometry. Likewise, OPC
mortars have been prepared with the fine fractions of granitic aggregates (<4 mm) establishing both
the activity indexes of these mortars and their relationship with the chemistry and mineralogy of granitic
aggregates. As a general result, it is observed that the radioactivity indexes of each of the components
additively affect the overall radioactivity of the Portland cement mortar.
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1.

INTRODUCTION

The annually effective dose that humans receive (2.4 mSv) comes from terrestrial (84%) and from
cosmic (16%) sources (UNSCEAR, 2000). Levels corresponding to the terrestrial natural radioactivity
may vary according to geological features. Consequently, it is essential to identify those building
materials whose natural radiation could be high before its use in civil works or in building. Partially, this
fact has promoted the development of the European Atlas of Natural Radiation since 2006. This is a
comprehensive book presenting a collection of maps including terrestrial gamma dose rate (European
Commission, 2018).
In particular, large areas in northwestern of Spain (Galicia), consist of granite rocks (Figure 1). Then,
they are frequently used as aggregates to make mortars and concretes to be used in construction.
Granite is a form of igneous rocks which consists mainly of quartz, feldspar and mica. It is widely
regarded as a very durable building stone employed for interior and exterior decorative applications, but
also, it is used as aggregate in mortars and concretes. In Galicia, large amounts of granitic aggregates
are produced every year. These granitic materials have diverse geological histories Therefore, they
have high compositional variability, going from strongly peraluminous to slightly metaluminous granitic
rocks (Dias, et al. 1998). These granitic aggregates, due to their composition, contains some
radionuclides derived from the 238U and 232Th radioactive series. Both of them, together with the 40K, are
the main sources of both external and internal exposures in building materials. Therefore, the study of
the natural radioactivity of the granite aggregates, and the mortar and concrete containing this type of
material, is an essential subject to radiological environmental protection because it facilitates the
possibility to assess any related health risk in the areas where concretes are made with granite
aggregates. Given that, it is important to measure the radionuclides concentration in granite aggregates,
and also, in mortars or concretes made with them.
Consequently, the goals of this study are: i) To determine the specific radioactivity concentrations of
238U, 232Th, and 40K in local granites provided by three different quarries which are used normally to
produce concretes in Galicia (Spain); ii) To study the effect of the aggregate grain size in the gamma
radiation and iii)To determine the specific radioactivity concentrations of 238U, 232Th, and 40K in mortars
and to assess the effect of the Portland cement in such building materials.
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Figure 1. Map of Galicia in the northwest of Spain. Location of the three quarries located at
Vigo (1), Coruña (2) and Lugo (3) provinces
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2.
2.1

MATERIALS AND METHODS
Materials and mortar preparation

In this study, a total of fifteen different granite crushed aggregate samples, with five sizes (230 µm, 0-2
mm (fine sand), 0-4 mm (sand), 5-8 mm (gravel) and 9-20 mm (pebble)) provided by three quarries
located at Vigo, Coruña and Lugo provinces in the Galicia region (Spain) were selected (Figure 1). Also,
a siliceous reference aggregate (99% quart) was used for comparison (0-2 mm). The collected samples
were homogenized (Figure 2), oven dried at 105°C for 24 h, and then, each granite aggregate sample
was packed in a cylindrical (Φ100 mm x 20 mm) plastic beaker (Figure 2), sealed for three weeks to
achieve secular equilibrium between 226Ra and 232Th with their decay products. Later, the activity
concentrations of 226Ra, 232Th and 40K for all the aggregate samples were measured by a gamma ray
spectrometry by using High Purity Germanium (HPGe) detector.

9-20 mm

5-8 mm

0-4 mm

0-2 mm

230 µm
CORUÑA

VIGO

LUGO

Figure 2. Granite samples
Also, an ordinary Portland cement CEM I 52.5 R according to the European standard EN 197-1:2011
was used in this study. Chemical analyses of the cement and granitic aggregates are given in Table 1,
and were performed by FRX in samples with fineness lower than 45 µm.
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Table 1. Chemical compositions of aggregates and cement determined by FRX (%)
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

P2O5

LOI

CEM I 52,5 R

19.36

4.42

2.62

62.32

1.86

3.23

0.09

0.94

0.23

0.16

2.75

Coruña

72.20

17.11

2.45

0.75

0.62

0.03

2.35

2.67

0.28

0.10

1.23

Vigo

75.57

13.89

3.25

0.89

0.51

0.03

2.54

2.34

0.32

0.09

0.46

Lugo

71.65

13.73

3.61

1.97

1.10

0.06

2.33

2.35

0.33

0.09

2.70

The testing mortars were mixing according to the European standard EN 196-1:2016, but moulding was
made directly into the testing plastic beakers (Figure 2). Then, they were made with water/cement and
cement/sand ratios of 0.5 and 1/3, respectively. Later, they were cured at 21 ± 2 ºC and 99 % RH for 28
days.
2.2

Gamma spectrometry analysis

The gamma laboratory of the Environmental Radioactivity Unit and Radiological Vigilance of CIEMAT
(Research Centre of Energy, Environmental and Technology) comprises 10 coaxial high purity
germanium detectors (CANBERRA), with relative efficiencies from 25.0 to 115.7% (2 standard coaxial,
2 broad energies coaxial, 3 extended range coaxial and 3 reverse coaxial electrode). Detectors are
placed either in iron shielding with thickness of 150 mm and in 150 mm of lead shielding equipped with
additional inner cooper and tin shielding to prevent the registration of fluorescent lead X-rays. All
detectors are placed in a room located in the basement of a 50-years old building. The radon
concentration in the laboratory goes around 35 Bq.m-3. Radionuclides occurring in natural decay series
headed by 238U and 232Th as well as 40K were determined in the samples.
The Council Directive 2013/59/EURATOM establishes a reference level for indoor external exposure
due to gamma radiation emitted by building materials and defines the activity concentration index for
the gamma radiation emitted by building materials (European Commission, 2013). This Directive
stipulates that before building materials identified ‘as being of concern’ are brought to market, the activity
concentration index (named ACI or I) of their radionuclides must be determined and lie below the
reference level of 1 mSv.year-1. Where such materials are ‘liable to give doses exceeding the reference
level’, member States may include specific requirements in building codes or restrictions on their
envisaged use. The gamma activity concentration index (I), was calculated for each aliquot and the
mean determined for each type of material from the following equation:

(1)
where C226Ra, C232Th and C40K are the activity concentrations in Bq.kg-1 for radium (equivalent to uranium
under secular equilibrium conditions), thorium and potassium, respectively. The activity concentration
of 40K was determined directly from the 1460 keV photopeak. Conversely, the activity concentration of
226Ra and 232Th were determined indirectly from the 351 keV and 238 keV photopeaks corresponding
to the 214Pb and 212Pb, respectively. Therefore, the testing samples were kept for 21 days in order to
achieve the secular equilibrium, particularly, between the 226Ra with their decay products. The secular
equilibrium for the 212Pb with their decay products is achieved in less than a week. High Purity
Germanium (HPGe) detectors calibration was performed by means of the Labsocs (Laboratory
Sourceless Object Calibration Software) software program. This software application allows the use of
different geometries and matrix by using a Monte Carlo simulation code with a good reproducibility.
The experimental study, mainly using gamma spectrometry methods, consisted of: (1) Determination of
the activity concentrations of 226Ra, 232Th and 40K and gamma activity concentration index for the cement
CEM I 52.5 R and the granitic and standard aggregate samples; (2) Determination of the activity
concentrations of 226Ra, 232Th and 40K and gamma activity concentration index for the Portland cement
mortars made with the cement and all the tested sands. Each sample was packed in a cylindrical
polypropylene beaker and sealed for three weeks to achieve secular equilibrium between 226Ra and
232Th with their decay products.
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3.
3.1

RESULTS AND DISCUSSION
Influence of the aggregate particulate size on the gamma activity concentration

Table 2 shows the gamma activity concentration obtained for the 40K, 214Pb and 212Pb for the cement
CEM I 52.5 R and the granitic and standard aggregate samples. It can be observed that the 40K, 214Pb
and 212Pb activity concentration for the granitic aggregate samples are much higher than the ones for
the standard aggregate and Portland cement.
With regard to the granitic aggregate particle size, it can be stated that the 40K gamma activity
concentration is statistically similar in the case of 230 µm, 0-2 mm and 0-4 mm samples. However, a
higher heterogeneity in the 40K gamma activity concentration in the 5-8 mm and 9-20 mm aggregates
was evidenced. The 214Pb gamma activity concentration followed a decreasing trend when the
aggregate size increases. This fact was expected because the 222Rn, which is a gas produced in the
238U, 226Ra and 214Pb decay chain, diffuses better through smaller particulates than through larger ones
(Benke and Kearfott, 2000). A similar effect was observed for 212Pb, but lower, mainly due to the shorter
semi-disintegration period of the 220Rn (Thoron), which is a gas produced in the 232Th and 212Pb decay
chain. Consequently, the diffusion degree though the solid sample is smaller.
Siliceous standard aggregates (with a particle size distribution between 0-2 mm) with a 99% quartz as
main mineralogical component has significantly lower values of 40K, 214Pb and 212Pb (see Table 2).
Table 2. Activity concentration of the radioisotopes 40K, 214Pb and 212Pb for all the three types of
granitic aggregates studied, standard aggregate and cement
Activity concentration (Bq kg-1)

Aggregates and
cement

Size

Coruña

230 µm

1015 ± 43

200 ± 30

70.5 ± 5.7

0-2 mm

1030 ± 44

207 ± 31

72 ± 12

0-4 mm

1081 ± 92

180 ± 27

65 ± 11

5-8 mm

1206 ± 104

148 ± 22

63 ± 11

9-20 mm

1021 ± 88

172 ± 26

95 ± 16

230 µm

945 ± 81

135 ± 20

99 ± 16

0-2 mm

875 ± 75

128 ± 19

90 ± 15

0-4 mm

841 ± 72

115 ± 17

86 ± 14

5-8 mm

1244 ± 106

99 ± 15

88 ± 14

9-20 mm

1191 ± 103

120 ± 18

120 ± 20

230 µm

1032 ± 88

114 ± 17

161 ± 26

0-2 mm

933 ± 80

96 ± 15

148 ± 24

0-4 mm

1050 ± 90

90 ± 14

139 ± 23

5-8 mm

1347 ± 115

111 ± 17

152 ± 33

9-20 mm

1073 ± 92

90 ± 14

79 ± 13

0 - 2 mm

147 ± 13

4.2 ± 0.71

7.2 ± 1.2

205 ± 18

32.0 ± 4.9

15.0 ± 2.4

Vigo

Lugo

Siliceous
standard
aggregate
Cement

40

K

214

Pb (226Ra)

212

Pb (232Th)
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3.2

Activity concentration index

Portland cement values of the considered radioisotopes activity concentrations are like those found in
the literature (Trevisi, et al. 2012; Puertas et al. 2015). Therefore, the activity concentration index
calculated according to Equation (1) for the Portland cement (ACI = 0.25) is lower than the threshold
value stipulated (ACI < 1) by the Council Directive 2013/59/EURATOM (European Commission, 2013).
Consequently, in building materials made with Portland cements might be expected a low value of the
aforementioned the activity concentration index. With regard to the reference sand, the calculated
activity concentration index (ACI) taken into account the values shown in Table 2 is 0.10.
The activity concentration index for the three granitic aggregates in function of the particle size is shown
in Figure 3. The values presented in the graph are statistically sound and comparable data for all the
tested particulate sizes, notwithstanding the differences found in the activity concentration results.
It should be highlighted that the gamma activity concentration index always was higher than 1 due mainly
to the high 226Ra y 232Th results (calculated from the 214Pb and 212Pb, respectively). These values were
higher than the average results found in the Spanish soils, i.e. 32 Bq.kg-1 and 33 Bq.kg-1 (UNSCEAR,
2000). The activity concentration results of the 40K were higher than the average value found in the
Spanish soils, i.e. 470 Bq.kg-1 (UNSCEAR, 2000), but they are equivalent to the results found in the
Environmental Radiological Surveillance Programme performed by the CIEMAT in Madrid (Marijuán
Martín, 2015). Even more, these results were also higher to the ones found in other building materials
for the 226Ra (50 Bq.kg-1), 232Th (50 Bq.kg-1) and 40K (500 Bq.kg-1) (Janković and Todorović, 2011).

2,0
Coruña

Activity concentration index

1,8

Vigo

Lugo

1,6
1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0
230 µm

0-2 mm

0-4 mm

5-8 mm

9-20 mm

Aggregate particle size
Figure 3. Activity concentration index for the three tested granitic aggregate types in function
of the particle size
3.3

Portland cement mortar dilution effect

Table 3 gives the activity concentration of the radioisotopes 40K, 214Pb and 212Pb and gamma activity
concentration index of the cement mortars made with the three granitic aggregates (0-4 mm sand). The
activity concentration found in the three cement mortars made with the tested aggregates were expected
due to the dilution effect of the cement-aggregate-water mix (21.5% -64.5% - 14.0% by volume).
Therefore, the obtained results showed two significant aspects. On one hand side is possible to calculate
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the mortar activity concentration index from the results of its individual components by measuring
directly, provided that the same testing geometry was used. But on the other hand, it is highlighted that
the additive effect of all the mortar constituents on the activity concentration of the radioisotopes. Given
that, the dilution of the aggregate in the mix leads to gamma activity concentration index values lower
than 1. Thus, these aggregates can be used in mortars and concretes. In relation to aggregate
particulate size in the mortar, it was stated that the values are statistically the same as it was found for
the activity concentration of the radioisotope 40K.
A slight decrease of the activity concentration of the radioisotopes 214Pb and 212Pb was observed when
the particulate size increases. This fact might be a consequence of the lower diffusivity of the 222Rn and
220Rn in the mortar. The gamma activity concentration index for the three mortars made with the tested
aggregates, although they are statistically indistinguishable from the rest, showed a small decrease with
regard to the calculated value from the mortar constituents.
Table 3. Activity concentration of the radioisotopes 40K, 214Pb and 212Pb and gamma activity
concentration index of the cement mortars made with the three granitic aggregates and the
standardized aggregate
Mortar

Activity concentration (Bq kg-1)
40

K

214

Pb (226Ra)

212

Pb (232Th)

Gamma activity
concentration
index (ACI)

CEM I 52.5R & (0-4 mm)
Coruña

685 ± 59

116 ± 18

41.6 ± 7.1

0.822 ± 0.070

CEM I 52.5R & (0-4 mm)
Vigo

608 ± 52

75 ± 11

59 ± 10

0.748 ± 0.091

CEM I 52.5R & (0-4 mm)
Lugo

633 ± 55

60.1 ± 9.1

89 ± 15

0.8565 ± 0.0091

Uncertainties are given as k=2.
4.

CONCLUSION

Based on the experimental results, the following conclusions can be drawn:






5.

The aggregate particle size affects directly to the activity concentration of 40K, 232Th and
226Ra.
Portland cement acts a thinner constituent in mortars and concretes allowing to the granitic
aggregates to be used in mentioned building materials.
The mortar activity concentration index can be calculated from the results of its individual
components, by measuring the radioisotopes activity concentrations directly by using the
same testing geometry.
The additive effect of all the mortar constituents on the activity concentration of all the
radioisotopes has been established.
The dilution of the aggregate in the mix leads to gamma activity concentration index values
lower than 1. Thus, the granitic aggregates can be used in mortars.
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ABSTRACT
The right match of water-reducing chemicals and cements will mean stronger concrete with less
cement. Cement production creates a green-house gas, so less cement will make construction
“greener.”
In this paper, we will demonstrate a methodology for matching cements and admixtures for maximum
benefit. Interaction between each cement and a typical admixture was evaluated using rotational and
oscillatory rheometry and mini slump (Kantro), while isothermal conduction calorimetry was used to
monitor the heat released from the chemical reaction. The results indicate significant rheological
differences among cements, which directly impact mixing steps, transport, application and hardening
of the concrete. Optimization of these factors will direct selection of the right match, reducing the
environmental footprint of the project.
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1. INTRODUCTION
Rheological properties of concrete are influenced by interaction of cement and admixtures. Other
factors such as mode and time of addition of the admixture or water/cement ratio, aggregates
morphology may also affect the performance of the concrete in the fresh state. The interaction of
cement and admixture is determined by the chemical and mineralogical composition of the cement,
surface area, particle size, porosity and prehydration, as well as the structure of each polycarboxylate
polymer. Polycarboxylates differ in terms of the length of the main and lateral chain and molecular
weight. With such complexity on both sides of the interaction, generalization is difficult and each
cement-polycarboxylate pair requires detailed study (Lange & Plank, 2015).
Cement particles have a natural tendency to agglomerate when mixed with water due to their polarity
and Van Der Waals attraction force between these cement particles. Water is entrapped between
them reducing the flowability of the concrete (Uchikawa, 1997). Admixtures confer several effects on
concrete, the polycarboxylate adsorbs on cement particle surface reduces the interparticle forces
responsible by the concrete or paste yield stress. This admixture causes a steric repulsion between
the cement particles, a physical barrier will drive the steric dispersion coupled with an effect of
repulsive forces which results in the dispersion of the particles and releases water to fluidize the
mixture (Jolicoeur & Simard,1998). The superplasticizers interact at the surface or chemically combine
with the cement phases or hydrated cement components (Ramachadran,1995).
The chemical affinity between the surface of the cement particle and the polycarboxylate is important
parameter to evaluate, the admixture dosage increases the adsorption until the cement surface is fully
recovered, and the adsorbed compounds alter the surface properties of the particle and reduces the
concrete/paste yield stress (Marchon et al,2016).
Evolving cement chemistry, new concrete applications and ever-changing market dynamics require
constant development of new polycarboxylate-based admixtures. The tools discussed here facilitate
development of new admixtures by providing insight into these complex and very cement-specific
phenomena.
The adjustment of the superplasticizer allows tailoring admixtures with specific properties, to match the
concrete requirements (Marchon et al,2016).The consequences of understanding the cementadmixture interaction allows the developments of methods for the validation to estimate the type and
dosage of admixture for each application, compatibility between two admixtures and aggregates,
allows the usage of supplementary cementitious materials and production of concrete with improved
properties. The desired performance for each admixture depends on the mixing demand, transport
application, workability and the stability of workability with time. Therefore, for any scenario, the
appropriate evaluation of the parameters and the rheological behavior profile of each cement
composition in association with the specific admixtures is extremely important, since the application
occurs in the fresh state, but results are required on the hardened state (Rixom, 1999). Particularly,
the identification of an optimal dose of admixture for a specific cement is discussed.
The techniques described here based on flow, rheological properties and hydration kinetics, provide
the empirical data that will allow confident prediction of fresh concrete properties. In each experiment,
the polycarboxylate dose is varied; with increasing admixture dose, the viscosity and the shear stress
are reduced, showing the dispersion capacity of the admixture. While the increase of admixture dose
reduces viscosity and shear stress for all cements studied, there are useful differences among the
rheological responses of the cements studied.
Two techniques are compared here – Kantro flow, and rheometry. The Kantro test, also known as a
miniature cone test, is a simple method to evaluate the comparative dispersing effect of an admixture;
since only paste is used, without the influence of aggregates, it provides more direct data than
concrete testing. In this study, as superplasticizer content dose is systematically increased, the
Kantro flow time is reduced until the saturation point is reached, this point being considered as the
optimum dosage (Ramachadran,1995). In rheometry studies, the stiffening of the cement paste as
hydration proceeds is measured (Betioli, 2008). The rheological methods chosen for this study are
rotational and oscillatory rheometry. Rotational test indicates the rheological behavior of pastes,
viscosity, profile, and others, always in function of changes on the shear rate. Oscillatory tests provide
information over time, or in function of changes in strain, or frequency applied.
1
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2. MATERIALS
Four cements from Latin America were studied, collected directly at the cement plant (Table 1). A
polycarboxylate-based admixture was used in combination with each cement. For the Kantro and
rotational rheometry, admixture dosage for cement dispersion was increased starting with no
admixture and increasing the dose until the paste segregate. The dosage of each mix is shown on
Table 4. Flow and rotational rheometry at varying doses, along with oscillatory rheometry and
calorimetry at a fixed dose were used to evaluate the main differences between the cements, as used
in practice.
Table 1: Cement samples identification
Cement ID
Cement Type*
Country
Cement AR
CPN
Argentina
Cement BR
CP V ARI
Brazil
Cement CH
CP AR
Chile
Cement CO
OPC
Colombia
*according to the standard of each country

3. METHODS
3.1 Cement characterization
Particle size distribution: equipment used: Malvern Instruments model Mastersizer 2000/2000E. The
test was performed wet, in absolute ethyl alcohol.
X-ray fluorescence (XRF): according to ISO/FDIS 29581-2:2009 (E) - equipment used: Panalytical
model Minipal Cement, from melt pellets on a Claisse model M4 melting machine using melt-based
lithium tetraborate / lithium metaborate mixtures MAXXIFLUX (66.7% Li2B4O7, 32.8% LiBO2 and
0.50% LiBr), with a ratio of 1g of sample), 6.75g of flux.
X-ray diffraction (XRD): according to ASTM C1365-06 (2011) - equipment used: Rigaku model
Windmax 1000, operating on copper Kα radiation with 40kV - 20mA and scanning of 2°/min.
Identification of the compounds was performed using Panalytical X-pert HighScore Plus software
(version 3.0) and diffraction patterns provided by the International Center for Diffraction Data (ICDD),
the calculations were done by using Rietveld methods.
As the main purpose of this work is to evaluate the interaction of a polycarboxylate different cements
by measuring and comparing the rheological properties, the cements were characterized by XRF,
XRD and particle size. The Figure 1 presents the cement particle size distribution.

Figure 1: Particle size distribution of the cement samples
The particle size distribution tests indicated a significative difference between the cement samples, the
AR cement shower higher volume of coarse particles related to the other samples while BR cement
showed the smaller particles size.
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The Table 2 shows the chemical species of the binders obtained by X-ray fluorescence and at the
Table 3 the mineralogical composition. The results indicated a significant difference between the
cements analyzed. Specifically, XRD shows a lower amount of alite and the presence of mellite in the
cement CH, a higher amount of calcite in the Cement CO and a higher amount of periclase in the
Cement BR.CH cement has lower amount of clinker and it was identified on XRD 46% of amorphous
phase, it’s derivate from mineral addition on this cement.
Table 2: Chemical composition by X-ray fluorescence
Analyte (%)
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
TiO2
P2O5
Mn2O3
SrO
Cr2O3
ZnO
LOI
Alk eq.

Cement AR
23.0
5.0
3.9
59.4
2.8
2.5
0.6
0.6
0.3
0.1
0.2
0.1
<0.01
<0.01
1.9
0.9

Cement BR
18.6
4.8
2.5
61.2
5.3
3.0
0.1
0.9
0.2
0.1
0.1
0.0
<0.01
<0.01
3.1
0.8

Cement CH
28.1
11.6
1.2
47.4
4.7
2.8
0.5
0.7
1.2
0.0
0.2
0.1
<0.01
0.0
0.1
1.3

Cement CO
20.0
5.4
3.4
61.6
1.3
3.1
0.1
0.3
0.2
0.1
0.0
0.1
0.0
0.0
3.5
0.3

Table 3: Mineralogical composition calculated by Rietveld
Analyte (%)
Alite
Belite
Brownmillerite
C3A_cubic
C3A-ortho
Lime
Periclase
Portlandite
Calcite
Gypsum
Hemihydrate
Anhydrate
Arcanite
Quartz
Aphthitalite
Ca-Langbeinite
Melilite

Cement AR
64.2
13.9
7.7
3.0
3.9
1.8
0.7
1.4
3.2
0.3
-

Cement BR
66.8
9.6
5.4
3.5
1.3
4.9
3.5
3.5
1.5
-

Cement CH*
21.3
5.3
2.9
1.7
1.1
0.1
0.7
0.5
1.3
2.6
1.6
1.5
1.0
3.8
8.4

Cement CO
59.8
10.2
8.2
2.7
3.0
0.3
6.5
3.4
0.3
4.6
0.5
0.1
0.3
-

*This is a special cement from Chile, containing around 47% of amorphous material from the
slag.
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3.2 Paste Mixing Procedure
Dry cement powder was weighed in a beacker and the water plus admixture in another: the
water/cement ratio was maintained at 0.4. The solution (water+admixture) was added to the cement
immediately before running at high shear energy mixing for one minute, keeping the rotational speed
at 10.000 rpm. The suspensions were used in the spreading (Kantro cone), rotational and oscillatory
rheometry and isothermal conduction calorimetry tests. All these tests started 10 minutes after the
beginning of mixture to be conducted in parallel (Damineli et al,2016).
3.3 Suspension characterization
Kantro Cone Test: the test was performed according to Kantro [1980] apud Bucher [1988]. The paste
was added to the Kantro mini cone and the spreading is performed on a metal base. The Kantro cone
test is used to evaluate the paste spread with the use of the admixture, with small amounts of paste it
is possible to evaluate the sample spread parameters, thus determining the fluidity of the mixture with
the different contents and types of admixture (Lange et al, 2015).
Rotational and oscillatory rheometry: The cementitious pastes were added to an Anton-Paar
rheometer, model MCR302. The tests were performed using cross-hatched stainless-steel parallel
plate geometry with diameter of 25mm (PP25/P2) to avoid the slipping of sample during the test. The
stepped flow test was used for the determination of rheological parameters and the type of behavior
under flow. The shear rate was kept constant for 10s at each step and the shear stress and viscosity
as a function of the rate was measured from a mean of the last 5 seconds (Betioli et al., 2008). A
mixed oscillatory test of strain sweep, and time sweep was used to evaluate the gain on consistency
of suspensions over time. The first one was performed changing the strain from 10-5 to 10-1, keeping
the frequency constant at 1Hz, while in the time sweep, the frequency was maintained at 1Hz and
deformation at 10-4. In this second case the test was performed for 30 minutes. The strain/time cycle
was repeated up to 2.5 hours. However, the results presented referred to the time sweep test. This
strategy was adopted to try to monitor the gain on consistency over time after the breaking of the
agglomerates of particles formed during the development of hydrated compounds.
Isothermal calorimetry: carried out using an equipment TAM AIR, TA Instrument. The results of this
technique allow the evaluation of the kinetics of the chemical reactions that occur during the first 72
hours of hydration of the cement (Aleixo, 2011).
4. RESULTS AND DISCUSSION
4.1 Initial rheological parameter for the determination of the optimal superplasticizer
dosage
The results obtained at the beginning of the consolidation period can be related to the transportation
and application stages of the cementitious components and were estimated by single-point test
(Kantro mini-cone) and rotational rheometry. These are conceptually very different tests, but often the
rheological parameters obtained with the variation of the shear condition can be correlated with the
flow. In this work it was evaluated the effect of different dosages of the same polycarboxylate
superplasticizer on the spread of pastes produced with distinct cements commercialized in Latin
America.
The results obtained from rotational rheometry are usually presented in the form of shear stress
versus shear rate graphs, but for this work, the results are presented in terms of apparent viscosity,
yield stress for a given dose of admixture (Romano and Pileggi, 2017). Results of both, apparent
viscosity and yield stress, are presented in Table 4.
The flow obtained using the Kantro’s test represent the average of 4 spread measurement. The
tendencies obtained in the apparent viscosity, in the yield stress and in the flow of the pastes for each
cement are presented in Figure 4.
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Table 4: Admixture dosage used in each test, rheometry and Kantro test results
AV (Apparent Viscosity, Pa.s)
YS (Yield Stress, Pa)
Argentina

Brazil

Chile

Colombia

Dose
(%)

AV

YS

Flow

AV

YS

Flow

AV

YS

Flow

AV

YS

Flow

0

2.2

55.4

55.3

3.3

97.71

53.2

5.0

155.1

46.6

1.98

44.6

68.9

0.2

1.7

88.6

59.6

2.5

92.26

61.8

2.5

96.7

51.1

1.0

25.5

84.6

0.4

1.1

47.8

63.4

1.6

52.67

71.7

1.8

58.2

51.9

1.0

35.7

95.4

0.6

1.1

48.4

7.9

1.0

35.49

87.0

1.3

19.8

99.1

0.7

27.8

110.1

0.8

0.6

11.1

115.9

0.3

5.25

129.5

0.3

1.0

158.2

0.2

1.3

127.4

1.0

0.1

0.4

170.0

0.2

1.35

156.7

0.1

0.0

200.1

0.0

0.1

200.1

1.2

0.0

0.1

210.8

0.1

0.77

180.3

*

*

*

*

*

*

*

*

*

0.1

0.0

193.3

*

*

*

*

*

*

1.4

*segregation

Figure 4: Flow (Kantro), apparent viscosity and yield stress (rheometry) for the different
cements and admixture dosages
Although it is possible to measure the scattering of the sample visually it is possible to verify a phase
separation halo, but from the normalization, it is possible to obtain an average value of the spreading
diameter. With the increase of the dosage of the admixture and the migration of water to the surface
and formation of the halo, this separation will also occur during the application, making it difficult to
handle the cementitious material.
In practice, such a single point test is used based on the need for each application, but it is known that
the scattering has a good correlation with the yield stress and viscosity. The Kantro’s test revealed
some important information, but because segregation is not reflected in numerical flow values, it is
difficult to define an optimal content for each admixture (Rixom,1999).
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All the compositions presented shear thinning behavior and noticeable differences were observed in
the flow of the paste with different types of cement and admixture dosages: the higher the admixture
content easier the flowability.
As it was observed some problems during the evaluation of flow using the Kantro’s test (segregation),
the optimization of admixture content was defined based on the yield stress and apparent viscosity
results obtained by rotational rheometry, and the results are presented in table 5. Even though, there
is a correlation between the increase of the admixture content and the increase of the flow.
Table 5: Optimum dosage of admixture for each cement
Cement AR Cement BR Cement CH
Cement CO
0.90%
1.10%
0.70%
0.70%
In the pastes with CO and CH cement, both of which were made with less clinker content than AR and
BR, the admixture is more effective at low doses. Since polycarboxylates adsorb most strongly to
C4AF and C3A, it is reasonable that more admixture is needed for cements with higher levels of these
phases. The BR cement required higher dosage of the same admixture to disperse and even with the
higher dosage the segregation was lower than the other cements. This is likely because the particle
size is lower – smaller particles absorb more polycarboxylate and provide a more cohesive mix.
Optimized doses of the admixture were obtained from rotational rheometry tests. For example,
Cement CH showed the higher viscosity and yield stress without admixture and with the lower
admixture dosage the decreases monotonically with dose; at doses greater than 0.6% there is a
change in the slope; the dose is more effective. By 1% dose, the mixture is segregated. The optimum
dose for this admixture with this cement is 0.7% where the dose response is strong, but less than
segregation.
The cements AR and CO showed quite similar behavior initially but the dosage to reduce the viscosity
of the AR cement was a little bit higher than the CO. The cement AR showed the optimum dosage
between 0.8 and 1.0%, while the cement CO between 0.6% and 0.8%. Another difference is that the
cement CO showed the lower yield stress without admixture and increasing dosage of the admixture
caused only gradual decrease in the yield stress and viscosity.
Cement BR illustrates another outcome of these tests. The rheology data (apparent viscosity, yield
stress) show the optimum dosage for this cement is between 1.0 and 1.2% -- much higher than the
other tests. Kantro tests show Cements BR and CH to be very similar, with the BR cement having
slightly greater flow. The CH cement starts with a higher yield stress than the BR cement, but drops
very strongly in response to the admixture dose, indicating a good match between admixture and
cement CH. In this way, it can be inferred that: a) Both by rotational rheometry and from the Kantro
cone spreading, it was possible to observe differences caused by the admixture dosages in the pastes
with the different cements. b) The highest amount of admixture was required for CP V ARI from Brazil,
and the lowest dosage was required for the cement from Chile, to reach the same yield stress. c)
Correlating the flow results with the rheological parameters, it was confirmed that the change in
scattering is governed by both the viscosity and the yield stress, according illustrated in Figure 4. d)
Using rotational rheometry is possible to obtain, beside of the rheological parameters, the rheological
behaviour of each composition during the flow. The fresh state properties are evaluated in different
shear conditions, which can be related to many practical applications.
With the results presented so far, only information about the characteristics of the paste in the early
age of cement hydration were obtained, since the tests were carried out 5 minutes after mixing.
However, no information was obtained about the stability over time, the stiffening is an stage that
depends on the reaction but not only on this, the paste consolidation also affects the stiffening. For
this, oscillatory rheometry and isothermal calorimetry tests were performed. In this step the tests were
carried out only with the admixture on a fixed dosage at 0.3%, to evaluate the behaviour of each
cement with a fixed admixture dosage and guarantee that there was not segregation during the test.
Figure 5 presents the change in the gain on consistency over time monitoring the storage modulus
(G') using the oscillatory test. Each step was performed after breaking down the agglomerates in the
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strain sweep test (results did not present in this work). In each plot are presented the results of
suspensions with superplasticizer in the optimal dosage, and without.

Figure 5: Storage Modulus (G’) of the different cements without admixture (higher curves) and
fixed admixture dosage 0.3% (lower curves)
The paste without admixture showed higher storage modulus over time and the consistency gain was
most pronounced than in the paste with admixture. On AR and BR cements it was not possible to
monitor the evolution of G', because after the first microstructural rupture there was no reagglomeration of the particles, ie, the linear viscoelastic limit was exceeded, and the time sweep test
was no longer performed in a way proper.
The early development of the network is consistent with deagglomeration of the cement particles by
high shear mixing and consequent polycarboxylate adsorption and hydration. The differences between
the cement with and without polycarboxylate suggest the presence of admixture influences the
pathway as well as the kinetics of cement hydration. This indicates that the consistency of these types
of cement was already inadequate to work with these suspensions.
This fact also occurred in the pastes with CH and CO, but after 1.5 hours. By using admixture, the
stability of the system was increased, gaining time of workability. There is a noticeable increase in final
G ' in each stage of the time sweep on the pastes without, which indicates that the restructuring of the
microstructure is occurring in a most intensive way, increasing the forces of attraction.
The multiphase characteristics of the cement and its hydration products are essential factors for the
affinity of the organic admixtures however, undesirable side effects can be seen during the preparation
of the concrete in the fresh state. If not previously studied the interaction between cement–admixture
these side effects can affect the final performance. The particle size also influences admixture
interaction; the smaller the particle size of cement or larger the larger the specific area higher the
amount of admixture to obtain the same dispersion of a bigger particle.
The heat released during the first 72 hours is shown at the Figures 6 that presents the hydration
reaction of the cement samples with and without admixture. All the cement samples evaluated
presented different hydration kinetics profiles, especially the Cement BR with higher heat release than
the other samples and the Cement AR with the lowest heat release in the same period of time. In the
calorimetric curves of the four cements evaluated with addition of admixture, it is possible to observe
an intensification of the aluminate peak, indicating the interaction with the chemical admixture. The
admixture has an interaction with the aluminate phases of the cement, on AR and CH cement and it
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was pronounced the intensification on the sulphate deplation peack. The use of admixture, on the
other hand, increases the induction period of BR, CH and CO cements, but the kinetics remains the
same behaviour as shown on table 6, similar that it was observed by Cincotto and Rojas (2013). This
effect is expected, since the polycarboxylate admixtures improve the workability of pastes, mortars
and concretes by facilitating the dispersion of cement particles by electro-repulsion, keeping the
stability of the system over the time (Gauckler et al., 2008).

Figure 7: Heat flow released over time for the cement suspensions
Table 6: Kinetics hydration information
Induction
period (h:min)

Reaction rate
(mW/g.h)

Setting time
(h:min)

Cumulative
heat at initial
setting (J/g)

End of
acceleration
period (h:min)

Cement AR without
admixture

02:10

0.68

05:00

14.1

13:00

Cement AR with admixture

02:20

0.68

06:00

15.3

14:00

Cement BR without
admixture

02:50

0.61

05:00

18.1

11:00

Cement BR with admixture

03:00

0.61

06:00

18.3

12:00

Cement CH without
admixture

02:25

0.28

05:00

21.5

10:00

Cement CH with admixture

02:10

0.28

06:00

20.6

12:00

Cement CO without
admixture

01:50

0.64

05:00

14.5

10:00

Cement CO with admixture

03:00

0.64

06:00

13.4

12:00

Sample ID

Scrivener et al. (2015) argued that the widely held theory of the formation of a protective layer on the
surface of cement grains inhibiting further hydration was not in agreement with some experimental
evidence and explained this period using a theory that they called as geochemical theory of
dissolution. Based on this theory of dissolution, the development of chemical reaction of cement
occurs even without calcium oversaturation. The C-S-H in formation acts as a point of nucleation and
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starts the acceleration period. So, the BR and CO cement with admixture presented an intense heat
flow released comparing with the same pastes paste without admixture: the balance between
dissolution of anhydrous phases of cement and the precipitation of hydrated products is energetically
favorable for etch pits to form.
As the admixtures are not homogeneously adsorbed by the cement, the C3A and C4AF phases are
the ones with the highest affinity for the dispersants (Cincotto and Rojas, 2013), so they adsorb the
higher amount of admixture when compared to the C3S and C2S, and the aluminate phases are very
important for the initial hydration period.
As explained by Flatt,2016, one of the causes of different cement-admixture interaction is due to the
avaliable soluble sulphates in the cement, once the stability and adsorption of the polycarboxylate on
cement particle can be perturbed by several ions species, causing a competitive adsorption.
Hanehara and Yamada, 1998 evaluated the competitive adsorption between polycarboxylate and
sulphates, and showed the competitiveness affects the rheological properties of the cementitious
composition, based on the heat flow results, in addition the cements AR and CH showed the lower
amount of available sulfates, it can explain the activation of the aluminate peacks.
5. CONCLUSION
The results obtained from the Kantro cone test did not allow the definition of an ideal dosage of the
admixture, since the flow variation was still upward even with segregation. The strategy of using
Kantro flow as a way of determination of the admixture consumption can overestimate the dosage.
Although the information obtained from this single-point test is commonly used in the market, more
information is available from rheometry.
Based on the rheometry tests, the pastes with cements CO (Colombia) and CH (Chile), required lower
dose of the admixture to reach the optimum dosage when compared to the BR (Brazil) and AR
(Argentine) cements. The cement BR required higher dosage of the same admixture to disperse and
even with the higher dosage the exudation was lower than the other cements. The chemical and
mineralogical composition of the cement and the particles size distribution are the main parameters
responsible by the rheological behavior of each paste, once the BR cement presents higher alite and
C3A content, also higher amount of fine particles, comparing to CO cement that showed higher affinity
with this admixture, thus required lower dosage of the admixture for the same flow. Beside the AR
cement presents higher amount of alite than CH and CO cements, showed coarser particles and lower
specific surface area to react with the admixture. Both CH and CO cements of which presents less
clinker content than AR and BR, consequently less alite content and higher amount of mineral
additions, this is the reason why it required lower dose of the admixture to reach the optimum dosage
compared to the higher dosage needed for AR and specially BR cements.
Results found on Kantro tests, showed the cement CO presents higher affinity with this admixture,
thus required lower dosage of the admixture for the same flow, followed by the cements CH, AR and
BR, in this order. The results showed that small dosages of the admixture showed higher viscosity and
yield stress for the cement from CH, but it’s interesting that this cement demands lower increase on
the amount of admixture to decrease both yield stress and viscosity, comparing to the BR cement that
required higher dosage of the admixture to reduce significantly the rheological parameters. Both CO
and AR showed intermediate behaviour between BR and CH cements. The CH cement presents this
behaviour because of the distinct chemical and mineralogical composition, that interacts in a different
way with the admixture.
In the pastes without admixture the consistency gain was much more pronounced than in the pastes
with admixture. After the first microstructural breakup there was no adequate re-bonding of the
particles during the oscillatory evaluation. In addition, by improving the flowability of the suspension,
the use of the admixture increased the workability time and accentuated the reaction of the cement
aluminates.
However, the definition of the optimized dosage is not trivial and depends on the use of more complex
measurement techniques such as rotational rheometry, since the product is evaluated under different
shear conditions.
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For the cements AR and BR, the admixture tested is not ideal. These data suggest another admixture
should be used, one that is more compatible. This result illusturates how the techniques presented
here will provide a guide to the selection of a more appropriate admixture.
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ABSTRACT
EU demands, taking into account aspects of energetic effectiveness of buildings, as well as minimizing
negative impact on the natural environment, promote autoclaved aerated concrete as a construction
material for civil engineering. High energetic effectiveness, good strength, easy processing, a wide
range of products and relatively low price are features which distinguish AAC from other wall building
materials available on the market.
Nevertheless, during AAC production process waste is also generated in the form called „wet” and
“dry”. Both types of by-products should undergo recycling. The research on the use of recyclable
materials to the production of construction concretes has been conducted . However, there is still lack
of works dealing with AAC by-products reuse to the aggregate concretes manufacturing.
Actual state of knowledge justifies the statements, that every product specifically interact with the
environment and the life cycle of majority of products is long and complex. Because of that, it is highly
desirable to minimize the product interaction with the natural environment in all phases of its life cycle,
particularly in those steps, which interact in the most devastating way. Such conception should lead to
reduction of costs during product manufacturing, use and disposal as well as it should result in
enhanced competitiveness of companies.
The article consisting of several scientific and investment tasks, is elaboration and implementation of
new, pro-ecological solutions in concrete production plant. In the project, total reuse of „dry” byproducts of AAC to new building materials production is assumed.
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1.

INTRODUCTION

Sustainable development inherently involves continuous economic growth and social progress
harmoniously integrated with the prevention of environmental degradation. The idea behind this
important concept is to create a model of human economy that combines economic growth and
environmental protection. It means both living from and respecting the natural resources. Sustainable
development and progress are not mutually exclusive. However, it takes a prudent and moderate
attitude to reconcile economic, environmental, and social domains.
According to the sustainable development principles, every opportunity should be taken to produce
construction materials using waste or by-products left over or generated elsewhere in the industry,
instead of valuable minerals and other natural resources. This is how extraction of the natural
resources can be limited and the effectiveness of the production technology improved at no expense
to the quality of the final products. From the sustainable development perspective, the latest
developments in the construction industry and the new building materials should translate into low
environmental impact as well as safety and comfort throughout the whole life-cycle of buildings.
However, questions concerning toxic emissions are raised whenever waste products are involved in
the production process of any building materials. This concerns waste production, as well gas and
dust emissions into the air, soil and water systems. The environmental impact of construction
products, such as the release of harmful substances, can be traced back to the functional properties,
durability and safety of use of the products concerned. Negative environmental and human health
effects of building materials and their production processes can be effectively contained and resolved
by developing new environmentally-friendly production technologies and by monitoring their functional
performance. To be effective, this approach should be accompanied by the introduction of integrated
environmental rules and regulations on a local scale and worldwide.
In Poland, on the basis of European Union regulations, the Council of Ministers has enacted the
National Waste Management Plan. This resolution meets opposite the solution to the problem of
proper use of rubble in our country. This problem is also important due to the fact that the amount of
waste from demolition of buildings increases.
Research use as a raw materials aggregate concrete to the production of concretes are carried out in
many foreign and Polish centers. However, there are no studies of use rubbles from autoclaved
aerated concrete to concrete technology. The article specifies the possibilities and conditions for the
use rubble from autoclaved aerated concrete (AAC) for the concrete production.
2.

RESEARCH PROGRAMME, CONTENT AND MATERIALS

Cement and sand supposed to be partly replace by rubble from AAC in mix of concrete production. It
is a pro-ecological activity. The impact of use AAC on properties of concrete is determined by:
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 compresive strenght,
 water absorption,
 freeze thaw resistance.
Few samples mix of concrete were made with use of following raw materials:


cement CEM I 42,5 R,



fractions of gravel aggregates are as follows 2-4 mm, 4-8 mm, 8-16 mm,



sand 0-2 mm,



fractions of AAC aggregates are as follows 0-2 mm.



air-entraining and water-reducing admixture.

Research program included several stages.
Phase I : Cement supposed to be replace in 30% by rubble from AAC
Phase II : Cement supposed to be replace in 10% by rubble from AAC,
Phase III: Sand supposed to be replace in 10% by rubble from AAC,
Phase IV: Cement supposed to be replace in 10% by rubble from AAC + admixture,
Phase V: Sand supposed to be replace in 10% by rubble from AAC + admixture.
On each of phases, one control concrete was made (without rubble from AAC).
In table 1 presented composition of concrete mixes (phases I to V).
Table 1. Composition of concrete mixes
Raw
materials

Control
[without
AAC]

Mixes of concretes [kg/m3]
30% AAC
instead
cement

10% AAC
instead
cement

10% AAC
instead
sand

No.
Cement CEM I
42,5R
AAC 0-2 mm

1
330

2
231

3
297

4
330

10% AAC
instead
cement +
admixture
5
297

10% AAC
instead sand
+ admixture

-

99

33

68

33

68

Sand 0-2 mm

680

680

680

612

680

612

Gravel 2-4 mm

230

230

230

230

230

230

Gravel 4-8 mm

410

410

410

410

410

410

Gravel 8-16
mm

570

570

570

570

570

570

6
330
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Water
Admixture

170

170

170

170

153

150

-

-

-

-

4,455

4,950

Table 2. Research program
Control
[without
AAC]

No
Research

Mixes of concretes
30% AAC
instead
cement

10% AAC
instead
cement

10% AAC
instead sand

2

3

4

1
,

,

N28,
F50

,

N28,
F50

10% AAC 10% AAC
instead
instead
cement +
sand +
admixture admixture
5
6

,

N28,
F15, F25, F50

N28,
F25, F50

N28,
F50

N28,
F25, F50

Legend
– compresive strength after: 3, 14, 28 i 90 days

,
N28 –

water absorption

F15, F25, F50 – freeze thaw resistance after: 15, 25 i 50 cycles.
3.

TEST RESULTS AND ANALYSIS

In ready mixes concretes we checked: slump, density and air content. In table 3 we presented results.
Table 3. Concrete mix properties
Parameters

Control
[without
AAC]

Mix of concrete
10% AAC
10% AAC
instead
instead
sand
cement +
admixture
4
5
10
120

30% AAC
instead
cement

10% AAC
instead
cement

1
40

2
5

3
20

Density[ kg/ m3]

2320

2360

2335

2320

2196

2241

Air content [%]

3,0

1,0

1,8

2,3

7,0

6,0

No.
Slump [mm]

10% AAC
instead sand
+ admixture
6
80

From table 3 we can draw conclusions that:


use autoclaved aerated concrete addition from recycling without admixture (constants ratio
water/cement) causes a decrease in workability of the concrete mix, lowering the consistency
by falling into the lower limit or below the S1 class (wet consistency)
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the consequence of this may be limiting the possibility of using AAC only to concretes
designed for special technologies.

Compressive strength was tested on 100x100x100 mm mix of concrete after 8,14, 28 and 90 of curing
according to standard PN-EN 12390-3:2011.
Frost-resistance tested according to standard PN-88/B-06250; water absorption tested according to
standard PN-EN 88/B-06250. The test results are summarized in table 4 and 5.
Table 4. Compresive strenght and water absorption
Parameters

No.
Compresive
strenght after
8, 14, 28 and
90 days
[MPa]

Water absorption at
28 days, N28
[%]

Control
[without
AAC]

30% AAC
instead
cement

Mixes of concrete
10% AAC 10% AAC
10% AAC
instead
instead
instead
cement
sand
cement +
admixture
3
4
5
35,5
38,5
-

10% AAC
instead sand
+ admixture

1
34,5

2
25,0

6
-

39,4

28,5

39,4

38,8

40,8

49,0

39,1

29,3

41,4

44,2

47,3

54,8

45,5

32,0

46,2

51,0

-

-

5,07

6,05

5,33

5,47

4,79

4,49

Table 5. Concrete durability
Durability

F15

F25

F50

Control
[without
AAC]

30% AAC
instead
cement

Mixes of concrete
10% AAC 10% AAC 10% AAC
instead
instead
instead
cement
sand
cement +
admixture

10% AAC
instead
sand +
admixture

No.
Change in
weight
[%]
Strenght loss
[%]

1

2

3

4

5

6

-

-

0,04

-

-

-

-

-

0,7

-

-

-

Change in
weight
[%]
Strenght loss
[%]

-

-

0,01

-

0,08

0,09

-

-

2,7

-

0,90

2,1

0,02

0,30

0,27

0,25

0,02

0,05

Change in
weight
[%]

4

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Strenght loss
[%]

12,8

46,1

42,0

33,7

11,2

7,6

The use of AAC in the amount of 30% has unfavourable effect on the concrete’s compressive
strength, a decrease of approx. 30% in relation to the reference concrete.
A smaller amount of AAC (10%) does not have a negative impact on strength. When sand was
replace in 10% by rubble from AAC, the compressive strength increased about 10% in relation to the
reference concrete.
There was no significant effect of AAC addition to concrete on its water absorption.
Concrete with the addition of AAC - 30% and 10% showed a complete lack of freeze thaw resistance
at 50 cycles.
Frost resistance had concrete’s with a 10% addition of ABK after 15 and 25 cycles.
The use admixture in the amount of 1.5% bw to concretes with a 10% addition of AAC allowed to
reduce the amount water and increase workability of concrete. Lowering the water cement ratio
resulted in increase compressive strength (20-40% compared to the control concrete) and a significant
increase frost resistance. Concrete showed frost resistance after 50 cycles, and the compressive
strength was lower than control concrete by up to 60%.
4.

PHASE COMPOSITION OF CONCRETES

XRD tests were carried out using Bruker-AXS D8 DAVINCI diffractometer. Rietveld quantitative phase
analysis was done on TOPAS v5 software, based on the published crystalline structures.
Microstructure was analyzed using scanning electron microscope (SEM). Figure 1 presents a
diffractograms control sample (0), sample were cement was replace in 10% by rubble from AAC +
admixture (04) and sand was replace in 10% by rubble from AAC + admixture. Results of these tests
are shown on Fig. 1.

Fig 1. Results of XRD analysis concretes. (T – tobermorite, A-alite, K -CaCO3, C-Ca(OH)2)
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The rubble from AAC have influence of the change the phase composition in the amount and types of
phases. These differences concerned mainly amount tobermotite. In sample 04 was identified 11 ± 2%
and in sample 05 19 ± 3% tobermorite.The main component is quarz, portlandite, calcite and alite.
The results of SEM analyses obtained are presented in Figures 2 to 4.

Fig. 2 Control sample - typical concrete matrix, phase C-S-H

Fig. 3 Sample 05. C-S-H and tobermorite.
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Fig. 4 Sample 05. Concrete matrix with visible elements of aggregate, ashes, C-S-H and fibres of
tobermorite
Rubble from AAC have influence of the change the phase composition. These differences concerned
mainly amount tobermorite. In case of additive this phase is being observed.
XRD confirmed appearing of peaks originating from network parameters tobermorite.
This structure has a positive effect on the concrete properties: compressive strength, freeze thaw
resistance.
5.

SUMMARY

A. The present research demonstrated that::
- it’s posible cement or sand partly (10%) replace by rubble from AAC in mix of concrete production
- not use of chemical admixtures limits the use of rubble AAC in mix of concrete production due to
freeze thaw (to F25);
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- use admixture to concretes with addition of rubble AAC allowed to increase workability of concrete.
Also have influence on compressive strength and a frost resistance (F50).
B. In the phase composition, rubble from AAC contain tobermorite (C5[Si6O18H2]·4H2O). The different
phase compounds are involved in the development of structure and microstructure of concrete. The
more crystalline phases the better compressive strength and frost resistance.
The substitution rubble from AAC reduces the costs of concrete production by limiting the quantity of
cement and sand added to the concrete formula. As a result, the lower exploitation and consumption
of natural resources helps protect the natural environment.
Moreover, the new technology brings with it social advantages arising out of landfill space reduction
and cleaner air (waste disposed to landfills tends to generate dusts despite preventive measures).
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ABSTRACT
Supercritical synthesis methods may represent a breakthrough for the synthesis of nanoparticles of
interest for the construction industry due to:
- Possibility of tuning the properties of the synthesized product
- High solvent power
- Increase of reaction kinetics of the synthesis and
- Proven scalability.
Supercritical fluids (SCF) are any element or substance at temperatures and pressures above its
critical point where the distinction between liquid and gas phases does not exist and the fluid shows
gas properties as well as liquid. Due to these characteristics, SCFs are a good media for the synthesis
of nanoparticles since the tuning of the pressure and temperature among other parameters allows the
control of the nanoparticle´s features. This has allowed to produce many oxides, metals, sulfides…
with desired sizes and morphologies and/or control of the degree of crystallinity. Recently, and within
the family of cement based materials, the methodology has been applied to significantly increase
kinetics in the synthesis of clays and calcium silicate hydrates from many hours to only tenths of
seconds. All in all, it is possible to say that supercritical synthesis methods represent invaluable
opportunity for the fast production of high quality nanoparticles of technological and scientific relevance
for the construction field.
In this work we will describe the supercritical synthesis of hydroxyapatite nanoparticles at different
reaction times and their addition and effect in the hydration of cement.
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1.

INTRODUCTION

In global terms, the construction sector is one of the most resource-intensive and environmentally
impacting industries in the world. Within this sector, cement constitutes an essential building material
for society’s infrastructure around the world and it is second only to water in total volume annually
consumed in the world. Ordinary Portland Cements (OPC) are essentially produced by heating at high
temperatures (1450ºC) a mixture of minerals: a process which requires large energy consumption and
generates around 0.9 tonnes of CO2 per tonne of cement produced comprising the 5-8% of the total
anthropogenic CO2 emissions. One of the strategies to reduce the environmental impact of cementbased materials is the use of additions that allow reducing the amount of cement used. These additions
can be divided in two groups: supplementary cementitious materials and performance improving
additions. The main difference between them is that while the first ones simply replace part of the cement
or the clinker, sometimes even at the cost of performance, in the second case cement consumption
reduction results from the improvement of some property (such as strength and durability). Among the
second ones, nanoadditions have been widely studied in the last 15 years; however, they have not had
the expected impact on the construction industry. The main reasons are their relatively high cost and,
in some cases, the lack of a proven and reliable production process capable of providing the vast
amounts of material required for real applications.
In this scenario, supercritical fluids synthesis methods present themselves as a very promising
technology. SCFs are any element or substance at temperatures and pressures above its critical point,
where the distinction between liquid and gas phases does not exist. SCFs have been proved as very
flexible environmentally benign media for chemistry and related processes since their properties can be
easily tuned from liquid-like to gas-like by small changes of temperature or pressure and adjusted as a
function of the investigated process. It is this adjustability what makes supercritical fluids particularly
interesting for the synthesis of nanoparticles because a dissolved substance can be forced to precipitate
almost instantaneously with only a small variation of pressure or temperature, not giving time to the
resulting particles to grow in excess. Among all fluids, supercritical water exhibits specific properties like
being an apolar solvent. These unique physical and chemical features of SCFs make them particularly
attractive for developing many new processes and products. This method has been used for the
synthesis of inorganic materials with varying morphologies and compositions (Cu, Ni, Pd, Ag, Ge, Si,
CdSe, ZnO, Al2O3, AlOOH, NiO, TiO2, Cr2O3, ZrO2, CeO2, Fe2O3, Fe3O4, etc.). Furthermore, many
different solvents have been studied through the years: such as water, organic solvents, mixtures of
CO2 or water with organic solvents and NH3 (Reveron et al. 2005, Hald et al. 2006, Cansell et al. 1999,
Kim et al. 2008, Slostowski et al. 2012, Marre et al. 2008). This variety/diversity of solvents opens the
door to the use of many precursors and to a very rich chemistry as the origin for the formation of
aforementioned myriad of materials of different nature of composition. Lately, the methodology has been
applied to significantly increase kinetics in the synthesis of clays and calcium silicate hydrates (xonotlite
and tobermorite) from many hours to only tenths of seconds (Diez-Garcia et al. 2017, Diez-Garcia et al.
2018).
Besides the synthesis of calcium silicate compounds (CxSyHz) with different C/S ratios we have also
studied the synthesis of hydroxyapatite (HA) by supercritical water and analyse their use as seeds in
the hydration process of cement paste. Hydroxyapatite is a calcium phosphate hydrate
(Ca10(PO4)6(OH)2) that has a similar structure to the calcium silicate hydrate phase. Hydroxyapatite is
formed by calcium ions bound to phosphate tetrahedra through several of their oxygens (ref). HA is also
part of a larger family of calcium phosphate compounds with different Ca/P ratios (0.5-1.67) as it is the
case of CxSyHz. Furthermore, the compatibility of HA with calcium silicate hydrates has also been shown
by several authors for biological application (Chung et al. 2003, Morejón-Alonso et al. 2012). Bones are
formed in a large extent by hydroxyapatite among other components and so these calcium phosphate
materials are being studied as bone and dental restoration material. Several authors (Ohtsuki et al.
1992, Chung et al. 2003, Morejón-Alonso et al. 2012) have studied the addition of calcium silicate-based
phases to improve the bioactive and mechanical properties of the calcium phosphate materials in
simulated body fluid conditions. They found that the calcium silicate can increase the mechanical
properties and also enhance bioactivity and biocompatibility because induces the formation of a dense
and homogeneous hydroxyapatite/apatite layer. This being the case the authors of this study wanted to
study the effect of nanoHA in the properties of an ordinary portland cement paste. In the actual work the
synthesis and characterization of HA (nano) particles by supercritical water at different reaction times
and pH is reported and their effect in the hydration reaction of cement paste is described.
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2.
2.1

EXPERIMENTAL SECTION
Materials

Diammonium hydrogen phosphate, (NH4)2HPO4 (≥98%), was purchased from Sigma-Aldrich. Calcium
nitrate tetrahydrate Ca(NO3)2˖4H2O (98%), ammonium dihydrogen phosphate (NH4)H2PO4 (99%) and
ammonium hydroxide NH4OH solution (28-30% w/w) were obtained from Sharlab S.L. All the reagents
were used as received. Distilled water was used to prepare the solutions. The cement utilized for the
calorimetry measurements was a CEM I 52.5 R and it was acquired from Cementos Lemona.
2.2

Synthesis of hydroxyapatite (Ca10(PO4)6(OH)2)

Three different residence times were used to obtain hydroxyapatite, 20 seconds, 6 seconds and 3
seconds. Samples are labelled according to the residence time: HA20s, HA6s and HA3s. The residence
time is the reaction time and it is the time that the reaction solution spends in the reactor at the specific
temperature and pressure conditions. After that time the reaction is stopped by quenching it in an icewater bath. In this occasion the temperature was 400ºC and the pressure 24 MPa. Experiments were
conducted using a flow reactor shown in Figure 1. The whole reaction set-up consists of two pumps, a
reactor made of tubing, a heating system and temperature controller, a quenching bath or water
condenser, a filter and a back-pressure regulator (BPR) to control the pressure. The internal diameter
of the reactor is 1.8 mm and length is 2 m.

Figure 1. Schematic of the supercritical fluid reactor set-up. The supercritical unit is composed
of two pumps, a tubing which is the reactor, a heating system (an electrical resistance) and a
temperature controller, a filter to collect the product formed, a quenching bath and a backpressure regulator
The general synthetic process is as follows: 0.00835 M of Ca(NO 3)2∙4H2O solution and 0.005 M of
(NH4)H2PO4 (or (NH4)2HPO4) solution were prepared and a solution of NH4OH (28-30% w/w) were
added to both solutions to raise the pH above 10. The reaction was carried out at 400ºC and 24 MPa
pressure which was achieved with the BPR. The reaction times used were 20, 6 and 3 seconds. The
formed product was collected in the filter placed in the set-up after the quenching bath/condenser and
before the BPR (Figure 1). The solid was then washed several times with distilled water, centrifuge to
collect it and dried overnight at around 100ºC. An additional synthesis was carried out at 6 seconds
where the pH of the reaction solution was kept under pH 10, specifically at pH 8 (HA6s-8). The solid
obtained was also characterized and compared to the other obtained products. In all cases the Ca:P
molar ratio used was 1.67 which is the appropriate ratio to obtain hydroxyapatite according to
bibliography (K. Lin et al. 2014).
Synthesis of HA20s: In the case of the hydroxyapatite synthesized at 20 seconds both (NH 4)2HPO4 as
well as (NH4)H2PO4 have been used as phosphate source. In all instances both starting material
solutions, (Ca(NO3)2˖4H2O and (NH4)H2PO4/(NH4)2HPO4, were pumped at 1.125 mL/min (total flow of
2.25 mL/min).
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Synthesis of HA6s and HA6s-8: In the case of the hydroxyapatite synthesized at 6 seconds, in both
cases the reagents were pumped at 3.75 mL/min (a total flow of 7.5 mL/min).
Synthesis of HA3s: In the case of the reaction at 3 seconds both starting solutions were pumped at
7.5 mL/min (total flow of 15 mL/min).
Calorimetry experiments: Calorimetry tests were carried out with mixtures of cement and different
substitution percentage in weight of HA20s and HA6s. The substitution percentages used are 2.5%, 5%,
7.5% and 10% in weight with respect cement. The water cement ratio used was 0.5. The addition was
added to the cement powder and blend it at 300 rpm before mixing it with water manually in the 20 mL
glass bottle.
2.3

Characterization techniques

All the products were characterized by X-Ray powder diffraction (XRD), Fourier Transform infrared
(FTIR) and transmission electron microscopy. The XRD was acquired in a Philips X´Pert Pro MPD
pw3040/60, equipped with a copper ceramic tube and employing a continuous scanning in the 2θ range
from 2 to 75º and a generator power of 40 kV and 40 mA. For the FTIR spectra a Perkin-Elmer Spectrum
100 equipment was used. The samples were prepared in KBr pellets and transmittance was measured.
The calorimetry experiments were carried out in a TAM air isothermal calorimeter which has eight
channels to measure eight samples at the same time. The equipment is at 25±0.02ºC constant
temperature. The sample is introduced into a 20 mL hermetic glass or plastic bottle, and the
measurement is done using water as reference. The samples were also characterised by a JEOL JEM1230 thermionic emission transmission electron microscope (TEM) (120 kV) equipped with a digital
camera from the CICBiogune centre. The samples were dispersed in water by ultrasound and a drop of
the dispersion was applied to a carbon grid before introducing it in the microscope.
3.

RESULTS AND DISCUSSION

The synthesis carried out in this study is based on the one published by Chaudry et al. (Chaudhry et al.
2006) although the design of the reactor utilized in this work differs from the one used by them. In the
actual study, the aqueous solutions of both starting materials are mixed in parallel flows in the reactor
which is at supercritical conditions (400ºC and 24 MPa) whereas in the case of Chaudhry et al. the two
reagents are mixed and then the solution meets a superheated water flow (<400 ºC) in a counter current
reactor (Chaudhry et al. 2006). Furthermore, in the actual work different reaction times (20 s, 6 s and 3
s) have been studied to analyse their effect in the product obtained.
In Figure 2a the X-Ray powder diffraction patterns of the synthesized samples with (NH 4)H2PO4 in basic
conditions (pH>10) at different reaction times, 20 seconds (HA20s), 6 seconds (HA6s) and 3 seconds
(HA3s), are shown. In all cases the diffraction pattern is almost the same and can be assigned to
hydroxyapatite, COD reference 96-900-2215 (or JCPDS 00-009-0432, Chaudhry et al. 2006). In Figure
2b the assignment of one of the XRD diffractograms, the one from the HA20s is shown and a match can
be seen with the hydroxyapatite pattern (COD: 96-900-2215). It must be added that when (NH4)2HPO4
is used instead of (NH4)H2PO4 (reaction time 20 s) the same diffractogram pattern is obtained. This
indicates that both reagents can give hydroxyapatite.
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Figure 2. a) X-Ray diffractogram of the samples from HA20s, HA6s and HA3s obtained using
(NH4)H2PO4. All samples show a similar diffractogram pattern which can be assigned to
hydroxyapatite (COD reference 96-900-2215) (b Figure)
Furthermore, the FTIR spectra in all three cases show similar absorption bands. Figure 3 shows the
spectrum of HA20s at 20 seconds as an example. The band around 3572 cm-1 can be assigned to the
stretching mode of the OH group of the hydroxyapatite compound. The vibration modes around 1093
cm-1 and 1045 cm-1 correspond to the v3 mode of phosphates and the peak at 963 cm-1 to the ν1 vibration
mode. The absorption bands at 633 cm-1, 603 cm-1and 566 cm-1 correspond to the ν4 vibration mode of
the phosphate group and the band at 473 cm -1 to the ν1 mode (Rehman et al. 1997). The FTIR
spectroscopy data confirms that hydroxyapatite is the product obtained in the supercritical fluid synthesis
done at the three different reaction times.
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Figure 3. FTIR spectrum of the sample from HA20s
The HA20s, HA6s and HA3s were further analysed/characterized by transmission electron microscopy
in order to study their morphology. In Figure 4 TEM images of HA20s (Figure 4a), HA6s (Figure 4b) and
HA3s (Figure 4c) are shown. The images show the morphology of the particles obtained in the synthesis
at the same magnifying degree. In the case of the hydroxyapatite obtained at 20 seconds (HA20s) a
wide range of particle sizes can be seen in the image (Figure 4a), going from 100 nm or smaller in length
to 800 nm. The shape of the particles also varies, finding rod-like shaped particles as well as more platelike particles. In the case of HA6s (Figure 4b) and HA3s (Figure 4c) the size seems to be more
homogeneous, and somewhat smaller than in the HA20s case. Furthermore, the shape of the particles
is also more homogeneous and closer to rod-like morphology.

Figure 4. Transmission electron microscopy images of HA20s (a), HA6s (b) and HA3s (c). The
scale bar in all images is 500 nm except in image a, where is 200 nm

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
A preliminary analysis of the size dispersion of the particles was carried out which indicated that
regarding the length of the crystals, as the reaction time decreases a narrower distribution is obtained.
This effect can be observed especially when changing from 20 second reaction time to 6 seconds
(Figure 5). When the reaction time decreases to 3 seconds a slight narrowing of the distribution is
observed comparing to the one obtained in 6 seconds although the change is not very marked. The
analysis of the aspect ratio (length/width) of the particles at different reaction times shows a
tendency/trend of particles with higher aspect ratio, that is, longer in one dimension comparing to the
other one, as the reaction time goes from 20 seconds to 3 seconds. This feature can also be seen in
the TEM images shown in Figure 4 where many of the crystalline particles in HA20s have a plate-like
morphology whereas for HA6s and HA3s the particles resemble more rod-like morphology or elongated
plate-like morphologies. This seems to indicate that when longer reaction time is used more plate-like
morphologies are obtained, the particle grows in two directions. Chaudry et al. obtained rod-like
morphology in the hydrothermal synthesis as well, with a size of ca. 140 x 40 nm and an aspect ratio
ca. 3.5 (no reaction time is reported in the article)(Chaudhry et al. 2006). This result is more similar to
the particles obtained at 6 seconds in the actual work. In general, the usual morphology of HA particles
is needle/rod/fibre-like or thin plates due to its preferred orientation growth along the c-axis. Furthermore,
this is the most likely morphology obtained when basic pH (higher than 10) is used (Lin et al. 2014). On
the contrary it is usually difficult to obtain 0-D shape (i. e. nanosphere). In this case even when lowering
the reaction time to 3 seconds rod-like morphologies are obtained.

Figure 5. Analysis of particle length and aspect ratio (length/width) of the particles obtained in
the supercritical fluid synthesis. a) Particle length distribution of HA20s, HA6s and HA3s. b)
Particle aspect ratio distribution of HA20s, HA6s, HA3s
To analyse the effect of another parameter besides the reaction time, synthesis was carried out at 6
seconds with a pH of 8 but maintaining the rest of parameters (the same concentrations of the starting
materials and the same Ca/P ratio, 1.67). The characterization of the product obtained by XRD (Figure
6) and FTIR showed that hydroxyapatite was also obtained.
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Figure 6. X-ray diffractogram of the product obtained at pH 8 and 6 s reaction time
The solid was also analysed by TEM and one of the images obtained is shown in Figure 7a. In this case
the morphology of the particles tends to be more rounded than in the case of HA6s even though rodlike particles can also be seen. The preliminary study of the length distribution of these particles shows
that the particles obtained tend to be a bit smaller/shorter than in the HA6s case (7b). Furthermore, the
aspect ratio analysis displays particles with lower aspect ratio and tending to 1 than in the case of HA6s
(Figure 7c).

Figure 7. Transmission electron microscopy image of the compound synthesized at pH 8 and 6
seconds of reaction time (a) and preliminary study of their particle length distribution (b) and
particle aspect ratio distribution (c)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
As a preliminary study to analyse the possible effect the HA particles may have in the properties of
cement, paste calorimetry experiments were carried out. The hydroxyapatites were added as
substitution to the cement in different weight percentages with respect to cement. Figure 8 shows the
normalized heat flow of HA20s (Figure 8a) and HA6s (Figure 8b) with substitutions of 0, 2.5 wt%, 5 wt%,
7.5% and 10 wt% HA. In the case of HA20s almost no effect can be observed in the kinetics of the
reaction. In the case of HA6s, however, a certain acceleration of the hydration kinetics can be observed,
especially at 7.5 wt% and 10 wt% of substitution. It looks like the rod-like morphology may have more
effect in accelerating the hydration than the plate like morphology. The difference may also be due to
the fact that a better dispersion was obtained with HA6s particles than with HA20s particles.

Figure 8. a) Heat flow of cement with different substitutions of HA20s. b) Heat flow of cement
with different substitutions of HA6s
4.

CONCLUSIONS

In conclusion the following points can be highlighted from the study,





Hydroxyapatite was obtained at supercritical water conditions (400ºC and 24 MPa) at
different reaction times, even at reaction times as short as 3 seconds.
At pH higher than 10, faster reaction times give smaller particle sizes. This is particularly the
case when going from 20 s to 6 s reaction times. The change is not so that significant when
3 seconds reaction time is used.
The morphology of HA crystalline particles formed at pH 8 show a tendency to a more
rounded particles whereas at pH higher than 10 the particles are generally more elongated
(higher aspect ratio); In the case of 20 s reaction times plate-like particles are also obtained.
When it comes to calorimetry tests, when HA particles obtained at 20 seconds were added
to cement, no acceleration of cement hydration was seen. However, when the 6 s product
was added an acceleration in the hydration was observed, in particular at higher substitutions
(7.5 wt% and 10 wt%). This could be due to the fact that HA6s show smaller size particles
and could be better dispersed than the HA20s ones.
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ABSTRACT
The benefits of Self-Consolidating Concrete, such as eliminating the need for compaction and good
pumpability, are offset by drawbacks such as high cementitious content, sensitivity to small variations
in water/cement ratio, and the need for special mix designs. A new type of concrete is proposed, called
“Control Flow Concrete”, which has good flow characteristics, and a small but measurable yield stress.
The concrete flows easily when a small stress is applied, but will cease flowing on its own. We will
present the features of Control Flow Concrete, with an example that uses the same mix design as a 48” (100-200 mm) slump Ready-Mix Concrete but uses a novel admixture to reach a 25” (600 mm)
slump-flow with no segregation. Control Flow Concrete does not require a special mix design, high
levels of fine aggregate or high cementitious content. The rheological properties of Control Flow
Concrete, such as yield stress and plastic viscosity will be discussed and compared with conventional
concrete and SCC.
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INTRODUCTION
Conventional concrete is widely used in building projects because it’s easy to produce and deliver to the
jobsite and it’s resistant to small variations in water content. However, large crews are normally needed
to properly place and finish conventional concrete, and this presents increasing challenges as labor
markets tighten.
Self-consolidating concrete (SCC) has proven itself as a viable alternative for some applications. Its high
flowability, excellent passing ability, and self-leveling characteristics make it very easy to place, with
minimal labor requirements. However, it is more expensive to produce due to the specialized mixture
designs, high powder contents, and the extra quality control efforts required to minimize batch-to-batch
moisture variability.
Control flow concrete bridges the gap between conventional concrete and SCC, offering significant
improvements in quality, performance, and productivity for concrete producers and contractors alike.
Shown in Figure 1, Control Flow Concrete flows more readily but has the same stability or segregation
resistance as conventional concrete. There is minimal need for vibration during placement, due to its
high flow and high responsiveness to external energy. Because it has a larger yield stress than SCC,
Control Flow Concrete will not flow uncontrolled in formwork. However, it has high passing ability through
congested reinforcement, with no aggregate blocking when produced with maximum size aggregate
conforming to ACI 211.1 recommendations.
In rheological terms, Control Flow Concrete has a static yield stress that is much lower than that of
conventional concrete, allowing Control Flow Concrete to start flowing with minimal energy input. Yet,
the admixtures result in a Bingham (or dynamic yield) stress that is higher than that of SCC. That means
Control Flow Concrete can be placed in slab-on-grade applications and does not flow beneath small
gaps in conventional form work (Figure 2). Control Flow Concrete will not self-level like SCC, so it can
be placed evenly on small grades. Control Flow Concrete also remains segregation-resistant, even if
water is added.

Figure 1. Control flow concrete (CFC) being
placed in a flatwork application

Figure 2. The leading edge of Control Flow
Concrete at rest, during placement of a slabon-grade

In this paper, we will briefly describe admixtures suitable for producing Control Flow Concrete, address
the rheological characterization of Control Flow Concrete, and explore how Control Flow Concrete
compares to conventional concrete and SCC. Then we will briefly discuss how these differences provide
advantages in use, and review the beneficial environmental impact of Control Flow Concrete compared
with SCC. Although there are other differences, the three types of concrete can be distinguished by
comparing slump or slump flow spread (Table 1).
EXPERIMENTS
Mixture designs for the three types of evaluated concrete mixtures are shown in Table 1. The mixture
design used for conventional concrete and CFC is a typical 25 MPa (about 3500 PSI) mixture for slabs
in the North American market. A tail-addition mixing protocol was followed. Aggregate and approximately
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80% of the water were added to a tumble mixer and mixed for one minute. Cement was added and the
sides of the mixer rinsed with the rest of the water, mixing for an additional one minute. At the end of
two minutes, admixtures were added and mixing continued for three minutes, followed by a three-minute
rest period and a final two minutes of mixing. The tail addition of admixtures provided better distribution
and effectiveness of the cement dispersing components of the admixtures.
Table 1. Mixture proportions for three types of concrete. The proportions for conventional
concrete and CFC mixtures are identical except for the addition of a second admixture
Constituents

Conventional
Concrete

Control Flow
Concrete

SCC

w/c*

0.42

0.42

0.40

Slump or spread, mm
(in)

150-200
(6 to 8)

410-635
(16 to 25)

> 540
(>25)

Coarse aggregate,
kg/m3 (lb/yd3))

1038 (1750)
ASTM C33/C33M
No. 67
gradation**

1038 (1750)
ASTM
C33/C33M No.
67 gradation**

860 (1450)
3/8 in. (9.5 mm) stone

Fine aggregate,
kg/m3 (lb/yd3)

823 (1387)

823 (1387)

791 (1334)

Cement,
ASTM C150/C150M
Type II (Ref. 3), kg/m3
(lb/yd3)

362 (611)

362 (611)

502 (846)

Admixture 1,
mL/100 kg cement
(oz/cwt)***

163 (2.5)
ADVA® 198 Type
A, F water
reducing
admixture (ASTM
C494/C494M)

163 (2.5)
ADVA 198Type
A, F water
reducing
admixture
(ASTM
C494/C494M)

87 (9)
EXP 950 Type A, F
water reducing
admixture (ASTM
C494/C494M)

Admixture 2,
mL/100 kg cement
(oz/cwt)

751 (11.5)
CONCERA™
Type A water
reducing
admixture
(ASTM
C494/C494M)

*Water-cement ratio
**Nominal size 19 to 4.75 mm (3/4 in. to No. 4)
***all admixtures are polycarboxylate-based water-reducing admixtures (HRWR). All
admixtures are approved by state agencies in the US and product specifications are
available to the public.

Slump, slump flow, visual stability index (VSI), and air content of conventional concrete and selfconsolidating concrete were measured according to ASTM C143/C143M, C1611/C1611M, and
C231/C231M (Type B), respectively, see Table 2. For Control Flow Concrete, the tests have been
modified. The slump flow was measured by filling a cone with the wider opening on the slump-flow
board, without rodding. The air meter was filled in three lifts, and tapped after each lift, but not rodded.
Compressive strength test cylinders were likewise tapped, but not rodded.
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Table 2. Plastic concrete properties. Each value is the average of two or more tests

Mixture type

Air, %

Slump, mm
(in.)

Slump flow,
mm (in.)

VSI
(rating)

Conventional
concrete

Range
for 5
trials

1.7 to 2.3

168 to 197
(6.5 to 7.4)

Control Flow
Concrete

Range
for 5
trials

1.4 to 2.0

229 to 238
(9.0 to 9.4)

440 to 470
(17.3 to 18.5)

0.75

SCC

One
trial

0.9

264 (10.4)

638 (25.1)

1.25

Rheological experiments were carried out on an ICAR Plus from Germann Instruments. The concrete
was loaded into the rheometer and the sides were tapped when the container was one-third, two-thirds,
and completely full. The vane was then inserted into the concrete and the measurements begun
according to manufacturer’s recommendations (Koehler et al. 2006)
For measurement of static yield stress, the vane speed was 0.05 rad/s (0.5 rpm). The test was stopped
when the maximum torque was reached and began to decrease. For evaluation of the Bingham yield
stress, the highest rotational velocity was 30 rpm, and the velocity was stepped down in 4.5 rpm
increments until it reached 3 rpm. Each rotational velocity was held for 30 s, long enough to equilibrate
the signal but short enough to minimize the potential for segregation. The rotational velocity and torque
were plotted and a straight line fit to the data. The slope and intercept were then converted to plastic
viscosity and Bingham yield stress according to the Reiner-Riwlin equations.
RESULTS AND DISCUSSION
3.1

Admixture

The right balance of properties is needed to make Control Flow Concrete. High-range water-reducing
admixtures (HRWRAs) are required to disperse the cement particles and reduce the yield stress. Good
slump flow retention is also necessary for transportation and placement of the material. However, high
doses of HRWRAs can cause segregation when used in conventional concrete mixtures (Figure 3(a)).
Mixtures described in this article comprise CONCERA™ admixtures, designed use as companion to
high- and mid-range water-reducing admixtures.

Figure 3: The slump flow test is used to evaluate flowability and segregation resistance: (a) a
conventional mixture overdosed with HRWR exhibits flow but also segregation; and (b)
Control Flow Concrete also exhibits flow, but no segregation
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3.2

Compressive strength

The compressive strengths of Control Flow Concrete and conventional concrete are equivalent (Figure
4). The variation seen in Figure 4 can be attributed to day-to-day variations in aggregates. Since the
flow properties of the Control Flow Concrete come from the chemistry and not water, there is no
decrease in strength.

28 day compressive strength (MPa)

50
45

40
35
30
25
20
15
10
5
0
trial 2

trial 3
Control Flow Concrete

trial 4

trial 5

conventional concrete

Figure 4: Compressive strength of Control Flow Concrete and conventional concrete. Error
bars represent one standard deviation. 1 MPa = 145.038 PSI.
3.3

Static yield stress

Static yield stress is a measure of the force required to start motion in concrete at rest. The general form
of the data is shown in Figure 5. As described in Ferraris et al. 2017, the shear stress corresponding to
maximum torque is referred to as the static yield stress. The raw data from the three types of concrete
studied follow the generalized form sufficiently well. In addition to the torque values, the time at which
the maximum torque is reached changes (Figure 6).
9

Conventional Concrete
Control Flow Concrete
SCC

8
7

Torque (Nm)

6
5
4
3
2
1

0
0

Figure 5: Generalized form of rheologic data
for evaluation of yield stress

5

10

time (sec)

15

20

25

Figure 6: Raw data for static yield stress
(Note: 1 N·m = 0.737 ft-lb)

The static yield stress is shown in Figure 7, as an average over all samples of a given type for the
concrete listed in Table 1. Conventional concrete has the highest static yield stress. It requires about
two-thirds less force to start movement in Control Flow Concrete, and SCC moves even more easily.
The reduced static yield stress will allow workers to move concrete more rapidly with less strain.
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Static Yield Stress
3500

Static Yield Stress (Pa)

3000
2500

2000
1500
1000
500
0
conventional concrete

control flow concrete

SCC

Figure 7: Static yield stress for three types of concrete. Error bars represent one standard
deviation (Note: 1 PA = 0.000145 psi)
3.4

Shear Rate Experiments and Bingham Model

Concrete is typically modeled as a Bingham fluid. The viscosity of such a fluid is given by the slope of
the strain rate versus shear stress plot (Figure 8) and the Bingham yield stress is given by the y-intercept.
Conventional concrete may not always follow the Bingham model, and, in this case, shear thickening
was observed (Figure 9). Both SCC and Control Flow Concrete are reasonably well-modeled by the
Bingham relationship. For simplicity and consistency, the Bingham model is used for the data in this
article. The modified Bingham and the Herschel-Bulkley models (Wallevick 2015) improve the fit to the
data for conventional concrete, but they give less information about the observable physical properties.
7
conventional concrete
control flow concrete

6

SCC

R² = 0.906

Toruqe (Nm)

5
4
3

R² = 0.9802

2

R² = 0.9866

1
0
0

Figure 8: An ideal Bingham
plot for a Newtonian fluid
with a yield stress
3.5

5

10

15
20
speed (rpm)

25

30

35

Figure 9: Raw data for Bingham plots—shear
rate versus shear strain experiments (Note: 1
N·m = 0.737 ft-lb)

Bingham yield stress

Using the Reiner-Riwlin equations and the data from the Bingham plot, the yield stress was calculated.
The data are again grouped by concrete type (Figure 10 and Table 3). The Bingham yield stresses are
significantly lower than the static yield stresses, almost by an order of magnitude. It clearly takes more
force to start concrete moving from a resting state than stopping it when it has been moving. While ease
of placement (represented by static yield stress) reduces wear on people and equipment, it is also useful
to have concrete that comes to rest more easily (represented by the Bingham yield stress) than SCC.
Figure 2, for example, shows Control Flow Concrete in a slab placement. The concrete has flowed and
then stopped, leaving a rounded front.
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700

Static Yield Stress (Pa)

600
500
400

300
200
100
0
conventional concrete control flow concrete

SCC

Figure 10: Bingham yield stress for three types of concrete. Error bars represent one standard
deviation (Note: 1 PA = 0.000145 psi)
Table 3. Comparisons of static and Bingham yield stresses for conventional, Control Flow
Concrete, and SCC mixtures. The static yield stress is always lower than the Bingham yield
stress

3.6

Mixture type

Static yield
stress, Pa

Bingham yield
stress, Pa

Conventional concrete

2106

503

Control Flow Concrete

810

109

SCC

95

19

Note: 1 Pa = 0.000145 psi
Plastic viscosity

Plastic viscosity is related to the slope of the shear-rate versus the shear-stress line by the Riener-Riwlin
equations. For Control Flow Concrete and SCC, the behavior is linear in the shear-rate regime
measured, and the viscosity is constant with respect to shear rate. Figure 11 shows that Control Flow
Concrete is more viscous (has more resistance to flow) than SCC. Although the conventional concrete
demonstrates shear thickening, the Riener-Riwlin transformation was applied to approximate the
viscosity. This gives a value close to that for Control Flow Concrete. Although the non-linearity of the
speed versus torque plot may affect the applicability of the Riener-Riwlin transformation, the viscosity
for conventional concrete is closer to that of Control Flow Concrete than that of SCC. All the shear rates
are relatively low, covering the range of placement and finishing. The shear rates relevant for pumping
are outside the capability of the rheometer.
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control flow
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Figure 11: Plastic viscosity for three types of concrete. Error bars represent one standard
deviation (Note: 1 Pa·s = 1000 cP)
3.7

Rheograph

In Figure 12, the static yield stress is plotted as a function of plastic viscosity for the three types of
concrete studied, using the data from Figure 7 and 10. The yield stress distinguishes Control Flow
Concrete from both conventional concrete and SCC. It is easier to begin the flow of Control Flow
Concrete compared to conventional concrete, and Control Flow Concrete ceases to flow more readily
than SCC. The plastic viscosity of SCC is lower than the other two types of concrete. The dotted circle
in the rheograph represents concrete made by overdosing with a HRWRA. In this case, segregation
made it impossible to study the rheology.

dynamic yield stress (Pa)

3000

conventional concrete
control flow concrete
SCC

2500
2000
1500
1000
500
0
0

20

40
60
plastic viscosity (Pa s)

80

100

Figure 12: Rheograph for the three types of concrete studied, and the hypothetical position of a
concrete made to flow by overdosing with a HRWRA (Note: 1 Pa = 0.000145 psi, 1 Pa·s = 1000
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4

CONTROL FLOW CONCRETE IN USE

Control Flow Concrete has been adopted for use in several applications –low cost housing in Latin
America, construction of single-family homes in North America and high-rise construction in Asia.
Because the segregation resistance is not based on a higher cement factor and mix designs area used,
ready mix producers have reported lower quality control demand when compared to SCC mixes. The
lower yield stress compared to conventional concrete makes the concrete easier to place, and has
yielded labor savings to the contractor. Control Flow Concrete has been used in congested urban areas
where the ability to place the concrete quickly has been valuable. Finally, Control Flow Concrete has
a non-zero yield stress, which, when coupled with the lower cement factor makes concrete that is very
easy to finish.
5

ENVIRONMENTAL ASPECTS

Control Flow Concrete delivers environmental benefits. Some are difficult to quantify, such as, ease of
use, decreased equipment wear, less maintenance, and longer lifetime, as well as a reduction of effort
required to move the concrete, providing ergonomic benefit to the workforce. The decrease in CO 2
generation, from using less cement, is more readily quantified. Table 5 summarizes CO2 data relative
to manufacture of each component and confirms that Control Flow Concrete decreases amount of CO 2
production by 27% compared to SCC, while being easier to handle than conventional concrete.
Table 4. Comparisons of static and Bingham yield stresses for conventional, control flow, and
SCC mixtures. The static yield stress is always lower than the Bingham yield stress
Impact on
CO2 (kg CO2
/kg material
used)

Conventional
Concrete
Impact on
CO2 . (kg
CO2)

Control Flow
Concrete
Impact on
CO2 (kg
CO2)

SCC Impact
on CO2 (kg
CO2)

Coarse aggregate,
kg/m3

0.005

5

5

4

Fine aggregate,
kg/m3

0.005

4

5

4

Cement:,ASTM C150/C150M
Type II (Ref. 3), kg/m3

0.83

300

300

417

Superplasticizer
mL/100 kg cement

1.88

0.3

0.3

2

Control Flow Concrete admixture
mL/100 kg cement

1.88

Constituents

Total

6

0.4
309

310

427

CONCLUSIONS AND OUTLOOK

Control Flow Concrete, a new category of highly flowable concrete, has distinct rheological behavior
compared to conventional concrete and SCC. This type of flowable concrete is enabled by CONCERA™
brand admixtures, which work with conventional mixtures. Control Flow Concrete provides advantages
in decreasing labor demand and time for concrete placement, without risk of segregation, and has
environmental benefits compared to SCC.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
7

REFERENCES

ACI Committee 221 (2009) “Standard Practice for Selecting Proportions for Normal, Heavyweight, and
Mass Concrete” American Concrete Institute, Farmington Hills, MI, 1991, 38 pp.
ASTM C33/C33M, “Standard Specification for Concrete Aggregates,” ASTM International, West
Conshohocken, PA.
ASTM C150/C150M, “Standard Specification for Portland Cement,” ASTM International, West
Conshohocken, PA.
ASTM C143/C143M, “Standard Test Method for Slump of Hydraulic-Cement Concrete,” ASTM
International, West Conshohocken, PA.
ASTM C1611/C1611M, “Standard Test Method for Slump Flow of Self-Consolidating Concrete,” ASTM
International, West Conshohocken, PA.
ASTM C231/C231M, “Standard Test Method for Air Content of Freshly Mixed Concrete by the Pressure
Method,” ASTM International, West Conshohocken, PA.
Ferraris, C.F.; Billberg, P.; Ferron, R.; Feys, D.; Hu, J.; Kawashima, S.; Koehler, E.; Sonebi, M.; Tanesi,
J.; and Tregger, N. (2017) Role of Rheology in Achieving Successful Concrete Performance, Concrete
International, V. 39, No, pp. 43-51.
Koehler, E.P.; Fowler, D.W.; Ferraris, C.F.; and Amziane, S. (2006) A New, Portable Rheometer for
Fresh Self-Consolidating Concrete SP-233, C. Shi and K.H. Khayat editors, American Concrete
Institute, Farmington Hills, MI, 2006, pp. 97-115.
Wallevik, O.H.; Dyes, D.; Wallevik, J.E.; and Khayat, K.H.,(2015) Avoiding Inaccurate Interpretations of
Rheological Measurements for Cement-Based Materials Cement and Concrete Research, V. 78, Part
A, Dec. 2015, pp. 100-109.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Influence of polymer on drying of fresh cementitious materials
Emmanuel Keita a, Yasser Rifaaib, Patrick Belin c , Nicolas Roussel d
Laboratoire Navier, Champs-sur-Marne, France
aemmanuel.keita@ifsttar.fr
byasser.rifaai@gmail.com
c patrick.belin@ifsttar.fr
dnicolas.roussel@ifsttar.fr

ABSTRACT
Drying plays a major role in fresh cementitious materials and can modify final properties. Between the
time of placement and the setting time, plastic shrinkage cracks are well-known issues which can
reduce the service life of the structure. Solutions to prevent these issues are often complex and
expensive. The key point to address is the reduction of evaporation in fresh state. Surprisingly the
physics of drying in cementitious materials has been rarely studied at fresh state, whereas recent
advances for inert materials shows that viscosity plays a major role in the water flow in a drying
granular material.
In this paper, we compare experiments on drying of inert materials (glass beads packing) with
cementitious materials (cement paste and mortar). We show that adding polymer, we are able to
reduce significantly the drying rate of cementitious materials at fresh state. The drying physics theory
is adapted to reactive materials. We show that the viscosity increase leads to less evaporation in fresh
mortar. As viscosity is low, the polymer in solution migrate towards the free surface. This opens ways
to control the drying kinetics at fresh state and to formulate internal curing agent.
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1.

INTRODUCTION

Drying is a real issue in fresh concrete. It has a high impact on the final material in many configuration
where external surfaces are important: slabs, tile adhesive, pavements. Cementitious materials opened
to environment are subjected to drying, which can be severe in high wind, low relative humidity or hot
conditions. The absence of water close to the free surface can prevent hydration and lead to formation
of a dust cover. More generally, plastic shrinkage cracks developed before setting. They are unaesthetic
and may accelerate the ingress of aggressive elements and impact the structure durability (Portland
Cement Association 2001).
The key point to address is the reduction of evaporation in the fresh state, between the time of placement
and the setting time. The loss of water leads to a reduction of the overall volume of the constituent of
the cement paste. The material will thus naturally shrink. Due to shrinkage restriction by reinforcing steel
or boundary limits, the contraction is not always possible and stress develops (Weiss, Yang, and Shah
1998; Cohen, Olek, and Dolch 1990). The stress is set by capillary pressure and as the material has a
low tensile strength, cracks may occur (Wittmann 1978).
To tackle this issue shrinkage should be control. The Shrinkage reducing admixtures (SRA) reduce
cracks at fresh state by reducing the evaporation and the capillary stress (Lura et al. 2006, 2007). The
process remains complex as SRA have a multifactorial actions on cement paste reducing the surface
tension but also modifying the hydration kinetics and final microstructure (Rajabipour, Sant, and Weiss
2008; Dale P. Bentz 2006). Expansive agents or pre-wetted aggregates may also limit the plastic
shrinkage cracks, without limiting the evaporation (Collepardi et al. 2005; Henkensiefken, Briatka, and
Bentz 2010).
The physics driving drying in cementitious materials has been rarely studied at fresh state, but cement
paste seems to maintain an homogenous water distribution while drying (D. P. Bentz et al. 2001; D. P.
P. Bentz, Geiker, and Hansen 2001). Nevertheless the physics of porous media investigated extensively
the drying phenomenon for inert materials (Van Brakel 1980; Coussot 2000; Camassel et al. 2005;
Chauvet et al. 2009). As capillarity dominates water flow, it is characteristic to observe a homogenous
water profile (Faure and Coussot 2010; E. Keita et al. 2013, 2016; Petković et al. 2007). Gravity and
viscous effects may limits these capillary reequilibrations leading to the progression of a dried front
inside the sample(Yiotis et al. 2012; Shokri and Or 2011; Lehmann, Assouline, and Or 2008).
In this paper, we compare experiments on drying of inert materials (glass beads packing) with
cementitious materials (cement paste and mortar). We show that adding polymer, we are able to reduce
significantly the drying rate of cementitious materials at fresh state. We show that the increase of
viscosity is responsible of the decrease of evaporation in fresh mortar.
2.
2.1

MATERIALS AND METHODS
Materials

A CEMI type cement of specific density

dc = 3.15

is used in this study. Its chemical composition is

given in Table 1. Cement pastes at a water-to-cement mass ratio of 0.4 were mixed for 2 minutes using
a Turbo test Rayneri VMI mixer at 840 rpm. Mortars were prepared by adding progressively a natural
rounded sand of size 1/4 mm. Once all the sand is added, the mortar is mixed again for 90 seconds.
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Table 1: Chemical composition of the cement
Composition

%weight

SiO2

21,81%

Al2O3

3,67%

Fe2O3

5,54%

CaO

64,10%

MgO

1,31%

SO3

2,41%

Cl

0,04%

To investigate drying kinetics on a simpler non-reactive porous medium, we also used 257 µm glass
beads. To prepare the samples, the glass beads are densely packed by manual vibration.
The polymer studied here is a polyethylene glycol (PEO) from SIGMA-ALDRICH. This polymer is neutral
in an interstitial solution of a cement paste and is known not to interact with cement grains (Bessaiesbey 2015). The powder is mixed and dispersed in the appropriate amount of distilled water for 24 hours.
All concentrations in this paper are meant as fraction of water mass, if not mentioned otherwise. We
used PEO polymer with a molar mass 600 000 g/mol, which we note here 600k.
2.2

Drying set-up

Figure 1: Schematic of the drying experimental setup maintaining constant dried air flux over
the sample (reproduced from (Naël-Redolfi, Keita, and Roussel 2017))
Each sample is poured after mixing in a plastic cylinder of 7.3 cm height and 4.4 cm diameter. Drying
measurements are performed in a drying tunnel with a cross section of 50 x 70 cm. An air dryer allows
for the blowing of dry air at a constant flow rate of 40 L/min (see Figure 1). The temperature stays at
room condition 23±1 °C (Naël-Redolfi, Keita, and Roussel 2017; Nael 2016). Through the drying
experiment, the sample mass is recorded every 40 seconds. The drying rate may depend on the exact
sample surface or air flux local conditions in the tunnel. In this paper, in order to compare samples,
drying rates are all normalized by the initial drying rate of the considered sample.
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2.3

Polymer characterization

The viscosities of the resulting polymer solutions were measured with a C-VOR Bohlin rheometer
equipped with a serrated parallel plates geometry (gap: 0.5 mm, diameter: 40 mm). The shear rate was
increased from 1 to 100 s-1 by 30 steps in 200 seconds. For low PEO concentrations, viscosity is
independent of the shear rate. But, for concentrations above the critical concentration C*, coils
overlapping leads to a non-Newtonian shear thinning behavior (Graessley, Hazleton, and Lindeman
1967). The so-called “low shear viscosity” is defined as the plateau value of the viscosity at low shear
rate.
It can be noted that the surface tension of the resulting PEO solution was close to the one of pure water
as it slightly decreases from 70 down to 60 mN/m (Cao and Kim 1994).
2.4

Adsorption on cement grains

Using a Total Organic Carbon analyzer from Shimadzu to measure local Total Carbon content (TC), we
checked that there is no adsorption of PEO on cement grains. We prepared a cement paste with polymer
at 1% mass ratio in water. Using a calibration curve obtained on a reference polymer solutions and
correcting for the natural TOC of a cement paste without polymer, we computed the concentration of
polymer in the material (Hot et al. 2014; Hot 2014). The concentration measured in the extracted fluid
was very close to the initial concentration at 0.996%. The decrease in concentration is in the range of
the measurement uncertainty for PEO 100k and 600k. Thus, we conclude that PEO does not interact
with cement as previously observed in (Merlin et al. 2005).
3.

RESULTS

Figure 2: Drying rate as a function of time for glass beads saturated with different fluids: water
(black line) and PEO 600k at 2.5% (circles)

For water saturating glass beads packing, the drying rate is constant during 3.5 days until 20% of the
water remains. Then, the drying rate decreases sharply and is divided by a factor 10 in 7 hours. We also
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use polymer solutions as the interstitial fluid in beads packing and compare the drying kinetics to the
one of beads packing saturated with pure water. With polymers, we do not observe any Constant Rate
Period. The drying rate decreases immediately and is divided by a factor 5 after 1.5 hours (see Figure
2). The decreasing drying rate period starts immediately when water content is still very high. The
measured decrease in drying rate is similar for PEO 100k at a dosage of 9% and PEO 600k at a dosage
of 2.5%.

Figure 3: Normalized drying rate of mortar as a function of time. Liquid used in the mortar
preparation was water or polymer solution PE0 600k at 2.5%
We plot in Figure 3 the drying rate for mortars with and without polymers. For mortar prepared with
water, the drying rate is constant until the setting time, then decreases. For polymer solution, the drying
kinetic decreases straight from the beginning of the measurement. Around setting time (7 hours), the
drying rate is divided by 5 in comparison with the mortar prepared without polymer.
By adding polymers to the mix design of a mortar and to the liquid of a inert porous media, we were abe
to reduce the evaporation at early age. The polymer used has no interaction with the cement grain and
stay in the pore solution of the fresh mortar. The pore solution properties differ from pure water by the
increase of viscosity by two order of magnitude. Thus, we suggest that the increase of viscosity is the
cause of the decrease of drying kinetics. The water is less mobile and cannot flow in the porous structure
limiting the kinetics to a slow vapor diffusion process.
From literature on drying of inert porous media (Coussot 2000; Yiotis et al. 2012; Chauvet et al. 2009;
E. Keita et al. 2016), we know that the water flow towards the free surface leads to a constant drying
rate. In the case of polymer addition, viscosity increases, thus the flow capacity is limited. The incapacity
of the system to provide liquid water to the free surface to replace evaporation leads to a dry area over
which water vapor has to diffuse. This process is much slower than liquid flow, therefore the drying
kinetics decreases significantly. This analysis applies to the glass beads packing but also to the drying
of mortar before the setting time (Emmanuel Keita et al. 2018).
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ABSTRACT
The presence of polycarboxylate ether (PCE) based superplasticizers (SPs) has enormous influence
on the early hydration of cement. C3A as the most reactive phase of Portland cement plays a
significant role in early hydration reactions and affects the rheological performance. Therefore, this
paper presents experimental results about the influence of delayed addition of PCEs on the hydration
of cement and C3A-gypsum pastes investigated by isothermal heat flow calorimetry. Complementary
in-situ XRD was carried out on C3A pastes to analyze hydration and phase changes related to the
addition of PCE.
Cement pastes with a delayed addition of PCE showed less retardation compared to simultaneous
addition. The alteration caused by PCE is much more pronounced for C3A-gypsum mixes. With a
delayed addition of SP, the hydration of C3A is less retarded or even accelerated. It is obvious that
there is less retardation the later the addition of SP. Furthermore, the PCE alter the hydration of C3A
when added delayed and exhibit changes in kinetics and hydration rates. XRD results showed that
more C3A is dissolved in the presence of PCE. Also, the gypsum depletion occurs earlier in the
presence of PCE and even faster with delayed addition. Without PCE AFm starts to form just after the
gypsum depletion. However, in the presence of PCE AFm already starts to form at the beginning of the
hydration. Due to the faster gypsum depletion in the presence of PCE, also the transformation from
ettringite into AFm begins earlier, but takes longer as without SP.
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1.

INTRODUCTION

Admixtures have an enormous influence on the properties of fresh cement and concrete. They act at
the nano- and microlevel in the paste, but their effect propagates to the macroscopic scale. To control
performance spectra and requirements of novel concretes and to understand macroscopic phenomena,
comprehensive knowledge of the material behavior of fresh cement suspensions as well as of the
complex mechanisms at the nano and micro scale are necessary. Hence, our work focuses on the
influence of polycarboxylate ether (PCE) superplasticizers on early hydration of cementitious
suspensions and the consequences for rheology at the nano- and microscale. A clearer insight into
cement-superplasticizer interactions and the enormous effect on early hydration is important to
understand and explain macroscopic phenomena and rheological properties, thus to better adjust
concrete mix designs for tailored specific processes and applications.
PCEs are comb-shaped polymers with a negatively charged backbone and variable side chains (e.g.
Janowska-Renkas 2013). Today, they are widely used to reduce the water amount in cement and
concrete while maintaining good workability. The improved flowability is mainly based on steric and
electrostatic hindrance (e.g. Banfill 2006), of which the steric effect seems to dominate the flow
properties (e.g. Schmidt 2014). However, the interactions between cement particles in suspension and
the mechanisms of particle agglomeration as well as the impact of superplasticizers on these processes
are still not well understood. In addition, the type of PCE and the mixing procedure also effects
significantly the hydration and flow characteristics (e.g. Lowke & Schiessl 2005, Uchikawa et al. 1995).
Besides this, the presence of PCE also has an enormous influence on the early hydration of cement,
the hydration is retarded, and the timing of formation and the morphology of hydrates is affected (e.g.
Dalas et al. 2015). Altogether, cement hydration is one main factor that has a strong influence on the
rheological characteristics of cement paste (e.g. Schmidt et al. 2014, Schmidt et al. 2018). Another
known phenomenon is the effect of the addition time on the performance of SPs (e.g. Habbaba et al.
2014). Hence, as a part of our project, this paper presents work on the influence of delayed addition
time of PCE SPs on hydration of cement and tricalcium aluminate (C3A) pastes.
2.

MATERIALS AND METHODS

Portland cement as well as cubic C3A and gypsum were used for this study. The chemical composition
and physical properties can be found in Table 1. An amount of 15% gypsum was added to the C3A
powder and dry mixed. A constant water to cement ratio (w/c) for cement pastes of 0.275 and a constant
water to binder ratio (w/b) for C3A pastes of 0.8 was used. Two comb type polymer PCE based
superplasticizers with PEG side chains were applied for this study. Both SPs are non-commercial liquid
type pure PCEs, whereby PCE-LC has a low charge and PCE-HC has a high charge backbone density
with a solid content of 46% and 51,1% respectively. Based on the solid content of the SP, an amount of
0.20 % PCE for cement mixes and 0.10 % PCE for C3A mixes was added. The addition of PCE either
took place simultaneously with water (at t0) or 1 or 10 minutes after initial mixing (after t0). Mixing was
done by hand with a spatula. Binder and water were mixed for 2 minutes for mixes without SP and for
mixes where PCE was added after 10 minutes and mixed for 1 minute where PCE was added after 1
minute. After the PCE addition the paste was again mixed for 2 minutes.
The different mixes were investigated by isothermal heat flow calorimetry and in-situ X-ray diffraction
(XRD). The heat flow was recorded with an isothermal calorimeter (TAM Air, Thermometric). After mixing
3 grams of each paste were placed in plastic vessels into the calorimeter at 20 °C. In order to follow the
phase evolution during the hydration, also in-situ XRD measurements were performed. In-situ XRD was
done with a Rigaku Ultima 4 in Bragg Brentano geometry with a Cu-Kα radiation source and a DTeX
detector. Pastes were covered with Kapton foil and measured over time with a scanning rate of 6 ° per
minute over a 2θ range of 5° to 65° with a step size of 0.1°.
Table 1. Chemical composition of cement and physical properties of used materials.
Chemical composition [wt. %] by XRF

Cement
(CEM I 42.5 R)

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

SO3

Other

Total

20.56

4.36

2.27

62.8

2.14

0.95

0.28

3.45

0.87

97.68
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Physical properties
Density [g/cm 3]

Blaine [cm2/g]

Median diameter (d50) [µm]

Cement

3.12

4110

11.8

C3A cubic
Gypsum

3.00

3660

8.7

2.32

3800

22.9

3.
3.1

EXPERIMENTAL RESULTS
Isothermal calorimetry

SPs alter the rate of hydration. Isothermal calorimetry is ideally suited to quantify the change in hydration
by adding admixtures (Wadsö 2005). The isothermal calorimetry results are shown in Figure 1 and 2.
The heat release versus time curve reflects the hydration and the influence of SP is reflected in the
change of the hydration curve.
Heat flow curves for cement (Figure 1) exhibit that the hydration of cement pastes with SP are retarded
and the main hydration peak is delayed, whereby the retardation is more pronounced for the high charge
PCE (PCE-HC) than for the low charge PCE (PCE-LC). Compared to a simultaneous addition of PCE,
the delayed addition of PCE to cement paste exposes a partly different behavior in hydration kinetics. If
the PCE is added later to the mix, the hydration is less retarded compared to a simultaneous addition,
whereby the slopes of the curves are slightly increased. Additionally, for all pastes where the PCE is
added with delay, the heat release is slightly higher compared to a simultaneously addition.

Figure. 1. Heat flow curves of cement pastes with simultaneous and delayed addition of PCE
(LC - low charge, HC - high charge). The w/c of all mixes was 0.275. The addition of 0.20 % PCE
either took place simultaneously with water (t0) or 1 (t1) or 10 (t10) minutes after initial mixing.
Heat flow curves for C3A with 15% gypsum (Figure 2) show different hydration kinetics compared to
cement pastes. C3A pastes without admixture show an obvious higher heat release than pastes with
SP. Besides this, the slope of the exothermic peak at the beginning of the second stage of the C3A
hydration is much more abrupt and steeper compared to pastes with PCE, where the slopes are
increasing slower over a longer period. Hence, there is not such a strong surge of transformation of
ettringite (AFt) into monosulfoaluminates (AFm) after the gypsum depletion for C3A pastes with PCE like
in pastes without SP. If the SP is added instantly, the exothermic peak of C3A and therewith the depletion
of gypsum and the transformation of the sulfoaluminate hydrate is retarded. With a delayed addition of
PCE the first stage of the C3A hydration is shortened and the second stage is less retarded or even
accelerated, whereby there is less retardation the later the SP is added. This indicates that the gypsum
depletion and therewith the AFm formation occurs earlier with a delayed addition of PCE. Besides this,
the lower and broader peaks suggest that there is less growth of AFm in the beginning compared to
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pastes without SP, although it takes place over a longer period. The faster consumption of gypsum also
implies a faster C3A dissolution.

Figure 2. Heat flow curves of C3A + 15% gypsum pastes with simultaneous and delayed
addition of PCE (LC - low charge, HC - high charge). The w/b of all mixes was 0.8. The addition
of 0.10% PCE either took place simultaneously with water (t0) or 1 (t1) or 10 (t10) minutes after
initial mixing.
In cement the main hydration peak of C3A occurs later than in synthesized single phase C3A. However,
the SP clearly has a stronger influence on the hydration of C3A alone then on the cement. The hydration
can even be accelerated compared to C3A without admixture. Furthermore, the PCE alter the hydration
of C3A when added delayed and exhibit changes in reaction rates. The results for cement pastes are
less distinct, there is just slight less retardation with the delayed addition of SP.
3.2

In-situ XRD

To complement the calorimetric results and to follow the phase evolution during the hydration, also insitu XRD measurements on C3A pastes were performed. XRD patterns are plots of the intensity of Xrays scattered at different angles and each phase produces a characteristic diffraction pattern. The
results are shown in Figure 3, 4 & 5.
For C3A pastes without SP (Figure 3), there is a steady phase assemblage of C3A, gypsum and ettringite
till around 150 minutes. From that point on the gypsum content distinctly decreases, while the ettringite
content increases. After around 250 minutes, at the beginning of the acceleration in the second stage
of the C3A hydration, the gypsum is depleted and an AFm phase, a monosulfoaluminate, is formed from
the reaction of ettringite and the remaining C3A.
When the high charge PCE is added instantly (Figure 4), besides ettringite, there is also an AFm phase
present from the beginning on, which is not the case without PCE. Besides this, there is less gypsum
and C3A compared to pastes without SP at the same time. After around 170 minutes the gypsum is
depleted and the C3A peaks are decreased strongly. Henceforth the ettringite content starts to decrease
and after around 300 minutes there is mainly just the AFm phase left. From the XRD results we can
infer, that the peak in the calorimetric curve is broader and the slopes are decreased, because an AFm
phase is already present at the beginning of the hydration, coexisting with ettringite. Thus, the chemical
equilibrium is changed and there is no big surge in ettringite-AFm transformation, which normally marks
the sharp calorimetric peak. Furthermore, the transformation also takes longer.
With a later addition of PCE the first stage of the C 3A hydration was shortened and the second stage
accelerated. The XRD results show that with a delayed addition (at t 10) of the high charge PCE (Figure
5), there is also an AFm phase present from the beginning on. There is again also less gypsum and C3A
compared to pastes without SP at the same time. In the delayed addition mode, the gypsum is already
depleted after 100 minutes and there are also no C 3A peaks present anymore. Therefore, step in the
heat flow curve is caused by the depletion of gypsum and the start of the transformation from ettringite
into AFm. From around 230 minutes on, just the AFm phase is present. The first stage of the C 3A
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hydration is shortened because the gypsum is depleted much earlier compared to pastes with
simultaneous addition of PCE or without SP. Hence, the second formation of ettringite into AFm begins
much earlier. The broader peak of the calorimetric curve can again be explained by the AFm phase,
which is already present at the beginning of the hydration, so there is no big surge in ettringite
transformation.

Figure 3. XRD diffraction patterns of C3A + 15% gypsum paste measured in-situ. The several
patterns show the phase evolution and timing of phase changes during early hydration.

Figure 4. XRD diffraction patterns of C3A + 15% gypsum paste with simultaneous addition (at
t0) of high charge PCE measured in-situ. The several patterns show the phase evolution and
timing of phase changes during early hydration.
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Figure 5. XRD diffraction patterns of C3A + 15% gypsum paste with delayed addition (at t 10) of
high charge PCE measured in-situ. The several patterns show the phase evolution and timing
of phase changes during early hydration.
In brief, it has been found that without SP C3A is present over the whole recorded time, while with PCE
there are no more C3A peaks visible at a certain time. This shows that more C3A is dissolved in the
presence of PCE. With a delayed addition this consumption takes place even faster. The gypsum
depletion occurs earlier in the presence of PCE and even faster with a later addition of PCE. The higher
consumption of C3A and the faster depletion of gypsum can be attributed to the formation of two sulfate
and calcium consuming phases in the presence of PCE, namely ettringite and AFm, right from the
beginning of the hydration. The XRD results also showed, that without PCE the ettringite peaks are
stronger from the beginning on and on the other hand with PCE less ettringite is detectable and peaks
start to increase at later stage. This could be attributed to the precipitation of smaller crystals of ettringite
in the presence of PCE as reported in literature (e.g. Zingg et al. 2008, Pourchet et al. 2006). Without
PCE AFm starts to form just after the gypsum depletion. However, in the presence of PCE AFm already
starts to form at the beginning of the hydration. Due to the faster gypsum depletion in the presence of
PCE, also the transformation from ettringite into AFm begins earlier, but takes longer as without SP.
The XRD results showed that PCE changes the phase assemblage of the C3A hydration. For that
reason, we examined if this change is simply due to the better dispersion of the particles by PCE and
the associated possibility that then more C3A and gypsum surface is in contact with water and therewith
the dissolution is higher. So, the water to binder ratio of the C3A - gypsum paste was increased, but the
XRD pattern showed no AFm in the beginning of the hydration.
4.

DISCUSSION

The experimental results for cement showed that compared to an instant addition of PCE, the induction
period is shortened when PCE is added with delay and there is a slightly lower retardation of the
hydration. Hence, with a delayed addition of SP used in this study, it is possible to achieve good
workability with less retardation, which is sometimes highly favorable.
With a delayed addition of PCE the first stage of the C 3A hydration is shortened and the second stage
is less retarded or even accelerated, whereby there is less retardation the later the SP is added.
Furthermore, our XRD results for C3A - gypsum pastes showed that the gypsum and the C3A depletion
occurs earlier in the presence of PCE. This indicates that PCE favors C3A and gypsum dissolution or
consumption. Minard et al. (2007) suggested that the reaction rate for the first stage is controlled by the
dissolution of C3A, which is slowed down by the adsorption of sulfate ions at reactive sites of C3A.
According to Flatt et al. (2009) and Alonso and Puertas (2015), PCE is supposed to lead to a PCE sulfate ion competition for these active sites on C3A. Hence, also PCE instead of calcium and sulfate
ions adsorbs on active sites on the C3A surfaces. It can be assumed that the PCE is not as effective as
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sulfate in slowing down the C3A dissolution and therefore more C3A is dissolved in the presence of PCE.
In turn, a higher C3A dissolution would change the equilibrium and lead to a higher gypsum consumption
and consequently to the observed faster gypsum depletion. This could also explain the formation of two
sulfate and calcium consuming hydrate phases in the presence of PCE, namely ettringite and AFm. It is
conceivable too, that due to electrostatic hindrance by PCE molecules some sulfate can be kept in the
solution and so also less sulfate can adsorb on C 3A. This again might be accountable for the shift of
nucleation and growth of sub-micron hydrates from the clinker surface into the solution as reported by
Holzer et al. (2007) and Zingg et al. (2008) for cement suspensions. Another process that may need to
be considered concerning the change of phase assemblage is the intercalation of PCE, as well as
intersalation and interstratification, as discussed in Plank et al. (2010).
For the second stage of the C3A hydration Minard et al. (2007) proposed the dissolution of C3A as the
rate controlling mechanism and Quennoz and Scrivener (2012) stated that the heterogenous nucleation
and growth of AFm phases on free C3A surfaces is the rate controlling mechanism of the acceleration
in the second stage. However, our calorimetric results showed that with PCE slopes are increasing
slower over a longer period. Hence, there is not such a strong surge of transformation from ettringite
into monosulfoaluminates (AFm) after the gypsum depletion with SP. This can be either attributed to the
higher dissolution of C3A observed in the presence of PCE, whereby less C3A is available after the
gypsum depletion for the ettringite transformation and this, according to Minard et al. (2007), would
result in lower reaction rates. Or, this can also be attributed to the formation of AFt and AFm already at
the beginning of the C3A hydration in the presence of PCE. Due to the change in equilibrium with an
already existing AFm phase, there is less nucleation and growth of AFm after the gypsum depletion and
after Quennoz and Scrivener (2012), this also would lead to the observed decreased reaction rates.
Moreover, Quennoz and Scrivener (2012) stated that in the second stage the nucleation and growth of
AFm is proportional to free specific surface area of C3A. In consequence of the higher dissolution of C3A
in the presence of PCE overall less free C3A surface is available and thus, there is less nucleation and
growth, which is discernable in lower reaction rates. With a delayed addition of PCE the depletion of
gypsum even takes place faster. Within the 10 minutes before the PCE addition, unaffected nucleation
of hydrates can take place. These nuclei might act as seeds and together with the higher dissolution of
C3A observed in the presence of PCE, growth of hydrates, and therewith the consumption of gypsum,
may start faster or be increased after the SP addition.
To sum up, the PCE changed the reaction rates and moreover it also changed the phase assemblage
of the C3A hydration. The questions that remains open is what leads to the change in phase assemblage
with PCE? It is obvious that PCE facilitates the C3A and/or the gypsum dissolution and therefore change
the equilibrium. However, further studies with different methods need to be carried out to solve why PCE
changes reaction rates and hydration products in conclusive detail.
Last should be mentioned, that other researchers also reported further retardation of the main hydration
and yet others reported no prominent changes with a delayed addition of PCE. However, these various
results from different research shows that the underlying mechanisms and/or the mode of action of PCE
SPs apparently strongly depend or vary with different parameters.
5.

CONCLUSIONS

With the materials used in this study, we obtain less retardation or even acceleration of the hydration
with a delayed addition of superplasticizer and there is less retardation the later the PCE is added. In
case of C3A, the PCE changes the reaction rates and the phase assemblage of the C3A hydration.
Furthermore, PCE favors C3A and gypsum dissolution or consumption. The underlying cause for these
effects cannot be clearly deduced from our results, different reasons are discussed above and are the
subject of studies still to be planned.
6.
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ABSTRACT
Super plasticizer is used to improve cohesiveness, high workability and prolonged retention without
increasing water cement ratio. Pumping, spreading, moulding and compaction all depend on rheology.
Much work has been done on the effects of the rheology of concrete mix constituents and their relative
proportions, cement properties, chemical admixtures and cement mineral admixture. Now a days, for
sustainability initiatives, cement industries are using petcoke, the byproduct of petroleum refinery and
various type of alternate fuels as a substitute of natural conventional fuel. This changes the mineralogy
and micro structure of clinker phases due to the incorporation of minor constituents altering the
engineering properties of cement. At the same time, gypsum from multiple sources like mineral,
byproduct, chemical, marine, mould and synthetic gypsum are also used. The solubility of different
sources of gypsum and alkali sulphates present in clinker also varies which has impact on compatibility
of admixture ultimately affecting the rheology of concrete.
This paper describes the practical problems faced like loss in slump flow, low retention and
segregation during concrete pumping at heights. Necessary modifications were done in cement
product mix along with the change in formulation of chemical admixture which served the ultimate
properties of concrete to meet the specific requirement of the customer. Hence for flawless rheology of
concrete, a careful exercise have to be done on selection process of different raw materials particularly
cement along with the various type of mineral and chemical admixture.
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1.

INTRODUCTION

Today’s construction industries aims at high performance concrete like high workability with higher
retention time along with higher strength at early and later ages. Thus, for achieving such concrete
performances, material requirement should be selected very carefully. The Indian standard code IS
269:2015 has allowed use of mineral admixture as performance improver in OPC limited to 5%.
Specific use of mineral and chemical admixture has shown positive solutions towards todays concrete
performance demand. Earlier studies have shown that use of mineral admixture and chemical
admixture has proven to be greater solution towards concrete performance. As cement content has
specific proportion of chemical which show diverse characteristic in performance when interact with
chemical admixture in concrete one need to be very selective towards chemical admixture to achieve
required performance. There are a numbers of chemical manufacturing companies producing different
type of chemical admixture specifically for concrete purposes.
For high rise building and infrastructures, high workability, prolonged slump retention, high strength
and durable characteristics concrete ranging from M60 to M100 are required. Generally super
plasticizer is used to improve cohesiveness, high workability and prolonged retention without
increasing water cement ratio. Pumping, spreading, moulding and compaction all depend on rheology
and now it is seriously considered by the users. Much work has been done on the effects of the
rheology of concrete mix constituents and their relative proportions, cement properties, chemical
admixtures and cement mineral admixture. From various studies, it is perceived that apart from major
parameters like water to cement ratio, aggregates properties, mix design of concrete, other micro
parameters like type of cement along with chemistry and mineralogical compositions also affect the
rheology of concrete. Fineness, C3A content, solubility of different form of calcium sulphates and
alkalis also affect the rheological properties of concrete. In addition to this, morphology of C 3A is also
an important factor. Now a days for sustainability, cement industries are using petcoke, the byproduct
of petroleum refinery and various type of alternate fuels as a substitute of natural conventional fuel.
This changes the mineralogy and micro structure of clinker phases with incorporation of minor
constituents resulting change in engineering properties of cement. At the same time, gypsum from
multiple sources like mineral, byproduct, chemical, marine, mould and synthetic gypsum are also
used. The solubility of different sources of gypsum also varies which has a greater impact on
compatibility of admixture ultimately affecting the rheology of concrete. Rheology is the science of the
deformation and flow of matter, and the emphasis on flow means that it is concerned with the
relationships between stress, strain, rate of strain, and time. Concrete in its fresh state can be
considered as a fluid and therefore the basic principles of rheology can be applied to this material
(Barnes et al., 1989).
This paper describes the practical problem faced by builders using different mineral and chemical
admixtures in fresh concrete properties such as slump retention and pumping the concrete to high rise
building construction. This problem was critically analyzed and root cause was found out and
corrective action was taken to solve this problem.

2.

MATERIALS AND METHOD

Cement and admixture samples were collected from sites on which comparative studies were
conducted for compatibility test and flow test between site cement sample and plant sample with
changes in cement chemical and mineralogical composition. Both samples were tested for different
type and percentage of admixture dosages with varying fine aggregate sources.
2.1 DIFFICULTIES FACED AT THE CONSTRUCTION SITES

The followings are the critical issues faced with the use of varying types and dosages of mineral and
chemical admixture.
a) Minor increase of dosage by 0.1%, the mix tends to get segregation
b) Reduction in dosage, tends to difficulties to pump at heights.
c) Low slump retention at longer duration (After 2 hrs).
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2.1.1 MIX DESIGN & PERFORMANCE REQUIREMENTS
The mix design and performance of the concrete at two different sites are given in table 1 and 2
below:

Table 1. Mix design and Workability requirements for site-1
Mix Design (SSD)
Cement
Flyash
20mm
10mm
c/sand
Water
Admix (PCE)

Contents (Kg/m3)
450
120
475
426
769
165
0.9%

Duration
Initial
2hrs
3hrs

Flow (mm)
Max 550
420-450
310-350

Table 2. Mix design and Workability requirements for site-2
Mix Design (SSD)
Cement
Flyash
20mm
10mm
c/sand
Water
Admix
2.1.2

Contents (Kg/m3)
430
120
316
630
914
154
0.8%

Duration
Initial
1hrs
2hrs
3hrs

Flow (mm)
650
630
580
560

PROBLEM IDENTIFICATION & ROOT CAUSE ANALYSIS

As concrete is the product made from various ingredients, it is very important to identify the exact root
cause creating problem in concrete performance. Through various literatures and practical
experiences following root causes the major parameters responsible for this problem is divided in two
categories.
1) Macro factors
2) Micro factors
2.2 MACRO FACTORS:
Macro factors are the factors which can be easily modified
A.
B.
C.
D.
E.
F.
G.
H.
I.
J.

Water Content or Water-Cement ratio
Amount and type of Aggregate
Aggregate surface texture, shape, packing density
Absorption and porosity of aggregate
Deleterious material in the aggregate
Amount and type of Cement (OPC / PSC / PPC)
Type and dosage of Chemical Admixtures (LS / SNF / SMF / PCE)
Fineness / Residue and PSD (Cement)
Sand to Aggregate ratio
Weather conditions

2.2.1

CORRECTION TAKEN FOR SITE-1 (Considering Macro Factors)

All the parameters coming under Macro factors have been addressed systematically and by changing
the source of fine aggregate (Source S1, S2 and S3) along with change in type of chemical admixture
(Type A, B, & C), the flow test was conducted in laboratory and results are tabulated in Table 3.
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Combination
Admix Dosage (%)
Sand Source
Initial (mm)
60 Min (mm)
120 Min (mm)
180 Min (mm)

Table 3. Flow test (Workability) results
Ambuja + A (Admx)
Ambuja + B (Admx)
1.3
S1
590
545
500
440

1.3
S2
510
440
400
Not
Recorded

1.3
S3
580
560
535
490

1.3
S1
620
480
360
Not
Recorded

1.3
S3
620
595
490
445

Ambuja + C (Admx)
1.3
S3
580
570
475
405

The flowability of lab concrete trial mix with different sources of fine aggregate i.e Sources S1, S2 and
S3 having same type admixture (Admixture A) and dosage is shown in Figure 1. It is observed that
the change in sources of fine aggregates affects the flowability of concrete. Although Source S3 gives
better flowability than S1 and S2 with same type and dosage of admixtures but segregation was
observed at initial stage which was not suitable for pumpable concrete. Thus further trials are
conducted by changing the type of admixture with fine aggregate source S1 & S2.

Figure 1. Flow Test for Admixture A with change in aggregate sources (S1, S2 & S3)
After conducting trial mixes with Admixture B along with aggregate source S1 and S3 it is observed
that S3 gives required flowability and slump retention. Final trial mix with aggregate Source S3 along
with Admixture C was conducted. From all the trials mixes results, the mix was finalized with Fine
aggregate Source S3 along with Admixture B for better performance in terms of cohesiveness,
workability, pumpability and Slump retention.
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Figure 2. Flow Test for Admixture B & C with change in aggregate sources (S1, & S3)

2.2.2

CORRECTION TAKEN FOR SITE -2 (Considering Macro Factors)

Compatibility study was conducted with Admixture A1 and Admixture A2 considering the same w/c
ratio. The studies are depicted in Figure 3 and 4 below.

Figure 3. Marsh Cone with Admix A1

Figure 4. Marsh Cone with Admix A2
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The problems at above two locations have been solved by changing the sources of fine aggregates
and slightly changing the formulation of PCE based chemical admixture. But to get root cause
analysis for all the probable parameters related to incompatibility between the cement and admixture
have been identified and stated under Micro Factors. The result of the study is given in Table 4.

Admixture
Admix A2

Table 4. Concrete Flow test results with suitable admixture
Initial Slump
1hr
2hr
3hr
650mm
630mm
580mm
550mm

2.3 MICRO FACTOR
The factors identified in these categories cannot be easily modified as it pertains to the cement
chemistry and its mineralogy. These factors are listed below:
1. Aggregate Chemical Innocuous & Mineralogy of Aggregate
2. Effect of C3A (Percentages and Morphology )
3. Gypsum dehydration
4. Comminution of Gypsum
5. Impact of Grinding system (VRM / Ball Mill / Roll Press Plus Ball Mill)
6. Effect of use of multiple Sources of Gypsum.
7. Effect of Alkalis (Soluble / Insoluble)
8. Impact of using Petcoke in Clinker
9. Impact of using different type of AFR (Hazardous / Non – Hazardous)
2.3.1

AGGREGATE CHEMICAL INNOCUOUS & MINERALOGY OF AGGREGATE

The use of supplementary cementatious materials is advantageous, what so ever be the percentage
of strain quartz and undulatory extinction angle. This will not only help in mitigating the ASR, but also
some more advantages like less heat of hydration in case massive structures, formation of more C-SH gel because of pozolanic activity, pore refinement , eco-friendly and in totality improves the
durability [M. Raja et.al]. A study revealed that glassy andesite is innocuous even in specific
environment where alkalis are supplied from environments such as deicing salt and sea water in case
of low initial alkali content.[Yuichiro Kawabata]. The aggregate resistances to fragmentation,
abrasion, and polishing are greatly affected by the nature, proportions, and individual properties of
minerals in the rock constituents, such as hardness, hardness contrast, tenacity, and cleavage. The
performance also depends, to a great extent, on textural characteristics such as porosity, size and
shape of mineral grains or rock fragments, and organization and cohesive forces between these
grains or fragments (grain interlocking, nature of cement, and degree of cementation), and on the
structural characteristics of the rock constituents which relate to preferential planes of weakness such
as stratification, bedding fissility, schistosity, gneissosity, folding, and shearing, and to the
discontinuities they contain, such as joints, fractures, fissures, veins, and stringers [Marc-André
Bérubé]

2.3.2

EFFECT OF C3A (PRECENTAGES AND MORPHOLOGY)

The early behavior of cement paste has specifically profound effect due to C 3A content or more
specifically the C3A to SO3 ratio. When this ratio is high or when C3A is high i.e. Sulphate availability is
low, superplasticized concretes experience high rates of slump loss. With moderate C 3A content
shows increased slump loss but when there is less C 3A, superpasticizer tend to get absorbed in high
amounts on C3S and C2S resulting in reduction in the rate of strength development [Robert, 1995].
Generally Lower Blaine’s fineness and lower C 3A content are preferred characteristics from the
rheological perspective.
Besides, the C3A content, the solubility of different form of calcium sulfates found in cement and of
alkalis in concrete also affect the compatibility. In addition, the morphology of C 3A is also an important
factor. It has been observed that C3A having predominantly cubic morphology is better from the point
of view of compatibility. All these factor indicate the importance of careful attention during the
selection process of cement.
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2.3.3

DEHYDRATION OF GYPSUM.

Gypsum in cements, ground to the same fineness in different mills, may be subjected to different
degrees of dehydration. During cement grinding in an industrial mill, gypsum is often dehydrated to
hemihydrates. Identification of hemihydrates formed because of dehydration of gypsum in the cement
grinding process is not always very certain even the temperature of Mill rather than the grinding time
is responsible for the formation of hemihydrates. The presence of hemihydrates in the cement
increases ettringite formation during early hydration, retards the setting times, and reduces the
strength of the cement. The fall in strength is particularly due to rehydration part of hemihydrates
presents in the cement.
The hemihydrates cement had a longer setting time than the cement with gypsum and the strength
development in the former was about 10% less than in the latter. On the other hand, anhydrite
cement showed shorter setting times and higher strength than the gypsum cement. Study of
hydration of the three cements showed that while hemihydrates, on hydration, rehydrated to gypsum,
anhydrite did not rehydrate. [Goswami et al.]
Setting and early strength depending on the type of sulfate, the fineness and the distribution on the
cement [Soroka, 1984]. For example the solubility of sulfate varies, depending on the temperature
between 0,18g/100cm 3 (dihydrate), 0.38 g/100cm 3 (anhydrite II) and 0.83-1.01 g/100 cm 3 (α-, ßhemihydrate). Substituting anhydrite II totally by other type of sulfate led to lower 2-days strength but
small additions of ß-hemihydrite in cements with higher slag contents led to a raise of the 2-days
strength.
2.3.4

EFFECT OF COMMINUATION OF GYPSUM.

Polymorphism of gypsum when gypsum ground to different fineness: It is conceivable that difference
in the degree of hydration leads to the difference in strength development of the two cements.
[Soroka et al] The presence of gypsum in cement affects its strength through its effect on the rate of
hydration and at a given SO3 content, a significant correlation exists between strength and degree of
hydration. Thus the fall in strength in industrial ball mill can be correlated with the retardation of
hydration caused by the formation of hemihydrates during grinding. Hence occurrence of gypsum in
different polymorphic form like gypsum Hemihydrate and Anhydrite in cement have different solubility
hence may be behaving differently in concrete.
Although variations on the effects of gypsum comminution on cement properties are generally
regarded to be due to the morphological changes in the calcium sulphate, [Kanare et.al (1984) and
Menetrier et.al (1980)] failed to find discrete particles of any form of calcium sulphate in commercial
cement and in an integrated mixture of gypsum and C 3S respectively. This suggests the possibility of
loss of crystallinity of calcium sulphate phase during comminution.
Gypsum retards the early hydration of cements of high moderately high C3A content and accelerates
the hydration of cements of low C3A content. Thus in the present cement containing little C 3A (2.5%)
gypsum accelerated the early hydration of laboratory ball mill while the presence of hemihydrates
retarded the hydration of industrial ball mill. [Goswami et al.]
A large number of tests were conducted for different cement composition having identical fineness but
made with gypsum ground to different fineness adopting both the process of intergrinding of clinker
and gypsum and separate grinding followed by intermixing of the two components. In all cases it was
found that setting times decreased with increase of XRD intensity of gypsum, without much change in
other properties of cement. Thus it is found that XRD intensity of gypsum can be used successfully to
control the comminution of gypsum in order to achieve desired setting times of the corresponding
cement.
2.3.5

IMPACT OF DIFFERENT GRINDING SYSTEM (VRM / BALL MILL / ROLL PRESS PLUS
BALL MILL)

Behavior of cement ground in different mills are different in both mortar and concrete. For cement
ground on tube mill, gypsum is dehydrated partially to hemihydrate and anhydrite. Shape of particle is
rounded, spherical and particle size distribution is wider and hence requires less water compared to
VRM ground product. In VRM, particle are fractured and gypsum is not intimately ground and there is
no dehydration of gypsum. There is more generation of finer particle which necessities higher water
demand and higher SO3 content to get the required setting time. Hence combination are preferred
both Roll press and finish grinding in Ball mill to get the benefit of both. More fines are generated in
VRM compared to tube mill, irrespective of type of classifier. The particle size distribution is wider in
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the tube mill than in the VRM for the sample having the same Blaine surface area. With the identical
chemical and mineralogical composition, Blaine fineness and SO 3 content, cement ground in tube mill
have longer setting time compared with cement ground in VRM. [Ahluwalia et al.] It is attributed to
significant difference in the degree of dehydration of gypsum to form gypsum hemihydrate and
anhydrite. [Berger et al] reported that longer setting time of cement in tube mill is due to greater
solubility of hemihydrate than that of gypsum. It has been supported by [Bensted et al] and [Locher
et. Al] that the greater ettringite formation in presence of hemihydrate increase the rate of gypsum is
the cause of longer setting time. The shape of particle in VRM is expected to be irregular with fractural
surface compared to smooth spherical particle produced in the tube mill grinding, thereby increase the
water demand in the cement sample ground in VRM.
2.3.6

EFFECT OF GYPSUM OF MULTIPLE SOURCES (CHEMICAL / MINERAL / PHOSPHO /
MARINE / SYNTHETIC / MOULD).

Due to sustainability and cost economics, different type of bi-product gypsums are used in the
manufacturing units like chemical, bi-product, phospho, marine, synthetic and mould gypsum in place
of mineral gypsum. Cement manufacturer are meeting specification due to vary wide limit and Min and
Max limit of each parameters mentioned in Indian Standard specification. But with this product are
coming out of the plant generally meeting all the parameters of the Indian Standard specification but
its compatibility with the different type of chemical and mineral admixture to the adjusted before
directly using for concrete application.[Mohapatra at al.]
Solubility of calcium sulfate present in different bi-product gypsum has variable solubility index which
shows distinct different behavior in concrete properties.
2.3.7

EFFECT OF ALKALIS (SOLUBLE ALKALIS)

In normal cement, water soluble alkali content is less than 50 percent of the total alkali and in case of
the abnormal cements it is always higher than 50 percent. This suggests that the proportion of the two
types of alkalis – water soluble and insoluble may be of quite importance in controlling the cement
properties. Increase of alkali contents in the top layers of the cement raw paste used for the testing of
setting time, is possible only due to migration of water soluble alkalis in the material. No direct
relationship is observed between the total alkali content and abnormalities of the cement samples.
The solubility of the calcium sulphate is important. While hemihydrate and synthetic anhydrite possess
greater solubility than gypsum, natural anhydrite is very slowly soluble. The presence of natural
anhydrite has always been found in systems presenting compatibility problems. The solubility of
sulphates would decrease in the presence of SPs with sulphonate functional groups, thus affecting
the normal setting process of the cement. In order to avoid such problems, cements usually contain
sufficient amounts of quickly soluble alkali sulphates. [Mohapatra at al.]
Higher alkali contents promote the solubility of sulphate ions and decreases the loss of fluidity with
SNF. However, there are also negative effects – in the presence of high amount of alkalis when using
an alkali sulphate rather than calcium sulphate, it is difficult for ettringite to crystallize so that rapid
stiffening is experienced.
Alkalis in the form of K2O increase reactivity of C3A whereas Na2O reduces the reactivity of C3A Also,
efflorescence problems are observed when naphthalene and melamine based superplasticizers are
used with cements having high alkali oxide content (Na2O + K2O > 0.75%).
2.3.8

IMPACT OF USING PETCOKE IN CLINKER

During clinkerization with the use of high sulphur petcoke as fuel, sulphur present in the fuel gets
incorporated in the clinker phases as various forms. The various minerals of interest are anhydrite
(CaSO4), aphthitalite (3 K2SO4. Na2SO4), arcanite (K2SO4), calcium langbeinite (K2SO4 2CaSO4) and
thenardite (Na2SO4). Overall sulphur content of the clinker increased in proportion with the amount of
sulphur in the fuel. Reactivity of clinker also depends on the nature of sulphate bearing phase. The
higher sulphur present in the clinker causes fine clinkerization, alite and belite grain size & changing
the reactivity. It may be absorbed with high alkali content raw meal but formation of excess Na 2SO4,
K2SO4 may help during pyro-processing but it will affect adversely to the cement quality. When
sulphur in petcoke is excess with low alkali content raw meal may cause serious problem in process
due to formation of hard and salty deposits of CaSO4. [Mohapatra at al.]
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2.3.9

EFFECT OF AFR IN CLINKER MINERALOGY.

Presently, due to shortage of natural fossil fuel coal, more emphasis has been given to use the
different type of alternate fuel both hazardous and non-hazardous.
Commonly used AFR as Agro waste, RDF, Plastic and polythene, tyre chips and carbon dust coming
under Non-Hazardous categories. Similarly paint sludge, ETP sludge, Ink sludge, Opimum marc and
all type of pharmaceutical waste are generally used under Hazardous waste and the thermal
substitution rate (TSR) is 10-15%. The use of this material changes the clinker mineralogy and
entrapping minor constituents like Chloride, Alkalis, P2O5, Mn, Fluoride. The cement produced out of
this clinker may also behave differently during its application in concrete. [Gautam at al.]
2.4 CONCLUSION
Few studies have been done to understand the physico-chemical-Mineralogical nature of interaction
between Cement, Mineral Admixture and Chemical Admixture. Thus, the results from these studies
are not broad-based. There is a distinct need for the characterization of cement and admixture
properties, in order to understand the nature of their interactions. Moreover, the clinker produced with
different type of alternate raw materials, alternated Fuel (Hazardous and Non-Hazardous) and
petcoke and cement with different type of gypsum and mineral admixture needs to be investigated
thoroughly with the different formulation of chemical admixtures to understand the rheological
properties of concrete.
In addition, simple methodologies are required to be able to identify systems prone to undesirable
effects due to such interactions and to further understand the fundamental nature of admixture
behaviour in cement-based systems. The understanding of these interactions should be both at the
applications scale (for example, studying flowability and retention of workability in pastes and
concretes), where some insight can be obtained into the physico-chemical-Mineralogical interactions
between cement and water reducer molecules with respect to chemical admixture.
Figure No: 5, shows the inter-relationship between physico-chemical-Mineralogy of cement, Mineral
and chemical admixture which should be studied in laboratory as prototype testing for better concrete
performance before application at customer sites.
Hence it is required that both the cement manufacturing units and chemical admixture companies to
work together for development of formulation of their chemical admixtures which will be compatible
with presently available cement in market to meet the specific requirement of customers in terms of
rheological properties of concrete.

C3 S
C2 S
Alkalis (Soluble /
Insoluble / Free Alkalis)
C3A (Monoclinic /
Rhombohedral / Cubic)
C4AF

Comminution of
Grinding

VRM / Ball / Roll
Press Plus Ball Mill

Clinker

Natural anhydrite
Anhydrite
Gypsum (Chemical /
Mineral / Phospho /
Marine / Synthetic /
Mould).
Hemihydrite
Gypsum

Superplasticizer
(LS / SNF / SMF /
PCE)

Mineral Admixture
(Slag / Flyash /
Alccofine, etc.)

Figure 5. Inter-relationship between physico-chemical-Mineralogy of cement, Mineral and
chemical admixture
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ABSTRACT
Supplementary cementitious materials SCMs, such as ground granulated blast furnace slag and fly
ash, are increasingly used both to improve the durability and to reduce the clinker factor of cement
compositions, representing an important issue of sustainability in construction. The main benefits for
using SCMs are 1) the pozzolanic reaction, which transforms Portlandite originated by Portland
cement hydration into insoluble and stable calcium silicate hydrates, and 2) the possibility to reduce
the dosage of cement to achieve the final target compressive strength. Nevertheless, because the
slow kinetic of the pozzolanic reaction, the early strength of cement compositions containing SCMs are
lower compared to the mixtures with the full dosage of cement. These aspects limit the possibility to
use larger amount of SMCs.
A new additive capable to overcome these limitations has been developed, consisting of an
inorganic/organic composite water suspension. The new additive combines the accelerating seeding
effect of calcium silicate hydrate phase with the capability to activate the supplementary cementitious
materials. By using the new additive it is possible to increase the amount of SCMs in cement
compositions beyond 30 per cent by mass of Portland cement, still having good early compressive
strength. In the present work, the characteristics, mechanism of action and performances of the new
additive are presented.
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1.

INTRODUCTION

According to the latest update, the global cement production in 2015 was more 4,600 million Tons
(Cembureau 2016). Considered that most of the cement is used to produce concrete, the global concrete
production can be estimated to be about 15,000 million cubic meters (19,500 cubic yards).
Concrete is used in such large amount because of its exceptional characteristics and properties: raw
materials (cement, sand, aggregates and water) are cheap and available worldwide. Concrete is
relatively simple to produce, it is a liquid at the fresh state and can be transported and poured in
formworks of different shape. After setting, concrete transforms into a strong and durable material, with
outstanding mechanical properties.
Thanks to these characteristics, concrete has become so popular that the cement production nowadays
contributes 5 per cent of annual anthropogenic global CO 2 production, which poses concrete as one of
the responsible for the climate change issue. Many initiatives have been taken to reduce the
environmental impact of concrete, beside from continuously optimizing the cement production by using
bio-fuels and alternative raw materials, as well as introducing modified low-energy clinker types and
cements with reduced clinker content. Among the new low-carbon technologies, High Volume Fly Ash
(HVFA) concrete technology seems very attractive and easy to be adopted worldwide (Malhotra & Metha
2008). This technology consists in producing concrete with minimum 50% coal fly ash by mass of
cementitious material (cm), a low water content in order to obtain values of water-to-cementitious
material in the range w/cm = 0.40 - 0.45 and a total cementitious material 300 to 400 kg/m 3 with portland
cement content usually below 200 kg/m 3. Nevertheless, despite the excellent long term performance of
such new low-carbon concrete, with 50 per cent replacement of portland cement with fly ash, the early
strength goes down dramatically and the quick demoulding of formworks to go on with the construction,
can be a problem, most at colder temperatures. Furthermore, due to the presence of high dosage of
supplementary cementitious material, also the resistance to carbonation of such concrete is reduced
(Lye et al. 2015). In the present paper, a new additive capable to overcome these problems is presented.
2.

MATERIALS AND METHODS

In this section, the characteristics of the different materials (the new additive, the cement, fly ash and
superplasticizer) used in the present work, are described.
2.1

The new additive

The new additive is a composite material obtained from the full hydration of a hydraulic binder with
excess of water and in the presence of organic carboxylic acids of different molecular weight. The
additive, in its final form, is a water slurry which allows an easy dosage to the concrete mixtures. The
chemical-physical characteristics of the new additive are reported in Table 1. The hydraulic binder which
was used for the production was a CEMI 52.5R portland cement according EN 197-1-2011 or Type III
according to ASTM C-150, whose composition is reported in Table 2.
Table 1. Chemical-physical characteristics of the new additive
Parameter

Unit

Value

Total solids

%

33 - 36

pH

Units of pH

11.9 – 13.0

Na2O equivalent

%

2-3

CaCO3

%

6 - 10

Organic matter

%

2-3

Mean average particle size

µm

15 - 20

The slurry is a stable suspension of round micron-sized particles dispersed in the water medium mixed
with thin acicular crystals, as shown in the environmental scanning electron microscope ESEM pictures
of Figure 1.
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(b)

(a)

Figure 1. ESEM image of the new additive dispersion at (a) medium and (b) high magnification.
Despite the abundant presence of Ca(OH)2 in the slurry, confirmed by TG/DTA and XRD analyses, no
typical hexagonal crystals of Portlandite can be recognized by the ESEM analysis, possibly indicating
that the Portlandite is encapsulated in the composite particles, in the form of very fine crystals. XRD
analysis confirmed the presence of Ettringite AFt and other AFm phases, including Monocarbonate-MC
and C4AH13, beside a broad band of amorphous C-S-H phase. The presence of C-S-H was also
confirmed by solid state 29Si NMR analysis. The acicular crystals, clearly visible in Figure 1 (b), consist
of a new metal-organic framework, whose detailed structure is still to be fully elucidated, in which low
molecular weight carboxylic acid molecules are linked to calcium and aluminium ions in a rhombohedral
crystal structure.
2.2

Cementitious materials

The same CEMI 52.5 R portland cement according EN 197-1:2011 or Type III according to ASTM C150 used as raw material for the production of the new additive was used as primary binder for the
application tests the new activating filler. Class F Fly Ash according to ASTM C618 and ground
granulated blast furnace slag GGBFS were used as other SCMs. The chemical composition of the
cementitious materials used is reported in Table 2.
Table 2. Composition of Portland cement, class F Fly ash and GGBFS used in the present
paper.
CEMI
52.5R
Portland
cement

Composition (% by weight)
C3S

C2S

C3A

C4AF

CaO

SO3

50.9

27.6

5.6

11.1

1.6

3.5

Composition (% by weight)
Class F
Fly Ash

MgO

Al2O3

SiO2

P2O5

CaO

K2O

TiO2

Fe2O3

0.39

29.02

58.26

0.18

2.86

2.78

1.53

7.94

Composition (% by weight)
GGBFS

MgO

Al2O3

SiO2

P2O5

CaO

K2O

TiO2

Fe2O3

8.40

13.60

35.1

0.04

40.3

0.38

0.46

1.8
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2.3

Mortar tests

Mortar tests, containing different amount of the new additive, from 0 to 15 per cent by weight of
cementitious material, were mixed according to UNI 7044 Italian norm, using normalized sand and a
sand-to-cement ratio s/c = 3 and a water-to-cementitious material ratio w/cm = 0.42. The w/cm was
calculated considering the amount of water introduced with the new activating filler (total solids 32.6%).
In a first series of tests, the new additive was evaluated in mortars with on CEMI 52.5R portland cement
and different rate of substitution of GGBSF: 0%, 50% and 80% of GGBSF by mass of portland cement.
The flow of the fresh mortars, measured by the flow table test (15 drops) was controlled in the range
200 to 250 mm spread by the addition of the proper amount of polycarboxylate superplasticizer
Dynamon SP1 by Mapei S.p.A., based on copolymer of methacrylic acid and methoxy-polyethylene
methacrylate. Increasing amount of superplasticizer were necessary by increasing the dosage of the
new additive. Compressive strength of mortars was measured on 40 x 40 x 160 mm prisms after 8, 24
hours and after 28 days of curing in the laboratory at 20 °C (68 ° F) and 98 per cent R.H. The composition
of the different mortars is reported in Table 3.
Table 3. Composition of mortars with different amount of GGBSF in replacement of Portland
cement and the new additive.

Ingredient

100 PTL – 0 GGBFS

50 PTL – 50 GGBFS

20 PTL – 80 GGBFS

Dosage (g)

CEMI 52.5R

450

450

450

225

225

225

90

90

90

GGBFS

0

0

0

225

225

225

360

360

360

Normalized
sand

1350

1350

1350

1350

1350

1350

1350

1350

1350

H2O

189

158

143

189

158

143

189

158

143

New additive

-

45

67.5

-

45

67.5

-

45

67.5

Dynamon SP1

1

2

2.5

1

2

2.5

1

2

2.5

In a second series of mortar tests, the cementitious material used for all the mortar mixtures was a blend
of 68 per cent CEMI 52.5R and 32 per cent Class F Fly ash by weight. Also in this case, the flow of the
fresh mortars, measured by the flow table test (15 drops) was controlled in the range 200 to 250 mm
spread by the addition of the proper amount of polycarboxylate superplasticizer Dynamon SP1 by Mapei
S.p.A., based on copolymer of methacrylic acid and methoxy-polyethylene methacrylate. Compressive
strength of mortars was measured on 40 x 40 x 160 mm prisms after 6, 8 and 10 hours at 20 °C (68 °
F) and 98 per cent R.H. and after 70 days of curing in the laboratory. The composition of the different
mortars is reported in the following Table 4.
Table 4. Composition of mortars with class F Fly ash and the new additive.

Ingredient

unit

CEMI 52.5R

Dosage of the new additive by mass of cementitious material
0%

5%

10%

15%

g

616

616

616

616

Class F Fly ash

g

284

284

284

284

Normalized sand

g

2700

2700

2700

2700

H2O

g

378

347.6

317.4

287

New additive

g

0

45

90

135

Dynamon SP1

g

5

7

7.6

8
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2.4

Isothermal calorimetry

Isothermal calorimetry tests were performed with MC-CAL/100P calorimeter produced by C3 Prozess
GmbH to evaluate the effects of the new additive on the development of the heat of hydration for
cementitious systems containing different proportions of GGBFS as supplementary cementitious
material. Tests were made on pastes, by mixing 100 grams of the selected cementitious mixture with
10 grams of the new additive (total solids 32.6%) and the proper amount of water to ensure the same
w/cm = 0.42 in all the samples. After 20 seconds of hand mixing in a controlled temperature environment
(22 °C), the samples were put in the calorimeter cell and measurements started. The different
compositions tested are reported in the next Table 5.
Table 5. Composition of the samples for the isothermal calorimetry tests.

Ingredient

100 PTL – 0 GGBFS

50 PTL – 50 GGBFS

20 PTL – 80 GGBFS

Dosage (g)

CEMI 52.5R

100

100

50

50

20

20

GGBFS

0

0

50

50

80

80

New additive 32.6% solids

-

10

-

10

-

10

H2O

42

35.3

42

35.3

42

35.3

2.5

Carbonation tests

Carbonation tests were performed on the same mortars compositions of Table 4, based on 68% of
Portland cement and 32% of class F Fly ash, according to the method described in EN 13295:2005.
This method is based on the measurement of the depth of carbonation of 40 x 40 x 160 mm mortar
prisms in a concentrated carbon dioxide atmosphere over the fixed interval of 56 days. Specimens of
the different mortar compositions of Table 3 were prepared and cured for 14 days in normal conditions
before exposition to an atmosphere containing 1% of CO2 at a temperature of 21 °C (69.8 ° F) and
relative humidity R.H. of 60 per cent for a period of 56 days. The carbonation depth was measured by
applying phenolphthalein indicator on a freshly broken surface of the specimens. Due to the different
pH of the external carbonated and internal non-carbonated parts of the freshly broken surface of the
specimens, phenolphthalein turns from dark pink (internal, high pH, non-carbonated parts) to uncoloured
(external, low pH, carbonated parts). The transition zone between the two colours indicates the depth
of carbonation of the mortar specimens, as shown in the example of Figure 2. All tests were made in
duplicate.

Figure 2. Carbonation of mortar specimens after spraying phenolphthalein solution (specimens
1, 2: after 56 days exposure in the laboratory, specimens 4 and 5: after 56 days exposure in 1 %
CO2 atmosphere).
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2.6

Concrete tests

Concrete mixtures with 50 per cent replacement of Class F Fly ash by mass of cement were prepared,
to evaluate the effect of the new additive on the properties of High Volume Fly Ash (HVFA) concrete.
Water-to-cementitious material ratio was set at w/cm = 0.44 by dosing the proper dosage of
polycarboxylate superplasticizer Dynamon SR3AV by Mapei S.p.A., based on a copolymer of
methacrylic acid and methoxy-polyethylene methacrylate. Portland cement was a CEMII A/LL 42.5R,
according EN 197-1:2011 and Fly ash were the same used for the mortar tests. The new additive was
dosed at 10 per cent by mass of cementitious material (concrete sample C2) and compared with a
reference concrete without the additive (concrete sample C1). A plain concrete mixture C0, with portland
cement only and the same nominal compressive strength class of 30-35 N/mm2 at 28 days, was
produced. This mixture was characterized by higher water-to-cementitious material ratio, w/cm = 0.56.
The composition of the different concrete is reported in Table 6.
Table 6. Composition of concretes.

3.

C1

C2

C0

Ingredient

unit

50% PTL-50% FA
0% new additive

50% PTL-50% FA
10% new additive

100% PTL
0% new additive

CEM II/A-LL 42.5R

Kg/m3

144

148

307

Class F Fly ash

Kg/m3

150

150

0

Gravel 10-20

Kg/m3

803

786

735

Gravel 0-8

Kg/m3

1034

1013

947

Sand 0-4

Kg/m3

204

200

188

Dynamon SR3AV

Kg/m3

4

4.8

1.9

Water (added)

Kg/m3

129

109

172

New additive

Kg/m3

0

30

0

RESULTS AND DISCUSSION

The results of compressive strength tests of mortars with different amount of GGBFS (from 0 to 80 per
cent replacement of Portland cement) and different dosages of the new additive (from 0 to 15 per cent
by mass of cementitious materials) are shown in Table 7.
Table 7. Compressive strength of mortars with different fractions of GGBFS.

Binder system

100 PTL

50/50 PTL/GGBFS

20/80 PTL/GGBFS

Dosage of new additive (% bmcm)

Compressive strength (MPa)
8 hours

24 hours

28 days

0

5.3

29.1

50.1

10

16.5

31.0

56.1

15

18.1

32.3

52.2

0

1.1

12.8

39.9

10

4.2

14.5

44.7

15

5.0

16.1

53.2

0

0

3.2

34.6

10

0.7

4.7

36.1

15

0.8

5.1

40.3
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From the results of Table 7, it is quite evident the strong accelerating effect of the new additive at the
early ages (before 24 hours of curing). This effect is most evident for the mortars with 100% portland
cement and progressively decreases by reducing the fraction of portland cement in the binding system,
indicating that the new additive works initially on the clinker fraction, accelerating the hydration of the
silicate phases of portland cement. This statement is confirmed by the isothermal calorimetry results of
Figure 3 which show that, in this initial period, the new additive produces the reduction of the induction
period of the silicate phases hydration.

HEAT FLOW (mW/g)

6
5
4
3
2
1
0
-

2

4

6

8

10

12

14

16

18

20

22

24

TIME (hours)
100% PTL
50/50 PTL/GGBFS
20/80 PTL/GGBFS

100% PTL - 10% NEW ADDITIVE
50/50 PTL/GGBFS - 10% NEW ADDITIVE
20/80 PTL/GGBFS - 10% NEW ADDITIVE

Figure 3. Isothermal calorimetry of cementitious pastes with different composition, with 10 per
cent by mass of binders of the new additive (red lines) and without the new additive (blue
lines).
Considered that the new additive mainly consists of hydrated cement and contains micron and submicron sized C-S-H particles, the accelerating effect could be ascribed to the homogeneous nucleation
of C-S-H particles by a seeding mechanism similar to that already described in the literature (Thomas
et al 2009). Another interesting characteristic of the new additive is that, beside accelerating the early
strength development, its addition also increased the compressive strength at 28 days, particularly for
binding systems containing SCMs. In fact, results of Table 7 indicated that the mortar containing 50 per
cent GGBFS and 15 per cent of the new additive by weight of cement, showed higher compressive
strength at 28 days compared with the mortar with 100 per cent portland cement without the new
additive. The same improvement after 28 days was shown by the mortar containing 80 per cent GGBFS
and 15 per cent of the new additive, compared with the mortar with 50 per cent GGBFS and without the
new additive. This effect cannot be ascribed just to a “filler” effect and could be related to the capacity
of the new additive to activate the pozzolanic reaction of slag at shorter times. One hypothesis for such
unexpected results is that the presence of Portlandite in the new additive and its alkalinity could
contribute to promote the pozzolanic reaction of the mortars containing the slag already at 28 days, a
shorter time compared to the commonly referred 60 and 90 days (Kowalchuk et al. 2008).
The accelerating effect at early ages was also verified on the mortars containing class F fly ash as
supplementary cementitious materials. The results of the compressive strength (6, 8 and 10 hours and
70 days) of mortar compositions of Table 4 are shown in the following Table 8.
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Table 8. Compressive strength of mortars with 32 per cent class F fly ash and 68 per cent of
portland cement as binding composition.

Binder system

Compressive strength (MPa)

Dosage of new additive
(% bmcm)

6 hours

8 hours

10 hours

70 days

0

0.0

0.0

1.1

48.8

5

0.0

0.9

2.3

46.0

10

0.6

1.4

4.9

49.3

15

1.1

2.8

7.2

47.2

68/32 PTL/class F
FA

Results of Table 8 confirmed the strong accelerating effect of the new additive also when fly ash were
used as supplementary cementitious material. Compressive strength after 70 days were the same for
all the mortars, indicating that after that time also the mortar without the new additive fully developed
the pozzolanic reaction.
The results of compressive strength of concretes of Table 6, where 50 per cent of portland cement was
replaced by fly ash, without (C1) and with 10 per cent of the new filler bmcm (C2), are reported in Table
9, together with reference concrete C0, mixed using only portland cement, without any fly ash and filler.
The design of reference concrete C0 was modified in order to obtain the same class of compressive
strength of 30-35 N/mm2 after 28 days of curing as C1 and C2. Compressive strength of concrete
mixtures was measured after 1, 28 and 60 days of curing in plastic prismatic moulds 15 x 15 x 15 cm
(5.9 x 5.9 x 5.9 in) in normal conditions at 20 °C (68 °F), > 95 per cent R.H. and after 1 day at 10 °C (14
°F). Workability of the fresh concrete was measured by slump test just after mixing and then after 30
and 60 minutes.
Table 9. Compressive strength and workability of concretes made with (C2) and without
the new additive (C1), in comparison with reference concrete with 100 per cent
portland cement (C0).
Slump (mm)
Concrete
C0 (100% PTL cement,
no additive)
C1 (no additive)
C2 (10% new additive)

w/cm

Compressive strength (MPa)

7 min

30 min

60 min

0.56

190

105

0.44

200

0.44

190

20 °C

10 °C

24h

28d

60d

24h

<50

13.0

31.5

33.9

5.2

180

180

4.8

24.4

30.6

1.1

190

100

8.5

32.2

35.9

3.5

The slump retention of both concretes containing the fly ash (C1 and C2) was better than the reference
concrete (C0), based on portland cement, despite the lower w/cm. These results confirmed the good
effect of fly ash on the workability of concrete (Ravina and Metha, 1986) and indicated that the addition
of the new additive caused a reduction of the retention of slump after 60 minutes from mixing. The
development of compressive strength of concrete is shown in Fig. 4. This figure indicates that
compressive strength at 1 day was highest for concrete C0, based on 100% portland cement (13.9
N/mm2, 2016 psi), whilst concrete C1, with 50% of portland cement replaced by fly ash, showed the
minimum compressive strength (34% of reference C0). The addition of 10 per cent bmcm of the new
additive to concrete C2 with 50% fly ash replacement, considerably increased the compressive strength
at 1 day, compared to concrete C1 (61% of reference C0). Such remarkable improvement, caused by
the addition of the new filler, ensures sufficient compressive strength to allow the safe demoulding of
the formworks after 1 day, which wouldn’t have been possible for concrete C1, with 50% fly ash and no
filler addition. Concrete C0, based on 100% portland cement, reached the target compressive strength
after 28 days of curing (31.5 MPa) and showed a further minor gain after 60 days (33.9 MPa). On the
other hand, concrete C1, with 50% of portland cement replaced by fly ash and no addition, showed
lower compressive strength after 28 days (24.4 MPa) and reached the target strength only after 60 days
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COMPRESSIVE STRENGTH (MPa)

(30.6 MPa), exhibiting the typical effect of the pozzolanic reaction which develops calcium silicate
hydrate phases after longer times compared to clinker phases.
40
35
30
25
20
15
10
5
0
1

28

60

TIME OF CURING (days)
C0 100% PTL

C1 0% NEW ADDITIVE

C2 10% NEW ADDITIVE

Figure 4. Compressive strength development of concrete without (C1) and with (C2) the
activating filler, in comparison with concrete only with portland cement.
The addition of 10 per cent bmcm of the new additive to concrete C2, strongly improved the development
of compressive strength at 28 days, giving similar or even higher strength compared to concrete C0
(32.2 MPa) and showed a further improvement at 60 days (35.9 MPa). The results of these concrete
tests confirmed that the new additive activated the pozzolanic reaction of fly ash, as already shown for
GGBFS. The achievement of the target strength for the 50 per cent fly ash concrete C2 at 28 days is
quite relevant from the technical point of view because the exposure class of concrete according to
European norm EN 206-1 are referred to compressive strength values at 28 days.
The impacts of the different concretes of Table 6 are shown in Table 10. They were calculated by the
Life Cycle Assessment LCA methodology, which considers the production, use and disposal phases of
a product. Environmental impacts are evaluated throughout, also including the upstream and
downstream processes associated with the production (e.g. production of raw, auxiliary and operating
materials) and with the disposal (e.g. waste treatment). Environmental impacts refer to all relevant
extractions from the environment (e.g. ores and crude oil), as well as emissions into the same (e.g.
wastes and carbon dioxide) and were calculated on the basis of Ecoinvent database by GaBi software.
Table 10. Impacts of concrete C2 and C1 (50% Fly ash, with and without the new additive,
respectively) compared with C0 equivalent 28 days strength concrete with 100% portland
cement.
C0 Reference
100% CEM II/A-LL 42.5R

C1 (no additive)

C2 (10% new
additive)

GWP100 (kg CO2 eq.)

2,13E+02

1,39E+02

1,52E+02

ADP elements (kg Sb eq.)

4,25E-04

2,04E-04

2,44E-04

ADP fossil (MJ)

6,63E+02

7,52E+02

8,72E+02

AP (kg SO2 eq.)

2,93E-01

2,10E-01

2,33E-01

POCP (kg Ethene eq.)

3,38E-02

1,84E-02

2,08E-02

Relative economic incidence vs
C0 reference (%)

100

88

110
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GWP100 (Global Warming Potential) is the most important impact parameter. It addresses the effect of
increasing the temperature in the lower atmosphere of the globe and is quantified for all the substances
having the same effect of CO2 in reflecting the heat radiation and it is based on modelling the time
horizon of 100 years. The results of Table 10 indicates that concrete C0, based on 100% portland
cement had the highest GWP100, while concretes C1, with 50% of fly ash, was 35% lower, and concrete
C2, with 50% of fly ash and 10% of the new filler, showed a GWP 100 28% lower than C0. All the other
impact parameters, Abiotic Depletion Potential for generic materials (ADP elements), Acidification
Potential (AP), Photochemical Ozone Creation Potential (POCP) behaved similarly to GWP100,
indicating a definite advantage from the environmental point of view for High Volume Fly Ash concrete
to 100% clinker concrete. The only exception of Abiotic Depletion Potential for fossil fuels (ADP fossil),
which was higher for concrete containing fly ash, can be explained considering that fly ash is the byproduct of burning coal, which directly influences this parameter. The economic impact of concrete C2
is only 10 per cent higher compared with the cost of reference concrete C0, but its quality is much better,
for both the lower w/cm and the densification due to the presence of fly ash in concrete C2, both factors
which are expected to improve greatly the durability.
Finally, the behaviour of the different mortars of Table 4 to carbonation, according EN 13295 method, is
shown in Fig. 5. This figure clearly shows that the new additive has a beneficial effect on the rate of
carbonation of cementitious materials. In fact, the addition of 5 per cent of the new additive bmcm to the
mortar mixture (M2) reduced the depth of carbonation by 9.1 per cent compared to the penetration of
the reference mortar (M1). When the dosage of the new additive was increased to 10 and 15 per cent
bmcm, the reduction of the depth of carbonation was 18 and 27 per cent, respectively, indicating an
almost linear dependence on the dosage of the new additive. These results are very important
considering that one of the most important drawbacks of using high volume of SCMs in the production
of low impact concrete is the reduced resistance to carbonation, mainly due to the reduction of the
alkalinity of the cementitious microstructure caused by the pozzolanic reaction of SCMs.

REDUCTION OF CO2 PENETRATION
VS REFERENCE M1, WITHOIUT EW
ADDITIVE(%)

30
25
20
15
10
5
0
M2 5%
M3 10%
M4 15%
NEW ADDITIVE DOSAGE (bmcm)
Figure 5. Reduction of carbonation depth of mortars as a function of the dosage of the
new filler.
4.

CONCLUSIONS

The main characteristics of a new additive, based on hydrated cement phases, were described in the
present work. The new additive is highly effective to eliminate the main drawbacks associated with the
large use of fly ash and other supplementary cementitious materials in concrete. The new additive has
the following beneficial effects:

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.
2.
3.
4.

Acceleration of the early strength development at 1 day or shorter curing time;
Acceleration of the pozzolanic reaction at shorter time, with consequent high compressive
strength at 28 days;
Reduction of the carbonation rate of cementitious mixtures containing fly ash;
Lower environmental impact compared to equivalent class of concrete, produced with
only portland cement.

The new additive can give great impulse to the use of larger volume of fly ash for the production of
sustainable concretes.

5.
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ABSTRACT
Nowadays, the main waste produced at the ready-mixed concrete plants is represented by returned
concrete, the residual amount of fresh concrete not placed at the jobsite and returned to the production
plant by the truck mixer. A new sustainable technology, based on additive consisting of superabsorbent
polymers and ettringite forming compounds has been developed, to transform returned concrete into
aggregates, which can be used to produce new concrete. The reclaimed aggregates consist of a sizegraded material, mostly formed by a core of coarse original aggregates covered by a composite layer
of sand and hydrated cement.
In this paper, the effects of the addition of such reclaimed aggregates in concrete have been
investigated. Two different types of aggregates were produced, from original low strength and high
strength returned concrete, respectively. 30% by weight of natural aggregates were replaced by
reclaimed aggregates to produce three concretes characterized by different compressive strength
class. The physical, micro-structural, micro-chemical and micro-elastic properties of the materials have
been characterized by a combination of uniaxial compression tests, absorption tests, scanning electron
microscopy analyses and micro-indentation tests.
Results indicate that the nominal strength class of the concrete were not affected by the reclaimed
aggregates, compared to equivalent concrete produced with natural aggregates. Furthermore, the
water permeability was always significantly lower compared to the reference concrete. Such
improvement can be explained by the microstructural refinement of the interfacial transition zones (ITZ)
between the reclaimed aggregates and the cement matrices.
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1.

INTRODUCTION

With an estimated production of 30 billion tonnes per year, concrete is the most used construction
material in the world. Its consumption is over twice the total consumption of all other building materials
including wood, steel, plastic and aluminium (WBCSD 2009). Versatility, strength, durability, thermal
properties, affordability and abundance of raw materials are the main reasons for its success and
represent, at the same time, positive perspectives of sustainability. However, concrete production has
several negative impacts on the environment, such as CO 2 emissions and the use of non-renewable
natural resources, like natural stone and water, beside the production of waste.
One of the most abundant waste in ready-mixed plants is returned concrete, the unset concrete that
comes back to the plant in the concrete truck as excess material. This can be the small amount of
concrete leftover at the bottom of the drum, or more significant quantities not used by the costumer at
the construction site. Returned concrete at ready-mixed plant is about 5% of the overall production in
the U.S. (Obla et al. 2007) and 2% in Japan (Sato et al. 2013). In Europe official data are not available,
but a rate of 3% is considered a reasonable estimate in Western Europe. No information is presently
available for China and developing countries. In the conservative hypothesis of an average rate of
returned concrete of 3%, it can be estimated that about 750 million tons are globally generated every
year, confirming that returned concrete represents a heavy burden for the ready-mixed concrete
industry, beside a great waste of resources. Current methods of disposing or processing returned
concrete include:





discharging returned concrete at a location in the ready-mixed plant. The hardened
discharged concrete is then removed and stored before dumping. Alternatively, it can be
crushed for reuse as base for pavements or fill for other construction;
site paving at the ready-mixed production plant and production of concrete elements, such
as blocks for breakwaters and counterweights. This possibility is limited by several factors,
including the limited area in the plant that can be paved and the local market conditions and
opportunities for the elements production;
reclamation systems to reuse or dispose the separated ingredients, including the process
water with hydration stabilizing admixtures, as needed. The fines and cement materials are
washed out of the mix and held as a slurry in suspension tanks. Sand and aggregates are
also extracted and stockpiled. The recovered sand and aggregates, together with the slurry
water, can be used in the manufacture of new concrete. Nevertheless, this method is
generally limited to large volume plants in metropolitan areas and require significant capital
investments, followed by careful attention to proper practice. Furthermore, the water slurry
must be periodically treated to separate the sludge, which is a dangerous waste.

So far, working complexity and capital investments of the current most advanced methods of processing
returned concrete, have limited the possibility of achieving high level of recycling and in most countries
land filling remains the most used option. In the present paper, a new technology to treat returned
concrete and transform it in artificial aggregates is presented. Furthermore, the aim of this investigation
is to study the characteristics of concrete produced with these artificial aggregates.
2.

DESCRIPTION OF THE NEW TECHNOLOGY

Recently, a new technology to transforms returned concrete into a granular material that can be fully
reused as aggregates for new concrete, has been developed (Ferrari et al. 2014). The new technology
permits the full recycling of returned concrete in a very short time, without waste production, and the
preservation of natural resources. Furthermore, the new technology is very easy to apply and it is not
based on toxic substances. Finally, it permits economic benefits through the saving of aggregates and
the cut of the costs for waste disposal.
The method is based on a two-component powder additive (Part A and B) which are added in sequence
into the drum of the truck mixer containing returned concrete. Part A consists of a high molecular weight
polymer, dosed in the range 0.4 to 0.6 kg/m 3 of returned concrete, whose function is to physically absorb
the free water. Most of the free mixing water is immobilized by the polymer and, after few minutes of
mixing (2-4 mins), returned concrete is transformed into a granular material consisting of a core formed
by the original aggregates covered by a composite material made by cement paste, sand and the
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polymer, as shown in Figure 1. Part B is an aluminium fast setting compound forming ettringite, dosed
in the range from 1 to 2 kg/m3 of returned concrete. The quick formation of ettringite crystals further
consumes free water and consolidates, through a sort of “chemical sintering”, the fresh granular
material, giving enough strength to be further processed. Also the mixing time of Part B is very short,
from 2 to 4 minutes. Both Part A and Part B are packed in water soluble plastic bags, which are easily
added through the mouth of the drum and safe to handle.

Figure 1. Section of the granular material after the treatment with the new technology
The new method consists of 4 steps:





3.

Step 1 – Addition of the first component into the drum of the truck mixer containing returned
concrete and mixing at full speed for 2-3 minutes;
Step 2 – Addition of the second component into the drum of the truck mixer containing
returned concrete and mixing at medium speed for additional 2-3 minutes;
Step 3 – Discharge the granular material to the ground and store in a stack, avoiding
accumulation in tall piles to prevent excessive pressure over the bottom layers;
Step 4 – Curing. The bulk granular material needs to be cured like any concrete material.
The only precaution in this step is to handle the piles with a loader once or twice within the
first 24 hours, in order to break the weak bonds of hydrated cement paste among the grains
and to separate each other. Once the granular materials have been properly moved, there
is no further risk of agglomeration and it can be stored as a normal aggregate.

CHARACTERISTICS OF THE RECYCLED AGGREGATES

The aggregates obtained with the new technology consists of a graded material with size distribution
similar to that of the original aggregates (gravel and sand fractions) of returned concrete, as shown in
Figure 2.
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Figure 2. Typical size distribution of the aggregates from the new process (solid line) and the
original ones (dotted line)
The lower amount of fine particles characterizing the recycled aggregates compared to the original size
distribution is due to the agglomerating effect of the finer sand fractions around the coarse aggregates
caused by the polymer. The composite layer of mortar that surrounds the core of the grains of the new
aggregates influences their physical/chemical characteristics. The recycled aggregates produced with
the new technology consists of about 80% of the natural aggregates originally present in the returned
concrete (gravel and sand) and about 20% hydrated cement paste.
For this reason, the density of the new aggregates is lower than the density of the original ones and
decreases with smaller size. For the same reason, water absorption is higher and increases with
decreasing the size of new aggregates. In the matter of the chemical characteristics of the new
aggregates, both sulphates and chlorides comply with the limits of European Technical Standard for
recycled aggregates, whose limits are 0.8 and 0.04 per cent by mass, respectively (EN 12620). Typical
value of the physical and chemical characteristics of the recycled aggregates produced with the new
technology are shown in Table 1, in comparison with those of the original aggregates.
Table 1. Characteristics of the new aggregates
Test

u.m.

Size of the new aggregates from
returned concrete

Original virgin
aggregate

< 4 mm

> 4 mm

> 4 mm

Mass volume

Kg/m3

2350

2450

> 2600

Water absorption

%

9.7

5.3

<1

Soluble sulphates

%

0.38

0.44

< 0.05

Soluble chlorides

%

0.011

0.021

< 0.01

Organic
substances

-

clearer vs ref.soln

clearer vs ref.soln

clearer vs ref.soln

4.

MATERIALS AND METHODS

In order to assess the physical properties and the chemical and microstructural characteristics of
concrete containing aggregates produced with the new technology, concrete mixtures of nominal
strength class C15/20, C30/35 and C60/70 were produced in the laboratory, according to the European
Technical Standard, describing specification, performance and production of concrete (EN 206).
Concretes were produced by replacing 30 % by weight of the coarse fraction of natural aggregates with
equivalent amount of recycled aggregates previously produced from returned concrete of class C30/35
and C60/70 (aggregate M and H, respectively). Equivalent concrete mixtures with natural aggregates
(N) were produced as reference. The complete mix design and the characteristics of fresh mixtures of
all the investigated concrete mixtures are shown in Table 2.
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Table 2. Composition and characteristics of fresh concretes made with the new aggregates (M,
H) and reference concretes made only with natural aggregates (N)
Concrete mixture

Component/
Parameter
Aggregate

C15/20
N

M

C30/35
H

N

M

C60/70
H

N

M

Cement IIA-LL 42.5R, kg/m3

250

300

480

W/C

0.70

0.58

0.36

0.8

0.8

0.8

153

150

137

Natural sand 0/8 mm, kg/m3

956

935

855

Natural aggregates 10/20
mm, kg/m3

322

315

288

Superplasticizer (% bmc*)
Natural sand S1,

kg/m 3

H

Natural aggregates 20/30
mm, kg/m3

498

345

345

487

337

337

446

308

308

Recycled aggregates M from
C 30/35 concrete, kg/m3

-

139

-

-

136

-

-

124

-

Recycled aggregates H from
C 60/70 concrete, kg/m3

-

-

139

-

-

136

-

-

124

Air content, %

1.8

1.7

1.2

2.0

1.8

1.2

1.9

1.4

1.4

Density of fresh concrete,
kg/m3

2357

2362

2393

2353

2354

2381

2338

2374

2381

Slump, cm

22

23

24

22

23

24

22

23

24

*bmc:

by mass of cement

The cement used was a limestone blended Portland cement, with 10 per cent Limestone as filler. The
superplasticizer used was a polycarboxylate PCE, based on a copolymer of methoxypolyethyleneglycol-methacrylate and methacrylic acid.
Compressive strength of concrete mixtures produced with the new aggregates and the reference
concretes with natural aggregates was measured after 1, 7 and 28 days of curing in plastic moulds in
normal conditions (20 °C and >95 % r.h.) on 150x150x150 mm cubic specimens, according to the
European standard UNI EN 12390/3. Furthermore, water permeability measurements were
accomplished according EN-12390-8 test method on 150x150x150 mm concrete cubes cured for 28
days.
The microstructural and microchemical characteristics of the concretes prepared with both natural and
recycled aggregates were assessed by means of scanning electron microscopy and energy dispersive
X-ray microanalysis (SEM-EDS). Representative concrete portions were stabilized by embedding in
epoxy resin and cross-cuts were polished and carbon-coated. A CamScan MX2500 SEM was used for
analyses, equipped with a LaB6 cathode, a four quadrant solid state BSE detector for imaging and a
EDAX-EDS energy dispersive X-rays fluorescence spectrometer for microanalysis.
As for the concretes prepared with recycled aggregates, a quantitative study of the percentage of
capillary porosity on the total volume of cement matrices was performed by means of 2D image analysis
on SEM micrographs. A series of 10 BSE images of the cement matrices of both concrete and recycled
aggregates were acquired for each sample, brightness and contrast values of the BSE detector were
maintained strictly controlled at standard values during the acquisition of all the images, in order to
obtain fully comparable images. The procedure of segmentation of the BSE images consisted on a
preliminary enhancement of the images through ImageJ software by optimization of their
brightness/contrast values, followed by a simple imposition of a threshold value to grayscale images, to
segment the pore network from the hardened paste (Secco 2012).
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Finally, a micromechanical characterization of the cement pastes of three reference concrete samples
with recycled aggregates (C15/20M, C30/35M, C60/70H) was performed through micro-indentation
tests. Vickers hardness (Smith & Sandland 1922) profiles were executed on each specimen, with an
appropriate diamond micro-tip, moving from the interfacial transition zone (Scrivener et al. 2004) of a
natural coarse aggregate to the internal interfacial transition zone of a recycled aggregate, monitoring
of the variability of the elastic responses along the defined path. Test were performed with a Galileo
Microscan OM microdurometer, applying a load of 40 gr. The Vickers Hardness Numbers (HV) were
determined by measuring the size of the indent through confocal laser scanning microscopy (CLSM),
using an Olympus LEXT OLS4100 laser scanning digital microscope, and the hardness values were
subsequently converted in GPa through the according formula (Smith & Sandland 1922).
5.
5.1

RESULTS
Compressive strength and permeability tests

The compressive strength tests (Table 3) indicated that, for low strength class concrete (C 15/20), the
partial replacement of natural aggregates with both M and H recycled aggregates did not affect
compressive strength. In fact, an increase in compressive strength was observed, at any ages, for
concrete mixtures containing both M and H recycled aggregates, compared to reference concrete with
natural aggregates. On the other hand, for both medium strength (C 30/35) and high strength (C 60/70)
class concrete mixtures, equivalent or better compressive strength compared with reference concrete
was observed for concrete with H aggregates, while concrete mixtures with M recycled aggregates
showed a moderate reduction of final compressive strength at 28 days when used to produce high class
strength concrete (C 60/70).
Furthermore, the test results (Table 3) clearly indicate that water permeability decreases by replacing
the natural aggregates with the recycled aggregates produced by the new method. These results seem
to indicate a beneficial effect of recycled aggregates on the durability of concrete, because the reduction
in the permeability also reduces the penetration of other aggressive agents (chlorides, sulphates) into
the concrete structure.
Table 3. Compressive strength and water permeability of concrete mixtures made with the new
aggregates (M, H) compared with similar concretes with natural aggregates (N)
Class of
concrete

C 15/20

C 30/35

C 60/70

5.2

Aggregate

Compressive strength, MPa

Water penetration, mm

24 hours

7 days

28 days

N

7.2

21.8

26.6

107.5

M

7.5

23.5

29.1

71.5

H

8.0

23.3

28.5

87

N

10.7

29.5

36.9

75.5

M

9.6

27.9

32.9

71.5

H

10.5

31.3

37.5

47.5

N

27.9

54.1

62.8

20

M

28.2

51.0

53.6

11.5

H

28.6

57.2

65.3

17.5

Microstructural and micromechanical analyses

Microstructural investigations highlighted marked differences in the size and features of the ITZ of
concretes made only with natural aggregates and those prepared with the partial replacement of the
new aggregates. The reference concretes are characterized by a relevant development of voids at the
interface with the coarse aggregate, as indicated even at the macroscopic level on the low strength
concrete sample, by the green dots of resins (Figure 3a). By electron microscope observations (Figures
3b, c), several microstructural features typical of wall effect and internal micro-bleeding phenomena,
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responsible for the ITZ development (Maso 1996, Alexander et al. 1999, Scrivener et al. 2004, Poon et
al. 2004), are quite evident. More in detail, a clear enrichment in capillary porosity over a volume of the
cement matrix surrounding the aggregate, with a thickness generally in the range from 30 to 70 μm, can
be recognized, leading in some cases to continuous detachments between the aggregate particles and
the hardened cement paste. The ITZ domains are also evident from EDAX-EDS analysis, indicating a
calcium-rich phase in contact with the aggregate particles (Figure 3d). This evidence indicates the
preferential precipitation of large portlandite crystals due to a preferential accumulation of water in such
regions and consequent nucleation and growth of calcium hydroxide from calcium saturated solutions
(Scrivener et al. 2004, Ferrari et al. 2012). The ITZ volume is progressively reduced in the medium and
high strength concrete mixtures thanks to the lower W/C of the mixtures, which reduces the occurrence
of internal micro-bleeding phenomena.

Figure 3. Microstructural and microchemical analyses of reference concrete (C15/20N sample).
a) macroscopic view of a polished section portion; b) backscattered electron image (BEI) of the
area highlighted in a); c) BEI of the area highlighted in b); d) variation of the Ca/Si ratio along
the line highlighted in c)
Concretes produced with the new aggregates are characterized by the presence of two distinct
interfacial portions, a double interfaces, the first between the nucleus of the original aggregates and the
composite cementitious shell of the newly formed aggregate (internal interface) and the second between
the new aggregate itself and the new concrete matrix (external interface).
Surprisingly, even low strength concrete samples prepared with the new medium strength aggregates
(M) did not show any evidence of interfacial porosity at the interfaces (Figure 4a). The microstructural
analysis of the internal interface showed the occurrence of a dense and strongly interconnected cement
matrix, similar to the bulk paste of the new aggregate, without evidence of increased capillary porosity
and detachments (Figure 4b). Similar characteristics can be observed also at the external interface
(Figure 4c). The homogeneity between the two cement matrices is confirmed by profile chemical
microanalyses (Figure 4d), indicating stable Ca/Si ratios, without any accumulation of Portlandite at the
ITZ.
These results can be ascribed to the peculiar features of the cement matrix of the new aggregates
produced by the new technology: a) reduced capillary porosity, typical of concretes of higher strength
compared to that of the original concrete and b) the presence of higher amount of unreacted clinker
particles. These characteristics are related to the process of production of the new aggregates: the
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addition of the two additives causes both a strong reduction of the water to cement ratio (promoted by
the SAP polymer) and a filler/densification effect (promoted by the aluminium compound), with
consequent development of denser hardened cement matrices. Such densification is further enhanced
by the physical compaction promoted by the process of grains formation inside the truck mixer. At the
same time, the reduction of W/C favours the increase of residual clinker particles inside the cement
matrix, conferring a delayed reactivity to the new aggregates and potential "self healing" properties,
when reused to produce new concrete. All these features have positive consequences on the
characteristics of the interfacial zones. The internal ITZ is drastically reduced, due to both the physical
action of the agglomeration process and the improved characteristics of the new aggregates matrix,
typical of high performance concretes (e.g. low internal micro-bleeding). As for the external interface,
the absence of ITZ is the result of the capacity of the new aggregates to absorb the water normally
accumulated at the interface caused by micro-bleeding and wall effects and to develop, at the same
time, a dense network of additional hydrated phases due to the presence of residual reactive clinker
particles. Such capacity of refining the ITZ of concrete promoted by the new aggregates may
compensate their intrinsic lower mechanical properties, compared with the original aggregates, and give
adequate mechanical and durability properties to concretes.

Figure 4. Microstructural and microchemical analyses of concrete produced with the new M
aggregates(C15/20M sample). a) macroscopic view of a polished section portion (external
interface highlighted by the dashed blue line); b) BEI of the area highlighted in a),
corresponding to the internal interface; c) BEI of the area highlighted in a), corresponding to
the external interface; d) variation of the Ca/Si ratio along the line highlighted in c), external
interface.
Such hypotheses are confirmed by the values of the capillary porosity of the different portions of the
different specimens, as determined by 2D image analysis described in the previous section. The mean
capillary porosity of the cementitious phases of concrete specimens with different nominal strength,
produced with both M and H type aggregates, are reported in the second column of Table 4, while the
capillary porosity of the cementitious external layers of aggregates M and H, which have been used to
produce the different concretes, are reported in the third column. From these results, it is possible to
observe that the capillary porosity of cement paste in the low strength concrete mixture (C15/20) is more
than double than the porosity of cement paste in medium aggregate (M). This difference is progressively
reduced for the higher nominal strength concrete mixtures (C 30/35 and C 60/70), due to the reduction
of W/C. Furthermore, the capillary porosity of the cementitious external layers of aggregates M and H,
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produced from a C30/35 and C60/70 returned concrete, respectively, are always lower compared with
the capillary porosity of the cementitious phases of the concretes with the same nominal strength.

Table 4. Capillary porosity of the total cement paste volume for each sample, referred as both
the new cementitous matrix (second column) and the matrix of the external layer of the new
aggregates (third column). (95 % confidence interval indicated for each value)

Sample

Concrete paste capillary porosity
(% vol.)

Aggregate paste capillary porosity
(% vol.)

C15/20M

6.9 ± 0.5

2.9 ± 0.3

C30/35M

4.6 ± 0.3

2.9 ± 0.4

C60/70M

2.4± 0.2

3.0 ± 0.4

C15/20H

6.7 ± 0.4

1.7 ± 0.2

C30/35H

3.9 ± 0.2

1.8 ± 0.3

C60/70H

2.3 ± 0.3

1.8 ± 0.3

The micro-indentation tests (Figure 5) highlighted a strong correspondence between the refinement of
the capillary porosity in the various portions of the cement matrices and the improvement of the local
elastic responses. As expected, all the samples tested were characterized by significantly lower
indentation hardness values in the ITZ portions of the natural aggregates with respect to the unperturbed
cement matrix. On the other hand, such detrimental effect was never observed in the ITZ portion
between the concrete cement matrix and the cementitious external layer of the new aggregates (both
M and H type); in fact, the mean values of the micro-indentation tests in the ITZ between the concrete
cementitious portions and the external layers of the new aggregates are always comparable if not
significantly higher with respect to the surrounding concrete. Furthermore, the micro-indentation
hardness is similar and often higher values within the cement matrix of the recycled aggregates, without
any drop even in the correspondence of the first internal interface of the new aggregates.
Such evidences are strictly related to the compressive strength values measured on the samples: the
low porosity of the recycled aggregates and the associated improvement of the ITZ's allowed to
compensate their lower physical/mechanical properties compared to the natural ones (lower density and
higher water absorption). Such factors conferred an improvement of mechanical properties using high
strength recycled aggregates and only limited reductions in the higher strength materials when using
medium strength recycled aggregate. Their outstanding microstructural properties reflected not only on
compressive strength but also on the permeability of concrete mixtures. The reduced water penetration
observed for all the samples clearly indicated that the improvement of ITZ of concrete mixtures is the
leading factor to reduce the permeability of the concrete mixtures made with these aggregates compared
to equivalent concrete mixtures made only with natural aggregates.
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Figure 5. Micro-indentation profiles of three reference samples: a) C15/20M; b) C30/35M; c)
C60/70H. The ITZ’s of the investigated profiles are indicated by the cyan rectangles (interface
of the natural aggregate on the left, external interface of the recycled aggregate in the center,
internal interface of the recycled aggregate on the right). The grey bars indicate the mean
values of indentation hardness in the different portions of the investigated profiles (ITZ’s and
cement matrices)
6.

CONCLUSIONS

The results of the present paper indicated that it is possible to produce high quality concrete mixtures
with recycled aggregates obtained from returned concrete by a new technology. The new aggregates,
when used to replace the natural coarse aggregates, refine the microstructural characteristics of
concrete at the ITZ, with consequent improvement of the mechanical performance and the reduction of
the permeability of concrete. The improvement of the ITZ seems to be ascribed to the outstanding
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characteristics of the external cement layer that surrounds the new aggregates, which is characterized
by low porosity, abundance of anhydrous clinker particles and excellent compatibility with the cement
paste of the new concrete mixtures. The new technology is by far less impacting than the option of
dumping of returned concrete and contribute to reduce the environmental impact of concrete production
at the RMC plant. With the new technology, the double objective is accomplished: (a) preserving the
natural resource by reducing the quarrying of aggregates and (b) eliminating the disposal of returned
concrete to landfill. Beside environmental and social advantages, the new technology also reduces the
costs of supplying of aggregates and of waste disposal. The proposed technology offers many
advantages from environmental, social and economic point of view and represents a contribution in the
field of concrete sustainability.
7.
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ABSTRACT
Amongst many concrete mix design methods reported and available for its application in construction
industries, DOE & ACI methods has gained popularity and acceptability of tall order in many parts of
the globe. The selection of w/cm, free water content and aggregate quantity per unit volume of
concrete, for various level of workability or data of similar nature are listed in each of the methods of
mix design.
Mix design methods really do not take into account the quantity and quality of ingredients used for any
particular concrete mixture proportioning. This is one of the emerging issues of the methods for
concrete mix design currently in practice.
Ideally, the effects of the characteristics and quantities of cementitious materials and fine aggregates,
as well as quantity of water on hydration kinetics, should be incorporated in the strength-cementitious
material-water relation for the optimum proportioning of mixture with minimum trials. Or, the relation
should be, as far as possible, neutral of these effects.
The relationship between strength and w/cm is developed in the generic format for cementitious
material based concrete involving non-dimensional parameters; strength ratio (fc /fm), and w/cm. the
fc /fm is the ratio of target compressive strength (fc) and compressive strength of the standard mortar
(fm). The hydration characteristics of cementitious materials are incorporated in the relation. This
rational approach confirms the satisfactory performance of a new relation in proportioning concrete
mixture and applicable for concrete mixture proportioning for all general purpose.
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INTRODUCTION
Concrete mix proportioning is essentially an iterative approach involving the trials. Selection of ratio of
water (w) to cementitious material (cm) has significant bearing on the number of trials. Objective of
concrete mix proportioning is to determine suitable quantities of ingredients to achieve a good
balance between specified properties and ingredient’s quantities.
The historic trend of the development of concrete mix design process is gradual and a good quantum
of similarity in approach exists amongst the current few widely used methods. The specification of
historic concrete first introduced in 1932, in the United Kingdom, by Reynold in Reinforced Concrete
Designer’s Handbook, proposing a series of concrete mixes A to F with proportions ranging from 1:3:6
up to 1:1:2. Perhaps, it was assumed that the corresponding working stress would be ranging from
2.8 – 6.0 N/mm2. However, it does not give any hints about what cube strength this would equate to.
(Reynold. 1932)
Subsequent addition of Reynold’s handbook documented multiple grades of concrete from V to 1A
with a 28 days strength ranging from 7.6 – 31.3 N/mm2. The then literature, handbook and different
guidelines for the usage of concrete for structural applications, neither revels nor even hints how to
achieve the requisite 28 day compressive strength of concrete composed with very wide varieties of
ingredients. Incorporation of materials characteristics and methodology of concrete preparations were
greatly absent.
In 1948, the code for specification of concrete for structural use of reinforced concrete in building was
on the basis of cement: fine aggregate; coarse aggregate ratios by volume, namely 1:1:2, 1:1½:3 and
1:2:4. The code gave minimum values of the cube strength associated with three nominal mixes
approximately 31, 26 and 21 Mpa. (Handbook CP 114). The concrete mix design methods are in use
in different countries currently, was introduced around mid-20th century. Some of the methods are the
ACI mix design method, the USRB mix design practice, the British mix design methods, the mix
design method according to Indian standard, etc. All these methods are mostly based on empirical
relationship, charts and graphs developed from extensive experimental investigation and all of them
follow same basic principles. The Road Research laboratory, United Kingdom – Published, Road note
4, the RRL method of mix design in the year 1950, and it had extensive application in UK, India and
elsewhere. The DOE, UK method of mix design evolved to replace the RRL method in 1975 and then
revised in 1988. In the USA, the method suggested by ACI is widely used in USA and in many other
countries.
The strength is considered as the most important performance parameter of concrete composed by
following systematic mix design procedure. Durability has been believed directly proportional to the
strength and workability. (Neville 1999)
Ingredients greatly influence the strength, cementitious materials, and water relationship which indeed
is a fundamental tool for all concrete mix design methods. For realistic stand point of view, the
Concrete mix design methods should take into account the quantity and quality of material.
(Chowdhury. S, Basu. P C, 2010)
The strength characteristics of concrete primarily depend on that of mortar. The pattern of strength
development of mortar and concrete is close to each other, owing to similarity in the hydration
process of cementitious material in association with fine aggregates.
The development of hardened properties of concrete at a given age principally depends on the
hydration characteristics of the cementitious materials of the mixture. This, in turn, is a function of
characteristics and quantity of the cement, mineral admixtures such as fly ash, granulated slag and
the quantity of particle having a size less than 125µ (0.492 x 10 -2 in.) in fine aggregate. (Chowdhury.
S, Basu. P C, 2010)
The concrete can conceptually be broken as two phase material – mortar & coarse aggregate. The
volume of mortar and the coarse aggregate influence the strength, characteristics, workability and
micro structure of concrete. The robust micro structure formation of concrete greatly improves the
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workability and reduce the permeability performance which is the key indicator of durable features of
performance of concrete. The volume of mortar or cement paste with appropriate water cement ratio
controls the workability performance of concrete in plastic phase and the higher the mortar volume in
a concrete mix relatively improves the slump. (Popovic)
The central point of concrete mixture proportioning methods practiced globally is to achieve target
compressive strength. This has become century old practice in use by construction industries in
many part of the world. The durability is no way of lesser importance than any other performance
criteria of concrete, notably strength. Nevertheless till recently advance concrete technology
concentrating higher and higher strength driven by an assumption that “strong concrete is durable
concrete”. The both strength and durability must be considered explicitly right from the design stage.
(Neville 1999)
The Incite gained from the works of many authors in the past, is the prime tool for identifying the
deficiency of mix design methods towards fulfilling both target compressive strength with minimal trial
and incorporating the effect of characteristics and quantities of ingredients in hydration kinetics and
durability criteria as well. The emerging issues are identified and presented systematically in the
succeeding sections. The paper presents the systematic study on the methodology of concrete mix
design to identify the issues such as incorporation of the influence of the characteristics and quantities
of ingredients on hydration kinetics and the role of the paste & mortar volume on compressive
strength, plastic properties of concrete and durability as well. Additionally, some rational methods
which have taken into account, the effects of characteristics and quantities of ingredient on hydration
kinetics, are discussed.
MIX DESIGN METHODS:
Amongst the many concrete mix design methods reported and available for its application in
construction industries, DOE & ACI methods has gained popularity and acceptability of tall order in
many parts of the globe. Some of the countries have customised these methods of mix design
according to their resources characteristics and construction practices.
Recommended guidelines of concrete mix design, covered in Indian standards are widely used all
across the country. This method has many similarities with DOE method of mix design. However, it
was customised with Indian construction practices and characteristics of ingredient available.
The DOE methods used two kinds of test methods of measuring workability such as VB time and
slump test. The values of free water content, kg/m 3, recommended for four different levels of
workability express in terms of VB time or slump. The water-cement ratio is worked out following
similar method used in RRL and rest.
The steps involved for concrete mix design by DOE method are: Selection of W/C and free water
content, working out cement content and total aggregate content followed by bifurcation of volume
and fraction of fine and coarse aggregate.
The different steps involved in designing the concrete mix following ACI Method: selection of slump
and maximum size of aggregate, estimation of mixing water content and working out water-cement
ratio from the consideration of strength requirement from the recommended guidelines.
EMERGING ISSUES
Under identical conditions of mixing, curing, compaction and testing; the relationship between
compressive strength of concrete (fc) and ratio of water (w) to cementitious material (cm) is critical to
proportion a workable concrete mix for specified target properties.
The fc - w/cm relation for 28 days strength is critical in deriving a desirable mix with minimum trials.
This relation greatly depends on hydration characteristics of the cementitious material. Even fc - w/cm
curve established for cement of one type may not be applicable for cement of other type. In case of
cementitious material consisting of cement and mineral admixture, the type of mineral admixture (e.g.
silica fume, fly ash, and ground granulated blast furnace slag), its quantity and characteristics
influence the hydration kinetics1. This, in turn, would have great impact on the fc-w/cm curve at a given
age of curing and is particularly more predominant when mineral admixtures are used. There are two
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main reasons for this; incorporation of mineral admixtures result in lowering the efficiency of
cementitious system and slowing down the hydration process 1.
First relation on “strength – cementitious material – water” was most probably due to René Féret in
1886. Féret rule relates fc with absolute volumetric proportion of cement, water, and air voids (Neville
1999). Later Duff Abrams put forward his famous water cement ratio rule (Neville 1999, Mehta. Et. al.
1997) and Féret and Abrams rule were developed for Portland cement (c) as cementitious material.
Aitcin developed a generic fc – w/cm relation for the mix proportioning methodology, which he
suggested for HPC with any mineral admixture (Aitcin. 1998). This generic relationship for 28 days
strength is presented in graphical form in reference (Aitcin. 1998). Limitations of this method stated by
the author are laboratory work, great dose of common sense and observation as well as combination
of empirical rules derived from experience. Additionally, proper material characterization shall help to
achieve close to the best in terms of rheological and mechanical properties as well as economy3.
Larrad suggested a model for 28 days compressive strength of concrete taking into account the
cement strength, cement concentration and maximum paste thickness with ordinary Portland cement
(Larrad. 1999, Larrad D, Tondat. P 1993). The water-cement ratio is replaced by a ratio of volume of
cement to total volume of cement and water and air, which is termed as cement concentration. In
case of pozzolana (fly ash and silica fume) based concrete, the volume ratio is converted to mass
ratio and mass of cement being replaced by equivalent cement mass for accounting the contribution
of mineral admixture. Application of this approach, especially the model per se, would be an involved
one. The empirical “activity co-efficient” suggested by the author is independent of the interaction of
fly ash with cement (Larrad. 1999, Larrad D, Tondat. P 1993).
Ganesh Babu and Nageswara Rao suggested two efficiency factors, by virtue of which a given fc –
w/cm relation could be used to proportion of fly ash based concrete mix (Ganesh Babu K., Nageswara
Rao S. 1993). First one is the general efficiency factor to take care of the difference in hydration
characteristics between cement and fly ash. Its value was estimated to be 0.5 for all the percentage
replacements of fly ash in concrete. The second factor is the percentage replacement factor to
incorporate the effect of quantity of fly ash in the cementitious material. They suggested its value as
0.75 to (–) 0.15 for cement replacement level varying from 10% to 75%. It gives an understanding that
this approach does not consider the influence of the different characteristics of cement and fly ash.
The ratio of water to cementitious material is worked out for most of the concrete mix design methods
are based on the century old water cement ratio rules develop by Duff Abrams. Ideally, the effects of
characteristics and quantities of cement, mineral admixtures and fine aggregates as well as quantity
of water on hydration kinetics should be incorporated in the strength – cementitious material – water
relation for optimum proportioning of mix with minimum trials. Or, the relation should be, as far as
possible, neutral of these effects. One way to develop such relation is in terms of non-dimensional
parameters. The w/c is a non-dimensional parameter in conventional relation of fc – w/c, but not fc.
.The new strength – cementitious material – water relation involving non-dimensional parameter is
developed with the help of strength of standard mortar.
The relationship of strength, cementitious material and water used for computing the w/C m for most of
the mixed design methods does not have any bearing with the real time material considered for
intended purpose. This is one of the issues related to current practices of concrete mix design.
The composition of concrete can conceptually be broken and expressed as a combination of paste
and aggregate or mortar and coarse aggregate. The composition of paste includes the quantity of
cement and cementitious material, water, chemical admixers and the quantity of particles having a
size less than 125µ originates from fine aggregate whereas the paste and fine aggregate together is
the main constituent of mortar. Concrete is commonly considered as a three phase composite, first
two phases are aggregates and bulk hydrated cement paste (paste) and the third one is the transition
zone1,2,3. The ‘paste’ has complex microstructure consisting of solid phases, pores and water with a
high degree of heterogeneity.
Improvement in the properties of concrete is directly related to the grain and pore refinement within
the transition zone in the microstructures (Aitcin. 1998). The hydration process greatly depends on the
characteristics of cementitious materials, i.e., ordinary Portland cement plus supplementary
cementitious materials and some external factors like ambient temperature, humidity etc. (Massazza.
F, Daimon. M.1992).
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The host of technically important properties of concrete, such as cohesion, workability, strength,
shrinkage, permeability and durability are closely linked and dependent on the properties of paste
matrix (Popovics. 1968). The parameters such as water cement ratio, unit water content and
aggregate cement ratio of any mix proportion of concrete influence the workability and amongst many
other parameter these two are independent. Any incremental change in these two variables of the
mixture composition of concrete, the paste volume is altered resulting increase or decrease in
workability performance. (Neville. 1999)
ACI Special Publications Summarised the review of literature on the role of cement-paste volume on
concrete properties, the workability is very negatively affected by reduction in paste volume (Hermida
G.,. Adequate quantity of paste volume is essential for maintained flowability of concrete mixture and
elimination of risk of blockage in case of dense network of reinforcement. The permeability is reduced
with partial cement replacement with fly ash regardless of type and percentage substitution level
(Soroushioan. P, Alhozaimy. A, 1996). Progressive increase in cement replacement level with fly ash,
the mortar or concrete permeability reduces sharply. This phenomenon is due to formation of
microstructure gradually robust with increased dosage of fly ash addition in concrete. The durability of
concrete largely depends on the ease with which both liquids and gas enter and passes through the
concrete is commonly known as permeability.
The permeability of concrete mainly depends on its microstructure and the interfacial zone, usually is
known as transition zone. The continuous and discreet phases are the two components of fractured
concrete surface. The continuous phase refers to bulk of the hardened cement paste or mortar, from
practical stand point of view. Whereas coarse aggregate and the zone at the interface between
cement paste and aggregate are the two component of discreet phase.
The microstructure of the transition zone or interfacial zone is vastly different from the hardened bulk
cement paste in continuous phase. The interfacial zone is expected to significantly contribute to
permeability due to its porous framework. Despite the higher porosity of the transition zone the
permeability is controlled by bulk hardened paste i.e. continuous phase. The permeability of concrete
system is characterised by the nature of the pore system and thickness of the continuous phase
between two aggregates. Many literature reports the relation of ratio of solid to space of paste and
permeability of the concrete. The permeability decreases exponentially with the increasing trend of
solid-space ratio (Mehta).
The insight gained from the works of many authors discussed here that many important properties
related to performance of concrete both in plastic and hardened state are largely dependent on the
microstructure and the volume of paste and mortar. The permeability and durability, formation of
robust microstructure and thicker continuous phase and workability of concrete are governed by paste
and mortar volume. The mix design outcome does not give any hint of indicative volume of paste or
mortar required for improved workability and durability by lowering permeability. This is another issue
related to concrete mix design.
RATIONAL APPROACH
Development of hardened properties of concrete at a given age principally depends on the hydration
characteristics of the cementitious materials of the mix. This, in turn, is a function of characteristics
and quantity of the cement, mineral admixture and the quantity of particle having size less than 125
(0.492 x 10-2 in) in fine aggregate. Hydration kinetics of paste composed with OPC and different
mineral admixtures is complex and vastly different in relation to the paste contains only OPC.
(Chowdhury. S, Basu. P C, 2010)
The new strength – cementitious material – water relation incorporating characteristics and quantities
of ingredients on hydration kinetics and involving non-dimensional parameter was developed by
Chowdhury and Basu with the help of standard mortar. (Chowdhury. S, Basu. P C, 2010)
The strength characteristics of concrete primarily depend on that of mortar. The pattern of strength
development of mortar and concrete is close to each other owing to similarity in hydration process of
cementitious material in association with fine aggregates 1. These concepts lead to the development of
the new approach for strength – cementitious material - water relation in the generic format with the
help of strength ratio fc /fm.
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The new strength-cementitious material-water relation is formulated with fc/fm and w/cm; not in terms of
fc and w/c as in Abram’s rule. The fc/fm, is the ratio of compressive strength of concrete (fc) and
compressive strength of the standard mortar (fm).
A group of researchers (Majumdar et. al 2013) revalidated the works of Chowdhury and Basu using
commercially available Portland Pozzalana Cement (PPC) and the mix proportion worked out using
the strength- cementitious materials and water relationships. (Chowdhury. S, Basu. P C, 2010)
The revalidating exercise used three sets of concrete mix proportions, corresponding to the target
strength of 45, 55 and 60 MPa, at 28-day. These mixes were finalised using the proposed f c/fm vs w/cm
relationship. Similarly, three sets of concrete mixture proportions, corresponding to the target strength
of 50, 60 and 70 MPa at 56 day were also finalised.The cube compressive strength results of the
mixtures indicate that the new relationship works reasonably well for both 28-day and 56-day
strengths. The test results further indicate that such mixtures can be proportioned with a minimum
number of mix proportioning trials.
The same group of researchers Dipesh et. al, 2013 strength – cementitious materials and water
relationship for concrete mixture proportioning using commercially available Portland slag cement
(PSC), following similar approach introduced by Chowdhury and Basu (Chowdhury. S, Basu. P C,
2010). PSC cement based concrete mixtures for 28 day target strength of 50 and 55 MPa were
proportioned using the proposed fc/fm - w/cm relationship. Similarly, the corresponding 56 relationship
was used for the target strength of 60 and 65 MPa. A new strength – cementitious material- water
relationship is proposed for proportioning PSC based concrete. It takes into account the influence of
material characteristics and the quantity of PSC and fine aggregates on the compressive strength.
The test results indicate that the relation works well and PSC based concrete mixtures up to 60 MPa
compressive strength can be proportioned rationally using this relation which will minimize number of
trials.
The relationship of strength –cementitious materials and water was developed by Dipesh et. al (ref.)
involving multiple mineral admixers such as silica fume, fly ash and granulated slag in varying
combination with commercially produced PPC and PSC. This research was an extension of the works
of Chowdhury and Basu (Ref.).
The fc/fm and w/cm relationship developed was revalidated by proportioning concrete mixture for the
target strength ranging 45-65 MPa and with PPC and PSC replacement level with silica fume, fly ash
and slag in varying combination of 7.5-30%. The cube compressive strength results of the mixtures
indicate that the new relationship works reasonably well for both 28-day and 56-day strengths.
The workability of concrete is influenced by many factors, however water content per cubic meter,
aggregate cement ratio and quantities of paste has significantly important for a given type and grading
of aggregate and workability of concrete as well. For the convenience of mix design process, though
approximate, the water content per cubic meter of the mix is assumed for a given set of aggregate
and workability of concrete. Moreover water content of a concrete mix is independent of aggregate
cement ratio and the volume of paste. Many literatures, concrete mix design guidelines and
handbooks suggest typical values of water content per cubic meter of concrete for mix proportioning
for different slumps, maximum size and type of aggregate. The recommended values of water content
per cubic meter of concrete mix, generates reasonably good quantity of paste and the workability of
the concrete mix depends on the suitable quantity of paste and composition of the paste as well.
The negative effect of the characteristics of the aggregates on workability decreases with an increase
in the quantity of paste and possibly such influence of aggregate on workability does not surface
when aggregate cement ratio is in the range of 2.5 or 2. The unit water content for concrete mixture
proportioning suggest in books, recommended guideline and handbooks are ranging very broadly
from 150 kg/m3 for high performance concrete to 190 kg/m 3 for general purpose concrete composed
with 20mm maximum size of aggregate and slump 25-50mm. In case of air entrant concrete, the unit
water content is assumed 10% lower than the same class of slump requirement for concrete
composed with identical set of aggregate for non-air entrant concrete.
The suggested value of unit water content is 170 kg/m 3 for concrete and 155 kg/m 3 for HPC is
possibly a good assumption to start mix design process. The literature reports that the approximately
1.5 times of paste volume is required than the voids between aggregates to achieve a minimum level
of workability and below this critical value, the use of chemical ad-mixers would provide insignificant
outcome. The threshold value of paste volume is 2 times of the void content of the aggregate system
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for compressive strength and no significance improvement is seen beyond this level. This finding is
limited for the materials used for their study. (Yurdakul. 2013)
The permeability of concrete is greatly influenced by the pore structure or system within the bulk of
the hardened cement paste and transition zone. The permeability of concrete is reduced significantly
by lowering w/c upto certain level and it could further be minimised through proper design of the
composition and volume of the paste.
Sufficient quantity of paste present in a concrete mix and intelligently designing the composition of a
paste would further minimise the permeability level. The approach detailed here for reduction of
concrete permeability is solely dependent on the quality of ingredient in use and the performance
criterion of the concrete.
DISCUSSION
Ideally, the effects of characteristics and quantities of cement, fly ash and fine aggregates as well as
quantity of water on hydration kinetics should be incorporated in the strength – cementitious material
– water relation for optimum proportioning of mix with minimum trials. Or, the relation should be, as far
as possible, neutral of these effects. One way to develop such relation is in terms of non-dimensional
parameters. The w/c is a non-dimensional parameter in conventional relation of fc – w/c, but not fc.
Concrete is commonly considered as a three phase composite, first two phases are aggregates and
bulk hydrated cement paste (paste) and the third one is the transition zone (Neville, 1999, Mehta,
1997 and Aitcin 1998). The ‘paste’ has complex microstructure consisting of solid phases, pores and
water with a high degree of heterogeneity.
Improvement in the properties of concrete is directly related to the grain and pore refinement within
the transition zone in the microstructures (Aitcin 1998). The hydration process greatly depends on the
characteristics of cementitious materials, i.e., ordinary Portland cement plus supplementary
cementitious materials and some external factors like ambient temperature, humidity etc (Mazzager.
1992)
When concrete is made with w/cm > 0.5, the hardened cement paste matrix contains relatively large
pores. Internal micro cracks, consisting primarily of interfacial bond cracks, frequently exist in such
concrete. As long as large pores and micro cracks continue to be present, the strength of the normal
weight aggregate particle plays only a small part in determining the compressive strength of the
concrete, since there is little effective strength transfer between bulk mortar and the aggregate. (Aitcin
1998)
The hydration process of fly ash present in the cementitious material starts when the pH value of the
pore water is at least 13 (Neville, 1999). Increase in the alkalinity of the pore water requires that
hydration of certain amount of cement of the cementitious material has taken place. Cement of
different characteristics takes different span of time to reach the required pH level of the
concrete/mortar system. The particle size, mineralogical compositions and the chemical
characteristics of fly ah as well as proportion in quantity of fly ash with cement also play important
role3 in pozzolanic reaction. One more important aspect of fly ash is that it slows down the hydration
process. (Neville 1999)
Fine aggregate contributes towards modification to the hydration pattern of cementitious material
owing to presence of particles having size less than 125 (0.492 x 10-2 in)1. The content of the fine
particles originating from fine aggregate is considered as a component of cementitious material,
especially with respect to filler effect and not from pozzolanic reaction. Their presence modifies the
hydration process of cementitious system and has impact on microstructure of concrete, mainly in
terms of pore refinement. This has a bearing on the strength gained and rate of strength gain . (Neville
1999)
The preceding discussion can be summarized, with reference to mix proportioning, as follows; there
are principally five variants that influence the strength – cementitious material – water relation. These
are characteristics of cement, fly ash and fine aggregates as well as the quantities of cement and fly
ash present in the cementitious system. The method presented in this paper developed strengthcementitious material-water relation in which impacts of five variants are taken into account.

6

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Additionally the method is a good tool for working out w/c effectively for proportioning the mix with
minimum trial with varied range of ingredients.
The most of the important plastic and hardened properties such as workability, strength, shrinkage,
permeability and durability as well are determined primarily, although not solely by the properties of
cement matrix (Popovic. 1968).
The aggregate particles in a mortar or concrete are embedded in and held by the matrix of paste,
therefore quantity of paste present in concrete, fundamentally regulates the microstructure formation
and the permeability of concrete is reduced sharply with the formation of robust microstructure. The
plasticity of concrete depends on paste quantity and composition of the matrix. For improving the
workability, only reduction of inter-particle friction of solid phase is not sufficient, in addition to the
paste has to deform well. Sufficient volume of paste available in concrete is solely contributing for
reduction of inter-particle friction of the solid phase. The plasticity or deformability of paste depends
on ratio of water to cementitious material and composition of the paste. The paste composition
modified by mineral ad-mixers performs favorably in enhancing the plasticity of paste which is a prime
factor for concrete workability. The permeability of the concrete is primarily dependent on w/c and
capillary pores of the paste present in the concrete system. The capillary porosity and co-efficient of
permeability is significantly dependent on w/c of the paste of resulting concrete. The capillary pores
within paste of the concrete system can be regulated to bring down to a lower level by systematically
reducing w/c up to a certain extent. Further reduction of capillary pore volume could be possible by
modifying paste composition through partial replacement of cement with mineral ad-mixer of lower
specific gravity than the cement. The nature of the pore structure or microstructure within the
hardened cement paste and interfacial zone between aggregate and paste is vastly different.
The coarse aggregate encapsulated by interfacial transition zone is known as discrete phase,
significantly contributes to the permeability of concrete due to its porous framework of microstructure.
Despite the higher porosity of discrete phase, the permeability of concrete is controlled by the bulk of
the hardened paste which is the only continuous phase in concrete. The adequate quantity and
requisite composition of paste, from practical standpoint mortar, is essential for formation of thicker
mortar intercept between coarse aggregates.
Inadequate quantity of paste volume or mortar brings the coarse aggregate closer to each other, thus
the inter-particle separation of aggregates is reduced. In absence of adequate mortar intercept, the
coarse aggregate, more precisely discrete phase are in contact, resulting formation of uninterrupted
transportation corridor of fluid throughout concrete. The mortar intercept is a barrier between two
discrete phases and prevent towards formation of transportation of fluid from one discrete phase to
other. This is due to the fact that, the permeability of continuous phase is significantly lower than the
discrete phase and thinner the mortar intercept, the concrete becomes more susceptible of
permeability with gradual mortar to mortar intercept.
This phenomenon developed due to insufficient quantity of paste or mortar contributes to permeability
and leaking from concrete of different order.

CONCLUSION
This paper has summarised the reviews of literatures, books, and handbooks etc. and made an
attempt to identify issues related to concrete mix design. The developmental process of concrete mix
design took places in stages over an extended period of nearly hundred years. DOE and ACI are
widely used method by the construction industries globally and many similarities in approaches is
seen amongst all methods in use. The achievement of target compressive strength is the sole
objective of concrete mix design process and durability remains inadequately addressed. The w/cm is
a critical parameter for successful mix design with minimum trial, are greatly influenced by the
characteristics and quantities of ingredients. The literature reports rational development and
successful use of strength-cementitious materials- water relationship for working out w/cm,
incorporating characteristic and quantities of ingredients on hydration kinetics and involving nondimensional parameter fc/fm termed as strength ratio. The permeability, durability, robust microstructure, thicker continuous phase, and workability of concrete is primarily governed by the paste and
mortar volume. The mix design outcome does not give any hint of indicative volume of paste or mortar

7

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
essential for improved workability and durability. This is another issue related to concrete mix design.
The literature suggests that approximately the paste volume ranging 1.50-2.0 times of void content of
the aggregate system is essential for good workability and robust micro-structure formation towards
improved durability. However, w/cm, characteristics of ingredient and composition of paste should be
taken in account for a holistic approach.
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ABSTRACT
The cement and concrete industry searches for ways to meet increasing demand while reducing the
carbon footprint of the concrete produced. One approach is to upcycle CO2 into fresh concrete
whereupon it mineralizes to form nanoscale CaCO3. The in situ formation of carbonates can increase
the compressive strength of the concrete thereby allowing producers to optimize their mix designs.
Testing has shown that 4 to 6% cement reductions paired with the carbon dioxide addition can be
achieved without compromising compressive strength. The use of carbon dioxide, along with a lower
cement usage, reduces the carbon footprint of concrete without reducing performance. A retrofit CO2
injection approach has been employed by a selection of concrete producers. The industrial production
across the network of 75 plants to date has produced 1.52 million m3 of concrete while utilizing 481
tonnes of CO2 achieving 20,457 tonnes of net avoided and mineralized CO2. The benefits of
implementing the approach are about 4300% of the amount utilized. Carbon dioxide utilization in
concrete production is a viable, synergistic and beneficial approach to meet industry sustainability
goals. While CO2 is currently sourced from merchant supplies, the prospect of sourcing the carbon
dioxide from a cement kiln can be developed to create an integrated carbon capture and use strategy.
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1.

INTRODUCTION

The environmental impact of the cement production (calcination) has been estimated to account for
5.6% of global CO2 emissions (Le Quéré et al. 2016). An environmental assessment has concluded that
the average unit of finished cement produced in the United States is associated with a cradle-to-gate
emission of 1.04 units of carbon dioxide (Portland Cement Association 2016). There are about 88 million
tonnes of cement consumed in the United States per year and about 75% of the cement is used in ready
mixed concrete (U.S. Geological Survey 2018). The US ready mix industry sees an emission of about
69 million tonnes of CO2 associated with their cement usage. The industry has recognized the need to
adopt more sustainable practices.
Several approaches to produce more sustainable concrete have been identified in an industry roadmap
published in 2009 before being updated in 2018 (IEA and WBCSD 2018). The roadmap, produced by
the World Business Council for Sustainable Development (WBCSD), the International Energy Agency
(IEA) and the Cement Sustainability Initiative (CSI), identified four levers to improve the carbon footprint
of cement and concrete production:






Improving energy efficiency - deploying existing state-of-the-art technologies in new cement
plants and retrofitting existing facilities to improve energy performance levels when
economically viable.
Switching to alternative fuels - promoting the use of biomass and waste materials as fuels in
cement kilns to offset the consumption of carbon-intensive fossil fuels. Wastes include
biogenic and non-biogenic waste sources, which would otherwise be sent to a landfill site,
burnt in incinerators or improperly destroyed.
Reducing the clinker to cement ratio - increasing the use of blended materials and the market
deployment of blended cements, to decrease the amount of clinker required per tonne of
cement or per cubic metre of concrete produced.
Using emerging and innovative technologies - contribute to the decarbonisation of electricity
generation by adopting EHR technologies to generate electricity from recovered thermal
energy, which would otherwise be wasted, and support the adoption of renewable-based
power generation technologies, such as solar thermal power. Additionally, integrate carbon
capture into the cement manufacturing process for long-lasting storage or sequestration.

The greatest contribution, as identified within the roadmap, comes from emerging and innovative
technologies wherein the emphasis is mostly on the yet-to-be-implemented concept of carbon capture
and storage (CCS). Within the context of a CCS strategy there exists the potential to pursue carbon
dioxide utilization (CDU). According to this approach, waste CO2 is put into beneficial use such as in the
production of carbonate aggregates from reactive waste materials (Gunning et al. 2015, Gunning & Hills
2015), activation of alternative binders (Atakan et al. 2014), curing of concrete masonry blocks (ElHassan & Shao 2015) or treatment of recycled concrete aggregates (Tam et al. 2016).
An alternative approach to concrete industry CCU takes advantage of the reaction between carbon
dioxide and freshly hydrating cement. The main calcium silicate phases, tricalcium silicate and dicalcium
silicate, react in the presence of CO2 and water to form calcium carbonate and calcium silicate hydrate
gel (Berger et al. 1972):
3CaO∙SiO2 + (3-x)CO2 + yH2O ——> xCaO∙SiO3∙yH2O + (3-x)CaCO3

(1)

2CaO∙SiO2 + (2-x)CO2 + yH2O ——> xCaO∙SiO3∙yH2O + (2-x)CaCO3

(2)

The carbonate reaction products that form are nanoscale and intermixed with calcium silicate hydrate
(C-S-H) gel (Berger et al. 1972). When an optimal dose of carbon dioxide is added into fresh concrete
as part of the batching and mixing the properties of the ready mixed concrete can be improved
(Monkman & MacDonald 2017).
When there is a reaction between atmospheric carbon dioxide and a mature concrete microstructure
there can arise durability concerns such as shrinkage, reduced pore solution pH and carbonation
induced corrosion. Atmospheric or weathering carbonation concerns a reaction between carbon dioxide
and the products of cement hydration (e.g. calcium hydroxide) but, in contrast, a CO2 utilization approach
reacts CO2 with cement undergoing the earliest minutes of hydration. The two processes are distinctly
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different and the optimal delivery of CO2 in the utilization process does not engender the same durability
concerns.
2.

BACKGROUND

An industrial retrofit carbon dioxide utilization technology was installed at 75 ready mix concrete
producers across the United States and Canada between March 2016 and December 2018. In each
case, a commissioning study investigated the injection of varying amounts of CO2 into the fresh concrete
as part of the batching process (either by injecting the carbon dioxide into a central mixer or alongside
the materials being delivered into a truck mixer).
A controlled dose of liquid carbon dioxide undergoes a phase transformation after being passed through
a mass flow meter; the CO2 becomes a mixture of gas and solid (snow) immediately before delivery to
the concrete mixer. The carbon dioxide is added shortly after the mix water and the addition is completed
before the mixing is finished. The carbon dioxide reacts with calcium ions in solution (Figure 1) and
results in the in-situ formation of nanoscale calcium carbonate reaction products (Monkman et al. 2018).
The nanoparticle development can improve the compressive strength of the concrete.

Figure 1. Conceptual schematic of CO2 addition to freshly hydrating cement
Producers using the approach assessed the concrete in terms of fresh properties and compressive
strength. While confirming that there was no negative impact to fresh properties, the producers identified
a dose in which any observed strength gain was maximized. Where a compressive strength benefit was
identified, the producer developed modified mix designs to reduce the binder content and without failing
to meet the original design strength. The savings of cement, in particular, resulted in an reduction of the
concrete’s environmental impacts, specifically the associated carbon dioxide emissions.
The present study examines the impact of the 22 months of operation both in terms of the carbon dioxide
converted during the concrete production and to determine environmental impact of the technology and
the avoided cement. An environmental model estimated the net the process impacts.
3.
3.1

RESULTS
Producer example 1

A producer identified a target carbon dioxide dose and cement reduction for a 20.7 MPa (3000 psi) mix
design. The baseline mix contained a binder with a cement loading of 215 kg/m 3 (342 lb/yd3) In batches
produced with carbon dioxide, the cement loading was reduced 5.5% or by 12 kg/m 3. Each 8 yd3 (6.1
m3) load of concrete that was produced avoided 75 kg of CO2 emissions as associated with the cement.
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With a carbon dioxide dose of 0.2% by weight of cement there were 0.406 kg of CO2 utilized per m3
concrete and the nominal CO2 savings were 30 times larger than the amount utilized.
Data was collected to characterize the performance of the mix over an extended period (30 batches
apiece) before any modification (control) and after the addition of CO 2 and a cement reduction. The
fresh properties are summarized in Table 1. It was observed that the addition of the CO 2 caused no
change in the fresh properties. An analysis confirms that the air and the slump data are not statistically
different between the two test conditions. The statistical distribution of the 28 day compressive strength
for the two data sets is compared in Figure 2. The mean and two standard deviations below the mean
are indicated with vertical lines.
Table 1. Comparison of fresh properties of 20.7 MPa mix produced with and without CO 2
Aspect

Control Air

CO2 air

Control Slump

CO2 slump

Count

30

30

27

30

Average

6.9%

6.9%

133 mm

140 mm

Standard Deviation

1.0%

0.8%

30 mm

25 mm

Standard Error of the Mean

0.2%

0.2%

0.23

0.18

7%

Control (n = 30)
CO2 (n = 30)

6%

Frequency

5%
4%
3%

2%
1%
0%

0

10

20
30
40
50
28 day Compressive Strength (MPa)

60

70

Figure 2. 28 day compressive strength distribution for 20.7 MPa (3000 psi) mix produced with a
CO2 addition and a 5.5% cement reduction compared to an unmodified reference
The reference concrete was found to average 36.5 MPa (5,296 psi) with a standard deviation of 8.3
MPa (1,202 psi). Concrete produced with CO2 was found to average 34.7 MPa (5,037 psi) with a
standard deviation of 6.2 MPa (899 psi). While the compressive strength for the CO2-added concrete
was observed to be 5% lower than the control, the standard deviation was decreased by 25%.
Additionally, the two data sets are not statistically significantly different at the 95% confidence interval.
The Required Average Compressive Strength (RACS) was calculated according to the building code
(ACI Committee 318 2014). For the original mix it was determined to be 36.5 MPa (5,300 psi) confirming
that the field results exactly met the minimum requirement. The RACS from the data set of CO2 treated
concrete was determined to be 31.7 MPa (4,595 psi) thereby indicating that the concrete was 10%
higher than the required strength and perhaps can viably support a further reduction in cement.
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3.2

Producer example 2

A producer identified a target carbon dioxide dose and cement reduction for a 48.3 MPa (7000 psi) mix
design. The mix proportions for the baseline and modified (CO2) mix designs are outlined in Table 2.
The cement loading was reduced from 279 to 224 kg/m 3 (a 55 kg/m3 reduction) whereas the fly ash and
slag were not adjusted. A 20% reduction in cement reflects a 10% reduction in binder. Each 8 yd3 (6.1
m3) load of concrete that was produced avoided 347 kg of CO2 emissions as associated with the cement.
With a dose of 0.1% by weight of cement there were 0.224 kg of CO2 dosed per m 3 and the nominal
CO2 savings were 254 times larger than the amount utilized.
Table 2. 7000 psi mix and modification
Component

Reference mix
(kg/m3)

Reference mix
proportions

Modified Mix
(kg/m3)

Modified mix
proportions

Cement

279

50%

224

45%

Fly ash

71

13%

71

14%

Slag

208

37%

208

41%

Total binder

558

503

The producer collected data about the performance of the mix over an extended period before any
modification (control, 29 batches) and after the addition of CO2 and a cement reduction (19 batches). It
was observed that the addition of the CO2 to the cement reduced mix caused there to be no change in
the concrete strength. The statistical distribution of the 28 day compressive strength for the two data
sets is compared in Figure 3. The mean and two standard deviations below the mean are indicated with
vertical lines.

Frequency

4.5%
4.0%

Control (n = 29)

3.5%

CO2 (n = 19)

3.0%
2.5%
2.0%
1.5%
1.0%
0.5%
0.0%
30

40

50

60
70
80
28d compressive strength (MPa)

90

100

110

Figure 3. 28 day compressive strength distribution for 48.3 MPa (7000 psi) mix produced with a
CO2 addition and a 20% cement reduction compared to an unmodified reference
The reference concrete was found to have an average compressive strength of 68.3 MPa (9,906 psi)
and a standard deviation of 10.8 MPa (1,560 psi). Concrete produced with CO2 was found to average
68.5 MPa (9,932 psi) with a standard deviation of 9.9 MPa (1,431 psi). The compressive strength was
equivalent to the control, and the standard deviation decreased by 8%. The two data sets are not
statistically significantly different at the 95% confidence interval.
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A functional performance comparison concerning the CO2 addition can be measured in terms of the
cement intensity and binder intensity. The addition of the CO2 reduced the cement intensity from 4.1 to
3.3 kg cement·m-3·MPa-1 and the binder intensity from 8.2 to 7.4 kg binder·m-3·MPa-1. Given that the
compressive strength was unchanged, the relative intensity change in each case is equivalent to the
cement and binder reductions (20% and 10% respectively).
3.3

Collected production

The collected output of concrete produced with the carbon dioxide utilization process is presented in
Figure 4. Both the monthly output (orange bars) and the ongoing cumulative output (line plot) are
presented across the 22 month span from when the first production started in March 2016 until the end
of December 2018. The change in the monthly output reflects a growth in the technology users (from 1
to 75 installations), periodic disruptions (e.g. inclement weather or materials shortages), and
seasonality. The output has reached as high as 120,000 m 3 in a month and, at the conclusion of 2018,
has amounted to 1.52 million m3 (1.99 million yd3).
As part of the commissioning process, the producer would investigate the response from a variety of
CO2 doses to determine, as for a typical admixture, the optimal dose for the desired performance. A
review of the nominal doses (rounded to the nearest 0.1% by weight of cement) for each of the 75
producers is summarized in Figure 5. In a majority of cases (81%), the producers are finding the best
results with a dose of 0.2% or below.

120,000

1.4
1.2

100,000

1.0

80,000

0.8
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Monthly Output (m3)

The mix design modifications achieved by each producer have been recorded as a cement reduction,
though in practice may also include reductions or adjustments to other binder components such as fly
ash and slag. A nominal cement reduction is reported even though, for a given producer, the actual
cement reduction may vary from mix to mix and include cases of higher reductions. A review of the
cement reductions (rounded to the nearest 1%) for each of the 65 producers using the technology at
least four months is summarized in Figure 6. In a majority of cases (52%), the producers are achieving
a cement reduction of 4% or greater.

Figure 4. Monthly and cumulative output of concrete produced with a performance enhancing
addition of carbon dioxide
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Figure 5. Range and totals of CO2 dosages used by producers (% CO2 by weight of cement)
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0
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6%
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Figure 6. Range and totals of nominal cement reductions in mixes produced with CO 2
4.
4.1

ENVIRONMENTAL IMPACT
Environmental Model

Knowledge of the conversion of carbon dioxide, and the energy inputs relevant to implementing the
process, allows for an environmental analysis to be performed. The environmental impact of the CO 2
utilization includes an assessment of any CO2 benefits (mineralized and avoided) and outputs (emitted)
to determine the contribution to producing more sustainable concrete.
The baseline process considers the raw materials required to make the concrete, the operational inputs
to produce concrete, and greenhouse gas outputs associated with transporting the CO2 and equipment,
using electricity, and burning fuels. The addition of carbon dioxide means that additional process factors
must be considered: the capture and liquefaction of the carbon dioxide, the carbon dioxide transport,
and the production, transportation, and operation of the carbon dioxide injection hardware. baseline CO 2
emissions related to conventional concrete production








The net impact of mix design changes on CO2 emissions
CO2 emitted during the capture and compression of the CO2
CO2 emitted during the transportation of the CO2
CO2 emitted during the production of the gas injection equipment
CO2 emitted during the transportation of the gas equipment
CO2 absorbed through the utilization step
CO2 emissions avoided due to the reduction in the cement content
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The CO2 emitted during the technology operation (gas capture, gas compression, gas transportation,
equipment production, equipment transportation) has been estimated by modelling a case with generic
inputs (Monkman & MacDonald 2017). The previous model is integrated into the present analysis as a
13% process emission whereby for each unit of CO 2 utilized the underlying process results in the
emissions of 0.13 units of CO2.
An additional factor whereby altered material flows (shipping less cement, and possibly shipping more
sand if the fine aggregate is increased to maintain yield) may reduce overall transport emissions was
not considered within this study. However, the generic analysis suggested that it can play a small role
realizing a benefit on the order of 125 g CO2/m3 concrete (Monkman & MacDonald 2017). The actual
value would be sensitive to a specific producer’s cement reduction, fine aggregate increase and
transport distances for the two components but the datasets from the 75 producers do not all encompass
the necessary detail. The overall production data suggested that the average dose used was 316 g CO 2
per cubic meter of concrete so the unreported potential transport emissions benefit is potentially a half
to a third of the CO2 mineralization.
A study of the process concluded that the proportion of the dosed CO 2 that was mineralized was
potentially 90% (Monkman 2018). A more conservative input of 80% mineralization was used in the
present study. The model for the avoided cement used a producer reported average baseline cement
and the reported % cement reduction. The quantity of avoided cement was turned into an avoided
carbon emission by multiplying it by an appropriate CO2 impact factor; the factors used were 1.04 tonnes
CO2e per tonne cement produced in the United States (Portland Cement Association 2016) and 0.941
tonnes CO2e per tonne cement produced in the Canada (Cement Association Canada 2016).
4.2

Total impact

The accumulating net environmental impact (Figure 7) closely tracks the increasing cumulative
production. An estimated 20,457 tonnes of net CO2 reductions have been realized. The benefit would
be slightly higher if the net change in transportation emissions were included.

Cumulative CO2 Benefit (tonnes CO2)

The average producer month saw 20 tonnes of CO 2 benefit achieved per month. A high volume
customer with the approach widely integrated across their mixes has seen an average of 66 tonnes per
month.
25,000
20,000
15,000
10,000
5,000

Mar-16
Apr
May
June
July
Aug
Sep
Oct
Nov
Dec
Jan-17
Feb
Mar
Apr
May
June
July
Aug
Sep
Oct
Nov
Dec
Jan-18
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0

Figure 7. Cumulative net carbon dioxide benefit achieved
The utilization-benefit factor is a measure of how much greater the overall CO 2 benefit is than the CO2
utilization (and related net mineralization) alone. Across the entire production there have been 481
tonnes of CO2 utilized. That means there are about 43 tonnes of net CO 2 benefit realized for each tonne
of CO2 used. The bulk of the benefit (about 98%) is related to the avoided cement.
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5.

NEXT STEPS

While the admixture-like addition of CO2 to ready mixed concrete does not negatively affect the durability
(Monkman et al. 2016), the bulk of the production of CO2-added concrete has been in residential mixes
where volumes are high but durability needs and proscriptive requirements are low. In more advanced
types of concrete, producers may have restrictions on cement contents or w/c thereby making
performance-based adjustments in favour of sustainability untenable. A greater adoption of
performance-based specifications will allow producers to expand the use of sustainability-focussed
technologies (that inherently do not compromise on performance). Such emerging technologies can play
a greater role in supporting the industry’s sustainability goals.
The monthly average producer output has been 1,453 m3 which amounts to about half of the monthly
production of an average facility with an annual output of 50,000 yd3 (38,000 m3) concrete. Expanding
the technology use to a greater number of mixes can increase the environmental benefit within the
existing network.
The CO2 for the process is sourced from the commercial marketplace for merchant carbon dioxide. This
is typically recovered as a by-product from an industrial process that produces a relatively high CO 2
content gas waste stream that can be purified and compressed with a minimum of energy and
investment. Currently the most common post-industrial sources are ethanol refining, hydrogen
production, and ammonia production (Garvey 2017). Cement kilns are not a viable industrial CO2 source
at this time. If, however, CO2 captured from cement kilns can become a practicable source of industrial
CO2 then opportunity exists for the primary waste stream from cement production to be utilized
downstream in concrete production.
6.

CONCLUSIONS

The upcycling of waste CO2 into fresh concrete, in a manner akin to an admixture addition, can improve
the compressive strength of concrete. The approach is a retrofit to conventional ready mix concrete
production and uses conventional materials and processes. A network of North American concrete
producers have employed the technique and demonstrate that a strength increase from the in-situ
carbonate nanoparticle seeding can be leveraged into creating modified mix designs with reduced
cement loadings.
Most of the producers have shown that cement reductions 4% or greater can be paired with the carbon
dioxide addition and compressive strength is not compromised. The CO2 utilization serves to reduce the
carbon footprint of the concrete yet it is compatible with the pursuit of other carbon reduction levers a
concrete producer may have such as the use of secondary cementitious materials like fly ash and slag.
The net environmental impact includes the process emissions associated with implementing the
technique. These are less than the amount of CO 2 that is mineralized and far less than the amount of
CO2 avoided through reduced cement loadings. The industrial production across the network of 75
plants to date has produced 1.52 million m 3 of concrete while utilizing 481 tonnes of CO2. The net
avoided and mineralized CO2 has surpassed 20,457 tonnes. The approach stands as one of the
emerging technologies that is required to fulfil the industry-identified need to develop and employ new
approaches to reduce the carbon footprint of the concrete industry.
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ABSTRACT
Construction and demolition are the two activities that generate the heaviest flow of waste in the EU,
with C&DW presently accounting for approximately one-third of the Union’s total. When rationally
managed, such waste delivers high quality secondary materials apt for use in construction.
The widely varying rate of reuse of such materials across nations and regions attests to the need to
apply existing scientific and technical knowledge to favour their introduction in the legislation and on
the marketplace.
This study analysed the effect of the partial and total replacement of natural aggregate with mixed
recycled aggregate from C&DW management plants on late age mechanical performance in structural
concrete. Compressive, tensile and bending strength test findings for the recycled concrete were
processed statistically to determine the optimal replacement ratio: the highest possible percentage that
would not significantly compromise mechanical performance.
Based on the results of this study, mixed recycled aggregate can be concluded to have no significant
effect on the mechanical properties of recycled concretes and to be suitable for structural use in civil
and building construction.
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1.

INTRODUCTION

The consequences of using natural aggregate in concrete manufacture include progressive depletion of
natural resources, deforestation, soil erosion and the emission of huge volumes of greenhouse gases
during quarrying, processing and transport. At the same time, the construction, demolition and repair of
civil infrastructure and buildings generate enormous amounts of waste. What is known as construction
and demolition waste (C&DW) accounts for the largest flow of refuse in the EU (approximately one-third
of the Europe-wide total). Against that backdrop, it behoves the construction industry and public
authorities to acknowledge the need for new, more sustainable and less polluting sources of these
materials.
Scientific research in recent decades has shown that with due management C&DW can be valorised as
quality recycled aggregate for applications with a high productive value such as concrete. At this time,
two types of recycled aggregate, distinguished by their composition, are marketed by C&DW processing
plants: recycled concrete aggregate (RCA) and recycled mixed aggregate (RMA).
The widely studied use of RCA in concrete manufacture (Silva et al., 2014) has served as grounds for
the specifications laid down in a number of international concrete standards (DIN 4226-2008, EHE-08
(2008), JIS A 5022 (2006)) for using RCA as coarse recycled aggregate.
RMA has been explored much less thoroughly due to its heterogeneous composition, which includes
primarily a mix of concrete, brick, tiles and smaller proportions of asphalt, timber and plaster. That mix
leads to the lower reliability of RMA in concrete manufacture and hinders the establishment of
compositional requisites that would ensure optimal performance. Despite the paucity of understanding
on the subject, a series of studies has shown that while characterised by a diverse composition, this
aggregate could be used to manufacture new concretes (Bravo et al., 2015; Mas et al., 2012; C. Medina
et al., 2015).
This study analysed the effect of the partial and total (20 %, 50 % and 100 %) replacement of natural
with mixed recycled aggregate on the mechanical performance of structural concrete by assessing
28 days and 90 days compressive, tensile and flexural strength. A statistical analysis of the findings
evaluated the effect of the RMA replacement ratio and curing time on performance to determine the
dependence of the response variables on those two factors.
2.
2.1

MATERIALS AND METHODS
Materials

The recycled mixed aggregate used was provided by ARAPLASA, a C&DW management plant at
Plasencia in the Spanish province of Cáceres. The two fractions supplied, 12/22 mm and 6/12 mm, were
respectively labelled RMA-G and RMA-M. The natural aggregate consisted in crushed siliceous rock
characterised by three particle sizes: coarse gravel (N1-G), 12/22 mm; fine gravel (N2-M), 6/12 mm;
and sand (N3-S), 0/6 mm.
The unadditioned 42.5 R portland cement (CEM I 42.5 R) used, sourced from Lafarge HOLCIM, was
European standard EN 197-1 (2011)-compliant. The compressive strength is ~64 MPa at 28 days. Its
chemical constituents included CaO (62.05 wt%), SiO2 (18.71 wt%), Fe2O3 (2.53 wt%), Al2O3 (4.29 wt%)
and smaller percentages of other oxides.
All the mixes were also enhanced with BRYTEN NF, a modified water-base polycarboxylate
superplasticiser furnished by FUCHS Lubricantes.
2.2

Sample preparation

Four mixes were prepared: i) conventional concrete with portland cement and natural aggregate (mix
NC); ii) recycled concrete with 20 % mixed aggregate (C-20); iii) recycled concrete with 50 % mixed
aggregate (C-50); and iv) recycled concrete with 100 % mixed aggregate (C-100).
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The compositions of the mixtures analysed are given in Table 1. The concretes were designed to the
British method (D.C. Teychenné, 2010), under which the starting conditions are mechanical strength =
30 MPa, cement strength class 42.5 R, w/c ratio = 0.45 and aggregate size = 20 mm.
Table 1. Concrete batching
Material (kg/m3)
Mixtures
NS

N1-G

N2-M

RMA-G

RMA-M

Cement

Water

SP

NC

732.36

766.69

382.96

0.00

0.00

400.00

193.03

6.20

C-20

720.79

603.66

301.53

146.24

72.60

400.00

202.21

6.20

C-50

705.38

369.22

184.43

357.77

177.62

400.00

210.63

6.20

C-100

678.39

0.00

0.00

688.17

341.65

400.00

226.83

6.20

The mixes designed were Spanish structural concrete code EHE-08 (2008)-compliant in terms of
minimum cement content and maximum w/c ratio.
2.3

Test methodology

All the recycled aggregate was quarried and stored further to European standards EN 932-1 (1997) and
EN 932-2 (1999). Subsequent laboratory pre-conditioning consisted in drying in an oven at 50 C to a
constant mass. The materials were then characterised for density, water absorption, flakiness index and
Los Angeles coefficient.
The concretes were batched as shown in Table 1. Further to European standards EN 12390 1 (2001),
and EN 12390-2 (2009), a total of three specimens was prepared per mix and test age. Cubic specimens
(150 mm3) were tested for compressive strength, 100x100x400 mm3 prisms for flexural strength and
150 mm diameter, 300 mm high cylinders for tensile strength. All the specimens were cured in water at
20±2 C until tested (at 28 days or 90 days).
The possible statistical significance of the effect of RMA replacement ratio and curing age on the
compressive, flexural and tensile strength of the hardened concrete was analysed with regression and
variance procedures.
3.
3.1

RESULTS AND DISCUSSION
Properties of recycled and natural aggregates

The physical and mechanical properties of the aggregates are given in Table 2. At 2450 kg/m3 to
2420 kg/m3, the recycled aggregates had lower saturated surface dry density (SDD) and at 5.27 % to
6.28 %, higher absorption values than the natural coarse aggregate, due primarily to the presence in
the RMA of bound mortar and ceramic materials. The aforementioned values lay within the 2340 kg/m3
to 2470 kg/m3 range for SSD and the 3.6 % to 7.3 % range for water absorption observed previously
(Agrela et al., 2011) for recycled mixed aggregate with a composition similar to that used in this study.
The Los Angeles coefficient for RMA-M was 32 wt% and for RMA-G 36 wt%. Both types of recycled
aggregate exhibited a 10 wt% flakiness index. They were both compliant with the ceilings laid down in
structural concrete code EHE-08 (2008): 40 wt% for the Los Angeles coefficient and 35 wt% for the
flakiness index. They also lay within the ranges reported for such aggregate in the literature: Los Angeles
coefficient, 29 wt% to 38 wt% and flakiness index 8 wt% to 14 wt% (Rodríguez et al., 2016; Tavira et
al., 2018).
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Table 2. Physical and mechanical properties of the aggregates

Property
SDD

(kg/m3)

Absorption coefficient (wt%)
Los Angeles coefficient (wt%)
Flakiness index (wt%)

3.2

Aggregate
N2-M RMA-G

NS

N1-G

RMA-M

2760

2740

2740

2450

2420

1.18
-

0.78
18

0.88
16

5.27
36

6.28
32

-

25

21

10

10

Fresh concrete

3.2.1 Workability
The mixture consistency and error bar values in Figure 1 show that the inclusion of RMA induced no
loss of concrete workability. Those findings were consistent with the values observed by Medina et al.,
2014, for concretes manufactured with mixed aggregate and the same effective w/c ratio. All the slump
values denoted fluid consistency (10 cm to 15 cm) as defined by EHE-08 (2008) or S3 consistency as
specified in European standard EN 206-1(2008).

Figure 1. Consistency of concretes studied
3.3
3.3.1

Hardened concrete
Statistical analysis

As the analysis for normality of the hardened concrete samples in Figure 2 shows, the experimental
compressive, tensile and flexural strength values lay on the theoretical normal distribution line, indicating
normal behaviour in the response variables at 95 % confidence.
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Figure 2. Normality test
3.3.2 Compressive strength
Further to the 28 days and 90 days compressive strengths found as per standard EN 12390-3 (2009),
performance declined with increasing RMA content, irrespective of specimen age. The same pattern
was reported in an earlier study (Gomes et al., 2014) for 28 days and 56 days RMA with a similar
typology.
All the concretes, regardless of RMA content, exhibited compressive strength higher than the 30 MPa
characteristic design requirement. At replacement ratios of up to 50 %, the use of RMA induced no
significant decline in strength relative to conventional concrete. At 100 % RMA, the decline was lower
than 7 %. These findings were reasonably close to the 5 % declines found for recycled aggregate with
a similar composition (Bravo et al., 2015).
No significant difference in strength was observed between the 20 % RMA and conventional concretes
in the 90 d specimens. At 50 % replacement, however, the decline relative to conventional concrete was
6 % and at 100 %, 7 %, both of which values were lower than the replacement percentages. Such good
performance could be attributed to the bonding observed in earlier studies (Medina et al., 2015; Saez
del Bosque et al., 2017) at the ITZ or interface between the paste and the new recycled mixed aggregate
constituents (ceramic materials, concrete...), which was comparable to the efficacy observed at the ITZ
between the paste and natural aggregate.
The statistical findings in Figure 4 on the effect of % RMA and curing time on concrete compressive
strength show that at 68 %, the latter parameter contributed more heavily to variation than RMA
replacement (28 %). That was due primarily to the increase in strength with curing age (11 % on
average in all the 90 days mixes relative to 28 days strength, except for mix C-50 which exhibited a 4 %
rise). The effect of RMA percentage - curing time interaction was a scant 8 %, an indication that the
inclusion of RMA had no significant effect on the hardening of the concrete manufactured with this type
of recycled aggregate.
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Figure 3. 28 days and 90 days compressive strength

Figure 4. Factor contribution to variation in response variable
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Table 3. Statistical parameters for mechanical strength
Compressive strength (MPa)
Control factor

Df

Variance

Fa

p-valuea

RMA (%)

1

16.51

17.67

0.00

Curing time (d)

3

141.76

151.75

0.00

RMA (%) x curing time (d)

3

5.62

6.02

0.01

Splitting tensile strength (MPa)
RMA (%)

1

0.94

9.01

0.00

Curing time (d)

3

0.38

280.93

0.07

RMA (%) x curing time (d)

3

0.15

1.51

0.25

Flexural strength (MPa)
RMA (%)

1

1.51

11.13

0.00

Curing time (d)

3

0.26

1.83

0.19

RMA (%) x curing time (d)

3

0.22

1.55

0.24

Note. - a At least 95% confidence

3.3.3

Splitting tensile strength

The 28 days and 90 days splitting tensile strength values found as per standard EN 12390-6 (2010)
(Figure 5) showed that strength declined with increasing RMA content, irrespective of specimen age.
Evangelista and de Brito, 2007, observed the same trend for recycled aggregate, which they attributed
primarily to the greater porosity in recycled than natural aggregate.
No significant differences in splitting tensile strength were found between 28 days NC and 28 days C20 (<2 %), although in C-50 the decline was 10 % and C-100 17 % relative to NC. In the 90 days
materials, the decline relative to NC was 14 % in C-20, 17 % in C-50 and 24 % in C-100. Those values
lay within the 14 % to 31 % range reported by Yang et al., 2011 for recycled concrete manufactured with
C&DW aggregate.
Statistical analysis showed that at 77 %, RMA content was the factor that contributed most to the
variation in splitting tensile strength (Figure 4). Neither curing time nor RMA percentage - curing time
interaction exhibited statistically significant effects (p-value>0.05) (Table 3), corroborating the scant
impact of curing time on splitting tensile strength.
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Figure 5. 28 days and 90 days splitting tensile strength
3.3.4

Flexural strength

The 28 days and 90 days (standard EN 12390-5 (2009)) flexural strength findings in Figure 7 show that,
as in the case of tensile strength, performance declined relative to the reference with rising percentages
of RMA, irrespective of curing age. These results were likewise consistent with earlier observations (de
Brito et al., 2005; Gomes et al., 2014) for concretes manufactured with mixed and clay-based ceramic
recycled aggregate.
The 28 days value for C-20 was 2 % lower, for C-50 7 % lower and for C-100 21 % lower than NC. The
findings for the 90 days materials were similar, with a 3 % decline in C-20, 9 % in C-50 and 12 % in C100 relative to conventional concrete. They were also similar to the range (5 % to 16 %) observed by
other authors (Kanellopoulos et al., 2014) for concretes manufactured with replacement ratios of 10 %
to 100 %.
For flexural strength, the statistical tests again showed that RMA percentage contributed most (84 %)
to response variable variation. Neither curing time nor RMA percentage - curing time interaction
exhibited statistically significant effects (p-value>0.05) (Table 3) on flexural strength. Such findings
support the observation that curing age barely affected flexural strength.

Figure 6. 28 days and 90 days flexural strength
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4.

CONCLUSIONS

The conclusions that may be drawn from the present findings are set out below.
-

The recycled aggregates analysed in this study exhibited saturated surface dry densities around
10 % to 12 % lower than the natural aggregate used as a reference.

-

The inclusion of RMA in new recycled concrete design with the same w/c ratio as for conventional
concrete had no adverse effect on the workability of the resulting mixtures.

-

With up to 50 % replacement with RMA, compressive, tensile and flexural strength values were
comparable to those observed for the mix prepared with natural aggregate, with no greater than
10 % declines in 28 days performance.

-

The statistical tests confirmed that including RMA in concrete had no effect on hardening in terms
of compressive strength.

-

Curing time proved to have no significant impact on tensile or flexural strength in 28 days or 90
days concretes.

In light of the present findings, recycled mixed aggregate at replacement ratios of <50 % is apt for use
in civil works and building construction where the design strength required is less than or equal to
30 MPa.
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ABSTRACT
Protection and repair cementitious materials play a major role in the preservation and extension of the
service life of existing buildings. High dosages of polymers are increasingly used in mortars for this
purpose since they form films, creating a barrier to aggressive elements. However, as these polymermodified mortars are applied into thin layer on concrete surfaces and directly submitted to the external
environment at fresh state, drying will compete for water with hydration.
In this paper, we choose to study both hydration and drying of polymer-modified mortars with styreneacrylate polymer, commonly used for this application. First, we monitor the heat released from cement
pastes. Then, we realise thin mortars and submit them to a dry air flow at 60L/min while monitoring the
masses over time. Finally, we determine the hydration state of the samples after 24 hours of controlled
drying.
This study confirms that the presence of polymers delays the setting of the mortars. Besides, when
mortars with very low thickness are intensively dried at very early age, they are unable to retain enough
water to be hydrated, regardless of the presence of polymers. Hence, in a polymer-free mortar, the
setting and the decrease in the drying rate are simultaneous. However, in polymer-modified mortars,
the phenomena are decoupled. Further experiments will be performed at a temperature in which
polymers are unable to form continuous films.
This will lead to improvement of mix design of repair mortars and application recommendations by
taking into account their application into thin layer.
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1.

INTRODUCTION

With the ageing of concrete structures, repair and rehabilitation have become essential to extend the
service life of infrastructures. Since the 1990’s, many studies have been carried out to determine the
parameters on which a successful repair depends (Courard & Bissonnette 2016, Decter 1997,
Emmons & Vaysburd 1994, Emmons & Vaysburd 1996, Morgan 1996). Therefore, new products were
formulated to cope with demands, among which polymer-modified mortars. In those materials, the
polymer to cement ratio (P/C) can vary from 1% up to 30%, depending on the application. The addition
of polymer modifies greatly mortar properties at early age. In particular, it was demonstrated that the
polymers has a retardation effect on cement hydration (Kong et al. 2015, Marceau et al. 2012, Ohama
1995). This effect is known to be more important in the case of acrylate-based polymers. In the latter
case, it was demonstrated that the retardation effect is closely related to the adsorption of polymers on
the surface of cement particles and to the reaction with the ions present in the interstitial solution
(Goto 2006, Kong et al. 2016). In addition, different authors pointed out an increase in water retention
in the presence of polymers (Afridi et al. 1995, Caperner 2005, Saija 1995). Besides, many studies
were conducted in order to determine the influence of polymer regarding hardened mortars (Aggarwal
et al. 2007, Ohama 1998, Ramli & Akhavan Tabassi 2012, Su et al. 1991).
However, the conditions of application of those products on worksite are rarely taken into account.
Indeed, it is usual to apply polymer-modified mortars on thin layers of about 1 or 2 cm in applications
such as coatings. Instead, for laboratory tests, the mortar samples traditionally used have a thickness
exceeding 4 cm. In addition, on site, there is no guarantee that those materials are allowed to cure
properly before being submitted to environmental conditions and a potential drying due to the
evaporation of water. Technical guides (LCPC & SETRA 1996) and standards (NF EN 1504)
recommend that materials drying must be avoided in the first hours after the application, but these
recommendations are not fully applied on site. By contrast, it was highlighted that, even in the
presence of polymers, the drying of mortars leads to gradients of moisture and bond water through the
depth of the layer, the first ten millimeters from the surface being more impacted. As a result, drying is
more harmful in the case of thin mortar layers (Amba et al. 2009, Laurence 2001).
The aim of this study is to investigate the competition for water between hydration and drying in
polymer-modified mortars applied into thin layers.
2.
2.1

EXPERIMENTAL
Materials

In this paper, the formulations of polymer-modified mortars were based on ordinary Portland cement
CEM I 52.5 N – SR3 (Lagerdorf, LAFARGE). This cement has a low C3A content, and a Blaine
specific surface of 4,330 cm²/g. The sand selected is an alluvial sand of particle size 0/2mm.
A styrene-acrylate co-polymer emulsion, commonly used for this type of application, was selected in
this study. The typical properties of this emulsion are listed in Table 1. The average diameter of
polymer particles contained in this milky white aqueous dispersion was measured by dynamic light
scattering. The weight fraction was determined by completely drying the latex at room temperature.
We determined that polymer particles represent 53% of the emulsion.
A minimum film forming temperature (MFT) of 19°C was given by the manufacturer, with no further
details on the method of determining. Nevertheless, it was determined that this polymer latex has the
ability to form continuous and impermeable polymer films at a temperature from 25°C to 30°C. The
glass transition temperature (Tg) corresponds to the temperature at which the polymer turns from a
glassy to a rubbery state. It was determined on polymer films by differential scanning calorimetry at
10°C/min. The polymer films were degraded by thermogravimetric analysis. The results of this test
showed that it was made of 97% of polymer, and 3% of other compounds which were not degraded. It
also highlighted that the degradation temperature of the polymer was around 400°C.
Finally, the surface tension was measured using the Pendant Drop Method and a Teclis tensiometer.
The emulsion has a surface tension of 44.55mN/m. This value is lower than the surface tension of
distilled water (71mN/m) due to the presence of polymer particles. It highlights the hydrophobicity of
polymer particles (Du & Folliard 2005).
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Table 1. Typical properties of the latex
Name

Volume average
particle
diameter (nm)

Weight
fraction

MFT
(°C)

Tg
(°C)

Degradation
temperature
(°C)

Surface
tension
(mN/m)

CM230

220

0.53±0.02

25-30

-5.6

403

44.55±0.84

Cement paste specimen were prepared in order to study the hydration of mortars in the presence of
polymer (Table 2). In all formulations, the initial mass of water was fixed, taking into account the
quantity of water contained in the latex. 28g of cement paste were prepared by adding first the water
to the latex in order to reach an initial mass of water of 8g. Then, the mixture was mixed with the
cement until the homogenization of the mix.
Table 2. Cement pastes formulations
P/C

0

0.05

0.1

0.4

Mass of cement (g)

20

19.05

18.18

14.29

Mass of latex (g)

0

1.90

3.64

11.43

Mass of water
added (g)

8

7.05

6.18

2.29

The preparation of mortars was based on the same principle as cement pastes (Table 3). The total
water mass was also maintained constant for all formulations (16.73g), taking into account the quantity
of water initially presents in the latex. The mixing protocol was adapted from the NF EN 196-1. First
the water was added to the latex. Then, the mixture was incorporated to the cement powder and
homogenized for 30 seconds at 420rpm. Thereafter, the sand was added during the mixing within 30
seconds. This step was followed by 30 seconds of mixing at 840rpm. The mixture was left to rest for
90 seconds and then mixed again at 840rpm for 60 seconds. All specimens were prepared at
27.7±0.4°C.
Table 3. Mortars formulations

2.2

P/C

0

0.05

0.1

0.4

Mass of sand (g)

79.2

79.2

79.2

79.2

Mass of cement (g)

41.81

39.83

38.02

29.87

Mass of latex (g)

0

3.98

7.60

23.90

16.73

14.74

12.93

4.78

Mass of water
added (g)
Hydration kinetics

Hydration kinetics of cement pastes was studied by iso-thermal calorimetry, using a TAM-air microcalorimeter (TA Instruments). Before the analysis, the calorimeter was regulated at 25°C and then
equilibrated for 30min. Cement pastes were prepared and 5g of cement paste were put into an
ampoule, and promptly placed into the channels of the calorimeter. The heat evolution was recorded
for 84 hours.
2.3

Hydration state after a controlled drying

The mortars were prepared, and 73g of the freshly made mixtures were poured into molds of 90mm
diameter and 7.5 mm height, right after the end of mixing. Controlled drying was performed by placing
the samples in a drying tunnel in which a dry air flows at 60 L/min (Figure 1). Sample mass was
monitored every 30 seconds for 24 hours. Information about the drying rates of each sample is
obtained by deriving the mass recorded with respect to time.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 1. Drying tunnel system
After being exposed to a dry air flow in the drying column for 24 hours, the samples were analyzed by
thermogravimetric analysis. This method consists in heating the grinded mortar until 1,200°C at
10°C/min, and evaluating the mass loss corresponding to the degradation of each compound of the
mortar. Thus, this method allows determining the hydrates content (portlandite and calcium silicate
hydrate) and the carbonates content.
3.
3.1

RESULTS AND DISCUSSION
Influence of polymer latex on cement hydration

The heat flow curves present different phases corresponding to different stages of the hydration
process of the cement pastes (Figure 2a). During the first minutes after the contact between cement
and water, an intense heat is released, corresponding to the introduction of the sample into the
calorimeter and to early reactions between the components. After an induction period with very low
heat flow, an acceleration period with increasing heat flow can be distinguished. This period is linked
to the formation of hydration products, and ends after the appearance of a peak of maximum heat
flow.
It can be seen on Figure 2a that the addition of polymers leads to a delayed on the appearance of the
hydration peak: from 10 h (P/C=0) to 29 h (P/C=0.4). Besides, the intensity of the peak decreases
slightly with the increase in polymer content. The same observation can be made for the total heat
released (Figure 2b). It appears that for P/C from 0 to 0.1, despite the delay, the main hydration
reactions still occur during the first 24 hours. However, in the formulation with P/C=0.4, the main
hydration reactions occur between 24 and 48 hours after the first contact between cement and water,
due to the important hydration delay.
These results confirm the delaying effect of polymers on the setting of mortars. This observation was
made for several types of polymers, and attributed to the adsorption of polymers on the surface of
cement grains, and to the interaction between the surfactant used to stabilize the latex and water
molecules (Goto 2006, Ohama 1998, Ollitrault-Fichet et al. 1998).
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Figure 2. Calorimetry curves of cement pastes with increasing P/C: (a) heat flow evolution; (b)
heat evolution
3.2

Controlled drying of polymer-modified mortars

Polymer-modified mortars were submitted to a controlled drying just after mixing, and compared with a
polymer-free sample (P/C=0). Figure 3 shows the curves of water loss normalized by the initial amount
of water plotted overtime for all formulations. Firstly, one may notice that for P/C from 0 to 0.1, the total
water loss is the same and the curves seem to have the same behavior. However, in the case of
P/C=0.4, the total water loss is greater. In addition, it appears that in all samples, at least 80% of the
initial water has evaporated after 24 hours of exposition to a controlled dry air flow.
This result is very interesting since it shows that, when spread into thin layers, adding polymer to
mortar formulations does not prevent the materials from drying. Even when the drying occurs at a
temperature in which polymers are able to form impermeable films within the material, the mortar does
not show water retaining effect in case of early drying.

Figure 3. Water loss normalized by the initial water of mortars with increasing P/C as a function
of time
Drying rate is obtained by deriving the mass of the samples with respect to time. When plotting drying
rate overtime (Figure 4), one may see that, for all mortars, the drying rate is almost constant during the
first 7 to 8 hours following the beginning of the test. Then, a quick decrease occurs, related to the
stabilization of water loss (Figure 3). It is interesting to note that all samples have the same behavior,
except for P/C=0.4. In the latter case, the decrease starts earlier but is less brutal. Finally, the sample
is submitted to high drying rate for longer in comparison with other samples. This is the reason why
the total evaporated water is higher for P/C=0.4.
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Figure 4. Drying rate over time of mortars with increasing P/C
It was observed that in polymer-free samples, the decrease in drying rate and the initiation of
hydration reactions occur simultaneously (Figure 5a). However, it was showed in Figure 2a that in
polymer-modified mortars, the setting time increases with increasing polymer content. In addition,
when applied into thin layers and exposed to controlled air flow at very early age, those materials do
not have water retaining capacity. Consequently, the main hydration reactions occur after the
decrease in the drying rate, related to the loss of almost all of the mixing water (Figure 5b). In this
case, one cannot expect to obtain hydrated samples, as suggested in Figure 2b.

Figure 5. Comparison between drying rate and heat flow over time: (a) P/C=0; (b) P/C=0.1
3.3

Hydration state of dried mortars

It was showed previously that the samples could not be expected to be hydrated after the 24 hours of
controlled drying. Nevertheless, it was observed that all samples presented structural handling. In
order to explain why, the samples were analyzed by thermogravimetric analysis. In addition, an
unmodified mortar was formulated and prevented from drying. After 24 hours, this sample was
demolded and analyzed by thermogravimetric analysis.
Figure 6a shows the mass loss (TG) plotted as a function of the temperature for both dried and
undried polymer-free specimens. As expected, the total mass loss is greater for the undried sample.
The peaks of degradation can be identified on the derivative curve (DTG), obtained by deriving the
mass loss with respect to time (Figure 6b). The undried sample presents two peaks of degradation.
The first one appears between 50°C and 250°C and corresponds to the degradation of C-S-H. The
second peak appears between 400°C and 500°C and is related to the decomposition of portlandite.
Both peaks are representative of a hydrated sample.
In the case of the mortar that was submitted to a controlled drying, the amount of C-S-H degraded is
much less important. In addition, this sample does not contain portlandite, but a degradation peak
appears between 650°C and 800°C. This peak is related to carbonates degradation. These analyses
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show that when a controlled drying is imposed to a mortar during the first 24 hours following the
mixing, the cement contained in the sample does not hydrate.
Finally it was observed that the specimen presented a structural handling. This can be related to the
carbonation of the sample during the test. Indeed, it is well known that calcium carbonates, especially
calcite, can be used as a binding material (Young et al. 1974). Consequently, it helps consolidating the
microstructure of the sample, allowing its handling.

Figure 6. Thermal analysis curves for both dried and undried polymer-free mortars: (a) mass
loss (TG); (b) derivative of the mass loss with respect to time (DTG)
A comparison of the derivative curves (DTG) of all specimens that were exposed to a controlled drying
shows that all samples are carbonated after 24 hours of exposition to a controlled drying (Figure 7). A
peak can be distinguished between 280°C and 480°C for polymer-modified samples. It was previously
seen that these samples are not hydrated. Consequently, it can be deduced that this peak is only
related to the degradation of polymer. Finally, as well as for the unmodified sample, the structural
handling of polymer-modified mortars is only due to the carbonation of the samples.

Figure 7. Derivative of the mass loss with respect to time (DTG) for polymer-modified mortars
with increasing P/C after 24h of controlled drying
4.

CONCLUSIONS

The results presented in this study showed that the presence of polymer particles delays the hydration
of mortars. It was also demonstrated that when submitted to a controlled drying at early age, polymer
particles do not show water retaining abilities. Besides, with increasing P/C, the total amount of
evaporated water tends to increase. In addition, in all samples containing polymers, more than 80% of
water was evaporated before the main hydration reactions occur. It appears that, for the thickness
tested, even if the polymer particles themselves are able to form continuous and impermeable polymer
films, when incorporated into mortars, the hydrophobic properties of those particles do not help to limit
the evaporation of water.
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Finally, it was verified that after 24 hours of drying, no mortar was found to be hydrated. However, all
samples were carbonated, allowing their structural handling.
This study will be pursued by determining the behavior of thicker samples (of about 5 cm layers) in
order to verify if it allows polymer to retain water. Finally the sensitivity of polymers to temperature will
be studied, by realizing the same tests at lower temperature (above the MFT of the polymer).
5.
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ABSTRACT
The limited resistance of concretes against acid-attack leads according to current developments to the
use of additional expensive additives and/or protective measures. Hence, the aim is to achieve an
increased acid-resistance of concrete by chemical, granulometric, and concrete technological
optimization. Thereby, the already known advantages of granulated blast furnace slag are used and, at
the same time, technical and/or economical disadvantages of other known approaches avoided.
Principles will be defined for the conception of binder systems with increased chemical resistance.
The results of binder optimization in mortar show, that the utilization of fine GBS (max. 13.000 cm2/g
according to Blaine) with optimized grain size distribution and otherwise constant conditions provide
significant benefits with regard to the chemical resistance. Compared to Portland cement concrete,
capillary porosity and Ca(OH)2 content are reduced. Acid resistance tests show lower losses in mass
and lower damage depths as compared to mortars with conventional binder composition. Tests on
concretes are currently being prepared.
In addition, the significantly increased acid resistance - compared to the current state of technology - is
being proved not only under laboratory conditions, but also under practically relevant conditions.
The development of an optimized binder based on GBS together with a concrete-technological
optimization can provide the basis for diverse construction products being important for different
industries. The concretes with high demands on durability can be purposefully realized.
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1. INTRODUCTION
Chemical highly stressed structures are often made of concrete, as it shows several features
that are superior to other specific materials (Grün 1938). However, concrete components of
structures that are exposed to acids highly suffer from attacks, especially if the concrete is
made of ordinary Portland cement (OPC). This is particularly true for wastewater engineering
plants, cooling towers or collecting trays (Figure 1). Overhaul and repair of these chemically
stressed structures leads to huge costs and long downtimes to the operators. With today´s
technologies it is not possible to produce fully acid-resistant concretes. However, a moderate
increase of acid-resistance in concretes might bring enormous technical as well as economical
benefits.

Figure 1. Gutter of a collecting tray exposed
to acid attack (source: FEhS-Institute)
During the assessment of concrete structures, the concrete standards EN 206 / DIN 1045-2
consider the expected corrosion due to chemical attacks by natural soils and groundwater.
Thereby, the concrete structures were categorized into the exposure classes XA1 to XA3. This
classification into exposure classes depending on differing chemical stress leads to different
quality standards of specific traits that commonly influence the properties of concrete, including
aggregates, cement, manufacturer and age (Grün 1930). Beside this, further safeguards like the
application of protective layers or the permanently wearing of protective clothing are intended,
when concretes are categorized into an exposition class towards XA3 and it is no report known,
that recommend another solution.
From a technological perspective, acid resistance of concrete is determined by packing density
of the aggregates, water/binder-ratio, cement content, and proper installation. Besides the type
of aggregate, the binding agent-dependent properties of the cement stone highly influence the
acid-resistance of concretes. Content and distribution of calcium hydroxide (Ca(OH)2), tightness
of the cement stone-structure, i.e. porosity and pore distribution, and the degree of hydration
determine the acid-resistance of the binder matrix, and, thus, of the concrete itself.
It is already known, that the use of ground granulated blast furnace slag (GGBS) instead of
Portland cement or the use of blast furnace cement increase the resistance of concrete towards
acid-attack, as the letter one release Ca(OH) 2 while hydration and these readily soluble, large
portlandite crystals lead to potential vulnerability. In addition, GGBS reduces the capillary
porosity of the cement stone with a given w/b-ratio, and, thus, hamper harmful materials from
access (Grün 1937, Hecker 1962, Rendchen 2002, Romberg 1971, 1978, Schröder 1968,
Smolczyk 1965, 1980, Weber 1998).
Technical properties of GGBS as well as technical and economic benefits of cements containing
GGBS are described elsewhere (Bijen 1996, Ehrenberg 2011, Ehrenberg et al. 2008a, b,
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Schmidt et al. 2005). Principally, hydration products of GGBS are comparable to those ones
that arise from hydration of OPC (Smolczyk 1965). However, the former ones are comparably
more fine-structured and supply less calcium. This leads to improved technical properties like
the above mentioned more favorable capillary/pore-ratio of the slag cement stone with a given
w/b-ratio and a given total porosity (Ehrenberg 2011). An optimized grain size distribution of the
binding-agent that aims maximal space filling on the one hand but also supplies sufficient
moving space for the particles on the other hand highly influences the water demand and the
workability of mortar- and concrete-systems as well as the strength development and chemical
resistance (Palm & Wolter 2009). Furthermore, an optimization of grain size distribution by using
fine materials must consider that higher contents might lead to structural relaxation rather than
to structural compression. Also the degree of hydration of binding-agent components might be
positively changed through tighter grain size distribution with a given specific surface of the
binding-agent components (Ehrenberg 2003, Ehrenberg 2008c).
2. AIMS AND SCOPE
The objective of this work is to optimize the acid-resistance of commonly used concretes while
keeping well workability and avoiding costly supplements. GGBS seems to have sufficient
potential to reach so. We highlight possibilities and means to utilize this potential optimally in
order to meet the durability requirements of cements under intensive chemical exposure without
the use of additional safeguards like coatings. Consideration is given not only to material
aspects, i.e. composition of GGBS, its glass content, and amount, but also to granulometric
aspects, i.e. overall and specific fineness of the components and optimization of their grain size
distribution. Above that, we test whether the overall ratio of GGBS and OPC has an effect on
acid resistance.
3. MATERIALS AND METHODS
3.1.

Materials

The materials for the experiments were provided in sufficient amounts so that each project is
performed with the same materials. Beside three industrial produced GGBS of different
reactivity (A-C) also an OPC (CEM I 52,5 R) was selected. As reference samples, a blast
furnace cement (CEM III/B 42,5 N-LH/SR/NA) and an OPC (CEM I 42,5 R) were selected. Due
to their reactivity, the GGBS can be divided into "slow" (A), "medium" (B) and "fast" (C) reacting.
All GGBS were chemically, physically, and cement-technically characterized in detail.

Figure 2. Grain size distributions for GGBS A
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GGBS were processed using a grinding and classifying system to produce GGBS of different
fineness, i.e. approximately 4,200, 7,000, 10,000, and 13,000 cm2/g according to Blaine (EN
196-6). Characteristic chemical and granulometric values are given in Table 1. Figure 2 shows
exemplarily some grain size distributions for GGBS A.

Table 1. Key parameters of ground GGBS

GGBS
A

specific
surface

d'RRSB

nRRSB

cm²/g

cm²/g

µm

-

A1

4,200

4,090

16

0.97

6,670

8

1.40

(C+M)/S

1.18

A3

7,000

SiO2

38.7 wt.-%

A4

10,000

8,970

5

1.54

Al2O3

10.9 wt.-%

A5

13,000

12,200

3

1.59

B

B1

4,200

4,300

17

0.97

(C+M)/S

1.32

B3

7,000

7,050

7

1.49

SiO2

38.9 wt.-%

B4

10,000

9,670

5

1.51

Al2O3

10.1 wt.-%

B5

13,000

12,600

4

1.55

C1

4,200

4,100

15

0.99

C

3.2

target
surface

(C+M)/S

1.45

C3

7,000

6,540

8

1.45

SiO2

33.3 wt.-%

C4

10,000

9,220

6

1.56

Al2O3

15.1 wt.-%

C5

13,000

12,900

3

1.60

Experimental procedure

Statistical design of experiments was used to obtain a manageable amount of binding-agent
compositions for laboratory application. Experimental space by limiting factors for OPC, GGBS,
and very fine GGBS is shown in Figure 3. The contents of OPC, GGBS and very fine GGBS
were varied and w/b-ratios of 0.30, 0.37 and 0.40 were used. The OPC content was varied
between 15 and 40 wt.-% of the binder. The slag containing fraction of the binder was
composed of GGBS and very fine GGBS with varying proportions.
On the basis of statistical design of experiments, 45 binder compositions were generated. In this
working package setting behavior, water demand, and flow consistency were assessed. CEN
standard sand according to EN 196-1 and PCE-based superplasticizer were used for the
subsequent production of mortar prisms 4 x 4 x 16 cm, based on which the relevant
characteristic values have been determined. The required amount of flow improvers was
determined and anhydrite as sulfate carrier was added.
Based on the results those binding-agent compositions were chosen for acid-tests to be done
that develop clear potential with respect to workability and acid-resistance shown by mortartechnical surveys. From a total of 15 binder compositions, 7 sets of mortar prisms (= 315
prisms) were produced and tested for acid-resistance. The compositions differ in respect to their
w/b-ratio, amount of OPC, GGBS and fine GGBS, and in the reactivity of GGBS. Furthermore,
reference samples from CEM I and CEM III with different w/b-ratios were produced. Flexural
and compressive strength after 7 and 28 days were determined, as well as the porosity using
mercury pressure porosimetry and calcium hydroxide content using thermogravimetry.
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Figure 3. Experimental space by limiting factors through statistical design of
experiments in the ternary material system
From the optimized binder compositions mortar prisms were prepared and, at the age of 28
days, acid-resistance tests were conducted in an acid test rig. This acid test rig composed out of
several storage pools that are connected to a reservoir with automatic titration. Sulfuric acid with
a pH-value of 3.5 was used as medium. Using automatic titration a pH-static test could be run
with a permanent pH-value of 3.5 ± 0.05. The mortar prisms were stored for a total of 13 weeks.
Every 14 days, the sulfuric acid was exchanged and the prisms were subjected to simulated
mechanical abrasion by brushing. The loss of mass was documented. The mass of the
specimens was measured at the beginning of storage and after each brushing operation.
Furthermore, damage depth, flexural and compressive strength after 28, 56 and 91 days of acid
storage were assessed and compared to those ones of water-bearing samples. Damage and
penetration depths were determined by means of stereomicroscopy using phenolphthalein.
From selected mixtures, microsections were prepared after 91 days of acid storage and
damage front was examined using SEM. By energy dispersive X-ray spectroscopy (EDX),
damage depths were further investigated by determining element composition for specific
mixtures.
4. RESULTS AND DISCUSSION
4.1

Binder and mortar tests

The water demand for standard stiffness and setting time was determined according to EN 1963. The beginning point as well as the end of the setting time for GGBS C was achieved only
slightly earlier. Spreading property values were configured acc. to EN 1015-3 with a final spread
of 190 ± 10 mm. The essential amount of flow substance added was affected by the w/b-ratio
but not by the used GGBS.
Flexural and compressive strengths were primarily affected by w/b-ratio and increased only
slightly with increasing grinding fineness. GGBS A and C differed only marginally in favor of
GGBS C. With regard to their different chemical composition this fact is initially surprisingly
(Table 1) but explainable by the increased TiO 2 content of GGBS C which foiled the advantage
of its higher basicity. Flexural strengths at the age of 7 days with a w/b-ratio of 0.44 were
between 9 N/mm² for a mean specific surface of about 4,800 cm²/g, and more than 12 MPa for
a mean specific surface of about 9,200 cm²/g. Flexural strengths after 7 days with a w/b-ratio of
0.30 were between 12 and 17 MPa, respectively. Compressive strengths with a w/b-ratio of 0.44
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were between 50 and 80 MPa, respectively, and between 80 and 120 MPa, respectively, for a
w/b-ratio of 0.30. Up to an exposure time to acid of 28 days, these values further increased
slightly, so that they meet the requirements for compressive strengths after EN 197-1 for
strength class 52,5 after 28 days. Those mortars that were produced with a low w/b-ratio of 0.30
highly surpassed the needed requirements as compared to those ones that were produced with
a higher w/b-ratio of 0.44. GGBS A and GGBS B did not differ remarkably; and the capillary
pore fraction depends on the w/b-ratio and fineness of the binder. The amount of capillary pores
declined with lower w/b-ratios as well as with a higher grinding fineness of the binder. The
amount of capillary pores were about 9 % by volume for w/b-ratio of 0.44 and a mean specific
surface area of 5,000 cm²/g and 6.5 % by volume for w/b-ratio of 0.30 and the same mean
specific surface. With a mean specific surface of 9,000 cm²/g the amount decreased to 4.0 and
3.5 % by volume, respectively (Figure 4). Figure 4 shows clearly that for the higher w/b ratio
there is a significant positive influence of the higher GGBS fineness whereas for the lower w/b
ratio there is a final utility effect of slag fineness. Two of the compositions made with w/b ratio of
0.44 are remarkable. The reason is that as well a combination of 10 wt.-% GGBS with 7,000
cm²/g and 50 wt.-% with 10,000 cm²/g as a combination of 0.55 wt.-% GGBS with 7,000 cm²/g
with 5 wt.-% 10,000 cm²/g results in an unfavourable grain size distribution.

Figure 4. Capillary porosity after 28 days depending on binder fineness
In addition to the strength parameters, the Ca(OH) 2 content was determined after 28 days. The
amount of Ca(OH)2 after 28 days was low with values ranging between 1.2 wt.-% and 2.5 wt.-%.
With decreasing amount of GBBS the amount of Ca(OH) 2 increases. Binder compositions with a
w/b-ratio of 0.44 shows higher amounts of Ca(OH)2 as compared to those ones with w/b-ratio of
0.30. GBBS type did not affect the amount of Ca(OH)2 and there were no remarkably
differences between GBBS A, B or C.
With higher w/b-ratio and above all a higher OPC content, as well as with decreasing fineness
of the binder, the Ca(OH)2 content increases. The Ca(OH)2 content varied between slightly
above 1.0 wt.-%. and over 1.9 wt.-%. The commercial CEM III/B contains about 2.1 wt.-% after
28 days. The capillary porosity was in a range from 3.7 % by volume to 7.3 % by volume. It
largely depends on the w/b-ratio, as well as on the fineness of the binder. The higher Ca(OH)2
content of binder compositions with w/b-ratios of 0.44 as compared to those ones with w/bratios of 0.30 can be explained by the fact that clinker phases of Portland cements do not fully
hydrate under w/b-ratios of 0.30 and, thus, less Ca(OH)2 is formed (Rendchen 2002).
4.2

Acid-resistance tests on mortar samples

The examination of strength values after 28, 56 and 91 days of storage did not show remarkably
differences between those samples that were exposed to acid as compared to the waterbearing reference samples. Flexural strengths of those mortars that were exposed to acid were
only marginally, but not remarkably lower than those ones stored in water. The same applies for
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compressive strengths. Compressive strengths of those samples that were exposed to acid
were marginally lower or of the same range than those ones exposed to water only.
The main results of the acid-resistance tests (loss of mass and depth of damage) on mortar
prisms are shown exemplarily for binder composition No. 8 in Figure 5 and Figure 6.

Figure 5. Mass loss for mortar prisms stored in H2SO4 (pH 3.5); composition No. 8
The loss of mass depends, among other parameters, on the GGBS used, whereby the influence
of the GGBS can be superimposed by other influences. For loss of mass, w/b-ratio is highly
important. The lower the w/b-ratio, the lower the loss of mass. Binder composition 8.2 and 8.5
differ not only in w/b-ratio but also in fineness of the binding agent. Binding composition 8.2 is
with a specific surface of 5,000 cm²/g of rougher structure as compared to 8.5 with a specific
surface of more than 7,000 cm²/g. However composition 8.2 assessed a lower w/b-ratio (0.30 to
0.40). While composition 8.2 had a loss of mass of 1.9 % after 28 days of exposure to acid,
mixture 8.5 showed a loss of mass of almost 2.4 %.

Figure 6. Damage depths for mortar prisms stored in H2SO4 (pH 3.5)
The results of damage depths are similar to those ones for the loss of mass. Again, w/b-ratio
highly affects the depth of damage, whereas fineness and reactivity of GGBS type plays only
minor roles. In general, depths of damage were higher for SEM analyses as compared to those
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ones with stereomicroscopy surveys. Figure 7 shows exemplarily a SEM picture for mixture 8.4
with determined damage depths. The prism surface was the upper horizontal line.

Figure 7. SEM picture of mixture 8.4 with damage depths
By energy dispersive X-ray spectroscopy (EDX), damage depths through element composition
could been confirmed. Initially, by sulfuric attack calcium compounds were dissolved. If there is
no significant change between the surface-near area and the core area, the damage front is
achieved (Figure 8).
Summarizing the results which were achieved by measuring the mass loss and the damage
depth it can be stated that the damage depth delivers more information on the acid resistance.
In particular if concrete test specimens are tested the general low mass loss values prevent a
distinct evaluation of different concrete recipes. That is one consequence of the dominant
positive influence of the low w/b ratio on the concrete structure.

Figure 8. Distribution of elements for binder composition 8.4
after 91 days stored in H2SO4 (pH 3.5)
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4.3

Acid-resistance tests on concrete samples

The results described above result on mortar tests. These tests were the basis for time
consuming concrete tests, that are much more extensive regarding their preparation, storing
and testing. As an example Figure 9 shows a lower damage depth of two mixtures with
optimized binder compositions compared to commercially GGBS-cement (ref. BE 2) and OPC
(ref. BE 1). Further tests are still under conduction, including cements containing fly ash instead
of GGBS.

Figure 9. Depth of damage at concrete samples stored in H2SO4 (pH 3.5)
5. OUTLOOK
With help of granulometric optimization and further decrease of the w/b-ratio it has been
possible to improve the acid resistance of GGBS-containing binders compared to commercial
cements. Preliminary investigations show that the fineness of GGBS, w/b-ratio, reactivity of
GGBS as well as the proportion of GGBS and very fine GGBS influence the acid resistance. As
the binding agent matrix pointed out as the relevant component for increased acid resistance of
the concrete, their optimization will be further investigated.
The study is still running and, thus, statistical analyses are still lacking. However, it strongly
seems that with increasing fineness of GGBS, capillary porosity decreases. Above all, a low
w/b-ratio has a positive effect. With different reactivity of the GGBS, no remarkably changes in
porosity were observed. The Ca(OH)2 content being critical with respect to acid resistance was
largely determined by the proportion of CEM I. With greater content of GGBS, the amount of
Ca(OH)2 could be lowered. However, an increasing fineness of the GGBS and a decreasing
w/b-ratio do not influence Ca(OH)2-content. Significant contribution to increasing acid resistance
appears to be a low w/b-ratio and a higher fineness. Decisive for a dense structure and thus for
a higher acid resistance is not the fineness per se, but a coordination of the particle sizes with
each other, in order to achieve a dense packing up to the finest aggregates.
Furthermore, the findings from the acid storage of mortar prisms are applied to recipes for
concrete specimens. In this case, it is important to further optimize the mixture, in particular at a
w/b-ratio of 0.30, and thus to reduce the imperfections in the cement stone structure. Thus, the
potential of acid resistance can be further exploited. With different binder contents and an
optimized packing density according to the Fuller principle for the aggregate, but also for the
binder, the acid resistance should be further increased.
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ABSTRACT
Shrinkage of concrete induces cracks, which compromise the performance and durability of concrete
structures. Shrinkage reducing admixtures (SRAs) help decreasing drying shrinkage, and hence
reduce the risk of cracking. Their shrinkage reducing performance is often explained by their ability to
reduce surface tension of pore solution, and hence the induced capillary effect. However, their
mechanisms of action are yet not fully understood and cannot be solely regarded through their impact
on capillary forces. In this study, we investigate the impact of a shrinkage reducing admixture on the
first drying shrinkage of cement pastes, through a combination of drying shrinkage measurements, and
pore structure characterization measurements. Drying shrinkage isotherms were measured on 9 sets
of samples, i.e., cement pastes with 3 different alkali contents, to which were added 3 different
amounts of SRA (here, hexylene glycol). The samples were slabs with a 3mm thickness, dried at a
range of relative humidity from 95% down to 11% RH, then re-humidified to higher relative humidities
up to 95% RH. Results confirm the ability of SRAs to significantly reduce shrinkage on the range of
investigated relative humidity. SRAs can also significantly inhibit irreversible shrinkage, such that
samples with high contents of SRA have an almost fully reversible first drying shrinkage isotherm.
Furthermore, we investigate the impact of SRAs on microstructure of cement paste before and after
drying, by performing and analyzing water sorption isotherms and nitrogen sorption isotherms.
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1.

INTRODUCTION

Drying shrinkage of concrete occurs due to the changes of surrounding relative humidity. When the
relative humidity decreases, the material dries and consequently shrinks. This drying shrinkage, when
restrained by the presence of aggregate or reinforcement, can lead to cracks (Damgaard, Jensen and
Chatterji, 1996).
A specific feature of drying shrinkage of hardened cement-based materials is that the first drying is
irreversible, meaning that a cement paste that is dried and re-humidified exhibits a residual strain: the
cement paste does not recover its initial length. Helmuth and Turk (1967) were the first to highlight the
reversible and irreversible drying shrinkage on both cement pastes and alite pastes. The irreversible
drying shrinkage was linked to changes of the pore structure (Helmuth and Turk, 1967; Feldman and
Sereda, 1968; Jennings, 2008), and to the creation of silicate bonds in the calcium silicate hydrate (C-S-H)
(Jennings, 2008; Bentur et al., 1979).
Shrinkage reducing admixtures (SRAs) are one strategy to reduce the drying shrinkage in the aim of
reducing the cracks induced by the drying shrinkage. SRAs reduce the magnitude of drying shrinkage by
up to 50% (Ai and Young, 1997; Saliba et al., 2011; Shah et al., 1992; Gettu et al., 2002; Rongbing and
Jian, 2005; Eberhardt and Kaufmann, 2006; Eberhardt, 2010). Many (among which the suppliers of SRAs)
claim that the shrinkage mitigation is due to the ability of the SRAs to decrease the surface tension of the
pore solution, and therefore the decrease of the compressive stresses to which the solid matrix is
subjected at a given saturation level, and hence its shrinkage. However, studies showed that SRAs may
have other mechanisms of actions, as they impact, among other, the microstructure of the material
(Maltese et al. 2005; Ai and Young, 1997; Eberhardt, 2010), its transport properties (Bentz, 2001; Sant,
2010) and potentially hinder the collapse of microstructure through drying (Gartner et al. 2017)
In this work, we examine the impact of an SRA on a cycle of drying and rehumidification on an extended
range of relative humidities. Studying drying shrinkage on a cycle of drying and rehumidification allows the
investigation of the impact of SRA on the irreversible shrinkage and the reversible shrinkage. The
influence of SRA on the pore structure evolution is investigated as well, both before drying and after
drying. The action of SRA on the potential rearrangement of the pore structure on drying is examined.
2.

MATERIALS AND METHODS

2.1

Materials

We prepare 9 types of samples with various contents of alkali and SRA. The samples are prepared with
one solution to clinker ratio (in mass) of 0.55, where mass of solution is the sum of mass of water and
SRA in case of samples containing SRA, and one type of SRA added, which is hexylene glycol, also
known as 2-methyl-2,4-pentanediol. The cement pastes are prepared with an ordinary Portland cement
from "Le Teil", that is enriched in alkali with potassium sulfate K2SO4 at a content of 1.4% and 2.8% in
clinker mass, corresponding to low alkali content (0% addition of K2SO4), medium (1.4% addition of
K2SO4), and high (2.8% addition of K2SO4), corresponding to a content of alkali expressed in equivalent
Na2O of 0.2, 0.7 and 1.2% respectively. The potassium sulfate is added to mixing water in order to reach
desired alkali content. Composition of clinker is provided in table 1. We considered 3 contents of SRA in
the cement pastes: 0%, 4%, and 8% of the mass of clinker.
Table 1. Chemical composition of the Ordinary Portland cement clinker used, in mass fraction
based on X-ray diffraction.
Phase

C3S

C2S

C4AF

C3A

CC

CSH2

CS

CSH0.5

Mass fraction, %

69.4

17.6

7.1

1.1

1.9

0.5

1.2

0.4

The samples were prepared following 3 main stages: 1) mixing, 2) cutting the samples and 3) curing. For
the mixing of cement pastes, de-ionized water is pre-mixed with the appropriate amount of SRA, when an
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SRA mixture is considered, as well as the potassium sulfate for alkali enriched cement. The SRA
equivalent amount is reduced from the water in mass. The solution (water, potassium sulfate and SRA) is
then added to clinker, and mixed following the procedure detailed below for each alkali content:





For low alkali cement paste: solution is separated in two parts. A first part corresponding to a
w/c ratio of 0.3, which is mixed with clinker for 2 minutes. Obtained solution is added to the
premixed paste, and is mixed again for 2 minutes. We use a Renfert twister mixer with a rate
of 250 rpm.
For medium alkali cement paste: potassium sulfate is first added to water, and well agitated
until added salt is dissolved. For the SRA containing pastes, SRA is then added. The same
mixing procedure as that of the low alkali paste is adopted.
For high alkali cement paste: a planetary centrifugal mixer "thinky mixer" type ARE 500 is used
for the mixing of cement paste. Solution is first prepared by mixing water, alkali and SRA
added in this order, then added to clinker. We first mix for two minutes at 1000 rpm, then paste
is mixed manually with a spatula, and re-mixed again for one minute.

After this initial mixing, the paste is mixed every 30 minutes with a plastic spatula, until the paste reached
a creamy consistency. The paste is cast in molds. The molds are then wrapped with a damp cloth and
plastic sheet, to limit drying the samples before demoulding. The molds render samples of dimensions 3
mm×13 mm×300 mm. The samples are removed from the molds at 5 days, and cut with a diamond saw
into 3 specimens of 3 mm×13 mm×100 mm size. De-ionized water is used during the cutting process,
which facilitates the cutting process through lubricating the surfaces. The samples are then cured sealed
in aluminum bags, kept in a room of 20 °C for 90 days.
2.2

Methods

2.2.1 Drying shrinkage measurements
The prepared samples at the end of the sealed curing period are left to reach equilibrium for at least 6
months under targeted relative humidities from 95% down to 11%. The targeted relative humidities are
reached by means of saturated salt solutions. Another batch of samples is left to dry at 11%, and
subsequently put at higher relative humidities for rehumidification measurements. Measurement of length
and mass of a type of cement paste equilibrated at a given RH, on drying or rehumidification branch, is
conducted on at least 5 companion specimens.
The length is measured by a contact displacement meter with a precision of ±0.5 µm for 1 mm, and a
reference made of ceramic of length 100 mm. When the mass change of samples is below 0.01% per day,
the length and mass after drying is measured. The uniaxial strain 𝜀 is measured as follows:
𝜀=

𝑙−𝑙0
𝑙0

(1)

where 𝑙 is the measured length of cement specimen, and 𝑙0 stands for the length of cement specimen at
the sealed state.
The mass change 𝑤𝑙 is computed as follows:
𝑤𝑙 =

𝑚−𝑚0
𝑚0

(2)

where 𝑚 is the measured mass of cement specimen, and 𝑚0 is the reference mass of cement specimen
after curing under sealed conditions.
2.2.2 Gas sorption measurements
Nitrogen sorption measurements are conducted by a Belsorp Mini 2 provided by Microtrac-bel, and the
range of relative pressure p/p0 ranges from 0.01 to 0.99. Water sorption measurements are conducted by
a VSTAR vapor sorption analyzer (Quantachrome Instruments) at a temperature of 20 °C.
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Nitrogen sorption and water sorption measurements are conducted on cement pastes which are
vacuumed prior to the measurements. For nitrogen measurements, the samples are coarsely crushed into
pieces of a size below 1.1 mm. An amount of 100 mg is placed under vacuum condition for nitrogen
sorption measurements. The sample is left under vacuum condition for 24 hours. For water sorption
measurements, the sample is ground manually with a mortar and pestle and then sieved. The fraction of
sample with a size larger than 25 µm and smaller than 75 µm is used for the measurements. An amount of
25 mg is dried under vacuum at room temperature for 45 min prior to measurement.
2.3

Results and discussion

2.3.1 The impact of SRA on the first drying shrinkage
Mass change of cement pastes at low alkali content without SRA and with SRA are shown on figure 1.
When samples are dried from the sealed state to a relative humidity of 11% then rehumidified to higher
relative humidities, the weight loss when rehumidifying to RH higher than 40% is lower than the weight
loss measured on the first drying: a hysteresis is noted on the weight loss at the range of RH higher than
40%. Weight loss of pastes containing SRA is higher than weight loss of plain paste at RH higher than
40%. When comparing weight loss of cement paste at 4% SRA and at 8% SRA, we observed that for RH
larger than 60%, paste at 8% content of SRA has a larger weight loss.
Impact of SRA on weight loss was reported by several authors on both cementitious materials (Bentz et al.
2001, Weiss et al. 2008) and other materials such as Vycor glass (Maruyama et al. 2016). The impact of
SRA on weight loss of samples may be explained by its ability to lower surface tension. In fact, at
thermodynamic equilibrium, when samples are dried at a given relative humidity RH, the size of meniscus
that can form in the pore network of cement paste is proportional to the surface tension. At a given RH,
reducing the surface tension comes to a reduction of the size of equilibrium of formed meniscus. For a
given pore structure, when surface tension of pore solution is reduced, volume of family of pores emptied
of their condensate is therefore larger, which corresponds to larger weight loss (Weiss et al. 2008).
Drying shrinkage of cement pastes is shown on figure 2. For plain paste, drying shrinkage decreases
linearly with decreasing RH. When the samples are conditioned at RH lower than 54%, length change of
samples on the first desorption and subsequent re-humidification is almost equal: no or little hysteresis is
observed. When samples are rehumidified to RH larger than 54%, we observe that the plain paste does
not recover all shrinkage: drying shrinkage shows an irreversibility. Drying shrinkage of pastes containing
SRA is lower relatively to plain pastes at RH range below 75%. Moreover, a plateau is observed on the
range of RH [33%-75%]. We note that this behavior is observed for cement pastes containing SRA
regardless of their alkali content. When samples with SRA are rehumidified, they regain almost all the
shrinkage. The drying shrinkage isotherm is reversible for pastes containing SRA.
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Figure 1. Mass change measurements on first drying and subsequent re-humidification of cement
pastes at low alkali content, without SRA (PP-L) and at 4% (SR4-L) and 8% (SR8-L) content of SRA

Figure 2. Drying shrinkage measurements on first drying and subsequent re-humidification of
cement pastes at low alkali content, without SRA (PP-L) and at 4% (SR4-L) and 8% (SR8-L) content
of SRA
In figure 3 we plot the strain observed in terms of the weight loss reported on the drying and
rehumidification. Results show that all points follow a master curve, which is different for plain cement
pastes and cement pastes containing SRA, regardless of alkali content and of humidity change path. For
plain pastes the drying shrinkage follows a linear behaviour with a change of slope at weight loss value of
0.15 g/g, beyond this value slope of shrinkage with regards to weight loss increases. For pastes
containing SRA, strain follows three regimes. First, when weight loss is lower than 0.05 g/g strain follows a
linear behavior. A second regime is observed at weight loss lower than 0.15 g/g during which weight loss
does not induce a shrinkage. A third regime is noted when weight loss is larger than 0.15 g/g and for
which slope of strain vs. weight loss increases.
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Figure 3. Strain in terms of weight loss of plain paste and paste containing SRA for various alkali
contents under drying (blue symbols) and rehumidification (green symbols) paths.
2.3.2 Pore structure before and after drying
In figure 4 we plot the specific surface area of cement pastes with and without SRA, at the low alkali
content dried at 11% RH in terms of the specific surface area measured on the cement pastes at the
sealed state, based on water sorption measurements and nitrogen sorption measurement. When the
cement pastes are kept at sealed conditions, we observe that at a given alkali content, the pastes
containing SRA have a lower specific surface area compared to the plain pastes. Namely for the low alkali
content cement pastes, the specific surface area (SSA) at the sealed state evaluated by nitrogen sorption
drops from 100 m²/g for the plain paste to almost 40 m²/g for the paste containing SRA at the low alkali
content.
Comparing the specific surface area of cement pastes dried at 11% RH to that obtained for the cement
pastes at the sealed state, we observe that specific surface area (based on nitrogen adsorption and water
adsorption) of plain pastes decreases when the cement paste is dried at 11% RH, regardless of the alkali
content. As an illustration, the specific surface area based on water sorption isotherms decreased from
200 m²/g to 100 m²/g for both low and high alkali content plain cement pastes. For cement pastes
containing SRA, the prolonged drying at 11% RH of cement pastes does not induce a significant decrease
of the specific surface area, when evaluated by nitrogen sorption isotherms. However, a decrease of the
specific surface area is observed for the cement pastes containing SRA, compared to the sealed state,
when evaluated by water sorption isotherms. It should be noted that the specific surface area of samples
dried at 11% RH is found similar for both low alkali content and high alkali content and is around 20 m2/g,
and is found around 100 m²/g when the specific surface area is evaluated by water sorption isotherms.
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Figure 4. Specific surface area of cement pastes dried at 11% RH in terms of specific surface area
at sealed state, evaluated by BET applied to nitrogen sorption isotherms (blue symbols) and to
water sorption measurements (red symbols)
Parrott et al. (1980) investigated the drying shrinkage of alite pastes, and the microstructural changes it
undergoes. Our results are in line with their results: SSA measured by nitrogen decreased from 100 m 2/g
to 20 m2/g for paste of water/alite ratio of 0.4. Parrott et al. (1980) interpret this decrease of SSA by the
closure of mesopores which is induced by capillary tension. More recently, Maruyama et al. (2014) studied
extensively the microstructural changes of cement pastes during drying shrinkage. Maruyama et al. (2014)
reported a large decrease of SSA as measured by nitrogen adsorption when pastes are dried to 54% RH,
below which SSA reaches a constant value. Maruyama et al. (2017) further studied the pore structure
evolution by means of Small-angle X-ray scattering (SAXS). Results confirmed the evolution of pore
structure during drying, and indicate a stacking of the C-S-H agglomerates below 60% RH, as they are
brought closer to each other.
The irreversible drying shrinkage was linked, among others, to the potentially irreversible evolution of the
pore structure on drying (Feldman and Sereda, 1968; Jennings, 2008). However, it is reported that the
changes of the specific surface area are reversible when the cement paste is rehumidified to high RH or
re-saturated (Litvan and Meyers, 1983; Pearson and Allen, 1985), in other words rehumidifying the
cement paste to large RH increases back the specific surface area. This raises questions on the link of the
irreversible drying shrinkage and the evolution of the pore structure, and whether measurement of surface
area captures comprehensively this evolution of the pore structure.
3.

CONCLUSIONS

In this study we investigated the impact of a SRA (hexylene glycol) on the first drying shrinkage of cement
paste at various contents of alkali, and on the evolution of the surface area through the prolonged drying,
as evaluated by nitrogen sorption isotherms and water sorption isotherms. The SRA is found to:




reduce the drying shrinkage of cement pastes the most at the mid-range of RH [33%-75%]
where the drying shrinkage does not increase with decreasing RH, and is almost constant
reduce significantly the irreversible drying shrinkage, as evaluated by monitoring of length on a
drying-rehumidification cycle
decrease the magnitude of the reduction of the specific surface area, this effect is observed
more prominently when the specific surface area is evaluated by nitrogen sorption isotherms
than by water sorption isotherms

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

The action of the SRA used in this study on the drying shrinkage may be linked to its ability to reduce the
irreversible shrinkage and the microstructural changes, which are monitored by the changes of the specific
surface area before and after the prolonged drying.
4.
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ABSTRACT
Nanotechnology is around us and many new products with high market potential such as cars,
windows, computers and smartphones, cosmetics and medicine, take advantage of it. Even if
nanotechnology is growing faster and faster in many sectors, its application to the construction
industry is a slow process and takes time because of the complexity of the material, the necessity to
guarantee adequate safety to the structures, the high expectations of the public, the fundamental duty
to preserve health and environment, the longer and longer demanded service life and last but not least
the economic value of the sector. Nevertheless nanomaterials are already making their way into some
construction applications and nanotechnology seems to have the potential to be the key to open a new
season in the field of the built environment.
Opportunities and challenges for nanotechnology in the cement world cover resolving C-S-H structure,
incorporating nanofine compounds into cementitious matrix to increase performance and durability,
using carbon nanotubes/nanofibers as nano-reinforcements, promoting self-healing to circumvent
costly manual maintenance and repair, studying more and more advanced admixtures, developing
improved coatings with photocatalytic performance, super-hydrophobic surface, anti-microbial effect ,
anti-graffiti properties and so on. The paper is aimed at outlining the main topics in the sector and
underlining the advantages that may result from nanotechnology. The importance to protect human
health and environment while realizing the social and economic benefits of the nano-approach is
highlighted. Future trends are sketched as likely to be incremental on existing materials and
technologies.
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1.

INTRODUCTION

Nano-technology is considered a strategic sector in the EU programmes (Web 1). The Horizon 2020
initiative aims to bridge the gap between nano-technology research and markets, to support EU
competitiveness through accelerated market uptake of nano-enabled products, to contribute to improved
technical knowledge, to promote safe-by-design approaches and push towards the framework of EU
nano-safety and regulatory strategies (including standardization) and to provide significant long term
societal benefits such as improved health care and quality of life (Candeias M. (2014)). Nano-technology
has the potential to make construction faster, cheaper, safer, and more varied and therefore the
construction industry has been considered to be one of the most promising fields for nano-technology
(Bartos (2009), Mann (2006)). In the near future, nano-technology can be used to sense cracks in
foundations of architecture and can send nano-bots to repair them (Das et al., (2017)). Nano-technology
has a tremendous potential to improve performances of cement-based materials and can lead to the
development of novel, sustainable, advanced cement-based composites with unique mechanical,
thermal, and electrical properties (Mohamed (2015)). Anyway application of nano-technology to concrete
is a slow process and takes time because of the complexity of the material, the necessity to guarantee
adequate safety to the structures and therefore to respect regulations imposed by codes and standards,
the high expectations of the public, the fundamental duty to preserve health, the longer and longer
contractual guaranteed service life and last but not least the economic value of the sector which every
€1 spent on construction output generates a total of about €2.8 in total economic activity (Le Bipe,
(2015)). As a matter of fact the construction sector has a key role to the strengthening of local economies
and deliverying a stable, continuous source of jobs and economic activity (The Boston Consulting Group
(2013)). These reasons are at the basis of some lack of awareness, doubts, and negative perception of
nano-technology by the professionals which have to take advantage of the incoming technology but also
to apply the due diligence to limit the risks connected to the innovation in the sector. The focus of the
paper is on cementitious materials and is aimed at outline the main topics in the relevant sector and
underline opportunities and challenging which come from its application (Sanchez et al., (2010),
Transportation Research Board (2012), ACI (2017)).
2.

FRAMEWORK

In concise terms, nano-technology refers to the “Application of scientific knowledge to manipulate and
control matter in the nano-scale, where size- and structure-dependent properties and phenomena, as
distinct from those associated with individual atoms or molecules or with bulk materials, can emerge”
(ISO (2010)). In other words, it deals with the understanding, control and restructuring of matter at
dimensions between approx. 1 and 100 nm, to create materials with fundamentally new properties and
functions. The ideas and concepts behind nano-science and nano-technology started with a talk entitled
“There’s Plenty of Room at the Bottom” by physicist Richard Feynman at an American Physical Society
meeting at the California Institute of Technology (CalTech) on December 29, 1959, long before the term
nano-technology was used. Over a decade later, in his explorations of ultraprecision machining,
Professor Norio Taniguchi coined the term nano-technology. But only in 1981, with the development of
the scanning tunneling microscope that could "see" individual atoms, modern nano-technology began
(Web2).
The properties of materials can be different at the nano-scale for two main reasons:
-first, nano-materials have a relatively larger surface area when compared to the same mass of material
produced in a larger form. This can make materials more chemically reactive and affect their strength or
electrical properties;
-second, quantum effects can begin to dominate the behavior of matter at the nano-scale, particularly at
the lower end, affecting the optical, electrical and magnetic behavior of materials.
In nano-technology two main strategies are possible: the Top-down and the Bottom-up approach
(Web3). The contemporary technology mainly relies on the top-down approach.
According to scientists, nano-technology is predicted to have four distinct generations of advancements.
We are currently experiencing the first, or maybe the second generation of nano-materials. The first
generation (incremental nano-technology) is represented by incorporating "passive nano-structures" in
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current materials. This can be in the form of coatings and/or the use of carbon nano-tubes to strengthen
the matrix (e.g plastics). The second generation (evolutionary nano-technology) makes use of active
nano-structures, for example, by being bioactive to provide a drug at a specific target cell or organ, e.g
by coating the nano-particle with specific proteins. Third and fourth generations (radical nanotechnology) are the most far‐reaching version of nanotechnology, with construction of machines whose
mechanical components are the size of molecules. One aspect of radical nanotechnology is molecular
manufacturing, which postulates the possibility of mechanically placing atoms at controlled positions to
assemble a macroscopic object (Web5, Web6). As a consequence, first generation advances in nanoscale technologies will develop into mass markets in the coming years, adding new functionalities,
intelligence, integrations, portability and networking capability in different and novel products (Tszuki
(2009)).
Nano-materials can be classified according to the number of dimensions which are outside the nanoscale range (>100 nm) in: 0D dimension (e.g nano-particles), 1D dimension (e.g nano-tubes, nano-rods,
nano-wires), 2D dimensions (e.g graphene, nano-films, nano-layers) and 3D dimensions when no
dimension is confined to the nano-scale. This class can contain bulk powders, dispersions of nanoparticles, bundles of nano-wires, and nano-tubes as well as multi-nano-layers.
3.

CEMENT-BASED MATERIAL AND NANO-TECHNOLOGY

3.1
Modifying hydrated cement core
Cement is the glue of concrete and of all the mixtures with it. The reaction of ordinary Portland cement
with water leads to the formation of hydrated products and the associated microstructure. The main
hydration product is calcium-silicate-hydrate (C-S-H), the phase that holds concrete together. C-S-H
occupies about 60% of the volume of hydrated cement paste, and has a large surface area, from 100 to
700 m2/g (Balanguru et al., (2006)). C-S-H is a nearly amorphous nano-material that does not have an
ordered structure at length scales greater than 100nm and whose nano-structure is still not completely
understood clearly (Rieger et al., (2014)). The structure presents a high degree of permeability that
allows water and other aggressive elements to enter, leading -inter alia- to paste deterioration by
sulphate attack, paste and aggregates damage by freezing and thawing cycles, leaching out of cement
paste by exposure to acidic water and corrosion problems of steel bars by carbonation and chloride ion
attack. It turns out that to overcame durability issues a better understanding of the hydration products is
necessary as well as the capability of controlling and modifying their nano-structure.
The interest in more sustainable concrete structures has led to the proposal of organic moieties for the
nano-structural modification of C-S-H and some schemes for incorporating “guest molecules” into C-SH have been advanced which can be summarized in: i) surface adsorption and grafting of polymers at
defect sites, ii) intercalation of the interlayer spaces between the C-S-H sheets; iii) true hybrids and
covalent bonding of polymers with C-S-H (Raki et al., (2010), (Kamali et al (2018)).
Use of organic additives to modify the nano-structure of CSH is inspired by the microstructure of certain
biological nano-composites, such as bones, teeth and nacre of abalone shells, which exhibit superior
engineering performance compared to traditional materials (Matsuyama et al., (1998)). Unfortunately,
currently little is known about the consequences of adding small amounts of organic material in an
inorganic matrix, like the C-S-H/polymer system (Picker (2017)).
3.2 Modifying cement matrix with nano-constituents
Typical nano-materials include nano-particles, nano-reinforcements and graphene related nanocompounds (Chuah et al., (2014), Jayapalan (2013)). Here the term nano- refers only to the primary size
of the particles because the embedment of these particles in complex mixtures generally cause
aggregation.
3.2.1 Nano-sized particles (0D)
Nano-silica (n-SiO2) and nano-titanium dioxide (n-TiO2) are probably the most reported constituents
used in nano-modified concrete. Other nano-compounds considered in some studies are nano-iron (nFe2O3), nano-alumina (n-Al2O3), nano-zirconia (n-ZrO2), nano-franklinite (n-ZnFe2O4) and nano-clay
particles. The mechanisms that nano-compounds can activate are well summarized in the paper
(Sobolev et al., (2008)) as follows:
-to increase the viscosity of the liquid phase helping to suspend the cement grains and aggregates;
-to fill the voids between cement grains, resulting in the immobilization of “free” water (“filler” effect);
-to act as centers of crystallization of cement hydrates, therefore accelerating hydration;
-to favour the formation of small-sized crystals (such as Ca(OH)2 and AFm) and small-sized C-S-H;
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-to participate in the pozzolanic reactions by SiO 2, resulting in formation of an “additional” C-S-H;
-to improve the structure of the transition contact zone between aggregate and cement paste;
-to arrest crack and form interlocking effects between the slip planes.
-n-SiO2: its action is mainly based on the mechanism of (i) pozzolanic reaction with calcium hydroxide
to form new C-S-H and (ii) filling voids in young and partially hydrated paste by packing and nucleation
effect (Mendes (2015)). A wide range of fundamental properties of concrete takes advantage from these
factors such as strength, workability, kinetics of hydration, fire resistance, leaching reduction and better
behavior under aggressive environments (Bolhassani (2015));
-n-TiO2: nano-TiO2 is claimed to be able to accelerate the early-age hydration of Portland cement
(Jayapalan et al. (2009)). It has been widely studied as trigger of photocatalytic degradation of pollutants
such as NOx, VOCs, chlorophenols and aldehydes from vehicle and industrial emissions . Urban areas
in most of the EU cities have concentrations of NO X above legal limits, which means 40µg/m³ annual
mean concentration and 200µg/m³ hourly mean concentration not to be exceeded more than 18 times
a year (Web8). Nano-TiO2 is able to improve environmental performance of concrete and has proved to
be very effective also for self-cleaning of concrete so helping to preserve the aesthetic quality of buildings
over time (Italcementi (2009)). Some of the companies such as Toto and Italcementi put a continuous
effort historically to develop photocatalytic products (Oymac et al., (2013), Guerrini (2010), Web7).
Photocatalytic cement can be used for different technologies such as concrete paving and blocks, paints,
skim coatings, precast concrete elements etc, offering a real opportunity to depollute cities.
-n-CaCO3: nano-CaCO3 particles are able to promote hydration reactions, to shorten setting time of
cement paste and to accelerate hardening process with relatively limited cost compared to other nanomaterials (Cai et al., (2016), Liu et al., (2012), Supit et al., (2014)). Study on this topic are relatively
recent and results must be confirmed and extended by further research.
-n-Fe2O3: self-diagnostic ability of concrete structures could be obtained embedding nano-Fe2O3
particles due to the change of volume electric resistance with applied load, as already proved in cement
mortar (Xiao et al., (2004)).
-n-Al2O3: nano-Al2O3 is stated to densify microstructure decreasing water absorption and chloride
penetration. Limited effect on compressive strength is reported (Wang et al., (2006)).
-n-Clay: natural clay particles are micron and submicron in size and the base structure is composed of
crystalline layers of aluminum phyllosilicates with thickness in the order of 1 nm. and lateral size from
30nm to several microns or large. Nano-clay particles have shown promise in enhancing mechanical
performance, resistance to chloride penetration, self-compacting properties of concrete, elimination of
external vibrations from slip-form paving process, and in reducing permeability (Tregger et al. (2010),
Brighton (2013), Patel (2012)). Calcined clays can be used as pozzolans, but calcination makes the
economics of substitution marginal in a conventional pozzolanic blend. A coupled substitution of cement
with calcined clay and limestone should permit to get higher levels of substitution down to clinker
contents of around 50% (Scrivener, (2018)).
-bacteria: crack formation is a typical phenomenon related to durability. While larger cracks hamper
structural integrity, also smaller sub-millimeter sized cracks may result in durability problems as
particularly connected cracks increase matrix permeability to water and chemicals so facilitating
premature composite degradation and corrosion of embedded steel reinforcement. A way to circumvent
costly manual maintenance and repair is to incorporate an autonomous self-healing mechanism in
concrete. Bio-mineralization of bacteria in concrete is a way being studied. Protection of the bacterial
spores in cementitious high alkaline environment is possible through their immobilization inside porous
expanded clay or different materials such as melamine-based microcapsule, polyurethane, or even
hydrogel before addition to the concrete (Wang et al., (2014), Jonkers (2016)). Waters which enters the
concrete will activate the dormant bacteria which in turn will give strength to the concrete through the
process of metabolically mediated calcium carbonate precipitation (Seshagiri et al., (2013)). Further
research and development is needed in order to make the material ready for application in practice and
make the technology cost efficient and competitive with maintenance cost (Mors et al., (2012), van
Breugel (2012). To mitigate the risk of rebar corrosion smart nano-particles able to react to changes of
the chemical environment by a sort of self-healing mechanism could be used. Encapsulated CaO in
polymeric vesicles was studied (Koleva et al.,2011)). By releasing the core material, the charged vesicles
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will restore the alkalinity in the bulk matrix and repair the passive layer on the steel surface. The polymer
of the shell around the core will be dissolved by the pH decrease.
3.2.2 Nano-reinforcements: CNTs/CNFs (1D)
Carbon nano-fibers (CNFs), vapor grown carbon fibers (VGCFs), or vapor grown carbon nano-fibers
(VGCNFs) are cylindrical nano-structures with graphene layers arranged as stacked cones, cups or
plates (Web8). Carbon nano-fibers with graphene layers wrapped into perfect cylinders are called carbon
nano-tubes. Carbon nano-tubes/nano-fibers are potential candidates for use as nano-reinforcements of
cementitious matrices. The extraordinary strength of CNTs/CNFs, with moduli of elasticity of the order
of TPa and tensile strength in the range of GPa, and their unique electronic and chemical properties can
be used for strengthening, densifying paste, reducing crack formation/propagation, decreasing
autogenous shrinkage and obtaining improved/new thermal and electrical properties. The predicted
performance of CNTs and CNFs in cementitious matrices needs good dispersion to be achieved
(Foldyna J. et al., (2016). As a matter of fact CNTs and CNFs strongly attract each other due to van der
Walls forces and agglomerations are formed in the form of entangled ropes and clumps that are very
difficult to disentangle. Successful investigated techniques for dispersion of MWCNTs into cement have
usually consisted in the application of ultrasonication in combination with either treatment of CNTs with
group functionalizing agents or with addition of dispersing agents prior to mix into cement (Chia (2017)).
Typical functionalizing agents are aggressive oxidizing acids such as sulfuric and nitric acids although
also other compounds have been used. As dispersing agents, polycarboxylate comb-polymers, used as
superplasticizers in concrete technology, have been tested with positive results (Fraga, (2014)). The
quasi-brittle behavior of cementitious materials is the main cause of its susceptibility to cracking
(Saptarshi et al., (2013)). The incorporation of fibers and CNTs at the nano-scale may allow the control
of the matrix cracks reducing the length and width of crack in concrete and contribute to significantly
stronger and tougher composites than current reinforcing materials (Carriço (2018)). Incorporation of
CNTs/CNFs in cement is currently studied also for self-sensing concrete. CNTs cement composites
sensors display piezoelectric behavior and a wide range of stresses/strains can be detected. Moreover
in the case of the development of microcracks in the cement matrix, some percolation branches are cut
off, causing a sudden and sharp change in the electrical resistance of the sensor (Silvestre (2015)),
Saafi (2009)). The solution should permit to avoid the use of sensors for monitoring traffic, structural
health of buildings (e.g bridges, skyscrapers) in real-time under ordinary conditions and to provide data
in emergency such as during an earthquake. The poor EMI protective properties of cement can be
modified through conductive inclusions such as CNTs able to shield or absorb some electromagnetic
waves (Wang, (2013)).
3.2.3 Graphene and G-related materials (2D)
Graphene has recently attracted researchers for its outstanding properties, 200 times stronger than steel
(but it is incredibly flexible), superb electrical conduction even better than copper, and acting as a perfect
barrier - not even helium, the hardest gas to block- can pass through it (Web9). Although the rapid
progress on graphene-based cementitious composites has benefited from the relatively mature research
on other carbon-based nano-materials , especially CNTs, the use of graphene in concrete has some
intrinsic advantage over them. Compared to CNTs, for example, graphene is i). 2-dimensional,
presenting larger specific surface area of ~2360 m 2/g more than twice that of CNT (Peigney et al.,
(2001)), ii). easier to produce in large quantities with acceptable reproducible properties, iii).less
hazardous for health and environment and iv).more easily dispersed in a media which makes it more
attractive for various applications in construction materials (Shamsaei et al., (2018)).
To date graphene has been successfully implemented in the cement matrix mainly in the form of
graphene oxide (GO) (Ghazizadeh et al, (2018)) which consists of an hexagonal carbon network bearing
hydroxyl, epoxide, carboxyl and carbonyl functional groups which render GO sheets hydrophilic,
facilitating the dispersion of GO in water. Chemical functionalization, mild ultrasonication and use of
dispersants (such as polycarboxylate-ether polymers for concrete) are commonly employed to disperse
GO in water.
Modification of cement hydration products with formation of regular flower-like or polyhedron-like
structures was observed in cement paste and mortar composite containing graphene oxide with
reduction of porosity and increase of compressive strength (Shengua et al, (2014), Shengua et al.,
(2013)). Several papers have confirmed the increase of strength of pastes and mortars containing GO
at dosages in the range 0.02-0.05% by weight of cement (Boksun et al., (2017)). These findings do not
extend directly to concrete, as the addition of sand and aggregate changes the physico‐mechanical
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behavior of the material. Experimental work incorporating graphene in concrete is limited (Dimov et al.,
(2018)) and application of graphene to industrial formulation is necessary to get some better picture of
its potentialities for the development of nano-engineered composites with improved strength and long
durability. Due to the excellent electrical conductivity of graphene, electrostatic dissipation can be
achieved in cementitious matrix with 1% showing that this dosage is sufficient for use in applications
where electrostatic dissipation is desiderable (Sedaghat et al., (2014)). Cement composites formulated
with conducting graphene oxide and magnetic ferrofluid showed microwave absorption with usability in
the radio frequency range (Singh et al., (2011)).
4.

ENVIRONMENTAL EFFECT AND SAFETY

4.1 Environment
Current role of nano-materials for construction appears limited so far and hence the environmental threat
appears to be low. Nevertheless understanding the health and environmental impact of nanomaterials
is essential given the increasing trend of applications. Important issues to assess the impact of
nanomaterials on environment cover distribution, fate, transformation processes and biopersistence
(National Nanotechnology Initiative Workshop, (2003)). Typical potential problems are related to
leaching of materials into groundwater, release of materials into airways through the generation of dust
and exposure to potentially harmful materials during construction and maintenance operations (Rana et
al., (2009)). A new kind of problem can be represented by the appearance of nano-waste coming from
end of life of concrete via natural disaster or by man-induced demolition (Gibb et al., (2017)). Suggested
measures to avoid environmental and health consequences should include a labelling system for
products containing nano-particles to facilitate future separation and treatment (Pacheco-Torgal et al.,
(2010), van Broekhuizen et al., (2011)). Nano-particles are often described by their primary sizes but
such description becomes insufficient when discussing embedded nano-materials in complex mixtures
and biological systems because of interactions and possible aggregation of particles in these conditions
(Zhang et al., (2012). Therefore to assess risk it is of maximum importance to take into account not only
the pristine nano-material but also its interaction with the surrounding environment under realistic
exposure conditions. In a recent study a TiO 2-coated brick and a photocatalytic concrete tile were
submitted to an abrasion treatment. Particles released from the abraded products were analyzed by
granulometry and SEM-EDX and no detection of free particles of TiO2 was observed. Only agglomerates
of cement paste with chemically bound TiO2 were found (Bressot (2015)).
4.2 Health and risk assessment
There is a fundamental need for valuable guidance to safe handling of particles, short-term strategies to
address potential risks, full toxicity tests, standard physical tests and metrology, regular medical
screenings, eco-toxicological evaluations. The roadmap for Nano-safety Research in EU 2015-2025
(Savolainen et al., (2013)) aims to provide an understanding of where the European nano-safety
research should be during the timeframe 2015-2025. Some practical steps to achieve the goals of the
roadmap and research priorities on which the roadmap is built are there listed as follows: (i)
understanding the properties of both nano-materials and cells or organism, driving the nano-bio
interactions; (ii) generation of the consciousness and the tools to develop the concept of “safe by design”
to be applied in the proposal of new materials and devices targeting both industry and scientific world;
(iii) development of technical tools to allow more accurate measurements of nano-particles under
realistic exposure condition (iv) development of guidelines on how to determine a nano-material
including easy to use instruments and agreed measurements protocols; (v) development of instruments
to separate engineered from background nano-materials; (vi) development of dose-response
relationship for the identified relevant descriptors/parameters; (vii) mastering the nano-safety issues of
the 1st generation materials (passive nano-materials); (viii) tackling the issue associated with the further
generations of nano-materials and complex mixtures entailing nano-materials. Stability and degradability
as well as monitoring tools must be established; (ix) development of tools for proper risk assessment on
the above mentioned issues, especially Life Cycle Analysis, where nano-safety issues of nano-materials
are considered from synthesis and fabrication to their end of life.
In the Division 2 “Health, Medicine and Sensors” of Graphene Flagship, the Work Package 4 “Health
and Environment” takes care of nano-safety research as an essential requirement that cannot be
dissociated from the development of new nano-technologies (Web10). The identification and resolution
of any possible safety and toxicity issues of graphene-based materials is crucial not only for their
integration into Information & Communication technologies, composites, etc., but also in view of their
possible biomedical applications, such as direct nano-interfacing devices with cells and tissues. As
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matter of fact it is thought that current testing and research facilities are generally inadequate to study
the current impact of nano-technology on health and environment.
5. FUTURE TRENDS AND CHALLENGES
Compared with other industries, the construction industry is committed to long lasting products with
period of average life of current structures of 80-100 or more years in developed countries (Aysin et al.,
(2014)). For this reason applications of nano-technology in cement and construction industry will be
more and more addressed at durability and repairing/improving materials properties.
5.1 Materials for improved structural solutions:
-Nano-silica, carbon nano-tubes and nano-fibers will allow to produce industrial concrete addressing
the mechanical behaviour of some structural elements (e.g beams, columns or slabs) with improved
properties provided that a better understanding of bonding CNTs with cement paste and processing
methods to achieve uniform dispersion are developed.
-Graphene and carbon-based nano-materials have the ability to conduct electricity and they can be
addressed at self-sensing concrete (Han et al, (2015), i.e self-monitor for cracks, and also hinder crack
propagation in cement composites (Shah et al., (2010)).
-Fibre wrapping by fibre sheet containing nano-silica particles are an opportunity for repairing
existing structures. The technology involves, use of fibre sheet containing nano silica particles and
hardeners. When the fibre sheet is wrapped with the concrete surface the nano-particles can enter into
the concrete cracks and so close the cracks on the surface of concrete (Venkat et al., (2015)). Nanosilica addition to cement-based materials typically leads to densification of the micro and nano-structure
hence resulting in improved mechanical properties and durability.
-Embedded sensors are a promising area of developments. Concrete is attacked by carbon dioxide
and chloride ions resulting in corrosion of steel bars. Monitoring at construction sites is becaming a real
priority for bridges and civil engineering. Embedment of “ad hoc” designed nano-sensors, can enable
better quality control and durability by measuring just in time temperature, chloride concentration,
alkalinity, concrete curing, shrinkage, stresses etc.
5.2 Materials for non-structural applications
The area of coatings is currently the issue with more known applications in the construction industry.
Self-cleaning, anti-corrosion, depolluting coatings appear to have the higher opportunity. The importance
of protection of bridges and other structures subjected to harsh environments may justify a wider
investigation.
-Environmental depollution
Depolluting nano-coatings show considerable promise in cleaning indoor air and reducing instances of
sick building syndrome (Environmental Protection Agency (1988). Application of TiO2-contained
cementitious coatings on surface of cement-based structures is a cost effective solution. TiO 2, when
exposed at the building surface under solar light, such as in the case of fair-faced concrete or
cementitious skim-coat, can oxidize airborne pollutants, such as nitrogen oxides, into nitrate. TiO2 is
almost the only material suitable for industrial use in the construction sector at present because has the
most efficient photoactivity, the highest stability and the lower cost. On the drawback side, TiO2 as
photocatalyst can be activated only by a minor fraction of the solar light (the UV component) because of
its high band gap. Further research is needed to find semiconductors activated by visible light. Various
strategies have been adopted for improving the photocatalytic efficiency of TiO 2 ((Pelaez et al., (2012).
Recently, novel graphene-modified TiO2-based photocatalysts for cementitious surfaces for
environmental remediation with higher photocatalytic activity have been studied by a team coordinated
by Italcementi in the framework of Graphene Flagship (European Patent (2016)).TiO2 deactivates also
a wide range of pathogenic microorganism under ambient conditions using solar light and increasing
applications are expected in the next future, e.g in hospitals, gymnasia or other places where people
spend time together (Risø National Laboratory (2007)).
-Sustainable protection and conservation performance
Damage to concrete-based engineering constructions is very often related to water permeation and
transport of salts into and out of the concrete structures. When applied to the substrate, the alkoxy group
of alkoxy functional silanes (e.g n-octyltriethoxysilane) or of oligomeric siloxanes reacts with water or
humidity to form a nonstable silanol intermediate which spontaneously polycondensates. At the time, the
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reactive OH-groups form a bond with the mineral substrate. The functional group (e.g alkyl) lines the
walls of the pore and prevent water from incoming (Roos (2012), Roos (2008)).
-Anti-graffiti property
Graffiti are an unauthorized form of self-expression diffused in urban places. Companies across the
globe are attempting to develop coatings to prevent vandals from defacing public and private property.
Nano-technology offers products to protect buildings from illicit writings and drawings or remove them if
already applied. The coatings can be the paint itself, or a clear coat added on top of existing paint or
building facades. There are two common types of paint used today. The first type is water-based paint
such as latex, acrylic paint, organic siloxanes, and the second one is oil-based paint. The paint of choice
will depend on the substrate to be painted upon and the desired end result (Turley et al., (2009), Web11).
-Miscellanea
Coatings for different applications have been developed up today depending on the demanded
performance and making use of nano-technology in some way. They include anti-reflection coatings,
germicide, antifouling and anti-microbial coating, thermal coatings, anti-corrosion coatings, self-healing
protective coating, super-hydrophobic and over-hydrophobic coatings, etc (Hanus et al., (2013), Moreno
et al., (2017), Umwelt Bundesamt (2014)).
In the short to medium period the greatest impact to the construction industry is likely to come from
enhancements in the performance of the material and are likely to be incremental on existing materials
and technologies (Ganesh (2012), National Nano-technology Initiative Strategic Plan (2016)). In the
medium to long term, nano-technology development should lead to revolutionary approaches to design
and production of materials/structures with much improved energy efficiency, sustainability and
adaptability to changing environment. Forecastable innovations might be material ”by design” approach
to replace the traditional “trial and error” one to tailor a material for a specific requirements, new
approaches to extend the life of structures and to prevent deterioration, biomimetic materials developed
through inspiration to nature and last but not least improving and extending molecular
nanotechnology.(W. Zhu et al., (2004)).
6. CHALLENGES
Some most important issues must be overcame to facilitate the development of nano-technology
(,Silvestre (2015 ), Teizer (2012)):
-Metrology and standards: to improve therminology and nomenclature of nano-modified products as
fundamental step for developing procedures of production, handling and waste management.
-Skilled workforce: the type of worker who is employed in construction research and development (or
even some field applications) should have an interdisciplinary background that includes a broad range
of expertise in fields such as physics, chemistry, engineering, biology, ethics, societal issues, and/or
public outreach.
-Health and environment: there are some reasonable concerns about the potential negative effects of
nano-technology. Nano-particles are the same scale of important biological devices such as antibodies
and viruses, proteins and lipids. Technology must not disregard potential interaction of these bodies
with animal and vegetal cells. Leakage of materials into groundwater and release of nano-particles into
air can create serious problems to the living organism with the inclusion of man.
-Cost: construction is a cost-driven sector. Most of nano-technology materials are relatively expensive
and improving manufacturing technologies and decreasing prices is the challenge for the construction
industry.
-Manufacturing: automated manufacturing and improvement in product quality are key parameters to
reduce cost and to force nano-technology to be used more extensively.
-Skepticism of stakeholders and consumers: construction sector is traditionally very conservative
because of different reasons such as damages in case of failure, demand for durability, cost of the
building. Even if these reasons are correct, in the future construction industry will be committed to tackle
more and more the demand for safer, more sustainable and more cost-efficient buildings and
infrastructures.
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ABSTRACT
HDCC is a highly ductile cementitious composites with prominent strain hardening behavior. This
leads to the ultimate tensile strain greater than 3% at a moderate content of polyvinyl alcohol (PVA)
fibers uniformly embedded in the matrix (2% by volume) without compromising the tensile stress. The
high ductility stems from the formation of multiply cracking and the restriction of crack width (normally
<100 µm). This unique feature is a result of the synergy of micromechanics-based design and
materials optimization fully utilizing the interaction between fiber and matrix. HDCC has found
applications in seismic component of high-rise buildings, concrete pavement repair and dam
retrofitting. The ductile capacity of the engineered cementitious composites was improved by
controlling the matrix properties. In this paper, low elasticity modulus high ductility cementitious
composites (LMHDCC) was prepared with lightweight aggregate (LWA) and the mechanical properties
were studied. The results indicated that the ultimate tensile strain increased from 1.45% to 3.78%,
while the width of the cracks decreased from 87μm to 47μm. The involvement of LWA would decrease
the elasticity modulus of the composites and the crack tip toughness, thus exhibiting excellent tensile
strain hardening behavior with multiple cracks. However, the drying shrinkage increased from 985με to
1163με and the compressive decreased from 30MPa to 25MPa when the content of LWA increased
from 0% to100%. Taking the destabilizing factors of deteriorative compressive and shrinkage
properties into account, the optimum content of LWA was 60%~80%.
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1.

INTRODUCTION

Cementitious materials is the most widely used construction and building materials since their
cheapness, easy casting and high compressive strength. However, the building construction is easy to
destroy under extreme tensile load condition, even under normal work condition for the low ductility
and high brittleness of the materials. As a result, different types of reinforcing components are
introduced into the brittle matrix to enhance its ductility, among which, high ductility cementitious
composites (HDCC) is a highly ductile cementitious composites with prominent strain hardening
behavior. This leads to the ultimate tensile strain greater than 3% at a moderate content of polyvinyl
alcohol (PVA) (2% by volume) fibers uniformly embedded in the matrix without compromising the
tensile stress. The high ductility stems from the formation of multiply cracking and the restriction of
crack width (normally <100 µm). This unique feature is a result of the synergy of micromechanicsbased design and materials optimization fully utilizing the interaction between fibers and matrix. HDCC
has found applications in seismic component of high-rise buildings, concrete pavement repair and
dam retrofitting. The ductile capacity of the engineered cementitious composites was improved by
controlling the matrix properties.
In order to obtain strain hardening and multiple cracking behaviour of HDCC, it needs to coordinate
the matrix properties, fibers properties and fibers/matrix interface properties. Among them, the
properties of matrix are easy to regulate and control. Huang has prepared HDCC for durable concrete
repairs utilizing the recycled tire rubber. The involvement of recycled tire rubber can improve tensile
ductility and remit the crack tendency but the compressive strength and shrinkage deformation of
HDCC would deteriorate. Ma has studied the effect of the content of fly ash and recycled tire rubber
on the HDCC matrix properties. The results indicated that the increase of fly ash and tire rubber
reduce the elastic modulus and tip crack toughness of the matrix, which contribute to excellent
ductility. Huang developed a kind of green light weight HDCC with fly ash cenosphere and the
composites possess lightweight, decent strength and high tensile strain capacity. Mustafa has
prepared HDCC with ordinary light weight aggregate (LWA) as internal curing agents below 20% of
silica sand. The properties of HDCC with ordinary LWA were promoted finitely for the lower dosage of
LWA. From the perspective of material performance, low elastic modulus matrix can effectively
guarantee the tensile properties of the HDCC using ordinary lightweight aggregate (LWA). Besides,
LWA can not only reduce the weight of the HDCC materials in engineering application and reduce the
dosage of engineering materials at same times satisfying strength require, but also effectively reduce
the HDCC material coefficient of thermal conductivity and improve the ability of heat insulation of the
building, which conforms to the national energy conservation and emissions reduction.
In this paper, the HDCC with the volume fraction of micro LWA (average diameter of 100μm) varying
from 0% to 100% as replacement for silica sand were prepared and characterized. The mechanical
properties and volume stability were studied, and the mechanism of enhancement was discussed.
2.

MATCHING PRINCIPLE BETWEEN MATRIX AND STRAIN HARDENING OF HDCC

Under tensile and shear loads, fragile parts in HDCC matrix craze and then fiber bridge capacity
undertakes external load. With the tensile stress increases, fibers are pulled out or fracture. Finally,
the composite was destroyed when the external load exceeded the fiber bridge capacity. In order to
realize the strain hardening characteristics of HDCC under external load, the composite materials
need to meet two criteria, namely energy criterion and the strength criterion.
According to energy criterion, the crack tip toughness (Jtip ) can’t exceed the complementary energy
(Jb′ ) and the relationship between Jtip and Jb is as followed.
𝛿

𝐽𝑡𝑖𝑝 ≤ 𝜎0 𝛿0 − ∫0 0 𝜎(𝛿) ≡ 𝐽𝑏′
𝐽𝑡𝑖𝑝 =

2
𝐾𝑚

𝐸𝑚

(1)

(2)
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Where σ0 is the maximum bridging stress, δ0 is the crack width corresponding to σ0 , K m is the fracture
toughness of the matrix and Em it the elastic modulus of the matrix.
According to strength criterion, the matrix first cracking strength must be less than the maximum
bridge strength and the relationship between them is as followed.
σfc < σ0

(3)

Where σfc is first cracking strength of the matrix.
If the first cracking strength is higher than the bridge strength, fibers would rapture before fibers play a
bridge role, thus appearing no strain hardening characteristics. If first cracking strength is lower than
the bridge strength, the fibers play a bridge role in the matrix crack and hinder the crack propagation
from defect sites and internal flaw. Therefore strain hardening phenomenon and multiple cracks would
appear due to the low strength of the lower strength matrix.
The strain hardening and multiple cracking characteristics of the HDCC perform through regulating the
matrix properties, including crack tip toughness, fracture toughness and elastic modulus etc., under
the condition of the same fiber dispersion degree. According to reasoning and analysis from Eq. 1 and
Eq. 2, the elastic modulus of the matrix affects the crack tip toughness of matrix which reflects the
fracture tendency of the matrix to some extent under external load. Furthermore, the elastic modulus
of the matrix will influence the fiber/matrix interface property. The elastic modulus of LWA is less than
normal aggregate such as silica sand, so involvement of LWA can reduce the elastic modulus of the
matrix and crack tip toughness. Ultimately, higher ductility of HDCC can be realize.
3.
3.1

EXPERIMENTAL
Material

In this experimental investigation, the basic mixture ingredients in HDCC were composed of
aggregate, the PⅠ52.5 Portland cement (PC), fly ash (FA), water, polyvinyl-alcohol (PVA) fibers and a
polycarboxylic-ether type high range water reducing admixture (HRWR). The physical and mechanical
properties of cement were shown in table 1 and the properties of PVA fibers were shown in table 2.
There were two kinds of aggregate with the nearly same grain size gradation, including silica sand (S)
and micro LWA with the mean diameter of 110μm and the maximum diameter of 150μm, and the
water absorption of micro WLA is about 10%. The micro structure of the micro LWA was shown in
Figure 1.
Table 1. Physical and mechanical properties of cement
Blaine fineness
(m2/kg)

Density
(g/cm3)

341

3.12

Setting time (min)

Compressive strength (MPa)

Initial setting

Final setting

3d

28d

125

178

36.5

61.6

Table 2. Properties of PVA fibers
Length (μm)
12

3.2

Diameter
(μm)
39

Tensile strength
(MPa)
1600

Elastic modulus
(GPa)
40

Elongation at break
(%)
6.7

Mix proportions

The aggregate volume content of all six HDCC were kept at 17.5% and a series of HDCC were
designed with the replacement of silica sand by LWA at volume proportion of 0%, 20%, 40%, 60%,
80% and 100%. In particular, the HDCC with 0% micro LWA was regarded the blank group with the
water to binder ratio at 0.35, aggregate to binder ration at 0.4 and fly ash to cement at 2.
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As showed in the Figure 1, there are plenty of capillary pores and macro open pores in LWA. The
pores in LWA would absorb some mixing water during mixing process, and it will change the
rheological state of HDCC. At the same time, reasonable rheological properties of the composite
contribute to excellent fibers dispersion. Therefore, extra 10% water of the LWA was dispensed into
the mixer to sustain same rheological state, which would lead to W/A ratio increase from group P0 to
group P100. The mixture proportions of HDCC were shown in Table 3.
The influence of content of LWA on the mini-slump flow diameter is shown in Figure 2. It indicates that
the mini-slump flow diameter of P40 reaches the maximum value at 22.6 cm and the mini-slump flow
diameter of P0 is the minimum value at 21.5 cm. The difference of maximum and minimum is less than
5%, and it means that it can be ignored upon workability and fibers dispersion difference of the HDCC
with fibers.

Figure 1. Micro structure of micro LWA
Table 3. Mixture proportions of HDCC (kg/m3)
PC

FA

S

Micro LWA

W

PVA fibers

HRWR

P0

385.9

771.7

463.0

0.0

405.2

26.0

0.9

P20

385.9

771.7

370.4

69.9

412.2

26.0

0.9

P40

385.9

771.7

277.8

139.8

419.1

26.0

0.9

P60

385.9

771.7

185.2

209.7

426.1

26.0

0.9

P80

385.9

771.7

92.6

279.6

433.1

26.0

0.9

P100

385.9

771.7

0.0

349.5

440.1

26.0

0.9

Mini-slum Flow Diameter (cm)

No.

32
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0

20
40
60
80 100
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Figure 2. Mini-slump flow diameter of HDCC with different content of micro LWA
3.3

Specimen preparation and test

Firstly, cement, fly ash and fine aggregate were added into the mixer and were mixed homogeneously.
After water and high range water reducing admixture were dispensed into the mixer, the
homogeneous suspensions were obtained. Then the composites with PVA fibers were mixed fully until
the fibers were dispersed uniformly. For each mixture, three 70.7 mm cubic specimens were prepared
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for the compressive strength test and three dog-bone shaped specimens were prepared for the direct
tensile test conforms to JSCE. Besides, three 25× 25× 280 mm3 bar specimens were prepared for
the drying shrinkage measurements. The cubic specimens and dog-bone specimens were demolded
at the age of 24h, and moist cured in curing box at the condition of >95%RH, 20±0.5℃ for 84 days.
The compressive tests were conducted using compression testing machine under force control at a
rate of 0.5MPa/s until the cubic specimens destroyed. And the direct tensile tests were conducted
using Instron 5882 under displacement control at a rate of 0.4mm/min. After direct tensile tests, the
residual crack widths of all dog-bone specimens were measured in unloaded statement with a portable
microscope. After casting at the age of 24h, specimens were keeping in the saturated lime water for
28days and drying shrinkage measurements were conducted after according to ASTMC157. The three
bar specimens were measured at 50±4%RH、23±2℃ up to 84 days.
The matrix fracture toughness tests were conducted according to norm for fracture test of hydraulic
concrete (DLT 5332-2005). The specimens were prepared and cast into the molds with 40×40×160
mm3. And then specimens were demolded after 24h and moist cured at >95%RH, 20±0.5℃ until 28
days. The specimens were measured though three point bending test under displacement control at a
rate of 0.01 mm/min.
4.
4.1

RESULTS AND DISCUSSION
Influence of micro LWA on the tensile behaviour of HDCC

The stress-strain curves of HDCC, with volume fraction of LWA varying from 0% to 100%, were given
in Figure 3. As shown in the curves, the tensile stress increased fast at first stage and then the first
crack occurred. Afterwards, the tensile stress tended to be stable while the strain increases gradually.
The fibers played a bridge role in cracks under external load and then the fibers was gradually pull out
from the matrix along with absorbing plenty of energy. The influence of the LWA content on the
ultimate tensile strain of the HDCC is displayed in Figure 4. The ultimate tensile strain of HDCC
increased from 1.45%to 3.78% with the increase in LWA content. It illustrates that the LWA
contributes to the formation and propagation of the cracks in HDCC matrix under external load.

Tensile Stress (MPa)

In Figure 5, the ultimate tensile strength and first cracking strength decreased with the increase in
micro LWA content, and the ratio of ultimate tensile strength to first cracking strength increased from
1.15 to 1.53 with micro LWA content from 20% to 100% except that the ratio of composites with 0%
LWA content is 1.43. The high water/binder ratio will reduce the strength of the matrix. Although LWA
content would to a certain extent improve the microstructure of the hydration products, the tendency of
the tensile strength decreases slightly. According to HDCC strength criterion Eq. 2, first cracking
strength is not supposed to less than the ultimate tensile strength of composite materials and the
increasing ratio is conducive to make the specimens multiple cracking in the process stress growth
stage, which illustrate that HDCC with LWA can achieve high ductility features from the perspective of
strength criterion.

4
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Figure 3. Tensile stress versus strain curves of HDCC
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Figure 4. Ultimate tensile strain of HDCC with different content of micro LWA
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Figure 5. Ultimate tensile strength and ratio of ultimate tensile strength to first cracking
strength of HDCC with different content of micro LWA
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As indicated in Figure 6, the crack number increased from 10 to 46 and the residual crack width
decreased from 87μm to 47μm with the increase in LWA content. The matrix of the composites
primarily bear tensile load so that the tensile stress grows linearly in accordance to the tensile strain at
first stage. And then the fibers bridging capacity worked when some cracks occur in matrix because
tensile load exceed the matrix strength. Then there were multiple and fine cracks in the composites.
The phenomenon of steady state crack and multiple cracking is displayed in Figure 7. In the end, with
a big crack forming, the composites destroyed after the external load exceeds the fibers bridge
strength, which is the stress softening stage.

20
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80 100
Content of Micro LWA (%)

Figure 6. Crack number and residual crack width of the HDCC with different content of micro
LWA
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Figure 7. Phenomenon of multiple cracking
All HDCC composites without fibers were prepared and then their sound velocities were determined
with ultrasonic. The influence of the micro LWA content on the density and sound velocity of the matrix
are exhibited in Table 4. It indicated that the density decreases from 2053 kg/m3 to 1973 kg/m 3 and
the sound velocity decreases from 3459.8 m/s to 3221.6 m/s with the increase in micro LWA content.
After calculated according to sound velocity, the dynamic elastic modulus of the composites
decreased linearly with the increase in LWA content from 18.3 GPa to 15.3 GPa as displayed in
Figure 8. The elastic modulus of P0 composites with 100% silica sand is 16.3% higher than the elastic
modulus of P100 composites with 100% LWA.
Table 4. the density and sound velocity of the HDCC without fibers
No.

Density/(kg/m3)

Sound velocity/(m/s)

2053

3459.8

2037

3395.8

P40

2021

3366.8

P60

2006

3335.2

P80

1990

3283.2

P100

1974

3221.6

Elastic Modulus (GPa)

P0
P20

19
18
17
16
15
14

0

20

40

60

80

100

Content of Micro LWA (%)

Figure 8. Influence of the LWA content on elastic modulus of the composites
The mechanical properties of the HDCC without fibers were displayed in Table 5, including the
compressive strength, flexural strength, the ratio of flexural strength to compressive strength, fracture
toughness and crack tip toughness. It indicated that with the increase of micro LWA content from 0%
to 100%, the compressive strength of HDCC without fibers decreased from 35.8MPa to 32.3MPa, the
flexural strength increases from 5.3Mpa to 6MPa, the ratio of the flexural strength to compressive
strength increased from 0.147 to 0.186, the fracture toughness decreased from 0.367 Pa·m 1/2 to 0.357
Pa·m1/2 and the crack tip toughness of the matrix decreased from 6.92×10-5 J·m-2 to 5.58×10-5 J·m-2.
The compressive strength of the matrix deteriorates for the lower particle strength of micro LWA
compared to the ordinary aggregate. However, the flexural strength increased due to the lower elastic
modulus of the matrix. Thus, the ratio of the flexural strength to compressive increased, which verified
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that involvement of the LWA make the fracture toughness reduction. The crack tip toughness of the
matrix calculating according to the Eq. 1 and Eq. 2 decrease with the increase in LWA content. Lower
crack tip toughness was easier to meet the requirement of Eq. 1, which showed a better performance
of resistance to tensile and shear load. So the engineered cementitious composites with high ductility
can be prepared by selecting low modulus raw materials.
Table 5. The mechanical properties of the matrix

P0

Compressive
strength
/MPa
35.8

Flexural
strength
/MPa
5.3

Ratio of flexural strength
to compressive strength

Fracture
toughness
/Pa·m1/2

Crack tip toughness
10-5/J·m-2

0.148

0.367

6.92

P20

34.5

P40

34.3

5.6

0.162

0.355

6.69

5.8

0.169

0.362

6.37

P60

34.0

5.8

0.171

0.354

6.09

P80

32.8

5.6

0.171

0.333

5.77

P100

32.3

6

0.186

0.315

5.58

No.

The fibers surface and interfacial surface between fibers and matrix suffer damage as plotted in
Figure 9. It illustrates that the fibers surface is subjected to abrasion and cut to a certain extent, which
improves the fibers bridging capacity. The influence of LWA contents on the properties of the
fibers/matrix interface is shown in Figure 10. It indicates that the interface of the sample with 100%
LWA content is rough because of many hydration products. The interface of the sample with 40%
LWA content owns less hydration products while the interface of the sample with 0% LWA content is
smooth because its hydration degree is the lowest. From the interface performance of different LWA
content, it indicates that the involvement of LWA would increases interface friction coefficient which
controls the fibers sliding process when pulled out from the matrix. So higher LWA content means the
fibers would absorb more energy in sliding process, and thus the ductility of the specimen is higher.

Figure 9. The pull-out process and the SEM image of interface morphology

Figure 10. The section diagram of P100 HDCC
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4.2

Influence of LWA on the compressive strength of HDCC

Compressive Strength (MPa)

The influence of the LWA content on the compressive strength of the HDCC is showed in Figure 11. It
indicates that the compressive strength decreases from 30MPa to 25MPa with the increase in LWA
content. The weakness of the composites would start to destroy when applying gradually increasing
load on it. The LWA in the composites tends to rupture due to its lower aggregate strength. The P100
HDCC with 100% LWA has lower compressive strength and the section diagram of P100 is displayed
in Figure 11. From the Figure 11, it can be seen that the LWA rupture and is divided into pieces. Light
aggregate cracks firstly start from the internal crack of cement matrix under external load due to the
low elastic modulus and particle strength. And then the fracture extends to the LWA surface and
directly goes through the LWA particles so that the destroy of HDCC attributes to LWA prior damage.
Therefore, the compressive strength of HDCC decreases with the increase in LWA content.
32
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Figure 11. Influence of the LWA content on the compressive strength of HDCC
4.3

Influence of LWA on the drying shrinkage of HDCC

The influence of LWA content on the drying shrinkage of HDCC is showed in Figure 12. It indicates
that the drying shrinkage increases with the increase in LWA content and the value of the drying
shrinkage for 84 days varies from 985με to 1163με. The drying shrinkage increases dramatically at 3
days and tends to fatten slowly.
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Drying Shinkage (με)
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Figure 12. Influence of LWA content on the drying shrinkage of HDCC
There are two reasons of the drying shrinkage of the HDCC increases. On the one hand, the W/B ratio
increases from P0 to P100. The content of hydration reactions, such as calcium silicate products,
increases with the increase in W/B ratio. And the steam pressure difference between inside and
outside becomes dramatic with the increasing curing age and high W/B ratio makes the inner moisture
evaporate quickly, so that the drying shrinkage of samples with higher W/B ratio is more serious. On
the other hand, the second reason is the inner curing effect of LWA. Drying shrinkage of cementitious
material is due to the moisture evaporation of inside the hydration products from cementitious
material, including cement and fly ash. A lot of connected wool stomas bring out wool stoma internal
pressure difference resulting from cementitious material shrinkage because of the moisture
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evaporation. It’s obvious that the drying shrinkage deteriorates when more moisture evaporates. As
discussed previously, there are plenty of capillary pores and macro open pores in LWA and the pore in
LWA would absorb water when mixing along with other ingredients. Besides, the pore structure can
afford water for further hydration of cementitious materials and the water from the pore structure in
LWA make up hydration products of moisture loss which would steam and escape from inner
composites. Then hydration degree of cementitious material improves with the increase in LWA
content. And the strength of the hydration products improve with improved hydration degree.
Therefore, the LWA involving in composites could relieve the drying shrinkage stress because of the
hydration products wool stoma.
The drying shrinkage increases from 985με to 1163με and the compressive strength decreases from
30MPa to 25MPa with the increase in LWA content because of the synergetic function of the change
of W/B ratio and inner curing function of LWA. Although the ultimate tensile strain of P100 (3.78%) is
higher than P80 and P60 ultimate tensile strain (3.60% and 3.48%, respectively), it can affirm that
LWA content of 60% ~ 80% is the best dosage taking unrest from low compressive strength and the
increasing drying shrinkage into consideration.
5.

CONCLUSION

(1) The ultimate tensile strain increases from 1.45% to 3.78% with the increase in LWA content, while
the residual crack width decreases from 87μm to 47μm. Moreover, the ratio of ultimate tensile strength
to first cracking strength increases from 1.15 to 1.53.
(2) The elastic modulus of the HDCC decreases with the increase in LWA content. Lower elastic
modulus contributes to low the crack tip toughness of the matrix, which is advantage of producing
multiple crack under external load.
(3) The drying shrinkage increases from 985με to 1163με and the compressive decreases from
30MPa to 25MPa when the content of LWA increases from 0% to 100%. Taking the destabilizing
factors of deteriorative compressive and shrinkage properties into account, the optimum content of
LWA is 60%~80%.
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ABSTRACT
In this work we study the consequence of mixing on the generation of nanoparticles in a cement
systems. We examine how the mixing speed, the flocculated state and the reactivity of the suspension
affect the concentration of nanoparticles in the suspending solution. We suggest, in accordance with
literature, that the mixing process promotes hydration by scratching hydrates from the surface of
cement particles. These nanoparticles are stabilized by adsorbed superplasticizers that inhibit their
agglomeration and maintain them dispersed in the suspending solution.
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1.

INTRODUCTION

Mixing has a significant impact on the processing and ultimate behavior of cementitious materials. A
substantial amount of work has been done on this topic and the literature reports that changes in the
mixing rate during the concrete production process affect rheology (D.M. Roy et al.1979, M.Yang et al
1995, D.A. William et al. 1999, T.D. Rupnow et al. 2007, P. Juilland et al. 2012, D. Han et al 2016),
hydration kinetics (E.Berodier et al. 2014, D.Han et al 2015, D. Dollimore et al. 1985, J.J. Thomas et al.
1999), microstructure homogeneity (M.Yang et al 1995, D.A. William et al. 1999, P. Juilland et al.2012,
D. Han et al 2016) and early age mechanical strength (T.D. Rupnow et al. 2007, D. Han et al 2014, K.
Takahashi et al. 2011).
Despite the significance of mixing upon the process and ultimate behaviour of the material, the
microscopic origin of these changes has received only limited attention. (P. Juilland et al. 2012)
demonstrated that two kinetics of cement hydration were affected by the mixing rate – the induction
period and the acceleration period. Moreover, research by (Han and Ferron 2015,2016,2017) and
(Juilland et al. 2009) established evidence that the consequences of mixing were amplified in the
presence of superplasticizers. However, the origin of these changes is still not fully understood. Recent
work by (Caruso et al. 2017) highlighted the formation of nanoparticles in cement suspending solution
containing superplasticizers.
Thus, this study aims to understand better the mixing speed influence on the generation of nanoparticles
in cement. Using calorimetry analysis we study the effect of mixing on the heat flow curve. Using
dynamic light scattering we probe the presence of these particles in the interstitial suspending fluid of
cement. We then examine how the flocculated state of the system, ongoing hydration and the mixing
speed affects the concentration of the nanoparticles.
2.
2.1.

METHODS AND MATERIALS
Materials

The cement used in this study was CEM I 52.5R, equivalent to ASTM Type I, Ordinary Portland cement
of specific gravity 3150 Kg/m3. Its mineralogical composition was obtained through differential thermal
and thermogravimetric analysis (DTA-TG). Particle size distribution was measured by laser diffraction
using a Malvern Mastersizer 5 instrument (Malvern Instruments Ltd., Malvern, UK). Results are reported
in Table 1. In this study, a commercial polycarboxylate ether-type (PCE) high range water reducer was
used in liquid form containing 29.5% of dry polymer.
Table 1. Mineralogical composition and size of the cement powder used in this study.
Material

C3S

C2S

C3A

C4AF

SiO2

Dv10

Dv50

Dv90

Cement

64%

14%

2.5%

14%

21%

1.49μm

8.11μm

28.75μm

2.2.

Mixing Protocol

A delayed mixing protocol was chosen to reduce the possibility that the aluminates would co-precipitate
with the studied admixtures (R.J. Flatt et al.2001). While complete prevention of co-precipitation is never
the case in fresh cement paste, this protocol was repeatable (J.Hot et al 2014). Cement pastes were
prepared using a Turbo test Rayneri VMI mixer with four mixing speeds chosen ̶ 840 rpm, 1400 rpm,
2100rpm, and 2800 rpm. The diameters of the mixing blade and beaker were 3 cm and 8 cm,
respectively. The mixing protocol was a three stage process. In the first stage, 200 g of cement was
added to 90% of the water and then mixed for 90s. In the second stage, the cement paste was left to
rest for 20 min, while in the third stage the paste was continuously mixed for 120s, where at the 60s
mark the remaining water and the PCE was added to the mixing paste. The water-to-cement (w/c) ratio
was 0.3 and the PCE dosage was 0.4% solid content of PCE by weight of cement (bwoc). The amount
of water in the PCE solution was considered in the w/c calculation. After the last stage of mixing, the
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paste was left to rest for another 15 min in order for the polymer to reach equilibrium in the system. The
preparation protocol was the same for the quartz powder system.
For the Dynamic Light Scattering (DLS) measurements, the paste was centrifuged at 1000 times the
gravitational acceleration (g = 9.81 m·s-2) for 5 min. The suspending liquid was then extracted and
filtered with a polyvinylidene fluoride (PVDF) 0.45 μm membrane (Millipore).
2.3.

Isothermal Calorimetry

The thermal power and heat of hydration of the cement pastes were monitored for the first 48 hours
using a TAM Air microcalorimeter (Thermometrics) at a constant temperature of 20 ºC. Samples were
mixed according to the mixing procedure and then 5g of paste was placed inside the calorimeter cell.
All samples were balanced with a reference cell having the same heat capacity.
2.4.

Dynamic Light Scattering Measurements

Dynamic Light Scattering (DLS) is generally used to measure the size distribution by intensity of particles
in a liquid medium. In this work, the measure scattered intensity was further used to estimate the
concentration of particles remaining in the interstitial suspending fluid after mixing (H.Bessaies-bey et
al 2016, F.Caruso et al 2017). This was done by first recording the scattered intensity. Then the area
underneath the intensity curve from 30 nm to 1000 nm was computed. This area, referred hereafter as
the derived count rate (DCR) of the system, was then used to represent the concentration of
nanoparticles in the interstitial suspending fluid. Measurements were performed using a Zetasizer nano
S from Malvern Instruments, operating at an incident light wavelength of 633 nm, scattered light
detection angle of 173°, and constant temperature of 25 °C. Averages of three measurements per
specimen were taken.
3.

RESULTS AND DISCUSSION

3.1.

Effect of mixing on hydration kinetics
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Figure 1. The heat flow of cement paste (w/c 0.3, PCE dosage 0.4% bwoc) mixed at different
speeds.
The heat evolution during the hydration of cement paste mixed at four different mixing speeds is
presented in Fig. 1. It is seen that the paste mixed at 2800 rpm reaches its maximum peak almost 4
hours before the paste mixed at 840 rpm. The maximum peak of this higher mixed paste reaches
almost 1 mW•g-1 higher in heat flow than the lower mixed paste. In general, our results show that
increasing the mixing speed shifts the heat flow curve left, increases the slope and the maximum peak
of the heat flow, but does not affect the overall shape of the curve. These results are in accordance
with the work of (Juilland et al.2009, 2012). These authors suggest that the increase in the height of
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the main heat evolution peak was due to the mechanical action of the mixing, resulting in an increase
in the detachment of C-S-H from the surface and their density.

3.2.

Effect of mixing speed, cement reactivity and particle interactions on nanoparticles
generation in the suspending fluid

We show in Fig. 2 the results of the DLS measurements as a function of mixing speed. We observe that
higher mixing enhances the concentration of nanoparticles in a linear fashion.
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Figure 2. Cement powder in water (W/C 0.50) with 0.8% PCE dosage (bwoc) and increasing
mixing speed
In Fig. 3 we plot the DCR of cement powder dispersed in isopropyl alcohol (IPA), water with and without
PCE. We see that the cement-IPA system is 5 times greater than the cement-water system, but one
order less than the cement-water-PCE system. As the cement-IPA system represents a nonreactive
deflocculated system (V.A. Mackley et al. 2004, J.Zhang et al 2011) we expect the DCR to represent
the concentration of nanoparticles that are present in the nonreactive system. Once the cement particles
are dispersed in water, due to the high colloidal interactions the particles can no longer be observed
unless a PCE is used to reduce the particle interactions. Moreover, as the concentration of cementwater-PCE system is an order higher than the cement-IPA system, we are seeing particles that are not
coming from the anhydrous cement powder. We suggest these are nanohydrates.

Figure 3. Cement powder dispersed in isopropyl alcohol, water with PCE and without PCE
mixed at the highest speed. IPA/C and W/C is 0.5. PCE dosages is 0.8% bwoc
Our results suggest that the concentration of nanoparticles is a reflection of the nanohydrates in the
suspending fluid and that increasing the speed generates more of these particles. These nanoparticles
are stabilized by adsorbed superplasticizers which inhibit their agglomeration and maintain them
dispersed in the suspending solution

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
4.

CONCLUSION

In this work we studied the consequence of mixing on the generation of nanoparticles in the cement
suspending fluid. We examined how the mixing speed, the flocculated state of the suspension and the
reactivity of the suspension affect the concentration of nanoparticles in the suspending fluid. We
suggest, in accordance with the literature, that the mixing process promotes hydration by scratching
hydrates from the surface of cement particles.
5.
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ABSTRACT
It is necessary to understand how to combine the fines with various cementitious and pozzolanic
binders and admixtures, in order to develop the use of crushed aggregate fines in concrete, obtaining
target rheological properties. Following previous studies on the effect of crushed aggregate fines
specific surface area (SSA) and its relation to rheology, we extended this approach to all materials and
still find that SSA relates to rheology measurements on largely different powders: crushed fines,
Portland cement, blended cements (fly ash ground with clinker) and also additional bulk fly ash. First,
we developed a single method for powder particle size distribution (PSD) and SSA using an X-ray
Sedigraph covering all powders of the filler modified paste. Then we investigated both mixes with
constant and varying solid fraction and found that they correlated reasonably well to rheology at
constant SP dosage, in spite of the big differences in both powder composition and higher range of
SSA values compared to the early filler studies. The current study reports some additional experiments,
where mixes incorporating also silica fume and variable SP-dosage have been included, with the
purpose of further understanding the suitability of using the SSA of all the powders in a mix as the
main parameter for developing a practical concrete micro-proportioning tool.
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1.

INTRODUCTION

Sand is a widely used material all over the world, especially in the construction industry. Hence, the
deposits of natural sand of good quality are becoming depleted, and a replacement for the natural sand
is needed. Crushed sand, that is rocks crushed down to smaller fractions, is a good alternative.
However, the manufactured sand, unless properly processed, is more angular and contains more fines
due to the crushing process, and will result in a less flowing concrete when it equally replaces natural
sand.
The primary method for proportioning concrete in Norway over the last two decades is the particle-matrix
method. It is a two-phase approach based on the assumption that concrete rheology is controlled by the
volume fraction of coarse aggregate particles in the mix and by the flow properties of the suspending
matrix (Smeplass & Mørtsell 2001). In this model all fines less than 125 microns are considered as a
part of the suspending matrix – also called filler modified cement paste. However, when using crushed
sand, the proportion of particles less than 125 microns have a dominating effect on the flow. Hence, a
further development of the method is necessary, where the effect of the fine particles on the rheology
of the matrix is taken into account. A microproportioning tool is under development, where the rheology
of paste could be predicted using the proportions and some property of part materials as input. It is well
known that the paste rheology is affected by factors like SP-dosage, w/c – ratio, solid content etc.
However, there is a need of developing a method that also takes into account the properties of the fillers,
especially with respect to the fineness. In this study we investigate to what extent the specific surface
area (SSA) per volume of paste, correlates with the rheological properties of the suspending matrix.
Later, the rheology of concrete could be predicted by using microproportioning together with the particlematrix model.
2.
2.1

EXPERIMENTS
Materials

The mixing and rheological measurements on the filler modified cement pastes were performed in five
series, denoted the A-, B-, C-, D- and E- series, representing a wide variability and large range of part
materials and proportions. The five series results in 114 different mixes. Series A and B have been
performed by former Ph.D student Evgeny Ramenskiy in the MiKS-project, and a calculation of the SSA
is done for these fillers, based on the latest results of the PSDs for the fillers. The cement pastes consist
of different combinations of filler, cement, superplasticiser, fly ash and silica fume. Three different types
of crushed aggregate fillers are used, originating from the same granitic rock type and prepared by the
same production process. The rock type is mainly composed of feldspar and quartz, representing
approximately 48 % each, while amphibolite, mica and chlorite represent less than 5 % in total. The
crushing of the aggregates took place in 4 different steps, and the generated fillers were extracted from
the rest of the aggregates by an air-classification method. The three different types of fines were
extracted at different steps in the air-classification process, and differ from each other in particle size
distributions (PSDs). The different fillers are denoted Velde Fine, Velde Intermediate and Velde Coarse,
justified in that they are extracted at cut-size 63 µm, 125 µm and 500 µm, respectively. The particle
sizes for all three crushed fillers are 0-125 µm, adjusted by mechanical sieving in our lab before mixing.
The densities for the crushed fillers were measured by helium pycnometry to be the same, i.e. 2.65
g/cm3. The cement type used in test series A and B is the Norwegian standard fly-ash (Std FA) cement
from Norcem AS with 20 % fly ash ground with the clinker, CEM II/B-M 42.5 R. For test series C and D,
the Norwegian OPC “Industry” cement from Norcem AS, CEM I 52,5 R, is used in all the pastes. Both
cement types are represented in the E-series. A polycarboxylate ether-based superplasticiser (SP)
Dynamon SR-N from Mapei, with dry solids content of 19.5 %, is used in all the mixes. Additional fly ash
from Norcem AS is introduced in some of the pastes in the C-, D- and E-series. Undensified Elkem
Microsilica, 940-U, was also included in some of the pastes in the E-series. The PSD for the fillers,
cements and fly ash were measured by the x-ray sedimentation machine SediGraph III Plus; the results
are shown in Figure 1.
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Figure 1. PSDs of all dry materials used for the study (except silica fume) determined with the
SediGraph III Plus.
The SediGraph III Plus measures mass of particles dispersed in a fluid with known viscosity and density,
through x-ray absorption. Based on the mass and the particle falling rates, the equivalent particle
diameter is calculated (Micromeritics 2003). In this study, the dispersing liquid used is Micromeritics
Sedisperse A-12. The A-12 fluid was selected after review and studies of reactivity and settling of fly
ash, filler and cement with particle densities 2380 – 3130 kg/m3, maximum diameter 125 microns and
maximum Reynolds number = 0.30 (Sosa 2017). The specific surface area (SSA) is a parameter defined
as surface area per volume of a material, and may be used to characterize the properties of the dry
materials (Bentz et al. 2012). Different approaches for calculating the SSA exist, but it may be calculated
from the particle size distribution from the Sedigraph, under the assumption of spherical particles
(Cepuritis 2016). The particle size distribution is divided into a finite number of bins, and all particles
within a bin are assigned a diameter equal to the mean diameter of the bin. The general surface area is
obtained by dividing the area of a sphere by the volume of a sphere, resulting in 6/d, where d is the
diameter of the particle. The SSA is calculated as the general surface area of each bin, multiplied by the
differentiated bin volume passing percent. The SSAs for all the dry materials except silica fume, together
with an overview of different ingoing part materials in the pastes are listed in Table 1 as mm2/mm3 of
powder volume. In the analysis of the results of rheology of the different filler modified cement pastes
(Figures 2-4) the surface is expressed as surface area mm 2/mm3 of paste volume. This is obtained by
multiplying the SSAs in Table 1 with the individual volume fractions in the mixes and summing up the
total area of each paste mix. In (Cepuritis, Garboczi et al. 2017) a micro x-ray CT and numerical analysis
of the resulting PSDs of 10 different rocks VSI(vertical shaft impactor)-crushed into 3 different filler
fractions of 4/25, 20/60 and 40/200 microns were performed. It was found that the SSA of the 30 different
powder materials had consistently 1.19 – 1.3 times larger areas than their volume equivalent spheres.
Hence, this method of determining surface area is believed to be suitable for the crushed fillers. A PSDanalysis of the silica fume could not be performed in the Sedigraph, due to its small grain sizes. The
mean size of silica fume is approximately 0.05 microns (Sellevold 2015), and the density 2200 kg/m 3
(Smeplass & Cepuritis 2015), which results in a specific surface area of 60 000 mm2/mm3.
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Table 1. Part materials in the filler modified cement pastes in the different test series.

Material

Specific
surface area

A

B

C

D

x

x

E

[mm2/mm3]
Filler type




Mix no.

Velde Coarse
Velde Intermediate
Velde Fine

522
367
728

1-9
10-18
19-27

x

829
1302

x

x

x

Cement type



Std FA, CEM II/B-M 42.5 R
Industry, CEM I 52,5 R

x
x

x

x

x

x

x
x

x

x

x

Pozzolans



Fly Ash
Undensified Microsilica 940-U

970
60 000*

Admixtures


x

Dynamon SR-N (superplasticizer)

x

* Not determined from Sedigraph measurement results, but by simply assuming a mean grain size of 0.05 µm.

2.2

Cement paste compositions

The test series are designed with intension of exploring a micro-proportioning principle based on
controlled specific surface area of all ingoing powders on a rational basis. An overview of the main
proportioning parameters that have been varied or kept constant is listed in Table 2.
Table 2. Main parameters that are varied or kept constant in the five test series.
Series

Variables

Constants

A





Filler-to-binder ratio
Water-to-binder ratio
Solid volume fraction



SP – dosage (0.75% of cement weight)

B












Filler-to-binder ratio
Water-to-binder ratio
Solid volume fraction
SP – dosage
Filler-to-binder ratio
Fly ash-to-binder ratio
Solid volume fraction
Filler-to-binder ratio
Water-to-binder ratio
Fly ash-to-binder ratio




Water-to-binder ratio = 0.5 (two exceptions)
SP - dosage (0.60% of cement weight)




SP - dosage (0.60% of cement weight)
Solid volume fraction (φ = 0.390)




Filler-to-binder ratio
Fly ash-to-binder ratio

C

D

E
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Silica fume-to-binder ratio
Water-to-binder ratio
Solid volume fraction

The combinations of cement paste compositions are chosen both for a practical range used in ready
mix concrete production with crushed sand in Norway, as well as validating the methods for mixes of
extremity (very viscous or very flowable). The outline of the compositions is presented in Table 3, which
together with the material data in Table 1, gives the full mix designs. Note that explanations of the
abbreviations that are used in the table, are explained below the table.
Table 3: Outline of the investigated cement paste compositions.
Series A

Series B

𝑤
𝑏

𝑠𝑝
𝑐

𝑓𝑖
𝑐

1

0.40

0.75

0.28

2

0.40

0.75

0.36

Series E

𝑤
𝑏

𝑠𝑝
𝑐

𝑓𝑖
𝑐

𝑓𝑎
𝑐

𝑤
𝑏

𝑠𝑝
𝑐

𝑓𝑖
𝑐

𝑓𝑎
𝑐

𝑠
𝑐

13

0.55

1.00

0.51

-

7*

0.55

0.75

0.63

-

0.06

14

0.55

1.00

0.59

-

8

0.55

0.75

0.60

-

0.06

3

0.40

0.75

0.44

15

0.55

1.00

0.67

-

9*

0.55

0.75

0.73

-

0.06

4

0.55

0.75

0.51

16

0.55

1.25

0.51

-

10

0.55

0.75

0.70

-

0.06

5

0.55

0.75

0.59

17

0.55

1.25

0.59

-

11*

0.55

0.75

0.79

0.35

0.07

6

0.55

0.75

0.67

18

0.55

1.25

0.67

-

12

0.55

0.75

0.76

0.33

0.07

7

0.70

0.75

0.68

19

0.55

1.50

0.51

-

13*

0.55

0.75

0.92

0.35

0.07

8

0.70

0.75

0.76

20

0.55

1.50

0.59

-

14

0.55

0.75

0.88

0.33

0.07

9

0.70

0.75

0.82

21

0.55

1.50

0.67

-

15*

0.40

0.75

0.43

-

-

10

0.40

0.75

0.28

22

0.55

1.75

0.51

-

16*

0.40

1.50

0.43

-

-

11

0.40

0.75

0.36

23

0.55

1.75

0.59

-

17*

0.55

0.75

1.06

0.81

0.20

12

0.40

0.75

0.44

24

0.55

1.75

0.67

-

18

0.55

0.75

1.01

0.77

0.19

13

0.55

0.75

0.51

19*

0.55

0.75

1.22

0.81

0.20

14

0.55

0.75

0.59

1*

0.50

0.60

-

-

20

0.55

0.75

1.17

0.77

0.19

15

0.55

0.75

0.67

2*

0.45

0.60

-

-

21*

0.55

0.75

0.65

-

0.12

16

0.70

0.75

0.68

3*

0.50

0.60

-

0.33

22

0.55

0.75

0.63

-

0.12

17

0.70

0.75

0.76

4*

0.50

0.60

-

0.56

23*

0.55

0.75

0.76

-

0.12

18

0.70

0.75

0.82

5*

0.50

0.60

-

0.71

24

0.55

0.75

0.73

-

0.12

19

0.40

0.75

0.28

6*

0.45

0.60

-

0.71

25*

0.55

0.75

0.84

0.37

0.16

20

0.40

0.75

0.36

7*

0.50

0.60

0.24

-

26

0.55

0.75

0.80

0.35

0.15

21

0.40

0.75

0.44

8*

0.50

0.60

0.30

0.33

27*

0.55

0.75

0.97

0.37

0.16

22

0.55

0.75

0.51

9*

0.50

0.60

0.36

0.71

28

0.55

0.75

0.93

0.35

0.15

23

0.55

0.75

0.59

29*

0.55

0.75

1.06

0.81

0.20

24

0.55

0.75

0.67

1*

0.50

0.60

-

-

30

0.55

0.75

1.01

0.77

0.19

25

0.70

0.75

0.68

2*

0.53

0.60

-

0.31

31*

0.55

0.75

1.22

0.81

0.20

26

0.70

0.75

0.76

3*

0.55

0.60

-

0.62

32

0.55

0.75

1.17

0.77

0.19

27

0.70

0.75

0.82

4*

0.57

0.60

-

1.08

33*

0.53

0.75

0.63

-

0.06

5*

0.60

0.60

0.20

-

34*

0.51

0.75

0.65

-

0.12

Series B

Series C

Series D

1

0.40

1.00

0.28

6*

0.73

0.60

0.46

-

35*

0.51

0.75

0.73

-

0.06

2

0.40

1.00

0.36

7*

0.65

0.60

0.30

0.33

36*

0.51

0.75

0.76

-

0.12

3

0.40

1.00

0.44

8*

0.81

0.60

0.66

0.15

37*

0.51

1.00

0.76

-

0.12

4

0.40

1.25

0.28

9’

0.76

0.60

0.57

0.31

38*

0.51

1.25

0.76

-

0.12
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39*

0.51

1.50

0.76

-

0.12

40*

0.42

0.75

0.44

0.35

0.07

-

41*

0.42

1.00

0.44

0.35

0.07

0.33

-

42*

0.42

1.25

0.44

0.35

0.07

0.75

0.60

-

43*

0.42

1.50

0.44

0.35

0.07

0.55

0.75

0.70

-

44*

0.44

1.50

0.41

0.33

0.00

5*

0.55

1.50

0.60

-

6*

0.55

1.50

0.70

-

5

0.40

1.25

0.36

10*

0.80

0.60

0.76

6

0.40

1.25

0.44

7

0.40

1.50

0.28

1*

0.40

0.75

0.33

8

0.40

1.50

0.36

2*

0.40

1.50

9

0.40

1.50

0.44

3*

0.55

10

0.40

1.75

0.28

4*

11

0.40

1.75

0.36

12

0.40

1.75

0.44

0.74

Series E

Abbreviations used in the table:
w/b = water-to-binder ratio by mass.
sp/c = superplasticiser dosage by mass percentage of cement.
fi/c = crushed filler-to-cement ratio by volume.
fa/c = fly ash-to-cement ratio by volume
s/c = silica fume-to-cement ratio by volume
* Mixes with Industry cement. All others: Standard FA

2.3

Methods

The mixing of the filler modified cement pastes was carried out with the procedure developed by Ng. et.
al. (Ng 2014). First, all dry powders were pre-mixed in a Hobart bowl mixer, in this case model N-50,
Hobart Manufacturing Company. Subsequently, the wet-mixing was performed by a handheld drill
(model TCD 180-30, Tectool) and an attached steel paddle, specially designed for mixing cement
suspensions in order to reduce air entrainment (Ng 2014). The wet mixing was performed in a cylindrical
plastic container with inner diameter of 110 mm and inner height of 297 mm. The batch size for each
paste mix was 2.05 litres. Directly after mixing, rheometer and FlowCyl measurements were performed.
The Bingham parameters yield stress and plastic viscosity are obtained from the rheometer, while the
flow resistance ratio is the output parameter from the FlowCyl. The mini-slump test was performed
directly after the FlowCyl measurement was done, and the same paste that had been tested in the
FlowCyl was reused in the mini slump cone. All three tests were performed as described in [8]. The
repeatability of the measurements was determined by repeated mixing of a paste with average
rheological properties in the tested range. Based on four repetitions, the coefficient of variation for the
Bingham yield stress and plastic viscosity equalled 9.7% and 5.7%, respectively. The flow resistance
ratio had a variation coefficient of 2.0% (Cepuritis et al. 2018).
3.

RESULTS AND DISCUSSION

The three laboratory tests resulted in four parameters describing the rheology of the cement pastes:
The flow resistance ratio λQ, the Bingham parameters yield stress 0 and plastic viscosity μ, and the mini
slump flow. Figure 2 shows that the four rheological parameters correlate in a similar fashion as found
earlier (Cepuritis, Jacobsen et al. 2017). Figure 2a shows that the plastic viscosity correlates well with
the flow resistance ratio in line with (Pedersen & Smeplass 2003), and Figure 2b shows that the yield
stress and the mini slump flow are directly linked to each other in line with (Roussel 2005). The best fit
is seen between the flow resistance ratio and the plastic viscosity in line with (Mørtsell 1996), with power
law regression coefficient R2 = 0.93. The linear regression coefficient equals 0.68 for the same relation.
A good linear relation has also been found in previous studies on cement-fly ash pastes (Bentz et al.
2012). A previous experimental study in the MiKS project, shows a linear relation between the yield
stress and the mini slump flow, with a correlation coefficient R2 = 0.79 (Cepuritis 2016), whereas these
experiments result in a linear correlation coefficient R 2 = 0.72. However, the experiments discussed in
this paper have a larger range of mix design variation, especially with the filler/cement ratio ranging from
0.00 to 0.82. In this experimental study, the relation between the yield stress and the mini slump flow is
best described by a power function, and the correlation coefficient is 0.85. The mini slump flow also
appears to correlate somewhat with the flow resistance ratio with a R2 = 0.51 by linear regression, shown
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in Figure 2c. The weakest correlation is seen between the yield stress and the plastic viscosity, Figure
2d, which is discussed and investigated further elsewhere (Cepuritis et. al 2018, Cepuritis 2012).

(a)

(b)

(c)

(d)

Figure 2. Relation between the four different rheological parameters obtained from the
laboratory experiments.
Figure 3 shows the rheological parameters yield stress, plastic viscosity, mini slump flow and flow
resistance for all test series in view of the scope of this work, that is in correlation with the specific
surface area of the matrix. Test series B was made with intention of mapping the effect of varying filler
content, filler type and SP-dosage while keeping the specific surface area fixed, and the results from
this series will hence not contribute in finding a relation between SSA and the rheology parameters.
Hence, the results from the B-series are not included in the graphs. Further, the size of the silica fume
particles is too small to perform a PSD analysis in the Sedigraph. The mixes including silica fume in
test series E are hence not included in the graphs in Figure 3. As a clear distinction between the mixes
with Standard FA cement and Industry cement is observed, the mixes are grouped by the cement
type. The mixes with Std FA cement represents test series A, as well as all mixes with Std FA cement
and without silica fume in series E. The Industry cement mixes represents series C, D and mixes with
Industry cement and without silica fume in test series E. The plots illustrate that the SSA correlates
well to rheology within each group of mixes, despite large mix design variations such as SP-dosage,
fi/b, w/b, filler type etc. The mixes with industry cement show better flowability than the Standard FAmixes with similar specific surface area of the solids. The differences between these two groups of
mixes at a similar SSA could be attributed to different interaction with the SP of the two cement types
and/or differences in the solid concentration of the mixes, because of the high SSA of industry cement
compared to the Std FA cement (see Figure 1 and Table 1). The higher SSA indicates that Industry
cement pastes and Std FA cement pastes with similar SSA-values might have a different solids
concentration, i.e. the pastes with the Industry cement will achieve the same SSA at a lower solids
concentration and thus a higher w/c ratio. The best correlation to SSA is seen for the plastic viscosity,
with an R2 value of 0.85 for both groups of mixes. In general, the flow resistance, plastic viscosity and
yield stress are increasing with increasing specific surface area, while the mini slump flow is
decreasing. For the Std FA mixes, one point is laying way outside the trend line. This is mix A-21,
which has a flow resistance ratio of 1.00, indicating that it is too viscous for flowing through the
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FlowCyl. This is not unexpected, since mix A-21 have a high fi/b-ratio of 0.39, combined with its low
w/b ratio of 0.4, and hence it is highly viscous. The different mix designs were made with the aim of
obtaining a large range of flow properties of the pastes. Hence, some of the mixes are highly viscous,
and not suitable for use in normal flowable concrete. For practical purposes, the flow resistance ratio
should be within the range 0.25-0.80.

(a)

(b)

(c)

(d)

Figure 3. The relation between the specific surface area of the matrix [mm2/mm3] and the four
parameters flow resistance, yield stress, mini slump flow and plastic viscosity.
The same relations as in Figure 3 were plotted for the mixes with silica fume, assuming the SSA value
of 60 000 mm2/mm3 (see Table 1), but then the correlation was very poor for all four graphs. Linear
regression of q, 0, mini-slump diameter and μ as function of SSA, gave R2 = 0.12, 0.28, 0.23 and 0.01
respectively, see example plot of SSA vsq in Figure 4a. The specific surface area of silica fume is of a
much higher order of magnitude than the surface areas for the other powders. Hence, it is clear that the
contribution from silica fume to the specific surface of all the powders in the matrix dominates. Figure 3
shows that the viscosity of the paste increases with increasing specific surface area. However, it is not
expected that adding silica fume with such high specific surface area will increase the viscosity
correspondingly. It is known that when adding silica fume in combination with water reducing admixtures,
decreasing water demand and increasing workability can be expected, because the small silica fume
particles can replace the water in the void space and have a “ball-bearing” effect, i.e. improve the
packing of the total powder composition (Sellevold 2015). By reducing the contribution of the silica fume
to the SSA of the mix by a constant factor of 0.07, the linear correlation R2 for SSA vs q was improved
from 0.12 to 0.46, see Figure 4b. Further research is needed, in order to understand how to account for
the effect of the silica fume in the micro-proportioning of cement paste matrices. A possible approach
that could be concidered, is the approach by (Kashani et al. 2014), which shows that not only the SSA,
but especially the width of the PSD, is important in determining the yield stress of cement pastes.
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(a)

(b)

Figure 4. Correlation between the specific surface area of the matrix [mm2/mm3] and the flow
resistance ratio for all mixes including silica fume – Series E: (a) No correction factor for
SSASF, (b) Correction factor of 0.07 for SSASF
4.

CONCLUSIONS

The following main conclusions may be drawn from the presented experimental study on the rheology
as function of SSA:








5.

For all test series, a wide range of mix design parameters is used, and the filler modified
pastes consist of different combinations of cement, filler, fly ash, silica fume and SP-dosages.
Regardless of these variations, the rheological parameters yield stress, plastic viscosity, mini
slump flow and flow resistance are interrelated in the same way as found in the earlier
studies.
For mixes with both FA-cement and ordinary Portland cement, the specific surface area is
found to correlate well to the rheological parameters. This correlation is found to be strongly
dependent on cement type with the two series falling on separate regression lines. Hence,
the SSA seems like a promising input parameter for developing a micro-proportioning tool.
The mixes containing silica fume, do not show a good correlation between SSA and the
rheological properties of the paste. This observation is assigned to silica fumes ability to
reduce the viscosity of the paste, when used in combination with plasticizing admixtures.
However, when using a correction factor of 0.07, the correlation between SSA and flow
resistance ratio improves from R2 = 0.12 to 0.46.
Further work will investigate various microproportioning approaches and materials effects
including how the effect of silica fume can be included when predicting paste rheology.
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ABSTRACT
In this study, MEAs coupled with inner curing agents in terms of super adsorption polymer (SAP)
and/or biochar are employed to mitigate the autogeneous shrinkage of cement pastes. The internal
relative humidity, autogenous deformation, compressive strength of the cement pastes containing two
different of MEAs with upto 8wt% dosage and 0.2wt% SAP were examined. Results indicated that with
the incorporation of SAP, the relative humidity in cement paste was maintained at a higher level than
that in the cement pastes without SAP, and hence less autogenous shrinkage was induced. With
addition of internal curing agents, slower decrease in the relative humidity and higher hydration degree
of MgO were observed in the cement pastes, in comparison to that in the plain cement pastes.
Combination of SAP and MEA exhibited a very effective compensation for the autogenous shrinkage
of cement paste. For instance, the cement paste containing 8wt% MEA and 0.2wt% SAP produced a
gentle expansion rather than a shrinkage. This is due to the water supply provided by the SAP, which
improved the hydration degree of MgO. This study indicates the combination of MEA and internal
curing agents contributed to obvious synergetic effects on the shrinkage compensation, which
provides an efficient way for mitigating the autogeneous shrinkage of cement materials.
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1. INTRODUCTION
Cement materials suffer from autogenous shrinkage due to the self-desiccation as a result of cement
hydration[1]. The autogenous shrinkage of cement materials is influenced by various factors, for
instance the W/C ratio, mineral admixtures, type of cement, curing conditions, etc[2]. Lower W/C ratio
causes a higher autogenous shrinkage since a lower relative humidity would be induced owing to the
water consumption during the process of cement hydration[1,2]. Many strategies have been
developed to mitigate the autogenous shrinkage of cement materials, which includes the use of inner
curing materials (lightweight aggregates, burnt shale superabsorbent polymer, etc.), expansive
additive, fiber [3,4]. Considering the self-desiccation leads to a decline of internal relative humidity, the
internal relative humidity is one of the key factors affecting the autogenous shrinkage of concrete,
especially for high performance concrete. Maintaining a high relative humidity via inner curing is an
effective way to reduce the autogenous shrinkage of cement materials. Water-absorbing materials
were added into concrete to provide the internal curing to prevent early shrinkage cracking of high
performance concrete[4,11]. When the internal relative humidity of the concrete dropped, the
adsorbed water was gradually released in the cement matrix to supply for the continuous cement
hydration, so that the internal relative humidity was maintained at a high level.
According to Ye et al. [9], the water pre-absorbed light weight aggregates delayed the decline of
internal relative humidity in concrete, and the volume of entrained water had a linear relation to the
relative humidity. With the increasing entraining of water by the lightweight aggregates, the internal
relative humidity increased whereas the autogenous shrinkage decreased. Zeolite could also be used
as a kind of light weight aggregates in concrete to provide inner curing, reducing the autogenous
shrinkage and drying shrinkage of concrete, more importantly it also improved the impermeability and
strength at late age (Zhang[12]). Han[13] investigated the influence of lightweight aggregates on the
relative humidity in different stages, and found that the water pre-absorbed lightweight aggregates
considerably prolonged the first stage (relative humidity equals to 100%) and reduced the decline rate
of relative humidity at the second stage (namely the decline of relative humidity). Ye et al. [9] found
that with the replacement of pre-wetted lightweight aggregates, the autogenous shrinkage decreased
at the same curing age, and the more the water brought in, the lower autogenous shrinkage of
concrete. A linear relation between the internal relative humidity and autogenous shrinkage of cement
materials was reported. The slope K of the relative humidity curve declined in company with the
increase of water brought in by the pre-wetted lightweight aggregate. Quantitative relationships among
the internal relative humidity of concrete, water carried by lightweight aggregate and autogenous
shrinkage were established. The autogenous shrinkage could be controlled by adjusting the relative
humidity via controlling the water brought in by the lightweight aggregates.
Jensen et al. [14,15] first proposed to use SAP as the inner curing agent in concrete. A stable source
of water in the paste was generated by adding SAP to concrete, providing sufficient moisture to
cement hydration, thus reducing the formation of micro-cracks[7]. The influence of addition dosage of
SAP on the volume of entrained water, pore structure, autogenous shrinkage of concrete was widely
studied. Shen et al. [16] reported that the greater water was entrained by SAP, the greater the
autogenous shrinkage was reduced. Although the entraining of SAP facilitated to reduce the
autogenous shrinkage, large voids could be remained in the concrete after the release of water from
SAP, and therefore induced decrease in the strength of concrete [7,10]. SAP has a high capacity of
absorbing water prior to being mixed into the concrete and release the water again when the relative
humidity in the concrete decreases to a threshold value[3,5,6]. The effectiveness of SAP on mitigating
the autogenous shrinkage has been well demonstrated in many previous studies[17]. Typically
0.2wt%-0.9wt% of SAP by mass of cementitious materials was added in concrete[7,8]. Larger volume
of SAP was added in concrete, greater volume of water could be provided in the concrete, leading to
less autogenous shrinkage. The increasing addition of SAP in concrete caused obvious strength
decrease[18]. To avoid the possible negative influence of SAP on the mechanical performance of
concrete, smaller SAP particles or lower volume of SAP were selected, which comprised the inner
curing to some extent. Although a number of work was performed to investigate the effects of SAP on
the autogenous shrinkage, few work has been focused on building up the relationship between the
addition of SAP and its impact on the relative humidity of concrete.
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Expansive additives, e.g. CaO, CSA, were also used to compensate for the autogenous shrinkage of
concrete. Ca(OH)2 and ettringite are the main hydration products of those conventional expansive
additives. In fact, the hydration of expansive additives also consumes water and hence has a
competition on the water demand with cement clinkers. In concrete with a low W/C ratio or without
sufficient external water curing, the expansion produced by the conventional expansive additives is
limited. MgO is a novel type of expansive additive, which is claimed to exhibit advantages over the
conventional sulfoaluminate based additives, such as lower water consumption for the hydration, more
stable hydration product of MgO, and designable expansion properties[19]. In recent years MgO has
been gradually used in many civil concrete structures in addition to the mass concrete, e.g. dam
concrete. Mo et al. [19-21] employed MEA to effectively compensate for the autogenous shrinkage,
and they claimed that the MEA with a higher reactivity had a more effective compensation for the
autogenous shrinkage. Nonetheless the hydration of MgO still consumes water and it is proved that
the water curing is vital for the expansion of MgO in concrete.
Meddah et al.[22] found that the combination of expansive agent and shrinkage reducing agent
significantly reduced the autogenous shrinkage of high-performance concrete, improving the volume
stability and enhancing the resistance to shrinkage cracking. Li et al. [11] reported that the SLWA
showed a higher efficacy than expansive agent in mitigating shrinkage deformation during the
temperature drop stage and provided continuous expansion at the later stage. The combined use of
SLWA and expansive additive exhibited a high efficacy in mitigating shrinkage under constant and
variable temperature conditions and limited the reduction of mechanical properties caused by the use
of expansive additive alone.
So far, a quite number of studies have been focused on the inner curing or expansive additive on
mitigating the autogenous shrinkage. Nonetheless, the effect of combination of MEA and SAP on the
autogenous deformation of cement is investigated in few work. In addition, the implications of SAP and
MEA on the relative humidity and the relationship among the addition of SAP and MEA, relative
humidity, and the autogenous shrinkage of cement is not well quantitatively understood. In this paper,
the effect of SAP, MEA and combination of the two materials on the autogenous deformation and
compressive strength of cement pastes was investigated, respectively.

2. MATERIALS AND METHODS
2.1 Raw materials
Type P.II 52.5 Portland cement supplied by Onoda Cement Co., Ltd, Nanjing, China was used in this
study. Two types of MEAs with different hydration reactivities of 45s and 135s, according the citric
solution neutralization test described in reference[21], were used, which are represented as MI and
MII respectively. SAP with particle size 100 to 300μm provided by Anju technology Co., Ltd was used,
which mainly consists of sodium polyacrylate. The maximum water absorptions of the SAP are 195
and 65 times of its own mass when immersed in tap water and saturated limestone water respectively.
2.2 Autogenous deformation measurement
Fifteen cement mixes were investigated. Two MEAs, namely MI and MII were mixed at the addition
dosages of 4wt% and 8wt% by mass of the Portland cement for the shrinkage compensation. SAP
was added at the dosage of 0.2wt% by weight of the Portland cement. For the use of SAP, water with
a mass of 0.08 by the weight of cement was pre-absorbed prior to being mixed into cement.
Accordingly the total W/C ratio for the cement paste added with SAP was 0.40. For comparison, the
reference cement pastes without addition of MEAs or SAP were also examined.
For each cement formulation, it was mixed with water at two w/b ratios of 0.32 and 0.4, respectively, in
a cement paste mixer (Type NJ-160A, Shanghai Luheng Co. Ltd, China.). The cement and water were
mixed firstly for 120s with a mixing blade rotation speed of 140 rpm and then for another 120s at a
high blade rotation speed of 285 rpm to obtain a homogenous fresh cement mixture. Thereafter the
fresh cement pastes were casted into corrugated polythene molds with an outer diameter of 28.5 mm
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and a length of 450 mm according to the experimental procedure described in reference [23]. Two
ends of the corrugated polythene molds were sealed with two plugs to avoid any moist exchange
between the cement paste and the exterior environment. Immediately after the sealing, the corrugated
cement specimens were placed into plastic tubes with a larger diameter of 38 mm and a very smooth
inner wall to reduce the friction on the free linear movement of corrugated specimens as much as
possible. To precisely measure the linear deformation of the cement pastes, one end of the corrugated
mold was fixed on the table, and thus only the other end of the specimen was able to move freely. The
laser optical displacement measurer supplied by MICRO-EPSILON with a resolution of 0.1 μm was
used to measure the displacement of the end of the corrugated cement specimen after being placed
into the plastic tube. The whole process of mixing with water, casting into corrugated tubes, sealing,
and placing in the plastic tubes was finished within 30 min. Thereafter the deformation of the cement
specimens was recorded immediately. Lengths of all the cement pastes were initialized at 2h after the
casting, and the autogenous shrinkages of cement paste within 180h was recorded. The temperature
of lab where the experiment was performed was maintained at 20±2℃.
2.3 Relative humidity measurement
For each cement mix, one cement paste specimen was prepared for the relative humidity monitoring.
Measurements of internal RH in the cement pastes were performed using water activity HC2-AW
sensors by Rotronic. The nominal accuracy (trueness) of the sensors was ±0.8% RH for HC2AWsensorsand ±0.1 °C. The temperature of the room accommodate the sample and the sensor was
kept at 20 ± 2 °C. The freshly mixed cement mixture was cast into a plastic tube mold with an inner
diameter of 30 mm and a length of 400 mm. Prior to the cement paste casting, one end of the plastic
tube was sealed with a rubber stopper. At the another end, A plastic rod coupled with a hollow plastic
sleeve was pre-inserted into the cement paste, which was then replaced with the humidity sensor after
the initial setting of cement paste. The data of internal relative humidity was logged every minute until
180h.
2.3 Microstructure analysis
The cement pastes were sampled at 1d and 7d for TG/DSC and XRD investigation. The paste sample
were firstly sawn into small pieces with size of 2-5mm, and then immersed in absolute ethyl alcohol for
24h to terminate hydration. Thereafter the samples were vacuum dried at the temperature of 105℃ for
24h. Part of the sample pieces were ground into powders with particle size less than 80m, and used
for the TG/DSC and XRD examination. For the TG/DSC test, the sample was heated from 25℃ to
950℃ at a temperature rise rate of 10℃/min with nitrogen atmosphere by using a Netzch5.

3. RESULTS AND DISCUSSION
3.1 Effect of MEA on the autogenous deformation and relative humidity of cement paste
Fig.1 shows the autogenous deformation and internal relative humidity of cement pastes at early age.
As shown in the Fig. 1(a), all the cement pastes with a w/c of 0.32 experienced sharp shrinkages within
24 hours. With the increasing curing age, the shrinkages of cement pastes increased but gradually with
slower rates. The reference paste underwent a large autogenous shrinkage and the shrinkage was up
to -650 microstrain at the test age of 180d. Instead, with the addition of MEAs, the shrinkage of cement
pastes were significantly reduced owing to the shrinkage compensation. For instance, the maximum
autogenous shrinkages of cement pastes containing 4wt% and 8wt% MI were reduced to -430 and 209 microstrain, which was reduced by 33.8% and 67.8% respectively compared to that of the
reference paste. For the same addition dosage, the less reactive MII exhibited less compensation on
the shrinkage than the MI with a higher reaction reactivity. As shown in Fig. 1(a), the ultimate
autogenous deformations of cement pastes containing 4wt% and 8wt% MII during the test were -497
and -309 microstrain. Accordingly, the MEA with a higher reactivity provided a better compensation on
the autogenous shrinkage of cement paste. It should be noted that after 72h, the deformation curves of
the cement pastes containing MEAs tend to level off, whereas the curve of reference paste still went
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down. This indicates that the shrinkage of cement paste was compensated for effectively and thus no
obvious increase in the shrinkage at the age was observed.
Fig. 1(b) shows the internal relative humidity of cement paste with a w/c ratio of 0.32. Accordingly, the
relative humidity decreased significantly within 48h, followed by a slower drop. This is consistent with
the autogenous shrinkage of cement pastes. In general, the incorporation of MEA only caused a slight
influence on the relative humidity of cement paste. Addition of MEA delayed the drop of relative
humidity compared with the reference paste. As shown in Fig. 1(b), within 72h, the relative humidity of
the pastes added with 4wt% MI, 4wt%MII and 8wt% MII was slightly higher than that in the reference
paste, and thereafter it was quite similar to that of the reference paste. It should be noticed that the
cement paste added with 8wt% MI declined most significantly and had the lowest relative humidity of
78%. This is probably due to the rapid consumption of the reactive MI.
Increasing the w/c from 0.32 to 0.40 facilitated to decrease the autogenous shrinkage of cement
pastes. As shown in Fig.1 (c), at the w/c ratio of 0.40, the maximum autogenous shrinkage at the age
of 180h was reduced slightly, being -572 microstrain. For the cement paste incorporated with MEA,
with a higher w/c ratio of 0.40, the autogenous shrinkage of cement pastes was reduced more
obviously by the addition of MEA. Particularly for the reactive MI, the cement paste containing 8wt% MI
produced a gentle expansion within 120h and then the deformation curve went down to an ultimate
deformation of -77 microstrain. In the cement paste with a higher w/c ratio of 0.40, the relative humidity
at the same age was higher than that in the cement pastes with a w/c ratio of 0.32. For instance, the
same relative humidity of 85% was reached at the ages of 72h and 144h in the cement pastes with the
w/c ratios of 0.32 and 0.40 respectively. Obviously, the increase of w/c ratio increased the relative
humidity. This could explain the cement paste with a higher w/c ratio exhibited a lower autogenous
shrinkage as show in Fig. 1(a) and (b). Addition of 8wt% MI caused slightly lower relative humidity in
comparison to the cement pastes containing lower content of MEA (4wt%) or less reactive MII. This
implies that the hydration of MgO, particularly the reactive MgO, consumed water at early age and
contributed to the decrease in relative humidity. However, for the addition of 4wt% MII, the relative
humidity of cement paste was slightly higher than the reference cement paste. In general, the addition
of MEA influenced slightly the relative humidity of cement paste but reduced dramatically the
autogenous shrinkage of cement pastes.
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Fig. 1Effect of MEAs on autogenous deformation and internal relative humidity of cement pastes

3.2 Effect of the combination of SAP and MEA on autogenous deformation and internal relative
humidity
Fig. 2 shows the autogenous deformation and internal relative humidity of cement pastes incorporated
both the SAP and MEA. As shown in Fig. 2(a), in comparison to the reference cement paste with a w/c
ratio of 0.40, the cement paste incorporated with 0.2wt% SAP at the same w/c ratio reduced the
autogenous shrinkage, particularly at the very early age (within 48h). However, the autogenous
shrinkage of the cement paste incorporated with SAP at the w/c ratio of 0.40 increased with increasing
curing age and reach -516 microstrain, being 56 microstrain less than the reference cement paste.
Namely the addition of 0.2wt% SAP had cut the autogenous shrinkage of cement paste by 56
microstrain.
Addition of both MEA and SAP had a significant effect on the shrinkage compensation. As seen in Fig.
2(a), addition of 4wt% MI, the autogenous shrinkage of cement paste with a w/c ratio of 0.32 was
decreased considerably and reached an ultimate shrinkage of -103 microstrain. Moreover, when the
addition dosage of MI was increased to 8wt%, around 110 microstrain of expansion rather than
shrinkage was generated. This indicates that the inner curing provided by the SAP effectively
enhanced the shrinkage compensation of cement pastes. The addition of SAP combined with 4wt%
and 8wt% of MII also showed similar trends. As seen in Fig. 2(a) the autogenous shrinkage of cement
pastes were reduced by 46.5 % and 76.9% respectively.
At the w/c ratio of 0.40, for the same cement formulation, the cement pastes exhibited smaller
autogenous shrinkages than the that of the cement pastes with the lower w/c ratio of 0.32. Particularly,
the cement paste containing 8wt% MI and SAP produced expansion rather than shrinkage, which
induced an expansion of 100 microstrain at the age of 180h. With incorporation of 8wt% MII and SAP,
the autogenous shrinkage of the cement paste with a w/c ratio of 0.40 was reduced to 150 microstrain.
Fig. 2(b) shows the relative humidity of cement pastes added with or without SAP and MEAs. As
shown in Fig. 2 (b), the time of internal RH starting to decline was delayed significantly in the cement
paste with incorporation of pre-absorbent SAP. The relative humidity started to drop after 48h. At the
same age, the relative humidity in the cement paste added with SAP was obviously higher than that of
the reference paste. The addition of MEA reduced the relative humidity to different extents.
Nonetheless the relative humidity in the cement pastes incorporated with both SAP and MEA was still
higher than that in the reference cement paste. It is interesting that the influence of MEA on the

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
relative humidity of cement paste containing SAP was greater than that on the reference cement
paste. This might be due to the incorporated SAP provided additional water for the hydration of MgO.
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Fig. 2 Synergetic effect of the combination of SAP and MEA on autogenous shrinkage and internal relative humidity of pastes

3.3 TG/DSC analysis on the hardened cement paste
Fig. 3 shows the TG and DSC curves of the cement pastes at ages of 1d and 7d. As shown in the DSC
curves of cement pastes containing MgO expansive additives, there three obvious endothermic peaks,
occurring at the temperature ranges of 320-400℃, 400-500℃ and 650-750℃ (Fig. 3(a) and (c)), which
were caused by the decomposition of Mg(OH)2, Ca(OH)2 and CaCO3 respectively.
According to the mass loss showing in Fig. 3(b) and (d), the mass of brucite formed in the cement
paste could be calculated. Table 1 shows the quantities of brucite formed in the cement pastes at the
ages of 1d and 7d. Obviously, with the increasing of curing age, the quantities of Mg(OH) 2 was
increased. This is understandable as the MgO hydrated continuously. Higher contents of Mg(OH)2
were formed in the cement pastes containing MI than that formed in the cement pastes added with MI,
owing to the higher reactivity of MI. With the incorporation of SAP, a greater quantity of Mg(OH)2 was
formed, indicating the inner curing provided by SAP was beneficial for the hydration of MgO. This result
is well consistent with the deformation as the combination of SAP and MgO expansive additive
produced a good compensation on the shrinkage of cement pastes.
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Fig. 3. TG/DSC curves of hardened cement paste with a w/c ratio of 0.40 at the ages of 1d and 7d

Table 1 Quantity of Mg(OH)2 and Ca(OH)2 in the hardened cement paste curing 1d (w/c of 0.40)

Number

Ref.

8wt%

8wt%

8wt%

8wt%

MI

MI + S

MII

MII + S

Ref. + S

1d

7d

1d

7d

1d

7d

1d

7d

1d

7d

1d

7d

Weight loss at 320400℃/wt%

1.3

1.0

1.4

1.0

2.2

2.6

2.3

2.9

1.8

2.2

1.9

2.3

Estimated quantity of
Mg(OH)2

-

-

-

-

2.8

5.2

3.1

6.0

1.5

3.7

1.9

4.2

Estimated hydration
degree of MgO

-

-

-

-

24.5

45.1

27.1

51.7

13.2

32.1

16.7

36.2

Weight loss at 400500℃/wt%

3.3

4.4

3.3

4.3

2.9

4.1

3.1

3.9

2.7

4.0

2.2

3.5

Estimated quantity of
Ca(OH)2

13.4

18.1

13.7

17.8

12.1

16.9

12.7

16.2

11.2

16.4

9.1

14.4

3.3 Discussion
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The change of RH in the cement paste had a good correlation with autogenous shrinkage of cement
paste. With the decline of RH, the autogenous shrinkage increases during the test process. The
change of RH in the cement pastes could be divided into two stages. At the first stage the relative
humidity was very high, being close to 100%, while at the second stage the relative humidity declined
rapidly. W/C ratio had an obvious influence on the relative humidity. Many previous studies have
indicated that the lower w/c ratio led to a larger autogenous shrinkage. However, few work has been
performed to study the w/c ratio on the relative humidity of cement paste. In this study, it is well shown
that a larger w/c ratio (0.40) kept a higher relative humidity the cement paste with a lower w/c ratio of
0.32 at the same curing age, and thus induced a larger autogenous shrinkage. As seen in Fig. 1, when
the w/c ratio was increased from 0.32 to 0.40, the relative humidity was increased from 80.9% to
82.8% and the autognesou shrinkage of cement paste was reduced by 78 microstrain. Addition of MEA
influenced the relative humidity in cement pastes owing to the water consumption of MgO hydration,
although the influence was gentle. Reactive MgO hydrated faster and thus consumed greater water in
the cement paste at the same age, contributing to the self-desiccation of cement paste. A greater
volume of MgO was added, a larger volume of water was consumed and greater decline of relative
humidity was induced.
The incorporation of water pre-absorbed SAP increased the relative humidity in cement paste. The
entrained water by the SAP could be supplied for the hydration of cement, increasing the relative
humidity, whereas decreasing the autogenous shrinkage. At the same total w/c ratio of 0.40, the
cement pastes added with SAP had a high relative humidity of 86.8%, and the autogenous shrinkage
was significantly reduced. Obviously at the same total w/c ratio, partial water entrained directly and
then released slowly by the SAP was more effective for the shrinkage reduction than the direct
increase of w/c ratio by adding water in a whole. Ye et al. [9] claimed that the greater content of water
entrained by light weight aggregates, the less the autogenous shrinkage of concrete was induced. The
autogenous shrinkage of concrete could be well controlled via adjusting the entrained water by the
light weight aggregates and hence the relative humidity.
Compared with the addition of SAP or MEA alone, the combined addition of SAP and MEA together
exhibits better compensation for the autogenous shrinkage of the cement pastes. This is mainly
related to two factors. One is the inner curing provided by the SAP as the water was released slowly
and maintained a high relative humidity in the cement paste. The high relative humidity is very good
for the hydration of MgO. The higher the content of SAP added into the cement paste, the higher
relative humidity in cement paste could be maintained but result in larger loss in strength. Another
factor is gentle expansion produced by the hydration or MgO, which directly compensated for the
autogenous shrinkage.
4. CONCLUSIONS
Effects of SAP, MEA, combination of SAP and MEA on the internal relative humidity in the cement
paste and mitigation on the autogenous shrinkage of cement pastes at early age (within 180h) were
investigated. The influence of reactivity of MEA as well as its quantity added in the cement paste on
the autogenous shrinkage was also examined. Following conclusions could be drawn.
1. The development of autogenous shrinkage of cement pastes related closely to the decline of
internal relative humidity. With the decreasing relative humidity, the autogenous shrinkage increased.
A larger w/c ratio maintained a higher relative humidity and hence led to a smaller autogenous
shrinkage. Incorporation of SAP in the cement pastes maintained a higher relative humidity than the
plain cement paste. Particularly, the SAP delayed the decline process of relative humidity in cement
pastes and prolonged the first stage of relative humidity change.
2. Addition of MEA had a very slight influence on the internal relative humidity of cement pastes,
probably due to the water consumption as a result of MgO hydration. The greater addition dosage and
the higher the hydration reactivity of MEA (MI), the greater the influence of MEA on the internal relative
humidity. With addition of 8wt% MI, the relative humidity in cement paste was slightly lower than that in
the plain cement paste.
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3. Addition of MEA in cement pastes partially compensated for the autogenous shrinkage of cement
paste. The higher the quantity of MEA was added, the greater the autogenous shrinkage was
compensated for. Combination of SAP and MEA exhibited a very effective compensation on the
autogenous shrinkage. For instance, the cement paste containing 8wt% MEA and SAP produced a
gentle expansion rather than a shrinkage. This is due to the water supply provided by the SAP, which
improved the hydration degree of MgO. The combination of reactive MEA and SAP showed very
effective synergetic effects on the autogenous shrinkage compensation.
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ABSTRACT
The polycarboxylic acid-based water-reducing agent molecules have a comb structure which the main
chain has many active groups and each group has different effects on the cement, such as the
carboxylic acid group has better dispersibility and retarding effect, the sulfonic acid group has good
dispersibility, the hydroxyl group not only has a retarding effect, but also has a function of soaking and
wetting, the polyethyl alkoxy group has the function of maintaining fluidity. Different monomers have
big differences in the polymerization products initiated by diverse initiators. At the same time, different
polymerization methods and conditions also have an important influence on the polycarboxylate
superplasticizer. For example, if the initiator activity is too high, it will lead to polymerization reactions
and even cause instantaneous polymerization. On the contrary, the monomers will incomplete
reaction, besides, the polymerization molecules will tend to flocculate due to large. The technology of
synthesis polycarboxylate superplasticizers will be comprehensively reviewed in this paper. The raw
materials including monomers, initiators, chain transfer agents, and inhibitors were discussed. The
synthesis conditions such as reaction temperature, reaction time, and synthesis environment.
synthesis and post-treatment methods were analyzed ,in the end, we predict the trend of development.
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1.

INTRODUCTION

Water reducing agent has become one of the indispensible components of concrete. Lignosulfonate is
first added to cement to reduce water and retard the haydration. Then polynaphthalene sulfonate
(PNS), sulfonated melamine formaldehyde condensate (PMS) ), vinyl copolymers, polyethylene oxide
(PEG) phosphonates and polycarboxylates (PCEs) are Subsequently used in concrete. Compared with
lignosulfonates, the water reduction rate of PNS is high, but the incompatibility of PNS with certain
cements leads to rapid slump loss and some other problems. Compared with PNS, the water reduction
rate of PMS is about the same, the flow retention is slightly better, but the hydration resistance is lower.
Compared with PNS and PMS, the dosage of vinyl polymer is reduced when reach the same
water-reducbility, and the slump retention ability is improved. PEG-phosphate has excellent hydration
resistance and can be used in oil well engineering. Lignosulfonate, PNS, PMS, polyethylene oxide
phosphate and other molecular structures are simple, they do not have no side chains provide steric
hindrance effect, so they exhibit low water reduction rate, and limited dispersion effect on cement .
PCE consists of main chain and side chain. The anchor group on the main chain provides electrostatic
repulsion via adsorbing on the surface of the cement, the side chain provides steric hindrance at mean
time. The synergistic effect of the two can greatly improve the dispersibility of the cement. PCE can not
only disperse cement paste, reduce water-cement ratio, accelerate or delay cement hydration, change
hydration phase morphology or particle size, improve concrete workability and durability,etc.(Jiao et al,
2017), also widely used in kaolin suspension (Lei & Plank, 2012; Li et al, 2014), CaCO3 (Wang et al,
2010; Yang et al, 2015) and SiO2 (Whitby et al, 2003) suspensions in ceramics, graphene dispersions
(Yang et al., 2015), catalytic templated silicidation (Yao & Jin, 2015), lithium ion batteries(XueHe & Xie,
2015), syntheses Metal organic Framework(Shen, 2015) and other aspects.
The differences between the synthesis methods of PCE would affect the molecular structure, Thus
influence the mechanical properties and durability of concrete (Plank, Sakai, Miao, Yu, & Hong, 2015).
This paper aims to analyse the synthesis methods of PCE and discuss the impact of various factors on
cement performance. At last, we forecast the development trend of PCE.
2.

FREE RADICAL POLYMERIZATION

Researchs often synthesize PCE in one step by free radical polymerization (BüyükyağcıTuzcu & Aras,
2009; Ma, Zhao, Guo, Zhong, & Wang, 2013; PlankSachsenhauser & de Reese, 2010), which can be
divided into several categories according to the types of macromonomers:
Ester: Zhang et al(Zhang & Kong, 2015) prepared PCE via free radical, the number average molecular
weight (Mn) and polydispersity index(Mw/Mn) were 3.66*104 and 2.48, respectively. The critical dosage
of NSF is about 0.8% when the flowability in Portland cement slurry is approximately 380 mm , while
the PCE is 0.5% and the flowability was 440 mm. Zhu et al (Junfeng Zhu A, 2012) designed a novel
amphoteric polycarboxylic (AmPC) as dispersant for coal–water slurry (CWS). The synthetic route of
AmPS is shown in Figure 1. and the dispersion mechanism of AmPC in the CWS can be explained: the
charged zones of coal particle surface are able to form ionic bonds with the charged zone or functional
groups, which have the opposite charges. Besiedes, the ionic bonds are difficult to separate. Coal
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particle surface has both negatively charged zones and positively charged zones. AmPC have not
−

merely SO3 with negative charges but also amino ammonium N+(CH3)3 with positive charges, so the
surface of coal particles will be anchored with AmPC intensely. At the same time, AmPC molecules
contain amounts of polyether in side chains. When the polymer chains are superbly dissolved and
appropriately unfolded in the water, their steric hindrance induced by side chains can make CWS
disperse more stable.

Fig. 1 Schematic the synthesis of AmPS(Junfeng Zhu A, 2012)

Ether：Kong et al (Kong, Pan, Wang, Zhang, & Xu, 2016) found that PCEs polymerized by methallyl
polyethoxylate macromonomers, the portland cement hydration degree after 72.0 h was only 69.46%
when 0.3%wt of PCEs incorporated. The molecular structure of PCEs is shown in Fig. 2. The COO- and
SO3- in PCEs increase the adsorption capacity of PCEs on the surface of cement particles, besiedes,
they can significantly increased the delayed effect of cement hydration. He et al (HeZhang & Hooton,
2017) synthesized a series of organosilane-modified polycarboxylate (PCE) superplasticizer. Results
indicate that partially silylated PCEs exhibit larger adsorption than the reference PCE. PCE not only
has the effects of reducing water requirement, dispersing cement paste, reducing capillary pore volume
and increasing strength, but also has the effect of changing the size and morphology of the hydrate
phase. In the absence of PCE, crystals of Ca(OH) 2 have a distinguishing hexagonal shape with a
diameter of 0.5 mm. However, in the presence of PC, the diameter of Ca(OH) 2 crystals are changed to
less than 0.5 mm. This suggested that the PC adsorbed on the Ca(OH) 2 nucleation sites, hindered the
normal growth of these crystals (Liu, Lei, Guo, Du, & Li, 2015)
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Fig.2 Molecular structure of PCEs(Kong et al., 2016)

Amide: A Amide/imide type PCE firstly was reported by Jeknavorian in Grace(Avedis, 1998;
Jeknavorian, Roberts, Jardine, Koyata, & Darwin, 1997), who obtained a copolymer formed by an
acrylic polymer with ammonia or an alkoxylated amine had higher imidization degree and production
cost. Hereafter, there are some schoolars introduce amide groups into PCE(Vickers et al., 2001; Zhang,
Kong, Lu, Lu, & Hou, 2015). Amide-PCE can distinctly lower the surface tension of its solution, but also
rapidly adsorb on the surfaces of cement particles. The concrete slump of amide-PCE was similar to
that of conventional PCE, and the air-entraining ability, bubble retention and concrete frost-resistance
of

amide-PCE

were

better

than

those

of

conventional

PCE.

A

new

water-soluble

methacrylate/2-acrylamido-2-methylpropane sulfonate copolymer (PMAMP) molecular structure is
shown in Figure 3(Yi-Shian Ye, 2006). The schematic diagram of the synthesis of amide-PCE by PAA
and amino-PEG is shown in Fig. 4(Liu et al., 2014). the surface tension values of amide-PCEs were all
in the range of 40–50 mN/m, which was lower than that of conventional PCE (60.3 mN/m) as well as
pure water (72–75 mN/m). What’s more, PCE with at least one ester linkage and one amide linkage,
which had high water reduction and long shelf life (Danzinger et al., 2008; Irene Schober et al., 2006;
Pepi PeevRussell & L. Hill, 2004).

Fig 3 Molecular structure of PMAMP(Yi-Shian Ye, 2006)
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Fig. 4 Schematic synthesis of amide-PCE(Liu et al., 2014)

Alcohol: In contrast to liner SA, copolymer synthesized by allyl polyethylene glycol, acrylic acid and
maleic anhydride anhydride exhibited significant dispersibility in the kaolin suspension(Li et al., 2014).
However, the simultaneous presence of these two molecules PCE and methoxy polyethylene glycol,
presenting the root cause for the strong foaming action of PCE(Lange & Plank, 2012). sulfoaluminate
cement mainly consists of C4A3S and C2S, C4A3S was positive, whereas C2S was negative(Yoshioka,
Tazawa, Kawai, & Enohata, 2002). An anionic PCE (APC) was synthesized as displayed in Figure
10(Wenjuan Guo & Yingfei Wang, 2011). Both anionic groups and cationic groups exist in APC. The
adsorption was improved compared with traditional anionic superplasticizer. Steric repulsion between
the cement particles covered with polymer molecules made cement have better dispersion.

Fig 10 The Molecular structure of APC(Wenjuan Guo & Yingfei Wang, 2011)

The conventional PCEs produced by free radical copolymerization are widely used at present, because
it is simple operation. However, there exist some problems, for exmaple, it is difficult to control the
copolymer’s unit arrangement and molecular weight of backbone for the different monomers’
polymerization activities. And a part of copolymers with low molecular weight can widen the molecular
weight distribution, which further weaken the final performance. To overcome these difficulties, an
amide-PEG was synthesized by grafting reaction to form amide linkages(Liu et al., 2014).
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The emulsion polymerization has the advantages of high polymerization rate and high molecular weight
of the product. Comparing with conventional PCE, the nano-PCE synthesized by the free radical
semi-batch emulsion polymerization, giving lower retardation and higher durability of the cement
paste(Lu et al., 2016). Polymer nano-particles (PNPs) with particle size range of 29.4–52.7 nm were
synthesized via micro-emulsion polymerization(KongShi & Lu, 2014). Due to the adsorption of smaller
nano-particles on cement causes higher surface coverage ratio at the same dosage, PNPs can be
adsorbed on the surface of cement grains and improve the fluidity of the fresh cement paste effectively.
Besides, When it compared with traditional PCE, it leads to less retardation effect on cement hydration,
and reduces pore connectivity of micro-pores in hardened cement pastes.
3.

RAFT POLYMERIZATION

The irreversibility of the chain transfer reaction always result in degree of polymerization decrease in
the conventional radical polymerization system , and it is difficult to controll the degree of reaction. The
controlled/living free-radical polymerization (RAFT) allows to prepare a well-defined block PCEs with a
controlled molecular weight and narrow molecular weight distribution. Block PCE synthesized by RAFT
polymerization had an advantage of its molecule expansion arising from charge repulsion produces
loops and tails. It strengthen the adsorption ability between polymer and particles, which seem to be
more effective in deflocculation of cement particles. So it would perform higher fluidity in mortar system
than PCE made by radical polymerization(Yu et al., 2016).
The RAFT polymerization can be applied in a wide range of monomers, such as styrene, acrylate and
vinyl monomers (Moad et al., 2000). It does not require stringent polymerization conditions like
conventional free-radical polymerization(De Brouwer, Schellekens, Klumperman, Monteiro, & German,
2015). A block type polycarboxylate (BAPP-AA-BAPP) was prepared by RAFT polymerization, and the
scheme of it’s reaction is described in Fig.11(Yu et al., 2016). Fig. 12 indicated that the adsorption
behavior of PCE prepared by two different synthetic methods on on cement particles. The adsorption
groups of random PCE prepared by conventional radical polymerization was relatively dense. On the
one hand, PCE made by radical polymerization was easy to collide with patches on another particle
allows bridging. On the other hand, the random PCE can not take full use of anionic charge to
neutralize counter ions. By contrast, the anionic units locate on blocked PCE chain can better utilize
charge efficiently.
Comparing with lower molar mass poly(ethylene glycol) (PEG) macromonomers, it is difficult to remove
unreacted poly (ethylene glycol) methyl ether methacrylate (PEGMA) from the copolymer(Becer et al.,
2008). To overcome this drawback, David et al(DAVID RINALDI & SE BASTIEN GEORGES,
2009)obtained high conversion (89%) without any composition drift and with a good level of control
(PDI <1.40) by RAFT polymerization. When the polymerization was performed in water, a strong
increase in polymerization rate was observed with almost quantitative conversion (98%) in 2 h without
affecting the level of control of the final copolymers (PDI <1.30).
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Fig 11. Schematic diagram of (a) preparation of macro-RAFT agent and (b) preparation of
BAPP-AA-BAPP(Yu et al., 2016)
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Fig.12 Schematic absorb of (a) PCE-Made by radical polymerization and (b) PCE-Made by RAFT
polymerization on cement particles surface (Yu et al., 2016).
4.

CONCLUSIONS

In this paper, the synthesis methods of PCE are reviewed and analyzed. Esterification is most common
method for preparing macromonomers, which is simple, but the conversion rate needs to be improved.
Removing by-product water in the synthesis process instantly is the key to solve the conversion
problem.
At present, Free radical copolymerization is the main synthesis method of PCE. The synthesis
conditions of this method are mild, but the distribution of each functional group in the main chain of the
molecule cannot be controlled, and the molecular weight distribution is wide. In the future, we can
deepen the research and application of new processes. Such as RAFT polymerization to improve
monomer conversion and product quality.
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ABSTRACT
Expired cement is the cement without appropriate storage for over 90days after the production. In this
paper, an air bubble rising phenomenon was found when expired cement was used together with
super plasticizer (sp) in cement paste. Then the tests of particle size distribution (PSD), cement paste
viscosity, fresh paste air void characterization and hardened paste porosity were conducted
respectively to investigate reasons. The results manifested that, the expired cement had a finer PSD
scale than new cement and this bigger specific surface area caused a stronger adsorbing effect to sp
than new cement; and the viscosity of expired cement paste was lower than new cement paste under
the same sp addition also due to its relatively weak hydrating activity, especially when water to cement
ratio (w/c) was below 0.2; while the fresh expired cement paste had no big difference with the fresh
new cement paste based on the air void analyzer (AVA) test, which meant the air bubbles rising
phenomenon was a process gradually progressed down to top surface; thus from the subsequent
nitrogen adsorption (NA) test, the hardened expired cement paste presented similar pores percentage
but smaller pore size than hardened new cement paste. As a whole it had to say that the expired
cement needed more sp to obtain the same viscosity level of new cement, while this low viscosity
helped expired cement release large part of air trapped in the fresh paste, but the aesthetic problem
needed big attention in practical application.
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1.

INTRODUCTION

As kind of commercial item, cement product has the specific shelf time limitation. Ordinarily, if set the
cement producing time printed on the bags as the initial time point, using cement up within 90days is
well recommended in China due to the law provisions suggestion in Chinese Standard (GB175, 2007),
especially when storage ambient is inappropriate this period should be largely shortened. Since,
considering external humidity and CO2 invasion, the cement may has been partially hydrated or lost
the original expected capability.
With the concerning on the practical properties, both expired cement and new cement are tested in
this paper, while coincidently when using expired cement together with super-plasticizer (sp) as shown
in Figure 1, authors detect an interesting air rising phenomenon, so series of experiments on both
expired cement features and paste porosity changes are carried out for further investigation.
In detail, firstly the cement particle size distribution (PSD) is conducted. Then, due to the paste air
entraining phenomenon occurs when mixing with sp, the paste viscosity characteristic under various
water to cement (w/c) ratios with gradient sp dosages are measured. After that, based on the standard
consistency water requirement rule, all four groups of both expired cement and new cement paste with
or without sp are designed with w/c ratio below 0.2. Following that the corresponding groups of fresh
paste air voids analyzing (AVA), hardened paste specimens nitrogen adsorption (NA) are employed
for better understanding of the accurate fresh air voids property and hardened microstructure change
in paste.
Through the whole testing and analysis, this paper aims to give out an explanation on the expired
cement application problem on viscosity and porous structure development, which has rare research
recordings at present. And based on the modern popular trends of partially hydrated cement
supplementary technique (John et al., 2018; Soliman & Nehdi, 2013), the authors also propose a
reasonable suggestion on fresh and hardened expired cement application based on the porosity
developing progress and air entraining phenomenon.

Figure 1. Expired cement fresh paste pictures: A, right after mixing with rising bubbles on
surface; B, right after final setting riddled with pits; C, after 1day standard curing comparing
with the left two new cement paste cubes with complete surface
2.
2.1

MATERIALS AND METHODS
Material

A kind of Ordinary Portland Cement P•O 42.5 is used and the exact investigated categories are the
cement newly produced (newce) and the bag-packaged expired cement (expce). The expired cement
is the same kind of ordinary Portland cement except with longer storing time in air. A kind of sp is used
as the water reducing agent for required low water to cement ratio (w/c) and good workability. In Tab.1
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is the chemical composition result of this ordinary Portland cement obtained by X-ray fluorescence
spectrometry and the simple property of sp.
Table 1. Cement chemical composition and sp simple property

Cement Chemical
Composition (%)

CaO

SiO2

Al2O3

Fe2O3

SO3

MgO

Na2O

K2O

61.657

20.636

5.986

4.318

2.903

2.060

0.343

0.561

Specific gravity at 20±2℃
(g/ml)

Viscosity at 20±2℃(mPa•
s)

1.1

433

Super plasticizer

2.2

Method

2.2.1 Granular characteristics and paste viscosity comparison
Laser particle size distribution test
The expired cement consists of two parts: agglomerated lumps and powders. For utilization, the
agglomerated lumps of expired cement are softly crushed by star mixer without grinding. Then the
crushed particles still gathering as blocks are sieved out with 0.15mm size mesh to remove the blocks
within natural sand range (0.15~4.75mm) following Chinese Standard (JGJ52, 2006). The PSD is
described by cumulative volumetic percentage which displays the proportion changes versus particle
equivalent diameter.
Paste viscosity under super plasticizer gradient application
Firstly cement is dry mixed and sp is combined with half water, then sp solution is added into the drymixing cement and the left half water is added through the same container to make sp fully utilized.
Viscosity measurement is performed right after the mixing. The minimum water dosage for each group
of paste with specific sp dosage is determined when kind of slurry emerged. Put enough paste into
beaker, choose the proper viscosity spindle and rotating speed, then collect the viscometer data on
the screen.
2.2.2 Fresh and hardened paste porous structure characterization
Air void analyser focusing on the fresh paste or plastic cementitious material porosity test
(Łaźniewskapiekarczyk, 2013), is used in this study. AVA samples are extracted by a syringe and then
squeezed into air rising column. As the rod stirring apart the sample, the air bubbles or space inside
will rise up and change the balance number.
Nitrogen adsorption method is widely accepted for microstructure analysis (M.C.G. Juenger & H.M.
Jennings, 2001, A. Nepryahin et al., 2016) especially on the porous material with large amount of
Nano scale pores. The specimens is broken small pieces sieved by 0.3mm size mesh. The obtained
results are analysed with pie plot and (Barret-Joyner-Halenda ) BJH two methods for porous structure
evaluation respectively.
3.
3.1

EXPERIMENTAL RESULTS AND DISCUSSION
Particle size distribution test

Particle size distribution in Figure 2 is clear that the cumulative percentage of expired cement has a
bigger slope at the initial small particle size range which means that the small size particles volume
occupies larger proportion than that of new cement. From the whole percentile change, the expired
cement represented by red line keeps larger portion status in the middle size and reaches 100% a
little earlier than new cement. Exactly, the particles below diameter 1.484µm is not very different, while
from 1.484 to 6.135μm the expired cement presents obvious quicker increase on particle volumetric
percentage than new cement, after that until 100% the new cement has a gradual but a little quicker
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increment than expired cement. To the phenomenon of expired cement with finer PSD, literature
(Meier et al., 2017) stated that newly produced hydration products with small size will increase expired
cement specific surface area and make it finer. Based on the same rule, finer PSD and bigger specific
surface area inevitably results the more requirement of liquid to wetting and covering surface.

Figure 2. Particle size cumulative distribution of expired cement and new cement
3.2

Paste viscosity under super plasticizer gradient application

Generally, the large w/c ratio and more sp addition can reduce the paste viscosity. In Figure 3, as the
left one shown, with the same w/c as 0.292 but increasing sp addition, the tendency almost follows the
common rule that more sp modifies better the surface status of cement particles and makes the liquid
better distributed, i.e. lower viscosity no matter in expired cement or new cement paste. Exactly, as the
sp adding dosage increasing from 1wt% to 4wt% with the same w/c ratio as 0.292, the paste viscosity
value decreases in a relatively small slope, from 810 to 540mPa•s in new cement and from 285 to
200mPa•s in expired cement like the status in literature(Burgosmontes et al., 2012).
While from the right one in Figure 3, the condition turns to be the paste with w/c below standard water
requirement dosage and the viscosity clearly displays increasing with more sp addition. But the
increasing slope in expired cement paste is obviously slower than that in new cement paste, especially
under more sp addition with specific lower w/c ratio status. When the w/c is 0.145 with 4wt% sp
addition, the expired cement paste viscosity is only 1/3 of the new cement paste, though the
increasing tendency is similar between two pastes.
And this phenomenon under low w/c ratio of new cement paste is really in accordance with the
previous research (Meier et al., 2017), but to the expired cement is not very same. Referring the
investigation (Liu et al., 2017) on the cement particles sp adsorption characteristic, it can be inferred
that due to the fine PSD and partially hydrated state, the expired cement particle and hydration
products mixing inside adsorb more sp than new cement, thus the expired cement paste needs more
sp to obtain the same viscosity status of new cement paste when w/c is lower than 0.2. Just like the
status with 4wt% sp, expired cement paste can only reach the 3wt% sp viscosity level of new cement
paste.
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Figure 3. Left: Viscosity of expired cement and new cement paste with same w/c as 0.292;
Right: viscosity changes following sp weight percentage together with specific w/c ratio
3.2.1 Fresh paste voids measurement
To compare the air voids distribution difference between fresh new and fresh expired cement paste,
the air void analyser is used in this section. The results include equivalent air bubbles diameter
ranging from 75~2000µm and each corresponding volumetric percentage based on AVA apparatus
configuration.
From the cumulative AVA air voids distribution plot in Figure 4, it can be seen that total air volume in
both expired cement and new cement fresh paste is almost the same as 2.4% volume percentage.
However the exact distribution between two pastes is significantly different. To the new cement fresh
paste, it has clearly more proportion of air voids with diameter below 100µm and over 500µm, but
within the range from 200~500µm and near 2000µm, the fresh expired cement accounts bigger
volume proportion. Combining with the previously found air bubble rising phenomenon and viscosity
status, it’s easy to infer that new cement paste is more stable for small size bubbles existence, and
expired cement paste possibly is easy to convert part of bubbles into bigger diameter ones and that is
why the expired cement has relatively larger proportion of big air voids volume than new cement.

Figure 4. Fresh expired cement and fresh new cement paste air voids cumulative analysis
3.2.2 Hardened paste porosity test with nitrogen adsorption method
Nitrogen isotherm adsorption and desorption test results below mainly focus on the meso&macro
scale porous structure (based on Barret-Joyner-Halenda, BJH method) analysis. And the BJH results
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range from radius 1nm to 150nm here, so all figures are divided into 6 grades of pores radius range,
i.e. ≤5nm, 5~25nm, 25~50nm, 50~100nm, 100~150nm and >150nm.
Then from the 4 proportional pie graphs below in Figure 5, it is so clear that the sum of ≤5nm and
5~25nm accounts more than 75% volumetric percentage in every group, particularly the biggest one of
82.14% is in group 7dexpce-sp. But distinct distribution exists among groups, the 7dexpce has the
smallest ≤5nm percentage as 31.57% and the biggest 5~25nm proportion as 44.25%, and other three
groups are all similar as about 45% of ≤5nm and 30%~39% of 5~25nm. It seems that the sp addition
reduces the difference between low activity expired cement micro-porous structure and that of the new
cement, exactly that is more ≤5nm composite but less 25~50nm composite in 7dexpce-sp.
For the part of 25~50nm, 50~100nm, 100~150nm and >150nm, the 7dexpce has the most 25~50nm
porous composite and the 7dnewce-sp has the most >150nm volume which is so extremely high as
almost 4 times as that of other three groups in this range. Owing to this presentation, it concludes that
not like the status between 7dexpce and 7dexpce-sp, sp addition leads the proportional reduction from
7dnewce to 7dnewce-sp within 25~50nm and 50~100nm, but causes the relative increase on the
space radius >150nm.

Figure 5. Nitrogen adsorption BJH pore radius distribution of 7dexpce, 7dexpce-sp, 7dnewce
and 7dnewce-sp
To better understand the accurate porous composite distribution, the incremental adsorption and
desorption versus equivalent pores radius plots are drawn out below as Figure 6. Notable that in the
desorption process pictured with blue line, there is an identical peak at radius around 1.9nm in every
group, however this peak is a fake point caused by nitrogen conserving phenomenon in micro-porous
structure according to literature (J.C. Groen et al., 2003), so it cannot be treated as the actual pores
result. For a reasonable reflection of the pores distribution, only the nitrogen isothermal adsorption is
used for incremental analysis, i.e. the lines drawn with red and black colours. Four groups are all
beginning from about 1nm but ending at different pore radiuses of which the 7dnewce-sp has the
biggest testable pores with radius over 958.8nm and the 7dexpce has the smallest ending pore radius
around 236nm. Within all the 4 adsorption processes, each one has a specific highest peak point at
specific equivalent pore size like the mean-pore-size. In detail, this relatively concentrated volume
amount means a representative pore radius, 22.0nm of 7dexpce, 40.2nm of 7dexpce-sp, 25.4nm of
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7dnewce and 73.4nm of 7dnewce-sp. With the above pore size characteristics, it has to say the sp
addition makes the peak radius and the biggest pore size move towards right, i.e. big size radius no
matter in 7dexpce-sp or 7dnewce-sp, but the total volume of peak radius porous structure decreases
simultaneously from 5.23mm3/g of 7dexpce to 4.1mm3/g of 7dexpce-sp, and from 4.98mm3/g of
7dnewce to 4.19mm3/g of 7dnewce-sp. Therefore, due to the sp water reducing effect and solid
particle interstitial modification, the paste microstructure obtains improvement as less total porous
volume and small size porous space especially in 7dexpce-sp, but for the 7dnewce-sp, it seems the
high viscosity inhibits sp modification effect on porous space distribution in some extent and leaves
relatively bigger pore size than 7dexpce-sp.

Figure 6. Nitrogen adsorption BJH porous structure incremental analysis of 7dexpce, 7dexpcesp, 7dnewce and 7dnewce-sp
4.

CONCLUSION

This paper performed one investigation on the expired cement air entraining property and subsequent
porosity developing progress which is important to cementitious material mechanical characteristics
and durability. Through measurements on the raw expired cement PSD, cement paste viscosity
development under distinct sp concentrations, cement paste fresh state AVA voids, hardened state
NA porosity test, the whole paper reveals the following conclusions:
1. The expired cement with partially hydrated lumps or particles gains finer PSD than new cement,
and this difference will result larger specific surface area and stronger sp adsorption.
2. With w/c ratio below 0.2, the cement paste viscosity will get higher as more sp adding inside. To the
partially hydrated expired cement with low activity and finer PSD, it is harder to obtain the same
viscosity like new cement. Approximately, with 1~2wt% more sp addition in expired cement paste than
new cement paste can obtain the same viscosity level under w/c below 0.2.
3. In AVA analysis and hardened paste nitrogen adsorption, the expired cement paste is similar with
the new cement paste at beginning. However the subsequent air rising up phenomenon and sp
modification make the expired cement paste has a less porous microstructure below the bubble layer
than new cement paste with sp. With larger viscosity number, the new cement paste stably fix most
pores not like the expired cement with pore coagulation.
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So, with proper handling of the air bubbles rising up phenomenon and designing of the practical
utilization proportion, expired cement still has potential to act as the nucleus improving the ordinary
cementitious materials hydration progress especially on the viscosity decreasing field.
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ABSTRACT
It is well known in concrete technology that the packing of particles (powder, sands, aggregates) is one
of the main factors influencing the workability of concrete and the mechanical strength and durability of
the hardened materials. Although much work has been done to predict and measure the packing of
coarse particles, limited attention has been given to the measurement of the packing density of
powder. Measuring this physical property is important for the successful design of ecological binders
containing various amounts of supplementary cementitious materials.
In this work, we show that centrifugal consolidation can be an efficient laboratory technique for
measuring the packing density of cementitious materials. By investigating the numerous artefacts that
can distort experimental results of centrifugation and significantly affect the analysis we show that this
method should be used with precaution.
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1.

INTRODUCTION

It is well known in concrete technology that the packing of particles (powder, sands, aggregates) is
one of the main factors influencing the workability of concrete, the mechanical strength and even the
durability of the hardened materials (Brouwers & Radix, 2005; Hafid, Ovarlez, Toussaint, Jezequel, &
Roussel, 2016; Mueller, Wallevik, & Khayat, 2014; Zuo et al., 2018). Although lots of studies have
been implemented to predict and measure the packing of coarse particles, limited attention has been
given to the measurement of the packing density of powder (Lumay et al., 2012; Wong & Kwan, 2008).
Hence, the measurement of this physical property is important for the successful design of ecological
binders containing various amounts of supplementary cementitious materials.
In this work, we focus on the centrifugation technique to estimate the packing density of the
cementitious powders. We investigate the effect of centrifugation time, centrifugation method and
superplasticizers on the packing of particle along a centrifugation tube.
This study also aims at investigating the influences of artifacts on the packing properties as well as
finding a reliable way to measure the maximum solid packing fraction of cementitious powders by
centrifugation technique.
2.

MATERIALS AND METHODS

The Type I Cement with specific density of 3.15 was used in this study. The Particle Size Distribution
(PSD) was measured using a laser particle size analyser (Cf. figure 1). A commercial polycarboxylatebased HRWRA named Sika Viscocrete Tempo12 (T12) was used in this study. The specific density
and the solid concentration of Tempo12 are 1.060 ± 0.020 and 29.5% ± 1.4%, respectively. The
saturated solid dosage of this polymers to the cement used in this study is around 1.0% measured by
a total organic carbon (TOC) analyzer manufactured by Shimadzu.
Cement pastes with water to cement mass ratio (W/C) of 0.45 was studied. The preparation of all the
cement paste contains the following common steps. First, 80% of the mixing water was mixed with
cement for 1min using a Heidolph RZR 2041 type of mixer at the speed of 400 rpm. After resting for
14min, all the remaining water containing or not the superplasticizer was added into the mixtures and
mixed for 1min. After resting for another 14min, the paste was finally mixed for a third 1min. All the
mixtures were prepared at 20 °C.
Centrifugal stress was applied using a Sigma 3-16PK centrifuge equipped with the swinging bucket
rotor with the maximum speed of 4500 rpm. Transparent and conical centrifugal tube with diameter of
28 mm and volume of 50 ml which matches the rotor design were used. All the tubes were filled with
the same quantity of epoxy resin to ensure a flat bottom for data analysis. The distances between the
center of the rotation and the flat bottom of the tubes in the rotor is approximately 153 mm and 175
mm, respectively. The centrifugal speeds and the corresponding accelerations at the bottom of the
rotors (amachine) applied in this study are shown in Table 1.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 1. Particle size distribution of cement.
Table 2. Centrifugation speeds and the accelerations at the bottom of the rotors.

Speed (rmp)

228

323

510

727

1140

1613

2280

3225

3950

4500

10

20

50

100

250

500

1000

2000

3000

3893

amachine
(times of gravity)

3.
3.1

RESULTS AND DISCUSSION
Influence of centrifugation time

We first plot in figure 2 the influence of centrifugation time on the sediment height at the centrifugal
speeds of 228 rpm, 727 rpm and 2280 rpm which corresponds to the acceleration of 10 times, 100
times and 1000 times of gravity, respectively. It can be seen from figure 2 that the sediment height
decreases rapidly during first 20 min and achieves equilibrium after 30 min at the centrifugal speed of
228 rpm. As the centrifugal speed increases, the time required to reach equilibrium height is shortened
(Cf. figure 2). In general, the equilibrium state can be achieved within 30 min in this study and all the
mixtures were centrifuged for 40 min in the case of single speed centrifugation in order to ensure the
sediment height no longer changes.
We further plot in figure 3 the equilibrium sediment height at different centrifugation speeds. It can be
noted that with the initial paste height of around 75 mm, the equilibrium height decreases as the
increase of the centrifugal speed. At the speed higher than 1000 rpm, the decrease of the equilibrium
sediment height becomes slower comparing to that of the lower speeds.
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Figure 2. Sediment height as a function of centrifugation time at different centrifugation speeds.

Figure 3. Equilibrium sediment height at different centrifugation speeds (initial W/C=0.45).
3.2

Influence of centrifugation process

Since the mean solid volume fraction φmean (Cf. (1)) is a reflection of the packing status of the
sediment, we first use this parameter to show the factor that affects the interpretation of our centrifugal
results.
φmean = φini ∙ Hini /Hsedi

(1)

where φini is the initial solid volume fraction of the centrifugal suspension, Hini is the initial height of
the suspension in the tube and Hsedi is the height of the centrifugal sediment at specific centrifugal
time.
It is reported that the equilibrium state of the sediment after centrifugation is highly influenced by the
centrifugal process (Loginov et al., 2017). Since the suspension centrifuged under multi-step can
reach a higher packing density, we adopted a step by step increase of the centrifugal speed while
ensuring each step achieves equilibrium until the equilibrium state was achieved at the target speed. It
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can be seen in figure 4 that a higher packing density of the sediments is obtained than that of the
single-step at target speeds higher than 2000 rpm.

Figure 4. Comparison of mean volume fraction between single step and multiple steps at
different centrifugation speeds (initial W/C=0.45 with saturation dosage of T12 polymers).
3.3

Influence of centrifugal acceleration

For the volume fraction profile method mentioned in (Miller, Melant, & Zukoski, 1996), the local solid
volume fraction 𝜑(𝑠) can be obtained by cutting each centrifugal column into 10~14 pieces with each
of 3~5 mm and drying in the oven until reach constant weight. We therefore plot in figure 5 the local
solid volume fraction as a function of depth of the centrifugal sediment at equilibrium state. It can be
seen that 𝜑(𝑠) increases as the increase of the distance from the top of the sediment and achieves
plateau at the position of a couple pieces above the bottom of the sediment.
We hence expected that at the position near the bottom of the sediment, the centrifugal stress
overcomes the van der waal attractive forces of the cement suspension and a dense packing state is
achieved.

Figure 5. Local solid volume fraction as a function of depth of the centrifugal sediment at
equilibrium state (initial W/C=0.45).
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3.4

Influence of superplasticizer

It is also of great importance to investigate the packing fraction of cement powders with and without
superplasticizers. The repulsive forces that result from superplasticizers' steric contribution increase
the average interparticle distance and therefore decrease the magnitude of the attractive van der
Waals forces. We plot in figure 6 the results of the solid volume fraction of cement pastes with initial
W/C of 0.45 at the bottom of the centrifugal sediments. We note that the volume fraction at the bottom
of the sediments are higher for the system mixed with superplasticizer than that of the reference
system.
We therefore suggest that the solid volume fraction at the bottom of the centrifugal sediments
containing superplasticizer can be regarded as the maximum packing density of the cement powders.

Figure 6. Comparison of local solid volume fraction between pastes with and without admixing
superplasticizer at different position of the centrifugal sediments.
4.

CONCLUSIONS

In this work, we have shown that centrifugal consolidation can be an efficient laboratory technique for
measuring the packing density of cementitious materials. By investigating the numerous artefacts that
can distort experimental results of centrifugation and significantly affect the analysis we show that this
method should be used with precaution. Based on the results obtained, the following conclusions can
be drawn:
Firstly, the height of sediment in the tube changes with the centrifugal time therefore an equilibrium
state should be achieved when utilising this method. Furthermore, since the final height of sediment
depends on the path of centrifugation before achieving equilibrium state, the optimized multi-step
strategy is allows for reaching the highest packing density at certain centrifugal speed. Additionally,
the volume fraction varies along the tube and is the highest at the bottom.
Finally, the highest packing density was obtained in the presence of superplasticisers.
5.
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ABSTRACT
According to an extensive literatures review, the the real world of physical salt attack on concrete was
summarized. The physical salt attack on concrete can be divided into two categories according to the
physical and chemical relationship between salt and the hydration products of cement:
(1) a typical physical salt attack is attributed to the damage mechanism for the evaporative concrete
where the salt is inert to the hydration products of cement, such as Portland cement concrete partially
immersed in Ca(NO3)2 solution and Calcium Sulfoaluminate cement concrete in Na2SO4 solution.
The concrete will be damaged in a quiet short time.
(2) a complicated physical and chemical salt attack combining concrete carbonation is attributed to the
damage mechanism for the evaporative concrete where the salt is reactive with the hydration products
of cement. The Portland cement concrete partially immersed in the sulfate environment belongs to the
second category and its damage mechanism is that the chemical sulfate attack will be the only
mechanism causing the evaporative concrete damage if there is no the effect of carbonation. With the
progress of exposure, the outer layer of evaporative concrete will be neutralized by carbonation and
become inert to sulfate, then the physical sulfate attack occurs in the neutralized concrete layer. In the
inner area isolated from carbonation, the chemical sulfate attack is still the damage mechanism. The
evaporative concrete damage is collectively controlled by the susceptibility to carbonation of concrete
and the factors in favour of chemical sulfate attack.
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1.

INTRODUCTION

The term “physical attack” (or salt weathering and crystallization distress) is usually used to describe
the deterioration of stones or bricks when partially exposed to a salt environment. The typical damage
observation lies in a region of failure within the evaporation zone, but with a sound part in direct
contact with the salt environment [Benavente et al. 2001]. In 2010, the American Concrete Institute
(ACI) also attributed physical salt attack to concrete damage, since a similar damage observation is
found in the evaporation zone of concrete elements partially exposed to groundwater or to soil
containing salts. In order of decreasing aggressiveness, these salts are: sodium sulfate, sodium
carbonate, and sodium chloride [ACI 201.2R 2016]. At present, pphysical sulfate attack on concrete is
a key area of research due to its aggressive nature [Mark et al. 2014].
However, following an extensive literature review [Liu et al. 2014], it seems extremely simplistic to
attribute concrete damage to just physical sulfate attack. This is due to the complicated physical and
chemical relationship between concrete and sulfates. Many different test results could not be
satisfactorily explained using the classical theory of salt weathering. Two main issues can be
illustrated as follows:

· The effect of pore structure on concrete damage. Field tests [Stark 2002, Irassar et al.

·

1996] and indoor tests [Ahmed et al. 2017, Semion 2017a] all showed two common results,
namely that (1) concrete with a lower water/cement (W/C) ratio was more resistant to
sulfate attack; and (2) pozzolanic material (fly ash, slag and silica fume) significantly
accelerated the degradation of evaporative concrete. As for the first result [Ahmed et al.
2017], the authors indicated that a low W/C ratio can significantly reduce the total volume
of the pores, as well as their connectivity, leading to less capillary rise and surface scaling.
Concerning the second result, the authors attributed the pore refinement caused by
pozzolanic materials to lead to larger crystallization distress [Stark 2002, Irassar et al.
1996]. However, it should be noted that using low W/C ratio and pozzolanic materials can
both reduce the total volume of pores and refine pore size
The effect of relative humidity on concrete damage. The paper [Ferraris et al. 2006]
indicated an interesting result, namely that concrete cylinders partially exposed to a
Na2SO4 solution at 80% relative humidity (RH) show a larger damage area than at 30%
RH. However, it is common sense that lower RH could result in more aggressive
crystallization distress [Navarro et al. 1999].

There have been many research papers [Bassuoni MT et al. 2016, Nehdi ML et al.2014, Semion Z et
al. 2017a,b, Najjar MF et al. 2017, Ahmed RS et al. 2017, Semion Z et al. 2017] after 2010, though
these papers always ignored the two issues mentioned above and stubbornly insisted on the effect of
physical salt attack. In this review paper, a clear concept for “physical salt attack on concrete” will be
put forward. The paper has been divided into 4 Parts as follows:

· Part I: damage to concretes made with different types of cements partially exposed to
·
·
·

different salt solutions.
Part II: field case investigations
Part III: the effect of carbonation depth on the damage to evaporative concrete exposed to
sulfate solutions.
Part IV: quantitative analysis of products in Portland cement paste partially exposed to
Na2SO4 solution

Figure 1. Relationship between the 4 parts
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The purpose of Part I is to check if typical physical attack damage can be observed in all tests. There
will be two possibilities: either the typical damage observation can be found in every test or it cannot.
A new viewpoint for physical salt attack on concrete will then be proposed based on the test results. In
Part II, some real evidences will be deduced from field case investigations to support and improve the
new viewpoint. In Parts III and IV, several additional tests will be designed and carried out to further
improve the proposed viewpoint. The relationship between the four parts is shown in Fig.1.
2.

PART I: DAMAGE TO CONCRETES MADE WITH DIFFERENT TYPES OF CEMENTS
PARTIALLY EXPOSED TO DIFFERENT SALT SOLUTIONS

The different concretes, made with Portland cement (PC) and Calcium Sulfoaluminate cement
(CSAC), were partially immersed in Na2SO4, MgSO4, Na2CO3 or Ca(NO3)2 solutions. These tests
focused on two points: (1) whether the typical damage performance could be found in the concretes
made with the different cementitious materials; and (2) whether different salt crystals can be identified
in the damaged concrete as direct evidence of crystallization distress. The above two points illustrate
the classic damage mechanism due to salt weathering of porous materials [George WS 2004, RuizAgudo E et al. 2007]. If the physical salt attack can be attributed to this damage mechanism, then the
classic damage performance should be found in every test.
Unfortunately, the tests results were quite complicated.
2.1 Test 1: PC specimens partially immersed in Na2SO4 solution [Liu Z et al. 2010, 2011]
The results showed that those parts of the specimens in the evaporation zone were severely
damaged. However, Na2SO4 and MgSO4 crystals were not identified as being replaced by the
chemical sulfate attack products of ettringite and gypsum (shown in Figure 2).
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Figure 2. Damage of PC specimens partially immersed in Na2SO4 solution
2.2 Test 2: CSAC specimens partially immersed in MgSO4 solution [Liu Z et al. 2016 a]
The results showed that those parts of the specimens immersed in the solution were damaged due to
gypsum formation, but with an undamaged part in contact with the air; this is indicative of a typical
chemical sulfate attack (shown in Figure 3).
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Figure 3 Damage of CSAC specimens partially immersed in MgSO4 solution
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2.3 Test 3: CSAC specimens partially immersed in Na2CO3 solution [Liu Z. et al. 2018]
The results showed that those parts of the specimens in the evaporation zone were severely damaged
by typical Na2SO4 crystallization distress. Na2SO4 was the chemical reaction product of the CSAC
paste and the Na2CO3 solution (shown in Figure 4).

NaCO3
Solution
Figure 4. Damage of CSAC specimens partially immersed in NaCO3 solution
2.4 Test 4: CSAC specimens partially immersed in Na2SO4 solution [Liu Z. et al. 2016 b]
The results showed that those parts of the specimens in the evaporation zone were severely
damaged, and that Na2SO4 crystals were clearly identified as the cause of specimen failure. This is
indicative of a typical sulfate salt weathering (shown in Figure 5).

Figure 5. Damage of CSAC specimens partially immersed in NaSO4 solution
2.5 Test 5: PC specimens partially immersed in Ca(NO3)2 solution [Lee BY et al. 2017]

Figure 6. Damage of PC specimens partially immersed in Ca(NO3)2 solution
The results showed that those parts of the specimens in the evaporation zone were severely
damaged, and that NaNO3 crystals were clearly identified as the cause of specimen failure. This is
also indicative of a typical sulfate salt weathering (shown in Figure 6).
2.6 Summary
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Although the above test results are complicated, specimen damage can nonetheless be clearly
divided into two types: (1) the typical physical salt attack of test 4 and test 5; (2) the chemical salt
attack of tests 1-3. If we check the physical and chemical relationship between the cement hydration
products and the salt, it can correspondingly be found that: (1) the salts were inert to the cement
hydration products in tests 4-5 (in test 4, the hydration products of CSAC cement contained significant
amounts of AFt, C-S-H and an Al gel but did not include the Ca(OH) 2 phase [Wang Y et al. 1999]; the
stability of AFt, C-S-H and Al gel were immune to Na2SO4 [Damidot D et al. 1992, Shi C et al. 2000]. In
test 5, the hydration products of PC cement (AFt, AFm, C-S-H, the gypsum and Al gel) were also inert
to the Ca(NO3)2 solution); (2) the salts reacted with the cement hydration products in tests 1-3,
specifically Ca(OH)2 with SO42- in test 1, AFt with Mg2+ in test 2 and AFt with CO32- in test 3.
Therefore, a viewpoint can be deduced that a typical physical salt attack can only be attributed to
the damage mechanism for evaporative cement concrete where the salt is inert to the hydration
products of the cement. As for PC concrete partially immersed in sulfate solution, the damage
mechanism for the evaporative concrete damage is still the chemical sulfate attack.
However, sulfate crystallization distress has been clearly confirmed to cause concrete scaling in many
field cases. What is the reason for this discrepancy between field cases and indoor tests? The
following field case investigation will present a more detailed explanation.
3.

PART II: FIELD CASE INVESTIGATIONS

3.1 Case 1: Residential concrete foundation investigation [Yoshida N. et al. 2010]
A number of concrete samples taken from concrete foundations in Japan were investigated by means
of XRD (X-ray diffractometer), XRF (X-ray fluorescence), DSC (differential scanning calorimetry) and
EPMA (electron probe microanalyzer). After combining the simulation tests results, a deterioration
mechanism for residential concrete foundations was presumed as shown in Figure 7.

Figure 7. Presumed mechanism of Na2SO4 weathering in residential concrete foundation
According to the presumed deterioration mechanism, evaporative concrete can be divided into a
carbonated area and a non-carbonated area. In the outer carbonated area, Na2SO4 crystal growth led
to concrete scaling. In the non-carbonated area, ettringite was identified with no traces of Na2SO4.
This means that the Na2SO4 crystals only occurred in the carbonated area, where the chemical
interaction between sulfate ions and the cement paste was restrained. It could perhaps be argued that
the Na2SO4 crystallization should be found in the same location before carbonation, for it to be able to
cause similar damage. In order to answer this question, the effect of carbonation on evaporative
concrete scaling needs further research. If a larger carbonation depth results in more severe concrete
scaling by Na2SO4 crystallization distress, this will mean that the Na2SO4 crystallization could not
occur in the same location before carbonation and could only occur in the carbonated area.
3.2 Case 2: Concrete lining investigation [Liu Z et al. 2017]
4
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Several concrete cores from the concrete lining of two railway tunnels in the southwestern regions of
China were investigated by means of a Carbonation Depth (CD) test, EPMA, XRD, Ion
Chromatography (IC), and Atomic Absorption Spectrophotometry (AAS). The XRD results in Figure 8
provide some interesting evidence.

Figure 8. XRD patterns for different concrete cores
The test results indicate that the concrete lining in the two tunnels was almost neutralized to more than
55 mm, after 60 years’ exposure to the atmosphere. In Figure 8, the sample for the XRD pattern of
No. 4 was made up of concrete pieces that had become detached from the concrete core, whereas
the sample for No. 5 was made up of broken concrete pieces from the same concrete core that had
come into contact with the air. The damage in the No. 5 sample might be regarded as the first step in
the damage of the No. 4 sample. CaSO4·2H2O, AFt and Na2SO4 crystals were found in No. 5, but
Ca(OH)2 was not, suggesting an occurrence of chemical sulfate attack in the concrete:

· The Ca(OH)2 consumption means that the chemical reaction between sulfate and paste had

·

just finished, since (1) the formation of AFt and CaSO4·2H2O requires Ca(OH)2, and (2) the
AFt and CaSO4·2H2O would decompose to form the final product of CaCO 3 (as the XRD
pattern for No. 4) under neutralized conditions [Nishikawa T et al. 1992];
Na2SO4 crystals were generated in the inert paste without the presence of Ca(OH)2. As a
comparison, Na2SO4 crystals could not be identified in the reactive paste containing Ca(OH)2
as shown in Figure 2.

3.3 Summary
Combining the field investigation results and the test results from Section 2, the proposed viewpoint
can be improved as follows:

· When CSAC concrete is partially immersed in Na2SO4 solution, or PC concrete is partially
·

immersed in Ca(NO3)2 solution, the typical physical salt attack will be attributed to concrete
damage due to the inert relationship between salts and cement pastes;
When PC concrete is partially immersed in the sulfate solution, the outer layer of the
evaporative concrete will become inert to sulfates due to the effects of carbonation. The
physical sulfate attack then causes scaling of the outer concrete layer. In the inner area, which
is isolated from carbonation, the damage mechanism is still the chemical sulfate attack. This
represents a real world example of physical sulfate attack on (PC) concrete.

In other words, the damage of the evaporative zone of PC concrete due to sulfate attack is made up of
two parts: (1) the outer carbonated area damaged by the physical sulfate attack; and (2) the inner noncarbonated area damaged by the chemical sulfate attack. Therefore, the viewpoint can be further
improved as follows:

· A larger carbonation depth would result in more severe concrete scaling due to sulfate
·

crystallization distress;
More chemical sulfate attack products would be formed in the evaporative zone than in the
immersed zone, resulting in more severe concrete deterioration. Therefore, the evaporative
concrete will show a larger damage area under high relative humidity conditions than under
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low relative humidity conditions. This is because the higher humidity can result in a wider
sulfate pore solution zone in the evaporative concrete [Ferraris CF et al. 2006].
4.

PART III: THE EFFECT OF CARBONATION DEPTH ON DAMAGE TO EVAPORATIVE
CONCRETE EXPOSED TO SULFATE SOLUTIONS.

4.1 Effect of carbonation on physical sulfate attack on concrete by Na2SO4 [Liu Z et al. 2018b]
PC concrete cylinders with different W/C ratios and with different dosages of fly ash (FA) were rapidly
carbonated for 10 d and then partially exposed to a 10% Na2SO4 solution. After 240 d exposure, it
could be found that:

· Concrete carbonation accelerated the concrete damage, and the larger carbonation depth led
·
·

to greater concrete scaling (as shown in Figure 9);
Na2SO4 crystals could be clearly identified (as shown in Figure 10), and the physical Na2SO4
attack resulted in concrete scaling;
The susceptibility to carbonation of concretes incorporating fly ash resulted in greater concrete
scaling than PC concrete subjected to Na2SO4 salt crystallization distress (as shown in Figure
9).
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Figure 10. XRD pattern of the detached concrete piece from carbonated PC0.55 specimens
4.2 Effect of carbonation on physical sulfate attack on concrete by MgSO 4 [Liu z et al. 2018c]
ACI pointed out that calcium, magnesium, potassium, iron, and ammonium sulfates can only
participate in a chemical sulfate attack on concrete, but do not appear to damage concrete through
physical salt attack [ACI 201.2R 2016]. However, the occurrence of MgSO4 crystallization can be
found not only in the rapid carbonated concrete cylinders but also in normal concrete cylinders. The
damage observation is shown in Figure 11.
Based on the visual damage observation of Figure 11, it can be confirmed that the MgSO4
crystallization could cause evaporative concrete scaling due to carbonation. Compared to CC-SG50,
with its narrow carbonation depth, CC-FA30 and CC-LP2 showed more severe concrete scaling due to
their distinctly wide carbonation depth. Since FA30 and LP20 are susceptible to carbonation, the
6
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referenced cylinders were also distressed by MgSO 4 crystallization. Figure 12 shows a micro-analysis
of the detached pieces in the red dotted line cycle of NC-FA30 as shown in Figure 11. It can be
confirmed that the outer layer of NC-FA30 had been carbonated, and that Mg2SO4 crystallization
distress caused the detachment.

C20- FA30

C20- LP20

C20- SG50

CC- FA30

CC- LP20

CC- SG50

NC- FA30

NC- LP20

NC- SG50

Figure 11. Damage observation of normal concrete (NC) and carbonated concrete (CC) partially
exposed to 10 MgSO4 solution for 150d (LP20: 20% limestone powder +80% Portland cement,
FA30: 30% fly ash +70% Portland cement; SG50: 50% slag +50 %Portland cement. the same
W/C and sand percentages)
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Figure 12. XRD pattern, ESEM image and EDS of detached concrete pieces of NC-FA30
4.3 Summary
The effect of carbonation on sulfate crystallization distress of concrete is thus confirmed:

· The larger carbonation depth results in more severe concrete scaling, not only due to Na2SO4
·

5.

but also due to MgSO4 crystallization distress;
The susceptibility to carbonation of concretes incorporating mineral admixtures resulted in
greater concrete scaling than sulfate crystallization distress on PC concrete.

PART IV: QUANTITATIVE ANALYSIS OF PRODUCTS IN PORTLAND CEMENT PASTES
PARTIALLY EXPOSED TO SULFATE SOLUTION [Liu Z et al. 2018d]

If the chemical reaction is attributed to the damage of evaporative concrete, a greater number of
chemical reaction products should be formed in the evaporative zone than in the immersed zone, thus
resulting in more severe deterioration. Cement pastes with different W/C ratios and different Fly ash
dosages were partially immersed in 5% Na2SO4 solution for 50 d and 100 d under N2 conditions. The
N2 condition was chosen to simulate the inner area of the evaporative concrete isolated from
carbonation. In order to directly compare the degree of chemical sulfate attack occurring in between
the evaporation zone and the immersed zone, the difference in mass loss ( △M) of ettringite or gypsum
formed in the evaporation zone and in the immersed zone of the paste was calculated based on the
TG results and shown in Figure 13. The △M of ettringite and the △M of gypsum of different pastes
were respectively calculated and shown in Figure.14.

Figure 13. The effect of W/C ratios, FA dosages and exposure ages on the total △M of ettringite
and gypsum in different pastes

Figure 14. The effect of W/C ratios and FA dosages on the △M of ettringite and gypsum in
different pastes after 100 d partial exposure
It can be observed that:
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· The total △M of ettringite and gypsum was positive after 50 d exposure and after 100 d
·
·

·
·
·

exposure, meaning that the more severe chemical sulfate attack occurred in the evaporation
zone than in the immersed zone;
An obvious increase in △M between 50 d and 100 d exposure could be seen, especially for
PC0.55 and FA30 paste. This suggests that the chemical sulfate attack became more severe
with more prolonged exposure;
Compared with PC0.45, the replacement of cement with different dosages of FA noticeably
increased the △M of pastes. After 100 d exposure, the increase in dosage of FA resulted in
the larger △M, meaning that an increase in the dosage of FA could accelerate the chemical
sulfate attack in the evaporation zone.
The main chemical sulfate attack product was gypsum. The △M of gypsum was significantly
larger than the △M of ettringite.
The △M of gypsum for PC0.55 paste was almost double that of PC0.35 and PC0.45.
The △M of ettringite and gypsum for FA paste was larger than that of PC0.45 with the same
W/C ratio.

5.3 Summary
The quantitative analysis of products in the different zones of pastes partially immersed in Na 2SO4
solution supports the idea that:

· More ettringite and a larger amount of gypsum are generated in the evaporative zone of pure
cement paste and cement + fly ash paste than in pure cement paste, thus causing more
severe damage in the evaporative zone.
6.

CONCLUSION

According to the literature review, the real world of physical salt attack on concrete can be explained
as follows:
(1) Physical salt attack on concrete can be divided into two categories depending on the physical and
chemical relationship between the salt and the hydration products of the cement;
(2) The first category is the typical physical salt attack, which can be attributed to the damage
mechanism for evaporative concrete. In this case, the salt is inert to the hydration products of the
cement; examples include Portland cement concrete partially immersed in Ca(NO3)2 solution and
Calcium Sulfoaluminate cement concrete partially immersed in Na2SO4 solution. The concrete will be
damaged in quite a short space of time.
(3) The second category is the more complicated physical and chemical salt attack, where concrete
carbonation attributed to the damage mechanism for evaporative concrete is combined with salt
reacting with the hydration products of the cement. In this case, the concrete damage will be a longer
process than in the first one. Portland cement concrete partially immersed in the sulfate environment
belongs to this category and its damage mechanism can be summarized as follows:

· The chemical sulfate attack will be the only mechanism causing evaporative concrete damage

·
·
·

if there is no carbonation. As exposure progresses, the outer layer of evaporative concrete will
be neutralized due to carbonation, and thus become inert to sulfate. The physical sulfate
attack will then occur in the outer neutralized concrete layer. In the inner area of evaporative
concrete, which remains isolated from carbonation, the chemical sulfate attack will still be the
primary damage mechanism.
The evaporative concrete damage is collectively controlled by the susceptibility of the concrete
to carbonation and the factors in favour of a chemical sulfate attack.
The larger water to cement ratio, the use of mineral admixtures and a higher relative humidity
can accelerate concrete carbonation and hence evaporative concrete scaling.
More chemical sulfate attack products will be generated in the evaporative concrete since
there is a greater water to cement ratio here, as well as higher relative humidity and the
presence of a mineral admixture.
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ABSTRACT
Steel reinforced concrete structures have to ensure a designed service life. The steel reinforcement
remains passivated due to the high pH in concretes due to the Portland cement hydration products but
it corrodes when concrete carbonates and the Portland cement paste pH drops below 8. Then,
reinforcement corrosion induced by carbonation is a key factor with regard to reinforced concrete
durability.
Thymol blue is used as a pH indicator in many applications. This indicator below pH 8.0 is yellow and
above pH 9.6 is blue, then, it can be a candidate to substitute phenolphthalein whose recent
identification has been as a substance of very high concern on the basis of its classification as
carcinogen category 1B according to Regulation (EC) No 1272/2008.
Three commercial common Portland cements according to the European standard EN 197-1:2011
were tested in this study (CEM I 42.5 R, CEM II/A-S 42.5 N and CEM III/B 32.5 N-LH/SR). The mortars
were prepared according to EN 196-1:2016 and cured under water for three, seven or 28 days. After,
they were exposed to natural environment sheltered from rain (CEN/TS 12390-10) for 24 months and
carbonation depth was determined by using Thymol blue and phenolftalein indicators. As expected,
carbonation of cement-based materials is influenced by the cement type. In particular, Thymol blue is
sensitive to cement type and curing time. This indicator applied to cementitious materials provides
similar results than phenolftalein indicator. Therefore, it will be useful in testing carbonation depth on
cement-based materials to assess their durability.
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1.

INTRODUCTION

Carbonation of cementitious materials can be considered as one of the major deleterious processes of
reinforced concrete, developed particularly in industrial areas and big urbanized areas. Steel
reinforcement may remain passivated for a long time due to the high pH in the concrete pore solution
generated by the Portland cement hydration products. Nevertheless, it corrodes when the cement
paste pH drops below 8. Consequently, this deleterious process has to be taken into account in the
design of reinforced concrete structures because reinforcement corrosion induced by carbonation is a
key factor with regard to reinforced concrete durability.
The carbonation reactions of calcium hydroxide and other alkaline phases contained in cementitious
materials are well-known (Saetta et al. 1993, Goñi et al. 2002, Galán et al. 2015). These reactions
proceed mainly in two parts. During the first one, carbon dioxide absorption by the alkaline pore
solution located on the material surface is developed, leading to crystals precipitation. Thus,
dissolution of carbon dioxide, calcium hydroxide and other alkaline phases in the pore solution is the
controlling factor. The second one is the carbon dioxide diffusion through the mortar pore network and,
therefore, is controlled by a diffusion mechanism. Consequently, the rate of carbonation might be
defined by the carbon dioxide uptake by calcium hydroxide among other Portland cement alkaline
constituents. In general, carbonation depth has been related to several factors such as cement
content, type of cement constituents, water/cement ratio and environmental conditions among others
(Goñi et al. 2002).
Ground granulated blast-furnace slag is a frequently used Portland cement constituent worldwide,
which is particularly recommended for aggressive environments (Groves et al. 1990). However,
cement-based materials made with such supplementary cementitious material have a poor
carbonation resistance (Castellote & Andrade 2008). Consequently, carbonation resistance knowledge
of aforementioned building materials might help to design reinforced concrete structures with the
planned service life.
Normally, phenolphthalein pH-indicator is used to determine the carbonation depth in mortars and
concretes but recently it has been identified as a substance of very high concern on the basis of its
classification as carcinogen category 1B according to Regulation (EC) No. 1272/2008 (ECHA 2011).
On the other hand, thymol blue is used as a pH-indicator in many applications without any health risks.
This indicator below pH 8.0 is yellow and above pH 9.6 is blue, therefore, it can be a good candidate
to substitute phenolphthalein, among others (Chinchón-Payá et al. 2016).
Thus, the objective of this study is to assess the viability of using the thymol blue indicator as a sound
phenolphthalein substitute.
1.1

Carbonation reactions

Carbonation is a chemical process in which carbon dioxide (CO2) reacts with calcium hydroxide
(Ca(OH)2), other calcium bearing other phases (Ca2+) and water (H2O) in Portland cement-based
materials forming mainly calcium carbonate (CaCO3) among other calcium carbonates. First, Ca(OH)2
reacts with CO2 more rapidly than C-S-H gel does (Equation 1), but this reaction decreases with time,
being overtaken by the reaction rate of the C-S-H gel (Castellote & Andrade 2008, Thiery et al. 2007).
Mentioned slowdown of the reaction is due to the formation of crystalline calcium carbonate layers
around the reacting Ca(OH)2 (Galán et al. 2015). With regard to the C-S-H gel reaction with carbon
dioxide, the calcium ions are removed from the gel leading to the calcite, aragonite and vaterite
(Groves et al. 1990, Groves et al. 1991, Morandeau & White 2015) and silica gel formation
(Morandeau et al. 2014). Thus, this reaction depends on the initial Ca/Si ratio of the C-S-H gel
(Groves et al. 1990). This process promotes an increase of the material porosity (Equation 2).
Consequently, Portland cement-based materials carbonation results in the building up of their
microstructure.
H2O + CO2 + Ca(OH)2 → CaCO3 + 2H2O

(1)

(CaO)x(SiO2)(H2O)z + xCO2 → xCaCO3 + SiO2(H2O)y + (z - y) H2O

(2)
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1.2

Blast furnace slag cements carbonation

Blended cement production worldwide should increase enhanced by sustainable concerns (Sanjuán &
Argiz 2012). Given that, ground granulated blast-furnace slag (S) is a typical cement constituent which
is recommended in aggressive environments (Taylor 1997). However, mortars and concretes made
with ground granulated blast-furnace slag have a poor carbonation resistance (Sanjuán et al. 2011,
Sysomphon & Franke 2007), especially in short curing periods (Sanjuán et al. 2018). This is, the
carbonation rate increases in cement-based materials with increasing their amount of blast-furnace
slag (Borges et al. 2010), which might be attributed to the Ca(OH)2 depletion. Therefore, carbonation
mechanism in these materials is governed by the amount of Ca(OH)2 in the original blast-furnace slag
(Borges et al. 2010). Also, blended cement carbonation leads to higher porosity in the cement-based
material microstructure (Gruyaert et al. 2013, De Belie et al. 2010), while in Portland cements without
additions, the CaCO3 formation provokes pore blocking which avoids further carbonation.
1.3

Carbonation mechanism

Carbon dioxide ingress in concrete is determined by diffusion mechanism so that carbonation
performance is mainly dependent on the diffusion coefficient. Some models have been developed for
depicting the cement-based materials carbonation (Saetta et al. 1993, Sanjuán et al. 2003, Thiery et
al. 2007, Castellote & Andrade 2008, Muntean & Böhmb 2009, Guiglia & Taliano 2013, Zhang 2016)
and most of them proceeds by diffusion. In order to study the carbonation rate, the carbonation depth
is normally measured to calculate the carbonation coefficient, B, and the CO2 diffusion coefficient, D
(Sanjuán et al. 2003). Both coefficients are assumed to be constants. Nevertheless, they depend on
CO2 concentration, chemical composition, relative humidity, pore size distribution, hydration degree,
and so on. The most widely carbonation model applied for cement-based materials is shown in
Equation 3 and the CO2 diffusion coefficient, D, is shown in Equation 4 (Sanjuán et al. 2003).

xB t

(3)

where: B = carbonation coefficient (mm/year0.5)
x = carbonation depth (mm)
t = carbonation exposure time (year)
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where: Cx = CO2 concentration at discontinuity (kmol/m 3)
C1 = CO2 concentration in surroundings (kmol/m 3)
C2 = CO2 concentration in the Portland cement-based material (kmol/m 3)
D = Diffusion coefficient of the CO2 (m2/s)
2.
2.1

EXPERIMENTAL
Materials and mortar preparation

Three commercial cements according to the European standard EN 197-1:2011 (Sanjuán & Argiz
2012) were tested in this study (CEM I 52.5 R-SR 3, CEM II/A-S 42.5 N and CEM III/B 32.5 N-LH/SR).
These cements contain 0%, 14.4% and 62.2% of ground granulated blast-furnace slag, respectively.
Chemical properties are given in Table 1. Chemical analyses of SiO 2, Al2O3, Fe2O3, CaO, MgO, SO3
Na₂O, K₂O, loss on ignition (LOI), insoluble residue (IR) and Cl- were performed according to the
European standard EN 196-2:2013.
Mortar specimens were prepared with distilled water and standardized CEN sand according to the
European standard EN 196-1:2016. The cement/sand ratio was 1:3 and water/cement ratio was 0.50.
Specimens were 40 x 40 x 160 mm prisms manufactured by LOEMCO. The specimens were
demoulded 24 ± 1 hours after casting and stored for three, seven or 28 days under water. Then, the
prisms were placed in a carbonation room with a 0.03 % CO2 concentration, 20 ± 2 °C and
65 ± 5 % RH (natural indoor conditions). At the age of 730 days, the carbonation front was
determined.
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Table 1. Chemical compositions of cements determined according to EN 196-2:2013 (%)
Cement

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na₂O

K₂O

LOI

IR*

Cl-

CEM I 52.5 R-SR 3

21.73

3.67

4.31

66.12

1.32

3.00

0.49

0.57

1.12

0.19

0.01

CEM II/A-S 42.5 N

23.24

5.74

2.46

61.82

2.29

2.83

0.46

0.59

-

-

0.05

CEM III/B 32.5 N-LH/SR

29.66

8.06

2.16

51.08

4.82

2.53

0.30

0.37

0.77

0.38

0.05

*Insoluble residue determined by the Na2CO3 method (European standard EN 196-2:2013).
2.2

Natural carbonation testing

Carbonation testing was performed exposing the mortars to the natural indoor environment according
to CEN/TS 12390-10 (CO2 concentration of 0.035 ± 0.005 %, a temperature of 20 ± 2 ºC and a relative
humidity of 65 ± 5 %). Measurement was taken at 24 months of exposure after the curing period under
water of three, seven or 28 days. Thereafter, the prisms were cut off and phenolphthalein was sprayed
on one half and thymolsulfonphthalein was sprayed on the other half. Carbonation depth was
measured on the freshly sawn surface by using Thymol blue and phenolphthalein pH-indicators. The
sawn surface was cleared of loose particles and dust after sawing. Immediately, the pH-indicator
solution was sprayed. Sometimes, the solution was sprayed a second time after half-hour when a
weak colouration appeared on the sprayed surface. One mortar prism was tested of each quality and
curing time. Twelve measurement points on each prism were reported. All measurements were
rounded to the nearest 0,5 mm. The mean was calculated on the repeated measurements on each
prism. In total 108 measurement were made in the entire study.
2.3

Phenolphthalein substitute study

Phenolphthalein has mostly been used to determine the carbonated zones of cementitious materials,
as it dyes mortars and concretes with a pH of over 9 in a purple-red colour and this method is cheap
and easy to be applied (Chinchón-Payá et al. 2016). However, it has been identified as carcinogen
category 1B according to Regulation (EC) No 1272/2008 (ECHA, 2011).
This paper suggests the use of thymol blue (thymolsulphonephthalein) as a potential good substitute.
Thymol blue turns from blue to yellow within an approximate pH range of 8.0 to 9.6, while
phenolphthalein turns from purple-red colour to colourless between a pH range of 8.3 to 10.0.
Therefore, carbonation measurements performed by using thymol blue might provide useful results of
carbonation. Then, the present research program presents the results conducted on carbonation
depth obtained with thymol blue pH-indicator taken as potential phenolphthalein substitute, which was
performed for two years. Both phenolphthalein and thymolphthalein were used as pH indicators.
Thymol blue pH-indicator was prepared by dissolving 0.1 g of thymol blue in 80 g of ethanol (95 per
cent denatured). After solution was effected, it was diluted with 20 g of water. Phenolphthalein
indicator solution was prepared by dissolving 0.1 g of phenolphthalein powder in a 100 ml solution of
70 ml ethanol (95 per cent denatured) and diluted with 30 ml of distilled water.
3.

RESULTS AND DISCUSSION

Figure 1 shows the carbonation results measured with thymol blue and phenolphthalein in mortars
carbonated for two years at 0.03% (natural indoor conditions). Individual measurements on
carbonation depth in prisms ranged between 1.6 and 8.4 mm depending on curing conditions, mortar
quality and pH-indicator. The mean for each prism ranged between 1.8 and 8.1 mm (Figure 1). The
variation between measurements on the same prisms was mostly small. As expected, the influence of
the curing period is significant. The curing period has a very similar trend for CEM I 52.5 R-SR 3 (0%
ground granulated blast-furnace slag content) and CEM II/A-S 42.5 N (14.4% ground granulated blastfurnace slag content). Conversely, mortars made with CEM III/B 32.5 N-LH/SR (62.2% ground
granulated blast-furnace slag content) exhibited the highest carbonation depth. In this case, the thymol
blue and phenolphthalein gave almost the same carbonation depth results in mortars. Consequently, it
can be stated that carbonation depth obtained with thymol blue and phenolphthalein pH-indicators
provide similar depths. Then, it is suggested that thymol blue could be taken as a potential
phenolphthalein substitute.
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Figure 1. Natural carbonation depth at 24 months measured by using thymol blue and
phenolphthalein pH-indicator solutions
Figures 2 and 3 show an example of the carbonation front measured by using both pH indicators in a
mortar sample carbonated for 24 months and made with a Portland cement CEM II/A-S 42.5 N
according to the European standard EN 197-1:2011 (Sanjuán & Argiz 2012). Figure 4 shows the
carbonation front in CEM III/B 32.5 N-LH/SR mortars cured under water for three, seven or 28 days,
measured by using the thymol blue and phenolphthalein pH indicators.
Apparently, shorter curing periods are necessary for CEM I 52.5 R-SR 3 and CEM II/A-S 42.5 N to
ensure an acceptable carbonation resistance than for CEM III/B 32.5 N-LH/SR. Therefore, a curing
time under water for seven days could be enough to get a good quality cement-based material in the
first case, but not for blast-furnace cements with 62.2 % of ground granulated blast-furnace slag
(carbonation depth between 5.7 - 8.1 mm) (Figure 4).

Figure 2. Carbonation front in CEM II/A-S
42.5 N mortar measured by using
phenolphthalein

Figure 3. Carbonation front in CEM II/A-S
42.5 N mortar measured by using the
thymol blue indicator solution
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Figure 4. Carbonation front in CEM III/B 32.5 N-LH/SR mortars cured under water for three,
seven or 28 days, measured by using the thymol blue and phenolphthalein pH indicators
Carbonation coefficients calculated by means of thymol blue or phenolphthalein measurements in
mortars with CEM II/A-S 42.5 N and CEM III/B 32.5 N-LH/SR are very similar and slightly higher for
CEM II/A-S 42.5 N mortars in the case in which the thymol blue was used (Figure 5). Conversely,
when both pH-indicator solutions were used in mortars made with CEM I 52.5 R-SR 3,
phenolphthalein results were found to be slightly higher than those obtained with thymol blue.
Equation (5) present a general correlation for all the samples considered (r 2 = 0.95).
Carbonation depth(thymol blue) (mm) = 0.9952 × Carbonation depth(phenolphthalein) (mm)
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Figure 5. Comparison between the carbonation depth measured by using thymol blue and
phenolphthalein pH-indicator solutions at 24 months

(5)
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Carbonation coefficient (mm/year0.5)

As expected, it has been evidenced that long curing periods and wet environments always enhance
lower carbonation coefficients (Figure 6) in agreement with many authors (Li et al. 2018, Ashraf 2016,
John et al. 1990, Castro et al. 2000). Particularly, mortars made with higher amounts of ground
granulated blast-furnace slag are more sensitive to the curing conditions (Sanjuán et al. 2011) due to
the slow hydration and pozzolanic reactions which the typical ones of the blended cements (Taylor
1997). In order to reach the required carbonation resistance in cement-based materials made with
CEM II/A-S 42.5 N and CEM III/B 32.5 N-LH/SR, it would be necessary to ensure proper curing
conditions, i.e. high humidity and length of wet-curing (Sanjuán et al. 2018).
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Figure 6. Carbonation coefficient (mm/year0.5) calculated considering the measurements
performed by using thymol blue and phenolphthalein solutions at 24 months
The values of carbonation coefficient are ranged from 1 mm/year 0.5 to 2 mm/year0.5 for CEM I 52.5 RSR 3, from 2 mm/year0.5 to 3 mm/year0.5 for CEM II/A-S 42.5 N and from 4 mm/year0.5 to 6 mm/year0.5
for CEM III/B 32.5 N-LH/SR. These findings state the great dependence of blended cement-based
materials on curing conditions. The higher amount of blast-furnace slag, the more sensitive is the
mortar or concrete to curing conditions. Consequently, it is necessary to increase the period of curing
in wet conditions when blended cements are used. As the natural carbonation exposure time is two
years, the carbonation coefficient (mm/year0.5) and carbonation depth (mm) present the same figure
but different units.
Figure 6 also give us the chance to comment on the results presented by the other authors. Monteiro
et al. (2012) performed a statistical analysis of the carbonation coefficient of structural concrete
elements in outdoor conditions and obtained coefficients going from 3.07 to 4.66 mm/year0.5 and
compressive strengths from 44.0 to 46.6 MPa. Thomas et al. (2015) stated that the relationship
between carbonation coefficient and compressive strength given by the Annex BB in the European
standard EN 16757:2017 cannot be applied to all the possible concrete structures. According to
Thomas et al. (2015), indoor concretes could have carbonation coefficients from 3 mm/year 0.5 (40
MPa) to from 7 mm/year0.5 (10 MPa). Nevertheless, lower carbonation coefficients as low as 1.53
mm/year0.5 have been reported in concretes made with 405 kg/m 3 of cement and a water/cement ratio
of 0.37 (40 MPa) (Sanjuán & Muñoz-Martialay 1997, Sanjuán & Muñoz-Martialay 1995).
The apparent diffusion coefficient for carbon dioxide was calculated by means of Equation (4). Figure
7 shows that the highest difference between the apparent diffusion coefficient calculated with
phenolphthalein and thymol blue was found in mortars made with CEM I 52.5 R-SR 3.
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Figure 7. Carbon dioxide apparent diffusion coefficient (x 10-8 mm/year0.5) calculated from the
measurements performed by using thymol blue and phenolphthalein solutions at 24 months
On the other hand, no significant differences were observed between the carbon dioxide apparent
diffusion coefficient in mortars with ground granulated blast-furnace slag calculated from thymol blue
or phenolphthalein pH indicators.
4.

CONCLUSION

The findings of this study enabled the authors to conclude that both the pH-indicators work well.
Thymol blue gives slightly lower carbonation depth than phenolphthalein in CEM I 52.5 R-SR 3
mortars, however the difference is only in the range around 0.3 - 0.7 mm. Better results were found in
mortars with ground granulated blast-furnace slag, where differences were in the range about 0-0.3
mm (CEM II/A-S 42.5 N) and 0-0.1 mm (CEM III/B 32.5 N-LH/SR). Phenolphthalein gives always a
clearer front than thymol blue pH-indicator, especially for mortars with ground granulated blast furnace
slag.
The largest difference in carbonation depth is between different curing times, between 3-days and 28days curing time in this study the difference was around 0-5 mm (CEM I 52.5 R-SR 3), 1 mm (CEM
II/A-S 42.5 N) and 1.5 mm (CEM III/B 32.5 N-LH/SR). However, there are no indications that either
pH-indicator gives higher or lower carbonation depth for different curing times.
The variation between repeated measurements (12 measurements) on each prism is generally low, on
average 4 % of the mean value.
As expected, carbonation of cement-based materials is influenced by the cement type and curing time.
In particular, thymol blue is sensitive to cement type and curing time. This indicator applied to
cementitious materials provides similar results than phenolphthalein indicator. Therefore, it will be
useful in testing carbonation depth on cement-based materials to assess their durability.
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ABSTRACT
Capillary action is the dominant invasion mechanism for deleterious agents like chloride and sulfate
ions into most concrete structures which are unsaturated in engineering practice. In this case, the
capillary absorption coefficient of water are widely used in the specification of building materials.
However, many concrete structures under service is in fact exposed to various salt solutions. To clarify
the possible effects of dissolved sodium and chloride ions on the dynamic process of long-term
capillary absorption into cement-based material, NaCl solution of different concentrations are used to
carry out capillary absorption experiments on white cement mortars. It is found that the absorption rate
for water into mortars dried at 60 degrees decelerates apparently after 600 minutes and follows bilinear
law due to the obvious swelling of C-S-H gels. However, the capillary absorption process for water into
mortars dried at 105 degrees, follows the square root of time law, which indicates there is no obvious
swelling of C-S-H gels during wetting. This phenomenon may result from the higher drying
temperature. Dissolved NaCl will obviously accelerate capillary absorption process into white cement
mortar after 400 minutes, which may be attributed to the sodium ions dissolving in the water.
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1.

INTRODUCTION

Water and its transport are central to most durability problems of concrete materials and structures
(Mehta & Monteiro 1986). On one hand, the presence of water in cement-based materials can directly
lead to cracks, which result from widely observed freezing-thawing cycles and restraint drying shrinkage.
On the other hand, the invasion of water in building materials provides a preferable path for the
unfavourable penetration of deleterious agents like chloride and sulphate ions. The primary transport
mechanisms for the penetration of these ions are diffusion and advection. Since most concrete materials
under real service are unsaturated and diffusion alone is a very slow process, capillary transport is the
dominant invasion mechanism of deleterious agents. Clearly, an understanding of capillary absorption
into cement-based materials is of great significance to accurately quantify their durability performance
and predict their service life (Hall & Hoff 2004).
The capillary absorption of tap or deionized water could be efficiently quantified through the sorptivity of
clear physical significance, which is widely used in relevant specifications on building materials (Bentz
et al. 2002). Basically, the sorptivity relates to microstructure as well as initial saturation and is therefore
dependent on the mix composition, degree of hydration and preconditioning (Wu et al. 2019). However,
considering a significant part of concrete materials under service are in fact exposed to underground or
sea water with certain concentrations of ions such as Na+, K+, Cl- etc., the absorption of solution is more
realistic and critical to quantify the coupled penetration into cement-based material. It has been revealed
that chloride and sulphate ions will react with the hydration products in cement-based materials and
then change the microstructure of cement paste obviously. Furthermore, as one kind of colloid material,
C-S-H gels are considerably sensitive to any desiccation, loading stress, temperature change as well
as ionic environments (Jennings 2004). This sensitivity makes the absorption process depend on the
ionic contents of pore solution. However, to the best knowledge of the authors, little attention has been
paid to how the sorptivity varies with the absorbed water solution with various dissolved ions.
To clarify the possible effects of dissolved ions in water on the dynamic process of capillary absorption
into cement-based material, this paper presents an experimental study on capillary absorption for two
different concentrations of NaCl solution as well as deionized water in mortars.
2.
2.1

MATERIALS AND EXPERIMENTAL PROCEDURES
Materials and specimens

For the purpose of subsequent LF-NMR tests, white Portland cement with strength grade of 32.5 was
used to prepare mortar M37 of w/c ratio 0.37 and cement to sand ratio 1:3. The cement had a low
concentration of Fe2O3 (⩽0.36%).
According to the designed mix proportions, mortar M37 was mixed and cast into prisms of size 150
mm×150 mm×300 mm. After casting, mortars were demoulded at 24 h and then cured in warm humid
air (20 ± 1°C, RH > 95%). At the age of 9 months, 8 cylinders of size φ37 mm × 60 mm were drilled
from the central part of these big prisms and then stored in lime water. At the age of 16 and 39 months
respectively, 2 and 6 cylinders were taken out for preconditioning.
2.2

Preconditioning

Before capillary absorption experiments, all specimens were preconditioned to constant mass. First, 2
cylinders at age of 16 months were dried at 60 °C, while another 6 cylinders at 39 months were dried at
105°C in a vacuum oven to prevent carbonation. Masses of specimens were monitored periodically and
constant mass were assumed to be reached when the relative mass loss was less than 0.05% in 1 day.
Then, they were all cooled down to room temperature (24 ± 1 °C) in a sealed desiccator containing blue
silica gel for 24 h. After this preconditioning, all specimens were ready for capillary absorption.
2.3

Capillary absorption

To explore the possible effect of NaCl on capillary absorption, NaCl solutions of two concentrations (3
mol/L and 6 mol/L) and deionized water were prepared as the imbibed liquids for the mortars at the age
of 39 months, which were abbreviated as N-3, N-6 and W-39, respectively. The mortars of 16 months
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old were abbreviated as W-16, and only deionized water was used to measure their sorptivity. After
preparing various solutions, the capillary absorption experiments were immediately carried out.
Basically, capillary absorption experiment consists of measuring the increase in mass of the specimen
due to capillary absorption as a function of time. Then the liquid absorption rate (sorptivity) of cementbased materials can be determined. Prior to the experiment, the lateral surface of each specimen was
carefully sealed with waterproof aluminium tape. Meanwhile, one end of specimen was also covered
with loosely attached plastic wrap to prevent the moisture exchange between specimen and ambient
environment. A specimen after sealing treatment is depicted in Figure 1.

Figure 1. Photo of a specimen in capillary absorption experiment
The whole experiments were carried out at room temperature (24 ± 1°C). The exposed surface of each
specimen was immersed in 5 ± 1 mm of water/solutions and liquid level was maintained periodically.
The mass of absorbed liquid with time was then measured with an electronic balance accurate to
0.001 g. Specimens were weighed at regular intervals, firstly at 30 min, 60 min, 90min…180min, then
every 2 hours for the next 8 hours, and finally every 6 hours for the next 5 days. Prior to each weighing,
the free water on the surface of specimen was removed with dry towel. The whole weighing operation
was completed quickly (within 20 s) to minimize the possible error caused by the interruption of
absorption. After weighing, specimens were put back into the tray to continue the absorption until visible
water marks could be found on their upper surfaces.
2.4

Theoretical analysis

For one-dimensional absorption into an unsaturated semi-infinite homogeneous medium, the cumulative
absorption is given by the following expression (Hall 1977, 1989),
𝑉𝑤 = 𝑆√𝑡 + 𝑎

(1)

in which Vw (mm3) is the cumulative absorbed liquid per unit area of the inflow surface (mm3/mm2); S
(mm/min0.5) is the sorptivity coefficient and a (mm) is a small fitting constant accounting for the filling of
pores on the sample surface. Since sorptivity S is theoretically dependent on the properties of absorbed
liquids, thus the intrinsic sorptivity 𝑆𝑖𝑛𝑡 (mm/min0.5) can be defined as (Gummerson et al. 1980),
𝑆𝑖𝑛𝑡 = 𝑆√

𝜂
𝜎

(2)

in which 𝜂 (Pa·s) is the dynamic viscosity; 𝜎 (N/m) is the surface tension. Theoretically, intrinsic sorptivity
𝑆𝑖𝑛𝑡 depends only on the pore structure of porous medium.
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3.
3.1

RESULTS
Dynamic process of long term capillary absorption

Figure 2. Imbibition of deionized water into mortars at the age of 16 months (W-16)

Figure 3. Imbibition of deionized water into mortars at the age of 39 months (W-39)
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Figure 4. Imbibition of 3 m NaCl solution into mortars at the age of 39 months (N-3)

Figure 5. Imbibition of 6 m NaCl solution into mortars at the age of 39 months (N-6)
The Vw ~√t curves of each set are depicted in Figure 2-5. The points are measured data while lines are
fitted results according to (1). Note that in the calculation of Vw, differences in densities between
absorbed solutions have been taken into account.
As depicted in Figure 2, at about 600 minutes, the absorption process slows down. The relationship
between Vw and √t gradually deviates from the first sorptivity, with sorptivity decreasing by an order of
magnitude. After about 4900 minutes, Vw ~√t follows another linear relationship. The secondary
sorptivity is obviously smaller than first one. Each of linear goodness of fit in this two periods is over
0.999.
However, the absorption process of W-39 depicted in Figure 3 is totally different. The absorption for W39 keeps a constant sorptivity until the end of experiment. As for N-3 and N-6 depicted in Figure 4-5,
absorption process will accelerate apparently after 400 minutes and deviate from the initial sorptivity to
a larger one.
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3.2

First and secondary sorptivity

The intrinsic sorptivity coefficients Sint are calculated with (1) and (2) and shown in Table 1 and Figure
6. Each result is an average of two specimens and standard errors are also calculated to express
precision.
Table 1. Average intrinsic sorptivity coefficients ± standard errors (×10-2mm/min0.5)
Sample

W-16

W-39

N-3

N-6

First sorptivity

5.61 ± 0.57

9.90 ± 1.49

9.38 ± 1.65

5.18 ± 0.12

Secondary sorptivity

0.72 ± 0.17

-------

20.52 ± 0.53

12.22 ± 3.09

Figure 6. Intrinsic sorptivity coefficients of specimens
From Table 1, for W-16, the secondary sorptivity is an order of magnitude lower than the first sorptivity,
while the sorptivity for W-39 is about one time larger than first sorptivity for W-16.
With regard to W-39, first sorptivity for N-6 is obviously lower than that for W-39 as well as N-3. In
addition, secondary sorptivities for both N-3 and N-6 are about two times larger than first one.
4.
4.1

DISCUSSION
The effect of swelling

As depicted in Section 3, while (1) shows that the capillary absorption process follows the so-called the
square root of time law, the absorption rate of W-16 will deviate from the initial sorptivity after about 400
minutes. This could be attributed to the swelling of cement paste, which is rooted in the nanostructures
(Martys & Ferraris 1997, Zaccardi et al. 2017). This effect results from the obvious sensitivity of the CS-H gels. The fast invasion of water into beforehand shrunk gel pores causes swelling and reduces the
overall coarser porosity (Holthausen & Raupach 2018). With a finer pore structure, permeability of wet
parts decreases and thus the rate of absorption slows down. This swelling mechanism has been directly
revealed through LF-NMR technique in recent researches both directly and indirectly (Fischer et al. 2015,
Zhou et al. 2017, 2018).
4.2

The effect of drying temperature

As depicted in Table 1 and Figure 6, the first sorptivity for W-16 is nearly half of that for W-39. Although
the saturation degrees for W-16 is a little higher than that for W-39, there shouldn’t be such a great gap
between first sorptivities for W-16 and W-39 according to theoretical models (Philip 1957). What’s more,
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in consideration of the hydration time, the obvious higher sorptivity for W-39 shows that continuous
hydration does not play the dominant role. Apart from the sorptivity, the overall absorption process for
W-39 is also different from that for W-16. As for W-39 dried at 105°C, Vw ~√t curve doesn’t deviate from
the initial sorptivity, which indicates that this swelling of C-S-H gels disappears in such capillary
absorption process.
These differences should be attributed to the microstructure alteration caused by preconditioning
temperature. It should be kept in mind that as the main composition of hardened cement paste, C-S-H
gels are rather vulnerable. With the hydration reaction having finished, the number of bonds between
globules of C-S-H gels will also increase gradually under the action of desiccation (Jennings 2000,
Maruyama et al. 2015, Gartner et al. 2017). Compared with 60°C, a higher preconditioning temperature
(105°C) will lead to more irreversible collapse of C-S-H gels and thus a coarser microstructure, which
has been revealed through different techniques (Care 2008, Gallé 2001, Juenger & Jennings 2001). On
one hand, it will increase the first sorptivity. On the other hand, as more collapse is irreversible, the
swelling phenomenon of C-S-H gels is suppressed, which accords with our experimental results.
4.3

The effect of ions

From Table 1, the first sorptivity for N-6 is much lower than that for N-3, while the latter is nearly the
same as that of deionized water. This may be attributed to the dispersion of the specimens. However,
the larger secondary sorptivities for N-3 and N-6 are quite unexpected, which may results from the
dissolving ions. Chloride ions will react with hydration products chemically (Nilsson et al. 1994, Shi et al.
2017). Friedel’s salt produced in this process will consolidate the microstructure of cement paste and
thus slow down the absorption process, which indicates that chloride ions should not be responsible for
the larger secondary sorptivities.
This unusual acceleration process may be attributed to the effect of Na+. As discussed in Section 4.1, a
lower secondary sorptivity observed in W-16 could be attributed to the obvious water sensitivity of the
C-S-H gels. For such a colloid material, the microstructures may be coarsened by metal cations
dissolved in pore solution, which has been confirmed in certain types of sedimentary rocks containing
similar swelling clays (Savage & Janssen 1997). With regard to clay materials, the obvious swelling
results from the electrical repulsion between particles possessing negative charges. Hydrolysable metal
ions will neutralize the neutron charge on the particle surface, then reduce the repulsion between
particles and thus bind them together (Veley 1969). This coarsening effect will certainly increase the
permeability (Civan 2015). Since there are similar silicate minerals in C-S-H gels, this effect may be
likely valid for cement based materials. However, this possible mechanism under larger secondary
sorptivities, which might be clarified through microscopic techniques such as NMR, still need further
research.
5.

CONCLUSION





6.

The capillary absorption process of mortar dried at 60°C follows a bilinear relationship. This
is attributed to the swelling of dry C-S-H gels after the contact between water and mortar,
which leads to a finer pore structure and a decrease in permeability.
The capillary absorption process of mortars dried at 105°C follows the classical square root
of time law. This might be attributed to the chemical damage of C-S-H gels during severe
drying, which makes more C-S-H gels contract irreversibly and finally leads to negligible
swelling.
There is a confusing acceleration process in capillary absorption of NaCl solutions into white
cement mortars. This may be attributed to the coarsening effect of Na+ on the pore
structures, which needs further research.
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ABSTRACT
In this study, an irregular particle reconstruction rule is developed based on the principle of cellular
automata and the formation of irregular shapes is controlled by the selected eigenvectors. The
particles are then introduced into the CEMHYD3D model. Hydration is performed to extract the pore
structure from the microstructure. The algorithms (Combustion algorithm, random walk algorithm,
internal erosion method) are developed into programs to calculate the parameters of pore structure in
microstructure with different water cement ratio. The characteristic parameters of pore structure
include the total porosity (referred to as porosity), the porosity of continuous pore, isolated pore and
dead-end pore, connectivity, specific surface area, pore size distribution and tortuosity. Finally, based
on the microstructure of irregular particles, the permeability of the system is studied by boltzmann
method. By comparing with spherical particle reconstruction, it can be found that the initial system of
irregular particle remodeling in this study is closer to the real system. The parameters of the pore
structure parameters are more consistent with the relevant formulas and experimental data. At the
same time, the porosity of different kinds of pores are discussed with hydration time and the variation
curves of porosity, connectivity and specific surface area are analyzed. The time step and the number
of particles required for the calculation of tortuosity are discussed and the tortuosity of different
microstructures are counted. The permeability of different microstructures are calculated by boltzmann
method and the relationship between pore parameters and permeability is established.
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1.

INTRODUCTION

At present, the rapid development of computer simulation for hydration of cement-based materials has
given birth to a large number of hydration models, such as HymoStruc model (Breugel KV 1992,
Breugel KV 1995, Koenders EAB & Breugel KV 1997, Pan F et al. 2014, Ye G et al. 2003), Ducom
model (Jiang Q 2012, Pommersheim JM & Clifton JR 1979, Ye G 2005), CEMHYD3D model (Bentz
DP 1997, Bentz DP 2000, Bentz DP 2008, Bentz DP & Garboczi EJ 1991, Garboczi EJ & Bentz DP
1992, Maekawa K et al. 2003), µic model (Bishnoi S & Scrivener KL 2009, Maekawa K et al.2003, Liu
C 2016)and HydratiCA model (Bullard JW 2007, Bullard JW 2007). It is found that they approximate
the simulated objects to spherical particles, which restrict the hydration accuracy of the model and limit
its application scope, through the study of the above models. Nevertheless, cement-based materials
are stacked by irregular-shaped particles according to a certain behavior. Obviously, the initial
stacking behavior of these particles determines the hydration process of cement-based materials and
the evolution of the microstructure of the paste, and then affects the macroscopic properties of the
system, such as the transport properties of moisture and ions.
Therefore, irregular cement particles were introduced to construct microstructure with different watercement ratios in this study. Then, the characteristic parameters of pore structure were studied through
the physical model. Finally, the transport properties under various saturation states was studied.
2.

RECONSTRUCTION OF IRREGULAR CEMENT PARTICLES

A single irregular cement particle was constructed by a central growth method which was based on
discrete method and cellular automaton (Navi P & Pignat C 1996, Wolfram S 1983). In this method,
the center of space was chosen as the growing point, and the final shape of particle growth was
controlled by eigenvector. The specific idea in two-dimensional is as shown in Figure 1.: A random
value is assigned to each position by a random algorithm, and compared with the element values of
the eigenvector, which were corresponded to the adjacent positions of the center point respectively,
and the position where the random value was greater than the feature element value was activated as
the particle phase. This process was repeated until the volume of the particle was reached.

Figure 1. 2D schematic diagram of central growth law（Red pixels are activated cells）
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3.

CONSTRUCTION OF IRREGULAR CEMENT PARTICLES HYDRATION MODEL

After rotating a randomly certain angle, Boolean operation, setting the periodic boundary condition,
overlap judgment and other processes, the irregular cement particles were put into the microstructure
system. And then the hydration model was constructed by using the phase separation and hydration
rules in the CEMHYD3D model. The initial microstructure, the phase-separated microstructure and the
microstructure in hydration when the water-cement ratio is 0.35 were constructed as shown in Figure
2.
4.

CHARACTERIZATION OF PORE STRUCTURE CHARACTERISTIC PARAMETERS

The pores were divided into continuous pore, dead-end pore, and isolated pore according to the
connection between the pore and the surface of the microstructure. The CA (Cellular Automata)
distinguished three types of pore structures by marking adjacent pore voxels on opposite surfaces,
and counted the porosity and connectivity of the three pores. 3DIEM (Three-dimensional Internal
Erosion Method), which is based on internal erosion method (IEM) (Baldwin CA et al. 1996, Baxes GA
1994), obtained the pore size distribution by statistically counting the pore structure of the layer-bylayer label. MIP simulation had considered about the pore effect of the "ink-bottle pore", and obtained
the pore size distribution by the erosion result of the maximum inscribed circle combined with pore
marked by CA. RWM obtained the pore tortuosity by calculating the mean square displacement of
particles after a certain step. Meanwhile, the specific surface area of the three types of pores were
obtained by the point-by-point scanning method of the pore structure after the connection judgment.
The pore structure characteristic parameters were characterized by the microstructure evolution
process with a water-cement ratio of 0.35, as shown in Figure 3-7.

Figure 2. Microstructure consisting of irregular cement particles when the water-cement
ratio is 0.35
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Figure 7. Tortuosity obtained by RWM on different hydration degrees
The results show that as the hydration progresses, the continuous pores begin to decrease, and the
dead-end pores and the isolate pores begin to increase. The effect of "ink-bottle" pore and finer
channels (pore "neck") on the pore size distribution in the pore structure was verified by MIP
simulation, and it was verified that the experiment of MIP had underestimated the large pore size. It
could be seen that the water-cement ratio and the hydration degree had a significant influence on the
specific surface area. The smaller the water-cement ratio, the larger the specific surface area. And as
the degree of hydration increases, the tortuosity increases gradually. What’s more, the smaller the
water-cement ratio is, the greater the increase ratio of the degree of hydration will be. At the same
degree of hydration, the tortuosity decreases as the water-cement ratio increases.
5.
5.1

CHLORIDE ION DIFFUSION COEFFICIENT UNDER UNSATURATED STATE
Construction of unsaturated microstructure

The established microstructure model of unsaturated hardened cement slurry needed to be
pretreated, that was, to distinguish the large pores and small pores in the microstructure model, which
was due to the large pores were partially saturated in the unsaturated state, and the small pores were
completely filled. Based on the MIP simulation and the 3DIEM, the directed scanning method (DSM)
(Chen W et al. 2010) was added to construct unsaturated microstructure and statistical aperture
distribution. The results of the same microstructure internal moisture distribution obtained by the three
methods were showed in Figure 8:
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Figure 8. Internal moisture distribution obtained by the three methods
It could be found that the first layer of unsaturated microstructure established by DSM had more
moisture content, and the overall variability was greater than that obtained by MIP simulation and
3DIEM, which was caused by the different definitions of the algorithm in the statistical aperture
distribution.
5.2

Chloride ion diffusion coefficient under unsaturated state

The transport mechanism of chloride ion in unsaturated cement-based materials mainly includes
convection and diffusion. For the hydration model of unsaturated cement-based materials
microstructure in this study, it was proposed to use RWM (Bentz DP et al. 1999) and LTM (Xie D
2015) to study the chloride ion diffusion performance in the unsaturated material.

Microscale chloride ionic diffusivity
(10-12 m2/s)

The effects of calculation methods, particle shape, and saturation on the change of chloride ion
diffusion coefficient were calculated respectively. As shown in Figure 9-11. On the one hand, the
model constructed by LTM contained the transport grid in the C-S-H gel, on the other hand, there were
more water-filled pores in the microstructure, and the "ink-bottle" pores and isolate pores made the
chloride ion transportation seriously blocked. Those two reasons lead to the difference of statistical
results between the two methods. The hydration of cement-based materials based on non-spherical
particles was more than the spherical basis model. Under the same hydration degree, the diffusion
rate of voxel in the irregular-based model was faster, and the probability of state transition after
collision between voxels is higher, thus the internal pore structure became more complicated. It can be
concluded that, as the saturation increases, the chloride ion diffusion coefficient increases gradually.
At a hydration degree of 20%, when the saturation increases from 20% to 90%, the chloride ion
diffusion coefficient increases from about 6.42×10-15 m2/s to 2.71×10-12 m2/s (take the three simulation
methods to obtain the average of the results).

30
W53H20-DS-LD
W53H20-MIP-LD
W53H20-VEM-LD
W53H20-DS-SA
W53H20-MIP-SA
W53H20-VEM-SA

25
20
15
10
5
0
20

40
60
80
Water saturation (%)

100

Figure 9. Chloride ion diffusion coefficient obtained by LTM and SARWM
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Figure 10. Chloride ion diffusion coefficients of cement-based materials composed of spherical
and non-spherical cement particles
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Figure 11. Relationship between chloride ion diffusion coefficient and saturation
6.

CONCLUSIONS

1) Based on the cellular automaton, the central growth method was used to reconstruct the cement
particles with irregular shape, and the microstructure in hydration based on irregular particles was
constructed.
2) A physical model for characterizing several parameters of the pore structure was established, and
quantitative estimates of their values were calculated. As hydration progresses, the volume of
continuous pores began to decrease, and that of the dead-end pores and isolated pores began to
increase; the smaller the water-cement ratio, the larger the specific surface area. As the degree of
hydration increases, the tortuosity increases gradually. At the same degree of hydration, the tortuosity
decreases as the water-cement ratio increases. Model estimates for large pore volume were
consistently higher than those determined by MIP experiments.
3) The unsaturated microstructure model was constructed based on three different methods. The
influence of calculation method, shape of particles and saturation on the chloride ion diffusion
coefficient was analyzed. Since the model established by LTM contained C-S-H transport grid and
LTM had a lower sensitivity to the "ink-bottle" pore, the results from LTM and SARWM were quite
different. The shape of the particles affected the hydration process and thus the microstructure pores.
And the greater the saturation, the greater the chloride ion diffusion coefficient.
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ABSTRACT
Carbonation of concrete induces a decrease in the pH of the pore solution. The decrease is caused by
the reaction of CO2 with the cement hydrates leading to, amongst others, the formation of calcium
carbonate from Portlandite and calcium silicate hydrate (C-S-H), combined with the sorption of alkali
metals (Na, K) originally present in the pore solution by the decalcified C-S-H.
It is challenging to obtain pore solution from carbonated concrete or mortar samples by traditional
methods (e.g. squeezing pore solution out of the concrete by mechanical pressure) due to the low freewater content. An alternative method, the cold water extraction (CWE), allows the extraction of the free
alkali metals from the pore solution irrespective of the free-water content.
The alkali metal profiles obtained for carbonated mortar samples using CWE correspond to the pH
drop indicated using pH spray indicator and to the carbonate and portlandite profiles obtained using
thermogravimetric analysis. In addition, the experimentally obtained alkali profiles and phase changes
are compared with a thermodynamic model.
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1.

INTRODUCTION

Carbonation induced corrosion of the reinforcement steel is one of the major deterioration mechanisms
of reinforced concrete. The passive layer formed on the rebar in reinforced concrete turns unstable due
to the decrease in pH of the pore solution upon carbonation. The pH of the pore solution of a standard
Portland cement not affected by carbonation is generally between 13 and 14 (Vollpracht et al. 2015,
Plusquellec et al. 2017). The exposure to CO2 and the consequent pH decrease leads to the
destabilization of portlandite and precipitation of calcium carbonate, destabilization of ettringite and
precipitation of gypsum, calcium carbonate and aluminium hydroxide (Shi et al. 2016, Papadakis et al.
1991). Decalcification of calcium silicate hydrate (C-S-H) also occurs (Sevelsted & Skibsted 2015),
leading to an increase of its ability to sorb alkali metal ions, Na+ and K+ (L'Hôpital et al. 2016, Hong &
Glasser 1999, Lothenbach & Nonat 2015). The changes in the solids due to carbonation are
accompanied by changes in the pore solution. The concentration of alkali metal ions in the pore solution
is expected to decrease (increased sorption by the decalcified C-S-H), while the concentration of
sulphates increases (decomposition of ettringite).
Although the pore solution composition plays a major role in understanding carbonation-induced
damage in concrete, e.g. corrosion, very little data is available (Anstice et al. 2005). Different methods
have been used to analyse the pore solution of paste, mortar or concrete (Plusquellec et al. 2017). The
most common method is the pore water expression (PWE), where a mechanical press is used to
squeeze out the pore solution. PWE may not be applicable on samples containing too little free water
as e.g. old, dense or dried samples. In these cases, cold water extraction (CWE) can be used as an
alternative (Plusquellec et al. 2017). CWE is a leaching method during which a powdered sample in
mixed with deionized water. It is however not clear if CWE can be used to determine the free alkali metal
content in carbonated concrete, and the question remains whether alkali metal ions sorbed on C-S-H
are released during CWE. This is investigated here.
Mortars with two different types of cement (CEM I and CEM II) exposed to accelerated carbonation
conditions for 9 weeks were investigated in this study. To follow the progress of carbonation, the
samples were split and sprayed with a pH indicator. Free alkali metal profiles were determined using
CWE on profile ground powder. The changes in the phase assemblage were investigated using
thermogravimetric analysis. The experimental findings were compared with a thermodynamic model.
The model was further used to predict changes in the pore solution composition upon carbonation. A
more elaborate study on these samples is soon to be published (De Weerdt et al. 2019).
2.
2.1

MATERIAL AND METHODS
Mortars

Mortar blocks were prepared with two cement types, Portland cement (CEM I) and Portland fly ash
cement containing 30 mass% fly ash (CEM II). CEN-standard sand according to EN 196-1 was used.
The composition of the raw materials is indicated in Table 1. The mortars were prepared with a waterto-binder ratio (w/b) of 0.55 or 0.40 and a paste-to-sand volume ratio of about 0.70.
A mixing procedure based on EN 196-1 was followed. First, the water and the cement were placed in
the 10 L Hobart mixing bowl. The mixer was then immediately started and, after 30 seconds of mixing,
the sand was added steadily during the next 30 seconds. Then, the mortar was mixed for an additional
30 seconds and stopped for 90 seconds while the mortar was manually homogenized using a spatula.
Finally, the mixing continued for 60 additional seconds. Mortar blocks (140 x 40 x 160 mm) were cast in
steel moulds, covered with plastic and demoulded after 1 day. All the specimens were stored at 20 °C
for 13 days. After this, the mortar specimens were exposed to different exposure conditions (Table 2).
The samples exposed to carbonation were stored for 9 weeks in a climate chamber at 20 °C, 60% RH
and 1% CO2. The reference specimens were stored sealed in plastic at 20 °C for 9 weeks.
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The large size, 140 x 160 x 40 mm, allowed the specimens to be split into pieces for each analytical
method. Table 2 gives an overview of the investigated specimens.
Table 1. Chemical compositions measured by XRF (%wt) and physical characteristics of the
two cements, fly ash and the sand (provided by the cement manufacturer).
Sand

FA

CEM I

CEM II

SiO2

95.8

56.8

20.4

29.5

Al2O3

1.6

24.3

4.77

10.8

Fe2O3

0.67

6.90

3.43

4.51

CaO

0.1

4.89

61.71

44.6

MgO

0.07

1.74

2.19

2.01

K2O

0.66

1.68

0.92

1.06

Na2O

0.01

0.58

0.51

0.47

SO3

0

0.64

3.48

3.16

P2O5

-

0.80

0.17

0.39

Na2O Eq.

-

1.68

1.12

1.17

CaOfree

-

-

1.59

1.37

Chlorine

-

-

0.04

0.03

LOI*

0.3

-

2.14

2.74

Fly ash

-

-

0

30.3

Blaine [m2/kg]

-

301

420

501

3.13

2.91

Density

[g/cm3]

2.66

*based on LOI we estimated the CO2 = 1.14% for CEM I

Table 2. Overview of the investigated specimens and their exposure conditions
Cement type

2.2

CEM I

CEM II

w/b

0.55

0.55

0.55

0.55

0.40

Exposure

20 °C
Sealed

20 °C
60% RH
1% CO2

20 °C
Sealed

20 °C
60% RH
1% CO2

20 °C
60% RH
1% CO2

Label

CEM Iref

CEM I0.55

CEM IIref

CEM II0.55

CEM II0.40

pH indicator

Thymolphthalein (1% solution) was sprayed on freshly split surfaces. Thymolphthalein changes from
colourless to blue above the pH range of 9 to 10.5. The distribution of the carbonation depth was
determined by image analysis (method described by Revert et al. (2018)). First, pictures of the freshly
split samples sprayed with thymolphthalein were taken using a Reflex camera fixed to a frame with
constant light conditions. The pictures were treated using the freeware Image J as follows: the picture
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was scaled, the colour threshold was adjusted to differentiate between carbonated and non-carbonated
areas, and the carbonated depth distribution was obtained on the top side of the samples over a length
of 100 mm and avoiding the corners (sixty measuring points per sample). The carbonation depth
measurements obtained using thymolphthalein are presented in box-and-whisker plots. The solid line in
the box indicates the median value, the box indicates the range between the first and third quartile and
the whiskers show the lowest and highest carbonation depth measurements. The average carbonation
depth value is indicated by the grey columns.
2.3

Thermogravimetric analysis (TGA)

Profile grinding was performed with different step sizes depending on the carbonation depth determined
with the pH indicator. After grinding, all particles passed an 80 µm sieve. About 300 mg of powder was
loaded into a 600 µL alumina crucible and analysed with a TGA/DSC 3+ from Mettler Toledo. The weight
was monitored while the powder was heated from 40 °C to 900 °C at 10 °C/min and the sample chamber
was purged with N2 at 50 ml/min. The portlandite (CH) and calcium carbonates (Cc) content was
determined using respectively the tangential and stepwise method in the temperature ranges of interest
as described in Lothenbach et al. (2016). The amounts are expressed relative to the dry mass at approx.
800⁰C.
2.4

Cold water extraction (CWE)

The remaining powder was used to measure the free alkali metals content by CWE. 5, 10 or 20 g of
powder (depending on the amount of powder left) were mixed with 5, 10 or 20 g of deionized water and
stirred for 5 min. The suspensions were filtered. Then, the solutions were diluted and acidified prior to
analysis for Na and K by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The free Na and K
content, i.e. free in the pore solution of the samples, were then calculated as explained by Plusquellec
et al. (2018).
2.5

Moisture content

The moisture content was determined by oven-drying. Pieces of approx. 70 g were retrieved by splitting
from the carbonated and non-carbonated zone. The pieces were weighed (m0 ), dried for 7 days at 105
°C and weighed again (m 105C). The mass loss was lower than 0.025% within 24 hours after 7 days. The
moisture content is expressed as follows (m0 -m105C )∙100%⁄m105C . However, it should be noted that this
method will most likely slightly overestimate the amount of free-water: at 105°C, hydrates as ettringite
can decompose and release water. On the other hand, a lower temperature will increase the drying time
and might therefore allow further hydration.
2.6

Thermodynamic modelling

Thermodynamic calculations were carried out using the Gibbs free energy minimization software GEMS
3.5. The general thermodynamic database (Thoenen et al. 2014, Thoenen & Kulik 2003) was expanded
with the Cemdata18 database (Lothenbach et al. 2019), which contains thermodynamic data for
common cement minerals such as calcium aluminate hydrate phases (AFt and AFm), hydrotalcite,
hydrogarnet, C–S–H phases and zeolites. Zeolites are aluminosilicates capable of incorporating
relatively large amounts of cations such alkali metals. The formation of magnesite, dolomite, quartz, and
thaumasite was suppressed in the modelling due to their slow formation kinetics at ambient temperature.
To simulate the effects of accelerated carbonation on the hydrate assemblage, the hydrated CEM I and
CEM II mortars were virtually titrated with varying volumes of dry synthetic air containing 1% CO 2, as
described in detail by Hargis et al. (2017) and Shi et al. (2016). The modelling was performed at 20°C
and a pressure of 1 atm. The amounts of CO 2 were varied from 0 g to 40 g per 100 g cement in the
calculations, which is equivalent to a variation from 0 L to 2222 L of CO 2 containing air per 100 g of
cement. This allows predicting the progressive changes in solid and solution composition and porosity
and is used to mimic the ingress of CO2 assuming that the surface of the mortar is fully carbonated while
the centre of the mortar is not. It should be noted that possible transport of moisture and ions during
drying are not taken into account by this model. More details are provided in (De Weerdt et al. 2019).
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3.

RESULTS

3.1

Carbonation depth by pH indicator

Figure 1 presents the carbonation depth distribution measured on the thymolphthalein sprayed samples.
The mortar containing CEM I has a higher carbonation resistance compared to the CEM II with the same
w/b (0.55). The CEM II with w/b 0.40 presents the highest carbonation resistance.

CEM II 0.4

CEM II 0.55

CEM I 0.55

0

2

4

6

8

10 12

Carbonation depth (mm)

Figure 1. Carbonation depth distribution obtained by thymolphthalein (box-and-whisker plot).
3.2

Thermogravimetric analysis (TGA)

Figure 2 shows the evolution of the amount of portlandite (CH) and calcium carbonate (Cc) determined
by TGA with the depth. Results from both carbonated and non-carbonated samples (“Ref”) are plotted.
In the samples exposed to carbonation, the CH and Cc content varies as a function of the depth. A high
amount of Cc is found in the carbonated surface zone while no CH is detected. In Figure 2, the
carbonation depth population from the solid boxes presented in Figure 1 (from first to the third quartile)
is represented by the coloured areas. These areas coincide with the zones in which the Cc content
drops and CH content increases. The non-carbonated zone has similar amounts of CH and Cc
compared to the reference samples for CEM I. For CEM II the samples exposed to accelerated
carbonation have a slightly higher CH content compared to the sealed “Ref” sample which might indicate
that the pozzolanic reaction of the fly ash progresses more under sealed conditions compared to the
drier accelerated conditions.
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Figure 2. Carbonates (CC) and portlandite (CH) profiles determined by TGA on the CEM I (w/b =
0.55) and CEM II (w/b = 0.40 and 0.55) samples, sealed (ref) or exposed to accelerated
carbonation. The coloured areas correspond to the carbonation front determined with the pH
indicator (first and third quartiles of the box-and-whisker plot - Figure 1).
3.3

Cold water extraction (CWE)

Figure 3 presents the free Na and K content profiles obtained by CWE for the CEM I and CEM II mortars.
The carbonation depths measured with the pH indicator are also indicated. For both reference samples
(CEM Iref and CEM IIref) the free alkali metal content does not vary significantly with the depth. The free
K content determined by CWE is higher than the free Na content for both samples in agreement with
the higher K than Na content in the cements (Table 1). For the samples exposed to accelerated
carbonation, CEM I0.55, CEM II0.55 and CEM II0.40, we can observe a decrease of the free alkali metal
content towards the surface indicating an increased binding of alkalis by the solid phases. The lower
end of the CWE profiles systematically coincide with the carbonation depths measured with the pH
indicators and gives thus the same ranking regarding carbonation resistance: CEM II0.55 < CEM I0.55 <
CEM II0.40. In contrast to the non-carbonated areas where K is more abundant than Na, relatively less
free K is observed in the carbonated zone. This indicates that the uptake of K by the solid phase is more
important than Na. It should be noted that even the deepest points in the non-carbonated zone exhibit
lower free alkali metal contents than the reference samples. This could be explained by the different
curing conditions of the samples: the references are wrapped in plastic whereas the carbonated
specimens are exposed to 60% RH and thus to drying. A movement of the pore solution towards the
surface together with ions might have occurred.
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Figure 3. Free Na and K content profiles determined by ICP after applying CWE on the CEM I
(w/b = 0.55) and CEM II (w/b = 0.40 and 0.55) samples, sealed (ref) or exposed to accelerated
carbonation. The coloured areas correspond to the carbonation front determined with the pH
indicator (first and third quartiles of the box-and-whisker plot - Figure 1).
3.4

Moisture content

Table 3 shows the moisture content measured by oven drying. The reference samples present a higher
moisture content than the samples exposed to carbonation. This is because of the exposure conditions.
The references were sealed, preventing any drying, while the samples exposed to accelerated
carbonation were kept at 60% RH. For all the samples, the non-carbonated zone exhibits a higher
moisture content than the carbonated zone. The carbonated part of CEM II0.55 has a slightly lower
moisture content than the carbonated parts of the other mortars.
Table 3. Moisture content (%wt) of the samples and associated standard deviation.
Zone

CEM Iref

CEM I0.55

CEM IIref

CEM II0.55

CEM II0.40

Carbonated

/

4.5 ± 0.4

/

3.6 ± 0.1

4.6 ± 0.3

Non-carbonated

8.3

6.1 ± 0.1

8.9

6.3 ± 0.2

6.3 ± 0.2

3.5

Thermodynamic modelling

Figure 4 presents the predicted free alkali metals and hydroxyl content profiles of mortars, CEM I 0.55 and
CEM II0.55, exposed to accelerated carbonation (1% CO2). As the crystallisation of well-ordered zeolites
can be very slow in a cementitious environment (Lothenbach et al. 2017), it can be expected that rather
zeolitic precursors might be present, similar as in alkali activated systems (Bernal et al. 2015) or that
zeolites only form after long reaction times. For comparison, the calculations were repeated while the
zeolite formation was blocked.
The free OH-, K+ and Na+ contents in mmol/kg mortar, shown in Figure 4, were calculated using their
modelled concentrations in the pore solution (mmol/l) multiplied with the modelled amount of pore
solution and divided by the mass of the mortar. The predicted contents in mmol/kg mortar are therefore
sensitive to the predicted amount of pore solution. One should also keep in mind that the model does
not account for possible moisture and ion movement in the mortar.
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Upon complete carbonation of portlandite (which happens at 15 g CO2 for CEM I and <5 g CO2 for CEM
II), an increase of the free alkali metal content is predicted. This is due to the formation of additional
water during the carbonation reaction, which leads to an increase in the amount of predicted pore
solution and thereby to an increase in the amount of free alkali metals per mass of mortar. This increase
in volume of pore solution is probably overestimated in the calculations in comparison to the
experiments, where additional moisture will be transported towards the drying surface of the sample.
Depending on the extent of wick action, ions might be transported together with the water.
At a higher degree of carbonation (>16 g CO 2 for CEM I and >6 g CO2 for CEM II), a decrease of the
free alkali metal content is predicted as decalcified C-S-H is able to bind significantly more alkali metals
than C-S-H with a high calcium content (L'Hôpital et al. 2016, Hong & Glasser 1999, Lothenbach &
Nonat 2015). Up to 10 g and 20 g of CO2 for CEM II0.55 and CEM I0.55 mortar, respectively, the predictions
with and without zeolites are similar.
For the highest levels of carbonation (>30 g CO2 for CEM I and >20 g CO2 for CEM II), the zeolite
formation resulted in a drastic decrease of the free alkali metal content as the zeolites are predicted to
take up nearly all alkali metals present in the system. The predicted higher levels of alkali metals when
zeolite formation is blocked are explained by the inability to take up alkali metals by the predicted
phases. When zeolite formation is blocked the following phases are predicted to form: calcite,
magnesite, ferrihydrite, aluminium hydroxide and amorphous silica, and the amount of gypsum predicted
is about halved.
It should be noted that the hydroxide content with or without zeolites are similar even though the alkali
metal levels peak when zeolites are blocked. This is due to the increase in sulphur concentration (not
shown here) in the pore solution, reducing the hydroxyl levels necessary to charge compensate for the
high alkali metal concentration in the pore solution.
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Figure 4. Modelled changes in the free alkali metal and hydroxyl profiles (mmol / kg mortar) due
to carbonation in hydrated CEM I0.55 and CEM II0.55 mortars (20% reaction of FA) exposed to
accelerated carbonation (1% CO2 and 60% RH). The solid lines represent the predictions
including the formation of zeolites and the dashed lines the predictions if the formation of
zeolites is blocked.
4.

DISCUSSION

The carbonation depth determined by the pH indicator coincides with the depth at which the free alkali
metal content starts to increase considerably when moving further inwards into the mortars. For the
CEM I0.55 and CEM II0.55 this is also the depth after which the portlandite content starts to be detected
and its amount starts to increase. For the sample CEM II0.40 some portlandite is already present at this
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depth indicating that the mortar is not fully carbonated. It should be noted that the TGA and CWE
analysis were performed on samples taken from the same homogenised ground section of mortar,
whereas the carbonation depth was determined in one split surface, which can lead to variations in
carbonation depth due to spatial inhomogeneities. The increase of the free alkali metals tends to occur
at somewhat higher depths compared to the increase of the portlandite content. The reason for this is
unclear but it might indicate that either alkali metal ions start to be taken up by the solids before the
portlandite starts to carbonate, which is unlikely, or that free alkali metals have been transported together
with water towards the exposure surface during drying (wick action).
The carbonated mortars have very similar measured free Na and K contents independent of the binder
used. This is in accordance with a previous investigation (Revert et al. 2017), in which the carbonation
of Portland cement and fly ash blends leads to similar chemical composition of the reaction products.
The profiles obtained by CWE and thermodynamic modelling show that during carbonation the free alkali
metal content in the pore solution is strongly lowered, which might be related to 1) a stronger sorption
of Na and K on the decalcified C-S-H formed during carbonation and 2) possibly also due to the
formation of zeolitic precursors which are able to bind Na and K. C-S-H is the main hydrate and is also
able to sorb Na and K due to its negative surface charge (L'Hôpital et al. 2016, Plusquellec 2014, Bach
et al. 2013). C-S-H with high calcium-to-silicon ratio (Ca/Si) binds only little alkalis, while the ability to
bind alkalis is dramatically increased at lower Ca/Si (which we have in carbonated cement paste). In
addition, it is observed that more K is sorbed by the solid phase than Na (Figure 3). Previous studies
show that C-S-H is able to sorb slightly more K then Na (Plusquellec 2014). However it should be noted
that another study did not measure significant difference in sorption between Na and K (L'Hôpital et al.
2016). Nonetheless, those results indicate that the ions sorbed by C-S-H are not released during CWE,
confirming that CWE can be used to determine the free alkali metal content in carbonated concrete.
Upon carbonation (>20 g CO2 for CEM I and >8 g CO2 for CEM II), the formation of zeolitic phases is
predicted by the model (phase assemblage not shown here; for details see De Weerdt et al. (2019)).
Zeolite formation is predicted to cause a drastic decrease in the alkali metal concentration in the pore
solution, in particular for K where the formation of K-phillipsite (KAlSi3O8·3H2O) is predicted. However,
the formation of zeolitic phases is generally very slow (Lothenbach et al. 2017) and the formation of
crystalline products seems unlikely to occur in a short period of time, i.e. 3 months. However, amorphous
and more soluble zeolitic precursors might have formed as in the case of alkali activated systems (Bernal
et al. 2015). When the zeolite formation is suppressed in the model, the predicted reduction in the free
alkali metal content is much more modest compared to the system with zeolite formation. When C-S-H
starts to decompose to amorphous silica, which in the model does not have the ability to sorb alkali
metals (>37 g CO2 for CEM I and >25 g CO2 for CEM II in Figure 4), the alkali metal concentration in
the pore solution are calculated to start to increase again.
The measured free alkali metal (Figure 3) content drops considerably upon carbonation, but it does not
decrease as much as predicted by the model when allowing zeolite formation (Figure 4). This points
towards the absence of crystalline zeolites although some zeolitic precursor might have formed during
carbonation. When preventing zeolite formation, a more moderate reduction in the free alkali metal
content is observed, which agrees better with the experimental observation since we do measure some
free alkalis metals in the pore solution.
5.

CONCLUSION

Understanding the changes in the pore solution of carbonated concrete is crucial for understanding the
mechanisms of the damages induced by carbonation, e.g. corrosion of rebar. As carbonated mortar or
concrete is generally dry, we are not able to obtain pore solution by pressing out pore solution with a
mechanical press. In this paper we used Cold Water Extraction (CWE), a rapid leaching method, to
provide further insight into the composition of pore solution in mortar carbonated at 20 °C, 60% RH and
1% CO2. We successfully applied CWE to obtain the free alkali metal profiles in carbonated mortar with
Portland cement (CEM I) and mortar with fly ash Portland cement containing 30 mass% fly ash (CEM
II).
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We observed reduced free alkali metal content in the carbonated mortar, indicating uptake of alkali
metals by the solids upon carbonation. The depth at which the changes in the free alkali metal profiles
were observed agree well with the decreasing portlandite profiles obtained on the same sections of the
mortar using TGA and with the carbonation depth determined by a pH indicator.
A thermodynamic model of the system predicted the increased uptake of alkalis in the decalcified C-SH formed during carbonation and hinted towards the possible formation of zeolites or zeolitic precursors,
i.e. aluminosilicate minerals able to take up alkali metal ions in the cementitious system under
carbonated conditions. However, the observation of measurable free alkali metals in the CWE indicates
that no or only little zeolites have formed; such that the carbonated cements were rather a combination
of calcite, decalcified C-S-H, amorphous silica, aluminium hydroxide and gypsum.
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ABSTRACT
Corrosion of reinforcing steel induced by chloride (Cl-) ingress into concrete is a problematic
mechanism that limits service life of concrete infrastructure. In such cases, the onset of corrosion may
be indicated when the pore solution exceeds a critical (depassivating) Cl- concentration. AFm phases
in cementitious systems provide a sink for chloride ions, the removal of which from the pore solution
can delay the onset of corrosion. However, these AFm phases typically comprise a small fraction of the
hydrated phase assemblage (e.g., 5-to-15% by mass). To exploit the anion capture and exchange
(ACE) tendency of AFm’s towards delaying corrosion, we first demonstrate an approach formulate a
phase assemblage rich in NO3-AFm (>60% by mass), using calcium aluminate cement (CAC) dosed
with calcium nitrate (CN). The phase assemblages of these systems, and their properties relevant to
chloride ingress, are rigorously verified using a combination of thermodynamic modeling and
experimental characterization. The ability of the NO3-AFm phase to rapidly scavenge free chloride ions
is demonstrated by controlled study of ion-exchange kinetics under various levels of free chloride
exposure. Finally, to demonstrate the potential for service life extension by ACE, a multi-species
Nernst-Planck (NP) formulation is solved for a typical bridge-deck geometry. As an example, in the
case of seawater exposure, the use of CAC + CN-based top-layers is estimated to increase service life
by 5-to-10 times. The outcomes make a case for the use of functional ACE coatings as an innovative
means to mitigate steel corrosion-related degradation of concrete infrastructure.
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1.
1.1

INTRODUCTION AND BACKGROUND
Mitigating the corrosion of steel reinforcement

The corrosion of reinforcing steel (i.e., rebar) within concrete, often resulting from the penetration of
chloride (Cl-) species (Amey et al. 1998), causes damages infrastructure (e.g., requiring $8 billion in
annual expenditures to repair, maintain, and rehabilitate corrosion-damaged bridges in the United States
alone (Koch et al. 2002)). Chloride ions initiate rebar corrosion by displacing OH - from the passivating
layer of γ-Fe2O3 (Broomfield 1997) that typically protects rebar within the high pH environment of
concrete (Bazant 1979, Bertolini et al. 2013)). The initiation of corrosion therefore, at a coarse
approximation, may be expected when the ratio Cl-/OH- (in molar units) in the pore solution exceeds a
critical value, which a survey of the literature suggests to be Cl-/OH- = 0.6 (Angst et al. 2009, Broomfield
1997, Hausmann 1967).
NO3- and NO2- anions, which may be dosed into the pore solution by adding Ca(NO3)2 or Ca(NO2)2 into
the mixing water, can combat corrosion reacting with ferrous ions to form passivating films of Fe2O3 on
rebar surfaces (Ann & Buenfeld 2007, Bertolini et al. 2013, Ormellese et al. 2006). Corrosion is thought
to initiate when Cl-/NO2- exceeds a value of ≈ 0.25 (Balonis & Glasser 2011, Valcarce & Vázquez 2008),
and indirect evidence suggests similar performance for NO3- (Justnes & Nygaard 2010). While the use
of corrosion-mitigating Ca(NO3)2 or Ca(NO2)2 is valuable, their efficacy is hindered by dosage limitations
due to their high cost and their potential influences on concrete workability and setting behavior, and
they are prone to leaching (Ngala et al. 2002).
Methods for mitigating chloride-induced rebar corrosion are often based on slowing Cl- ingress through
the concrete cover, e.g., by providing physical barriers in the form of sealers, or high-performance, low
permeability concrete (Żemajtis & Weyers 1996, Harris et al. 2011). Although cementitious phases are
known to bind chloride ions from the solution into solid phases, effectively slowing chloride ingress, this
approach has been less developed as a means for corrosion mitigation (Galan & Glasser 2014). This is
largely a result of the limited chloride binding capacity of OPC-based formulations, as C-S-H primarily
binds Cl- by surface sorption, and thus offers a small specific uptake (i.e., per unit mass).
1.2

Anion exchange in layered double hydroxides

Layered double hydroxides (LDHs) (Figure 1) consist of positively charged layers of M(OH)6, where M
represents mono/di/tri-valent metallic cations (e.g., Li1+, Ca2+, Al3+). Alumino-ferrite monosulfate (AFm)
phases are a class of LDH featuring compositions represented by [Ca2(Al,Fe)(OH)6]⋅X⋅xH2O, where X
denotes a monovalent anion, e.g., OH-, or half of a divalent anion, e.g., ½SO42- , and x is the number of
water molecules. AFm’s offer much higher specific Cl- binding than C-S-H, as they exchange their
interlayer anions with those in the contacting solution (Matschei et al. 2007). The AFm’s typically present
in cementitious formulations (i.e., those containing interlayer CO 32-, SO42-, or OH-) are assured to bind
Cl- ions from solution to form Cl-AFm, due to the strong interlayer preference for Cl- (Balonis 2010,
Falzone et al. 2015). However, these AFms are often present in a limited extent within hydrated phase
assemblages, which can only be moderately increased (up to ≈ 15 % by mass) via addition of
supplementary cementing materials (Balonis & Glasser 2011, Loser et al. 2010).
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Figure 1. The structure of NO3-AFm refined by (Renaudin & Francois 1999) shown along the
(110) plane. OW1 and OW2 indicate bound and free water, respectively.
The anion exchange ability of AFm’s (and other LDHs) has been a subject of intense study (Depège et
al. 1996, Goh et al. 2008) for a variety of applications (Baur & Johnson 2003, Johnson 2004, Keller
2002). In the context of extending rebar corrosion, AFms’ ability for chloride binding by anion capture
and exchange (ACE) is significant as it may be provoked at relevant Cl- concentrations ≥ 14 mmol/L
(Birnin-Yauri & Glasser 1998), and strongly bind Cl-. However, the kinetics of anion exchange in these
systems, i.e., of a preferred species (e.g., Cl-) for a less-preferred species (e.g., NO3-), require further
study in relevant conditions. Such aspects also have implications on routes for LDH synthesis, which
may include inorganic or organic species.
This study investigates the efficacy of anion capture and exchange (ACE) by NO 3-AFm phases within
the hydrated phase assemblages provided by a calcium aluminate cement (CAC) dosed with Ca(NO 3)2
(i.e., CN). The equilibrium chloride uptake of these binders is measured as a function of CN dosage
(and therefore NO3-AFm content). The anion exchange kinetics of the NO 3-AFm phase with aqueous
Cl- are also carefully evaluated. Together, these data provide inputs to a finite element model describing
chloride ingress into a model bridge deck geometry, featuring CAC mortar top layers (i.e., replacing a
fractional thickness of the OPC concrete cover). The beneficial effects of Cl - binding (i.e., reduced Clabundance around the steel reinforcement) and NO 3- ion release by ACE are evaluated in terms of the
factor by which they delay corrosion initiation relative to OPC concrete. By studying the contributions of
both transport properties and chloride binding, this study elucidates the robustness of ACE as a pathway
to prolong the service life of concrete infrastructure.
2.
2.1

MATERIALS AND METHODS
Materials

Experiments performed in the present study utilized either a commercially available CAC (Secar®51,
Kerneos) to provision NO3-AFm-rich phase assemblages, or laboratory-synthesized phase-pure NO3AFm. The CAC contained 73.3 % CA, 18.1 % C2AS, and 4.9 % CT (plus minor phases, each less than
1 mass %). NO3-AFm was prepared by a solution precipitation procedure by contacting Ca3Al2O6 and
reagent grade Ca(NO3)2·4H2O in a 1:1 molar ratio in excess 18 MΩ∙cm deionized water, with liquid/solid
≈ 50. This mixture was reacted for three weeks at 25 °C in a CO2-free environment with continuous
stirring. The precipitates were then filtered (2.5 μm), washed three times with Milli-Q water, and
equilibrated to 38 % RH by storing in a desiccator over saturated CaCl2 solution at 25 ˚C. The Ca3Al2O6
reagent was prepared in the laboratory by sintering pellets of CaCO3 and Al2O3 in a 3:1 molar ratio.
Further details regarding this procedure are described in (Puerta-Falla et al. 2017).
Hydrated pastes were prepared by mixing CAC with deionized water at water-to-cement ratio (w/c =
0.45, mass basis) following ASTM C305. To promote formation of NO3-AFm (Falzone et al. 2015),
calcium nitrate in the form of an aqueous solution was combined with the mixing water in amounts
sufficient to yield dosages of 0, 10, and 30 % by mass of CAC. In some mixtures, ASTM C778 compliant
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graded quartz sand was added at volume fractions ϕq = 0.00, 0.25, and 0.50. All mixtures were cured
under sealed conditions at 45 °C ± 0.2 °C for 28 days to promote the formation of hydrogarnet (i.e.,
representing mature phase assemblages) (Scrivener & Capmas 2004).
2.2

Experimental methods – Chloride binding and exchange kinetics

Experiments were designed to ascertain the chloride binding capacity (i.e., chloride binding isotherms)
of hydrated CAC pastes featuring varying NO3-AFm contents using the equilibrium method (Luping &
Nilsson 1993). Crushed hydrated CAC pastes (diameter ≤ 63 μm) were immersed in CaCl2 solutions
with varying concentrations (Galan & Glasser 2014). Aliquots of solution were taken at 7 d intervals, and
analysed for their free Cl- concentration (CCl,f) until equilibrium was reached (i.e., < 5 % change in C Cl,f
was observed). Solution characterization was performed using a chloride selective electrode (ISE;
9617BNWP, ThermoScientific) and bench meter (Orion VersaStar, ThermoScientific).
Additional experiments using the laboratory-prepared NO3-AFm were performed to evaluate the kinetics
of anion exchange in the thermodynamically “preferred” direction (i.e., Cl- ions entering the AFm
interlayer). In these experiments, 1 g of NO3-AFm was placed within 100 mL of CaCl2 solution containing
Cl- at concentrations of 0.01, 0.1, or 1 M, at 25 °C. Lime saturation was imposed by placing 1 g Ca(OH)2
in a filter bag suspended in the container, which stabilized the pH and created a basic environment to
ensure AFm stability. The solution was convectively mixed using a magnetic stir-bar, so that diffusion in
the bulk solution would not limit ion exchange rates and improve measurement repeatability. Similar ion
exchange experiments in static solutions demonstrated that the reaction proceeds with a rate constant
(k, [s-1]) one to two orders of magnitude slower than observed under convective mixing (Puerta-Falla et
al. 2017). Aliquots of solution were extracted and analysed at various time intervals during the anion
exchange experiments, using the previously described ISE (and a nitrate-selective ISE), and bench
meter. Detailed descriptions of these two procedures are found in (Falzone et al. 2017) and (PuertaFalla et al. 2017), respectively.
2.3

Service lifetime modelling - Multispecies reaction-transport model

A multi-species reaction-transport model was developed to investigate the influences of NO3-AFm-rich
compositions on the service lifetime of concrete infrastructure. The governing equations, boundary/initial
conditions, and material properties utilized in the model are discussed in more detail in (Falzone et al.
2017). This model was used to characterize free chloride concentrations as a function of time within a
simplified concrete bridge-deck geometry (i.e., a 1D-domain) as shown in Figure 2. A section with depth
of L = 0.2 m was considered, with xr = 0.050 m taken as a representative cover depth above the steel
rebar (at which free chloride concentrations were tracked over time). Instead of considering a CACbased concrete, it was decided to replace a fraction of the concrete with a CAC-based mortar top layer
of thickness xc = 0.025 m, as this represents a more economical alternative. The model assumed that
all porosity in the cementitious domains was fully saturated, the pore solution velocity was zero (Martys
1996, Samson & Marchand 2007), and that the effects of ion-activity on transport were negligible
(Nguyen et al. 2006, Samson & Marchand 1999).
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Figure 2. A diagram illustrating the representative concrete bridge-deck domain with simulated
seawater exposure at one surface (x = 0) and no flux at the other surface (x = L). The domain
represented here features a CAC mortar top-layer with thickness xc, and rebar is assumed to
be located at a cover depth of xr.
3.

RESULTS AND DISCUSSION

3.1
3.1.1

Experimental measurements of anion exchange capacity, kinetics, and properties
Anion exchange capacity – Chloride binding isotherms

The free Cl- concentration, CCl,f during chloride binding experiments was determined over 21 d, when
equilibrium in the measured values was observed. CCl,f values at 21 d were then used to calculate the
bound Cl- content (i.e., mol Cl- / kg of hydrated CAC paste) for exposure solutions of varying Clconcentrations. These curves were found to be best-described by Langmuir isotherms (i.e.,
demonstrating a maximum at which bound chloride plateaued). Figure 3 shows the best-fit Langmuir
isotherms for each hydrated CAC paste, which follow the form (Adamson & Gast 1997)

C Cleq,b (C Cl , f ) 

  C Cl , f
1    C Cl , f

(1)

where, α (L solution/kg CAC paste) and β (L solution/mol Cl-) are fitting parameters (Luping & Nilsson
1993, Sergi et al. 1992). These isotherms highlight the elevated Cl- binding capacity of CAC pastes
(Figure 3a), which is approximately 4x the bound chloride of an OPC paste at a similar w/c and
temperature (Dhir et al. 1996). This factor is even greater for CAC pastes dosed with calcium nitrate
(Figure 3b, 3c), which feature elevated NO3-AFm contents.
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(a)
(b)
(c)
Figure 3. Chloride binding isotherms of hydrated CAC pastes containing: (a) 0 mass % CN, (b)
10 mass % CN, and (c) 30 mass % CN. The different contributions to Cl- binding (i.e., by
destabilization of C3AH6, and ACE within NO3-AFm) in each composition are also represented.
As both the destabilization of C3AH6 (which occurs at ≈ 0.01 M Cl- (Birnin-Yauri & Glasser 1998)), and
anion exchange contribute to chloride binding, the relative contributions of each mechanism were
studied in more depth. Thermodynamic calculations of phase assemblages by GEMS were used to
estimate the binding capacity of each composition (Falzone et al. 2017). C3AH6 was assumed to
incorporate 2 units of Cl- to form Friedel’s salt (C3A·CaCl2·H10), i.e., binding 5.36 mol Cl-/kg C3AH6, a
greater capacity than that resulting from anion exchange into NO 3-AFm (3.10 mol Cl-/kg NO3-AFm). This
manifests in similar binding isotherms between the 0 mass % CN and 10 mass % CN mixtures. Further
increasing the CN dosage to 30 % enhanced the Cl- binding capacity, despite this phase assemblage
being dominated by NO3-AFm. This is primarily attributed to the suppression of C2ASH8 formation, which
increased the quantity of actively Cl-binding components, i.e., NO3-AFm. In hydrated pastes containing
NO3-AFm (i.e., 10 % and 30 % CN), both Cl- binding via ACE and C3AH6 destabilization are active. To
accurately model the extent of nitrate anion release corresponding to the chloride binding, it is assumed
that C3AH6 converts to Cl-AFm before Cl-for-NO3 exchange by the AFm initiates. The resulting multistep function for each isotherm is also displayed in Figure 3. This function equals zero below a critical
concentration of free Cl-, following which it traces the Cl- binding isotherm. The calculated contributions
from C3AH6 destabilization and anion exchange within the AFm explain the majority of the binding
capacity in each case. The difference in the measured and calculated isotherms likely arises from the
reaction between unreacted CAC with Cl- in solution, and physisorption of Cl- species onto the residual
hydrated phases (e.g., C2ASH8).
3.1.2

Anion exchange kinetics of NO3-AFm

Figure 4a displays a representative profile indicating the decrease of free chloride concentration in the
solution over time, from a starting concentration of 0.1 M. A first-order reaction equation was noted to
describe the time dependence of the free chloride concentration during the anion exchange reaction,
with the form
𝐶(𝑡) = 𝐶𝑓 + (𝐶0 − 𝐶𝑓 )𝑒 −𝑘𝑡

(2)

where, C is the free chloride concentration (mol/L), t denotes time (seconds), k is the reaction rate
constant (s-1) and the subscripts ‘0’ and ‘f’ indicate the initial and final ion concentrations, respectively.
At this concentration (and at 25 °C) the reaction rate constant obtained from fitting equation (2) was
noted to be on the order of 1 x 10-4 s-1, indicating rapid reaction kinetics. This rate constant may be
utilized to describe the anion exchange kinetics of NO 3-AFm in the context of cementitious components
exposed to chloride-containing solutions (e.g., seawater), and is sufficiently rapid to ensure that the
process is rate-limited by Cl- transport through the concrete’s microstructure, rather than the exchange
reaction itself (i.e., yielding a Damköhler number ≫ 1). Figure 4b illustrates similar data (in terms of
nitrate release rather than chloride uptake), from exchange experiments performed at varying chloride
concentrations. Increasing the concentration of the chloride solution accelerated anion exchange and
ensure that exchange could proceed to completion (i.e., reaching Cf). When insufficient Cl- was
available, its exhaustion was noted to slow exchange kinetics, due to an exponential decrease in the
driving force (i.e., chemical potential gradient) for anion exchange.
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(a)
(b)
(c)
Figure 4. (a) The aqueous Cl- concentration in a convectively mixed solution contacting NO3AFm at 25 ˚C. The curve fit displayed is in the form of equation (2). (b) NO3- ion concentrations
released from NO3-AFm systems in exchange for Cl- at 25 ˚C with varying initial chloride
concentrations (C0). (c) A plot comparing NO3- release and Cl- uptake, indicating the 1-to-1
exchange of Cl- for NO3- within NO3-AFm.
To verify the stoichiometry of the anion exchange reaction, Cl- uptake and NO3- release were compared
in three selected systems. Figure 4c displays the amount of Cl- taken-up into the AFm interlayer as a
function of the amount of NO3- released into the solution, in comparison to the line of ideality (1:1). The
ratio of Cl-:NO3- closely follows this line, with only small deviations that may be attributed to small
changes in temperature during experiments. These findings suggest that the exchange reaction is rapid
and thus no extrinsic means, e.g., the dissociation of water, is required to maintain solution
electroneutrality. These outcomes inform the modelling of anion exchange kinetics in cementitious
materials containing NO3-AFm, as needed to understand their performance in mitigating chlorideinduced corrosion.
3.2

Results of finite element simulations - Cl- transport from seawater

The multi-species transport model was utilized to study the transport of Cl- from seawater in a simplified
geometry representing a concrete bridge deck. To closely track the service lifetime, the Cl-/OH- ratios at
representative reinforcement cover depths were evaluated as a function of time. Figure 5a displays the
Cl-/OH- ratios within a simulated OPC concrete bridge deck (i.e., the control system) at various cover
depths. The horizontal line indicates a critical Cl-/OH- of 0.6, which was taken as the critical value to
initiate corrosion as a metric to define service lifetime. Throughout the rest of the simulations, Cl -/OHwas assessed at a fixed cover depth of xr = 0.050 m. Figure 5b displays this ratio for the bridge deck
featuring a neat CAC mortar top layer. It is noted that this offers an increased time to corrosion initiation,
as tinit = 18.4 years solely on the account of retarded ion diffusion (case i, Bindtop = Bindbulk), while tinit =
9.1 years when only an increase in Cl- binding capacity is considered (case ii, Dtop = Dbulk).
To account for the passivating effect of NO 3-, the Cl-/NO3- ratio was also tracked in for bridgedecks
containing CN-dosed CAC, relative to the critical Cl-/NO3- of 0.25. Figure 5c displays the Cl-/NO3- ratios
as a function of time for the 30% CN case. The presence of NO3- in the pore solution extends tinit to 50.2
years in the baseline case. Negating the effect of Cl- binding (i.e., Bindtop = Bindbulk), however, produces
a Cl-/NO3- that quickly exceeds the critical passivation ratio. It should be noted that in the majority of
cases when CN-dosed CACs were applied, the Cl-/NO3- ratio determined the time to corrosion initiation
rather than Cl-/OH-.
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(a)
(b)
(c)
Figure 5. The simulated Cl-/OH- ratios within (a) an OPC concrete at varying cover depths, and
(b) within a geometry featuring a neat CAC mortar top layer, at a fixed cover depth. The
horizontal dashed line in (a) and (b) indicate the critical Cl-/OH- ratio when steel corrosion
initiates. (c) The Cl-/NO3- ratio within OPC concrete topped with a 30 mass % CN CAC top layer.
Finally, to compare the efficacy of CAC top-layers in corrosion mitigation, a corrosion delay factor (df)
was defined as df = tinit(CAC)/tinit(OPC concrete). Figure 6a displays the corrosion delay factor as a
function of the reinforcement cover depth for the 0 % CN CAC case. In each case, the corrosion delay
factor shows a maximum for 0.01 m ≤ xr ≤ 0.03 m, illustrating an optimal efficacy of the CAC top-layer
thickness relative to the depth of reinforcing steel. Substantially greater delays in corrosion are observed
when a 30 % CN CAC top layer is applied (Figure 6b), yielding a maximum delay factor of 65, and a
delay factor of at least 4 at practical cover depths. These results indicate a dramatic delay of corrosion
by provision ACE-active cementitious binders, with the dominant contributions resulting from the
elevated extent of Cl- binding and associated release of NO3-.

(a)
(b)
Figure 6. The corrosion delay factor (df) produced by replacing OPC concrete with (a) a neat
CAC mortar top layer, and (b) a 30 mass % CN CAC top layer, as a function of reinforcement
cover depth xr.
4.

SUMMARY AND CONCLUSIONS

The ability of AFm compounds to undergo anion capture and exchange (ACE) provides a novel route to
mitigate Cl- transport into concrete, and the resulting corrosion of reinforcing steel. To investigate the
feasibility of this approach, experimental input data describing the equilibrium Cl- binding capacity, and
kinetics of anion capture and exchange are quantified. The rate of anion exchange is noted to be: (i)
strongly influenced by the concentration of Cl- in the exposure solution (ii) in all cases, sufficiently rapid
to ensure treatment of the process as diffusion-limited, and (iii) stoichiometric (i.e., one-to-one). A multispecies Nernst-Planck model, using these inputs, is developed to quantitatively describe the evolutions
of Cl-/OH- and Cl-/NO3- ratios in the pore solution to track corrosion delay via the addition of CAC-based
top layers featuring NO3-AFm. It is noted that the effects of Cl- binding and NO3- release are crucial in
delaying the onset of steel corrosion – thereby enhancing infrastructural service life. As an example, the
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provision of CAC + CN-based top-layers is estimated to delay the onset of steel corrosion by a factor
ranging between 4 to 10. The outcomes make a case for functional ACE coatings as an innovative
means to mitigate steel corrosion in concrete.
5.
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ABSTRACT
In order to evaluate resistance of salt scaling of concrete, the new evaluation test method with small
amount of sample for short period which is proposed by our laboratory was investigated in this study.
The influence of the lowest temperature of freezing, concentration of deicer (sodium chloride) are
studied. There is no appearance of scaling deterioration in case of using pure water at any lowest
temperature of freezing. Salt scaling of concrete was more generated under deicer concentration of
0.1% to 10%, and -7 degree centigrade or lower of lowest temperature of freezing.
Scaling temperature is proposed as the threshold temperature to have deterioration of concrete by salt
scaling. Scaling temperature varies with the concentration of sodium chloride solution. In case of
thicker sodium chloride solution, scaling temperature becomes lower. Phenomena of freezing of brine
water seems to relate salt scaling of concrete deterioration.
Salt scaling resistance with magnesium chloride, magnesium acetate and magnesium nitrate is proved
to be quite smaller than sodium chloride and calcium chloride used generally, because magnesium
hydroxide were precipitated on the surface of concrete with each magnesium salt solution and film of
magnesium hydroxide have a role to protect concrete surface from salt scaling.
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1.

INTRODUCTION

Concrete deterioration due to scaling of surface became more prevalent with increase of scattering
deicer (sodium chloride, NaCl) for concrete road structure. This kind of deterioration is well known as
salt scaling of concrete. Recently our laboratory proposed a new test method with small sized specimens
which has a good correlation with ASTM C672. Using this test method, the mechanisms of deterioration
of concrete by salt scaling are studied in this research. Scaling temperature and the temperature range
relating salt scaling were proposed.
2.
2.1

EXPERIMENTAL METHOD
Materials and Mix Proportions

Commercially available ordinary Portland cement (density: 3.15 g/cm3) was used for the cement, and
Crushed sand (density in saturated surface-dry condition: 2.80 g/cm3) for the fine aggregate. The
specimens consisted of mortar without air entraining agent. After curing in moist air for 1 day, the
specimens were demoulded and water-cured for 27 days until testing. The deicer used in this study was
NaCl. Tests were conducted using each concentration solutions of each deicer.
2.2

Proposed New Evaluation Method for Salt Scaling

The test specimens were 8 mm cubes which cut out from cured mortar bar by wet diamond cutter. The
test specimens were dried at 40 ° C for 24 hours. Three test specimens randomly selected from many
test samples were made into one test group which total weight of about 5g. One test group was packed
in a 100 ml container with the deicer solution (ex. 3% NaCl solution). The mass ratio of deicer aqueous
solution and one test group was 10. One cycle of freezing and thawing is in a -20 °C freezer for 16 hours
and in a 20 °C room for 8 hours. Three test groups for each set cycle (1, 3, 5, 7 and 10 cycle) were
prepared and tested. The specimens placed in the container were subjected to 1, 3, 5, 7, and 10 freezethaw cycles each consisting in freezing for 16 hours in a -20°C freezer and thawing for 8 hours at room
temperature. After a set number of cycles, the samples were separated from the solution by filtration
and washed with pure water. After the separated samples were dried at 40 °C for 24 hours, they were
classified using a 2.5 mm sieve. The scaling inhibition effect was evaluated using the residual mass
ratio of the sample residue left in the sieve. For each measurement, the residual mass ratio of the pretest mass was obtained by using the median value of three sets of the above-described samples. The
proposed New Evaluation Method for Salt Scaling is described in detail in (Hanehara et al. 2013,
Oyamada et al. 2011, Oyamada et al. 2015).
The scaling durability index (SDI) was obtained from the residual mass ratio thus obtained using
Equation (1), and this was used as a quantitative evaluation index.


Case of residual mass ratio after M cycles is P % or higher
SDI = Residual mass ratio (%) when M cycles



Case of residual mass ratio after M cycles is under P %
SDI = P×N / M

(1)

P: Critical value to evaluate of salt scaling. Residual mass ratio is 60%
N: Number of cycles (times) when residual mass ratio reaches 60%
M: Number of cycles (times) at which test end is planned
(In the case of this test, M = 10)
Figure 1 (Hanehara S et al. 2013) shows the appearance of specimens as the freeze-thaw test cycling
progressed, using sodium chloride and sodium acetate as examples by New Evaluation Method.
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Figure 1 Appearance of specimens as the freeze-thaw test cycling progressed
(Hanehara S et al. 2013)
Figure 2 shows BEI images of the outside and inside of a specimen subjected to three freeze-thaw
cycles using NaCl. When freezing-thawing is repeated in a deicer solution, the remaining specimen
grows smaller as the cycles progress, but although large cracks can be seen in the outer edge, few
cracks extend inside the structure. Moreover, at the surface of the outer edges, cracks tend to occur
almost vertically, gradually penetrating inside the specimen and leading to crack progression to the
boundary between the paste and aggregate. The results show that there is almost no surface
deterioration in the case of distilled water. Earlier research (Hanehara et al. 2013, Oyamada et al. 2015)
showed that the volume of pore radius 50 nm or less on specimens immersed deicer solution was
significantly changed depending on the freeze-thaw cycles, but on other hand the volume of pore radius
50 nm or less was little changed. Pores smaller than 50 nm consist of gel pores present in the paste
matrix and minute capillary pores. Pores 50 nm or larger are present in the transition zone at the
boundary between the aggregate and paste matrix. Scaling caused by deicer is thought to cause
destruction of the transition zone between the aggregate and cement paste because of the large effect
on capillary pores sized 50 nm and larger.

(a) Outer edge

(b) Center

Figure 2 BEI images of the outer edge and center of a test piece subjected to
three freeze-thaw cycles using sodium chloride (Oyamada T et al. 2015)
With using this test method, influence of the lowest temperature of freezing from -40 to -2 °C,
concentration of deicer (NaCl) from 0.01 to 10 %, mix proportion of mortar (sand cement ratio from 0 to
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10, water cement ratio from 0.25 to 0.8 on salt scaling deterioration of mortar were studied in this
research.
3.
3.1

RESULTS AND DISCUSSION
Effect of concentration of deicer solution on salt scaling

Effect of concentration of deicer (NaCl) in solution on the salt scaling of mortar was investigated. As
shown in Figure 3, 4 and 5, up to 10 cycles of freeze-thaw, scaling with less than 0.01 % of deicer
concentration is hardly observed. The deterioration of mortar pieces was observed in the wide range
from 0.1 to 10 % (Oyamada T et al. 2015).

Figure 3 Appearance of specimens as the freeze-thaw test cycling progressed
(After 5 cycles)

Figure 4

Residue(%) with different concentration

Figure 5 SDI with concentration of NaCl

Salt scaling is reported to be most severely deteriorated at a concentration of about 3 % of deicer
(Verbeck et al. 1957). Fresh water, 17 concentration levels were fixed in a wide range of NaCl 0.01% to
10 %, and evaluation tests were conducted. As shown in Figure 3, It is found that disintegration of cubic
specimens is beginning to be observed in the range of 0.5 to 6 % after giving 5 freeze-thaw cycles. As
shown in Figure 4, after the first freeze-thaw cycle, there is almost no difference in the residual mass
ratio, but after 3 cycles, the mass residual rate decreases in the range of 0.3 to 8 %. Residual mass
ratio from 1 to 6 % of NaCl solution became less than 80 % and a peak was observed at 3 %. After 10
cycles, in the range of 0.3 to 6 % mass retention rate became zero. Scaling scarcely occurred in fresh
water. Scaling hardly occurs at 0.01 % or less, but salt scaling occurs in a wide range of more than 0.05
% of NaCl.
In the case of deicer of NaCl, it can be proved that salt scaling progresses in a wide range of NaCl
concentration. When compared with SDI with 10 cycles as shown in Figure 5, the concentration of NaCl
deicer which SDI becomes 60 % or less is in the range of 0.08% to 10%, the range of 1 to 4 % of NaCl
concentration is the most significant scaling, which agrees with the results of previous research (Verbeck
et al. 1957). The range of degradation concentration of deicer in salt scaling is relatively wide.
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3.2

Effect of W/C and S/C of mortar on salt scaling

3.2.1 Effect of water cement ratio (W/C)
The sand cement ratio (S/C) was made constant at 1.5 and the water cement ratio was set within the
range of 0.25 to 0.7. The solution was evaluated with fresh water and 3 % NaCl, the shape observation
results after 10 cycles are shown in Figure 6, the cycle residual rate result for each cycle is shown in
Figure 7, the scaling durability index (SDI) in Figure 8. From the shape observation results, scaling is
not recognized in freshwater regardless of water cement ratio. Scaling does not progress even at a high
water cement ratio of 0.7. On the other hand, even with a water cement ratio of 0.25 with 3 % NaCl
solution, peeling is observed from the corner portion of the small specimen, although it is slight. Unlike
frost damage caused by internal collapse such as cracking, scaling is a phenomenon in which
degradation progresses from the concrete surface to the inside. In frost damage caused by internal
cracks, it is considered effective to reduce water cement ratio (Kamada E, 1987). In internal cracks, it
does not occur when the water cement ratio is set to 0.25 (Kamada E, 1987). As a result of the mass
retention rate associated with the cycle of freeze-thawing as shown in Figure 7, the scaling resistance
improves from the case where the water cement ratio is 0.35 or less, but almost the same deteriorated
state when the water cement ratio is 0.35 or more. The result of SDI was also more noticeable, and
when scaling was over 0.35, the degree of scaling was scarcely changed, the effect was exerted at 0.3,
and at 0.25 it hardly deteriorated. In this test method, specimens immersed in deicer solution were
evaluated scaling resistance. It is considered that this test method is harsh conditions than field test,
since specimens is frozen under saturation of deicer solution.
W/C
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0.6

0.5

0.7

Water
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Residue mass ratio (%)

Figure 6 Appearance of specimens after 10 cycles of freezing and thawing prepared with
different W/C
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Figure 7 Residue mass ratio(%) of specimens prepared with different W/C
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Figure 8 SDI of specimens with different W/C
3.2.2 Effect of sand cement ratio (S/C)
The effect of sand cement ratio with water cement ratios of 0.35 and 0.45 was investigated as shown in
Figure 9, 10 and 11. The shape observation after 10 cycles is shown in Figure 9, the residure mass ratio
for each cycle is shown in Figure 10, and the SDI is shown in Figure 11. Regardless of the ratio of sand
cement in freshwater, it hardly deteriorates, but in cement paste with S / C = 0, it is broken as big
fragments. Since these are larger than 2.5 mm, they can not be detected with the mass survival rate
and do not appear as SDI. The difference between mortar and cement paste is the presence of
aggregate, but the aggregate suppresses the propagation of cracks. As it gets homogeneous, the strain
spreads throughout the glass like a glass and the rupture runs out, possibly resulting in brittle fracture.
On the other hand, as aggregate enters, such deterioration is hardly observed. With 3 % NaCl,
resistance to salt scaling is low almost in the range of sand cement ratio of 0.25 or more, scaling
resistance is improved with mortar close to cement paste below that. The lower the water cement ratio
of 0.45 to 0.35, the lower the residual mass ratio per cycle. It can be seen that the deterioration
mechanism of scaling differs between cement paste and mortar and the influence on scaling resistance
is relatively small in the range of sand cement ratio within the normal mortar range.
S/C

0

0.11

0.25

0.33

0.5

1

3

W/C=0.35
Water

3% NaCl

W/C=0.45
Water
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Figure 9 Appearance of specimens after 10 cycles of freezing and thawing prepared with
different S/C
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3.3

Effect of lowest temperature of freezing on salt scaling

Scaling is known to involve the lowest cooling temperature. Although Oyamada et al. Have almost the
same coefficient of thermal expansion at low temperatures of ice and concrete, the amount of shrinkage
increases by about 2 to 3 times for deicer solutions and when adhesion between ice and concrete is
strong, it is proposed that the difference in shrinkage rate causes destruction as the action force to
concrete (Oyamada et al. 2015). Scaling seems to increase as the freezing minimum temperature
increases. Also, even if the solution is fresh water, scaling may occur at low temperature. The shape
observation results of the small sample after ten cycles with fresh water, NaCl 1 % and 3 % are shown
in Figure 9. Figure 10 shows the relationship of the residual mass ratio per cycle of the lowest cooling
temperature. In the case of fresh water, the residual mass ratio is close to 100 % in all temperature
range from -5 to -40 °C even after ten freeze-thaw cycles, scaling hardly occurs in fresh water with
concentration 0%. From the shape observation result as in Figure 9, even if the freezing minimum
temperature drops to -40 °C, scaling does not occur. At ten cycles of freeze-thaw cycles, the
concentration of deicer at 1 % NaCl is at a level below -5 °C, at 3 % at severe scaling below -7 °C.
Looking at the residual mass ratio per cycle, the difference in deterioration hardly occurs in the
temperature range of -10 °C or less, and the influence of the freezing minimum temperature shows the
same tendency. When the minimum temperature rises in the range of -10 °C. or less, the residual mass
ratio increases three times and five times, and the degree of scaling is somewhat reduced. It is thought
that this is related to the firmness of ice and adhesion to concrete.
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Figure 12 Appearance of specimens after 10 cycles of freezing and thawing

Figure 13 Effect of lowest temperature of freezing on salt scaling
Figure 14 shows the relationship between scaling durability index SDI and freezing minimum
temperature at 10 freeze-thaw cycles. The test was carried out in a low temperature range of -5 °C. or
less. Freshwater shows close to 100 %, scaling has not occurred. On the other hand, when the
temperature is below -10 °C., there is almost no change in the numerical value, and both 1 % NaCl and
3 % NaCl cause intense scaling at -10 °C. or lower. Scaling of SDI even at -10 °C or higher It is assumed
that the durability is extremely high, and when it exceeds 60 %, it was only -5 ° C. It is understood that
the detailed examination at -10 °C. or higher plays an important role in clarifying the scaling. The lower
the deicer concentration, the higher the scaling start temperature. Since scaling occurs only when deicer
is used, the results are consistent with what we call salt scaling.

Figure 14 Effect of W/C and S/C of mortar on SDI
3.4

Scaling Temperature

The relationship between lowest freezing temperature and concentration of NaCl solution was
investigated from -5 to -10 °C by 1 °C. It is found that the scaling occurs if lowest temperature is lower
than a certain temperature. We define "Scaling Temperature" as the threshold temperature to occur salt
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scaling. The relationship between the concentration of NaCl solution and the scaling temperature is
shown in Figure 15. In the freezing of NaCl solution, freezing point depression occurs due to the
presence of Na+ and Cl-, which is different depending on the concentration, and the freezing point
depression is considered to influence the scaling temperature, so the freezing point of the NaCl solution
is indicated by a broken line. Scaling does not occur in fresh water, so there is no freshwater scaling
temperature. The scaling temperature determined by SDI is -5 °C at 0.1 %, -5.3 °C at 0.5 %, -6.3 °C at
1.0 %, -8.1 °C at 3.0 %. In order to evaluate the occurrence of scaling, SDI which critical value to
evaluate of salt scaling (P) was set to 90% was calculated in this test. The scaling temperature of each
concentration shows a value lower than the freezing point of that concentration. The temperature
difference between the freezing point and the scaling temperature become lower as the concentration
increases. If the cooling minimum temperature is in range between the scaling temperature and freezing
point, solution freezing occurs because the NaCl aqueous solution is below the freezing point, but
scaling does not occur because the temperature is higher than the scaling temperature. When the
cooling minimum temperature is -7 °C, scaling occurs at a concentration of 0.1 to 1.0 %, scaling does
not occur at a concentration of 3.0 %, and even if frozen at the same cooling minimum temperature, the
presence or absence of scaling occurred clearly to break up.

Figure 15 Salt scaling temperature with concentration of NaCl

Figure 16 Range of lowest and highest temperature on salt scaling
Repeated tests of temperature drop and temperature rise were conducted in various temperature ranges
from -40 to -3 °C below the freezing point of the NaCl solution. Figure 16 shows the residual mass ratio
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after 5 freeze-thaw cycles between lowest temperature and highest temperature. The line of the legend
shows the change in mass ratio when the lowest temperature is the same and the maximum temperature
(horizontal axis, plot) is changed. When the plot is -3 °C at a line of -40 °C, it means that the temperature
lowering and the temperature raising are repeated by setting the minimum temperature to -40 °C and
the maximum temperature to -3 °C. In the case of fresh water, the residual mass ratio is 95 % or more
under all test conditions and scaling has not occurred. In the case of NaCl solution, scaling does not
occur in the range form the lowest temperature of -40 °C to the highest temperature of -20 °C. Scaling
does not also occur even more than 5 °C. of lowest temperature. Salt scaling occurs when freezing and
thawing is repeated at the range form lowest temperature of -21 °C of the eutectic point of the NaCl
aqueous solution to the scaling temperature (6 to 10 °C), to highest temperature above the scaling
temperature.
4.

CONCLUSIONS

In this research, the effect of minimum freezing temperature, freezing inhibitor concentration (NaCl),
proportioning (water cement ratio, sand cement ratio) on salt scaling using the small piece test method
were examined. The following results were obtained.







5.

Scaling did not occur in freshwater, but scaling did occur in a wide range of concentrations
of deicer of NaCl of 0.05 % or higher, and it was possible to confirm that the cause was salt
scaling.
Effect of freezing minimum temperature on scaling: scaling did not occur in fresh water in
the range of -40 °C. For 1 % and 3 % NaCl solution, scaling is severe at the lowest freezing
temperature below -10 °C. The difference in temperature between them is small. There is a
temperature range where the scaling markedly progresses at the cooling minimum
temperature of -5 to -10 °C.
As for the water cement ratio, above 0.35, the salt scaling resistance is almost the same and
the resistance is low, and it exerts its effect at 0.35 or less. Mortars with a water to cement
ratio of 0.25 showed relatively high scaling resistance. Regarding the sand to cement ratio,
scaling resistance is not improved up to the area close to cement paste where the sand
cement ratio is from 3 to 0.3, and below that, effects are seen. With cement paste, mass
retention rate is destroyed by paste which is high near 100 %.
We define "Scaling Temperature" as the threshold temperature to occur salt scaling. From
the test results of the deicer solution, it was found that there exists a temperature range
where scaling occurs and a temperature range where it does not occur. The low temperature
range where scaling does not occur is the temperature below the eutectic point of the deicer
solution. In the temperature range where scaling progresses, freezing and melting occur in
a part of the aqueous solution. From this result, it is considered that the phenomenon that
freezing progresses with the temperature decrease of the deicer solution affects salt scaling.
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ABSTRACT
The occurrence of DEF is strongly affected by maximum temperature of concrete at early age. The
alkali content( R2O), SO3 content and C3A content also affect the occurrence of DEF depending on
the conditions. In this study, the influence of R2O and SO3 content independently added on DEF
expansion was investigated assuming mortar portion of concrete with unit cement content of
300kg/m3. Two types of cement (HPC and OPC) was used and the mortars were affected by high
temperature at 70, 80 and 90℃.
The concrete does not expand over 0.1% by DEF when the amount of R2O and SO3 are less than 3
and 9kg/m3 respectively in the case of maximum temperature of concrete less than 80℃. On the other
hand, some concrete samples expanded by DEF when maximum temperature is between 80-90℃
even with the amount of R2O and SO3 in the conrete is less than 3kg/m3 and 9kg/m3 respectively. In
case of concrete prepared with more than 4kg/m3 of R2O and more than 17kg/m3 of SO3, concrete
may expand by DEF at 65℃ or more.
In OPC, the composition range of R2O and SO3 where expansion occurs is smaller than HPC. As
R2O and SO3 content increase, the expansion of DEF tends to increase. When SO3 content is large,
it expands regardless of R2O content. When the salt type of R2O and SO3 is changed, there is a small
difference in the final expansion, the influence of difference in chemical species on DEF expansion is
also small.
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1.

INTRODUCTION

Cracking due to Delayed Ettringite Formation (DEF) is not only a problem for steam cured concrete
products but can also occur in mass concrete where the concrete temperature exceeds 70°C with
rising internal temperature (Hanehara et al. 2007). DEF cracking can occur when three conditions of
excessive SO3 content, exposure to high temperature at young age and sufficient water supply at service
are simultaneously satisfied (Hanehara et al. 2006). In the revision of Guidelines for Control of Cracking
of Mass Concrete (Guidelines 2016), clauses on DEF crack prevention are included additionally. Even
when these three conditions are met, there is a case where DEF cracking occurs and a case where it
does not occur. Conditions under which expansion does not occur even when exposure to high
temperature of concrete cannot be avoided has been studied under various materials and mixing
conditions. Much research on DEF expansion has been conducted, and it has been found that
expansion/nonexpansion areas can be distinguished by equivalent alkali (R 2O) and sulfate (SO3)
content in concrete, while various material conditions are proposed (Hayasaka 2015). R2O content
promotes the decomposition of ettringite at high temperature and SO 3 content is an important factor
related to the initial amount of ettringite. It has been reported that these are related to DEF expansion
(Hayasaka 2015).
In previous studies, mainly R2O and SO3 have been increased by adding them to concrete as R 2SO4.
However, little research has been conducted on increasing R2O and SO3 independently, and the
influence of each was unknown.
In this study, we investigated the influence of R 2O and SO3 content on DEF expansion using a mortar
mix proportion in which R2O and SO3 were independently varied.
2.

HANDLING OF DEF IN GUIDELINES FOR CONTROL OF CRACKING OF MASS CONCRETE
(2016) JCI

The main purpose of revision of the guidelines (hereinafter referred to as guidelines) is to prevent the
occurrence of DEF cracks. The guidelines prescribe the maximum allowable temperature based on the
cement used, the R2O and SO3 content in the concrete mixture (Guidelines 2016).
Figure 1 shows the experimental results of the previously reported research, and shows the relationship
between the final expansion and the maximum temperature (Hanehara S 2007, Hayasaka M 2015,
Heinz D et al. 1989, Tracy S et al. 2004, Shamaa M et al. 2015, Pavoine A et al. 2012, Graf L 2007,
Martin R et al. 2012, Hanehara S et al. 2006, Kawabata Y et al. 2015). When exposed to temperatures
of 70°C or more, DEF expansion of 0.1% or more can occur. Some concretes show expansion of 0.1%
or more even at 65°C. In the mortar bar test of alkali aggregate reaction (JIS A 1146), it is said that
0.1% or more is not harmless, and it is said that serious cracks will occur in concrete.
As the maximum temperature rises, the maximum value of the expansion also increases. The influence
of the maximum temperature on the DEF expansion is strong. When the maximum temperature is 70°
C, some concretes exceed 0.6% or more of expansion, but some exhibit 0.1% or less of expansion.
Even when the temperature exceeds 70°C, some exhibit 0.1% or less of expansion.
Figure 2 shows the relationship between R2O and SO3 content and the presence or absence of
expansion of 0.1% in the case of the maximum temperature of 65°C to 70°C. Expansion of 0.1% or
more was observed when R2O content was 4 kg/m3 or more and SO3 content was 17 kg/m3 or more. At
the maximum temperature of 70 ° C, some reached 0.8% of expansion. When the maximum
temperature at 65°C, the maximum expansion dropped to 0.2%. When the R 2O content was 4 kg/m3
or less or the SO3 content was 17 kg/m3 or less, the expansion was 0.1% or less. The maximum
temperature of concrete is based on 70°C, and when both R2O and SO3 content are large, it is
recommended that the maximum temperature limit is 65°C (Guidelines 2016).
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Figures 3a, b show the relationship between R2O and SO3 content and the presence or absence of 0.1%
expansion for each maximum temperature among the data in Figure 1. Regardless of the type of
cement, the range of R2O affecting DEF cracking is in 2kg/m 3 to 7kg/m3 and the range of SO3 is in
4kg/m3 to 30 kg/m3. Figure 3a shows the case where the maximum temperature of concrete is 65°C
to 80°C. When R2O content in the concrete was 3kg/m 3 or less and SO3 content was 9kg/m3 or less,
the expansion was 0.1% or less in either case. Figure 3 shows the case where the maximum
temperature exceeds 80°C and is below 90°C. When R2O content was less than 3kg/m 3 and SO3
content was less than 9kg/m 3, the expansion rate was less than 0.1% in most cements, but there was a
case of expansion at high-early strength Portland cement. From this, guidelines prescribed that the
maximum temperature limit for high-early-strength Portland cement is 80°C.
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Figures 3. Influence of R2O and SO3 content on DEF expansion (Guidelines 2016)

In summary, Table 1 and Figure 4 show the threshold values of the maximum temperature when using
high-early-strength (hereinafter referred to as HPC) and ordinary Portland cement (OPC). Basically, 70
°C at which ettringite is decomposed is the maximum temperature limit. However, when R2O content
in the concrete is 4kg/m 3 or more and SO3 content is 17kg/m 3 or more, it is 65°C.
In addition, the threshold values of the maximum temperature of concrete can be 80°C when both R2O
and SO3 content in the concrete satisfy the following condition (1) and when the cement and admixture
satisfy the conditions (2) and (3).
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(1) When HPC or OPC is used, make R2O and SO3 content in concrete 3.0kg/m 3 or less and 9.0kg/m3
or less, respectively.
(2) Use moderate-heat or low-heat Portland cement.
(3) Portland blast-furnace slag cement B type or C type, Portland fly-ash cement type C is used. Ground
granulated blast-furnace slag and fly ash are used at a mixing ratio equal to or higher than those of
these cements. Silica fume for concrete is used at a mixing ratio of 10% or more.
Table 1. Threshold values of the maximum temperature of concrete to prevent DEF cracking
(Guidelines 2016)
Cement

R2O and SO3 content

Limit of maximum
temperature

HPC
&
OPC

More than 4kg/m 3 of R2O and more than 17kg/m3 of SO3

Less than 65°C

More than 3kg/m 3 of R2O or more than 9kg/m 3 of SO3

Less than 70°C

Less than 3kg/m 3 of R2O and less than 9kg/m3 of SO3

Less than 80°C
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Figure 4. Threshold values of the maximum
temperature of concrete due to R2O and SO3
content (Guidelines 2016)
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of this research

EXPERIMENTAL METHOD

Cement was limited to two types of commercially available HPC (R 2O=0.45%, SO3=2.90%, Blaine
specific surface area = 4490cm2/g) and OPC (R2O=0.53%, SO3=2.08%, Blaine specific surface area =
3330cm2/g). Although Al2O3 content is important because the amount of ettringite formed at early age is
related to DEF expansion, the chemical composition of cement of Japan is in a relatively narrow range
due to the social system. In this study, we investigated the influence of R2O and SO3 content on DEF
expansion in single OPC and HPC. The water cement ratio was 0.55 and the fine aggregate cement
ratio was 2.5. For fine aggregate, crushed sand produced at Kurokawa in Morioka (saturated and
surface-dry condition is 2.83g/cm 3, fineness modulus is 2.89) was used in any experiment.
Figure 5 shows the levels of R2O and SO3 in each cement in this study. Closing line indicates
composition ranges of R2O and SO3 content of reference previously published researches. Since the
increment of R2O and SO3 has been carried out by adding R2SO4, the referenced data is ranged from
the lower left to the upper right. Therefore, it is necessary to study the influence of R 2O content and SO3
content, respectively. In this experiment, R2O was increased with NaOH (sodium hydroxide) and SO 3
was increased with CaSO4·2H2O (gypsum), respectively, and investigated in a wider composition range
than previously reported.
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In four levels of HPC, changed the chemical variety to KCl (potassium chloride), MgSO 4 (magnesium
sulfate) and compared them. R2O and SO3 content are the values converted in concrete with the unit
cement amount set to 300kg/m 3, together with the original amount and the addition amount.
In this experiment the maximum temperature was set to 70, 80 and 90°C. The heat treatment was
stored at 20°C until 4 hours after mixing, then increase the heat to the maximum temperature at 20°
C/h, lasted 12 hours at maximum temperature and cooled at -20°C/h. After 24 hours, it was demolded
and stored at 20°C in water.
The length change test was conducted by the method of test for length change of mortar and concrete
described in JIS A 1129 (method with dial gauge) and was measured every 2 weeks. Expansion
judgment is based on a mortar bar test of alkali aggregate reaction, it is not harmless when it shows an
expansion of 0.1% or more, it is harmless if it is less than 0.1% (Guidelines 20163). Long-term age is
required for the occurrence of DEF, but in accelerated experiments many are based on 180 days
(Guidelines 2016). Here, the age is 200 days.
4.
4.1

RESULTS AND DISCUSSION
Effect of maximum temperature

Figure 6 shows the change in the length of R 2O and SO3 content in three levels when the maximum
temperature is 70, 80, 90°C using HPC and the maximum temperature is 90°C using OPC. R2O and
SO3 content at the three levels were 1.7-9.6kg/m3 (R2O=1.7kg/m3-SO3=9.6kg/m3), 6.2-15.9kg/m3,
11.0-23.1kg/m3, OPC 1.9-7.1kg/m3, 6.4-13.4kg/m3, 11.2-20.6kg/m3. Caption of figure 6 a-d is shown as
the type of cement and maximum temperature. When R2O and SO3 content is the same in HPC (Figures
6a-c), the expansion increases as the maximum temperature rises. When R 2O and SO3 content were
1.7-9.6kg/m3, DEF expansion was not observed at 70-90°C. When it is 70°C or more and R2O and
SO3 content are larger, the risk of DEF expansion is higher. On the other hand, if R 2O and SO3 content
are suppressed, there are cases where the maximum temperature does not expand at any of 70-90°
C. These results are similar to the results reported in the previous reports.
In the actual concrete structure, the inside is exposed to high temperature due to the temperature rise
due to the hydration heat of the cement, and the risk of expansion and cracking due to DEF increases
when R2O and SO3 content are large.
4.2

Effect of cement type

Comparing Figure 6c & d, HPC expands more than OPC at the same maximum temperature, and the
expansion speed is also sharp. When HPC is used, the expansion rapidly increases from the beginning
of expansion than OPC, and the expansion finishes in a short time. Provided that R 2O and SO3 content
are slightly different between Figure 6c to d. Because the blaine specific surface area of HPC is larger
than OPC by 1000 cm 2/g, it seems that the influence of the specific surface area is large on DEF
expansion.
4.3

Effect of R2O and SO3 content

Figures 7a, b shows the relationship between R2O content and the expansion at 200 days, and the
relationship between SO3 content and the expansion at 200 days, of HPC-90°C. As R2O and SO3
content increases, the maximum value of expansion increases. Some do not expand even when R 2O
and SO3 content increase. In Figure 7a, even when R2O content was suppressed to 3kg/m 3 or less,
many expanded.
Since R2O and SO3 content interact with DEF and the presence or absence of DEF expansion can't be
discriminated independently by each, we study the combined effect of R2O and SO3 content.
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and expansion (HPC-90°C, 200days)

Combined effect of maximum temperature, R 2O and SO3 content

Figures 8a-h show the relationship between R2O and SO3 content in the concrete and the presence or
absence of expansion at each cement and maximum temperature. Figures 8a-c show at the maximum
temperatures 70, 80 and 90 ° C using HPC. Figure 8d shows the lowest maximum temperature
expanded by combining HPC-70, 80 and 90°C. Figure 8e shows at the maximum temperature of 90°
C using OPC. Figure 8f shows at the maximum temperature 65°C or less indicated by reference (JCI
20163). Figures 8g, h are combined results of the previous research and this experiment results for the
cases where the maximum temperature over 65°C up to 70°C, and over 70°C up to 80°C.
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Figures 8. Relationship between R2O and SO3 content in concrete and expansion

From Figures 8a-c, HPC were used, as the maximum temperature rises, mortars with lower R 2O and
SO3 content also expand. Comparing Figures 8c & e, many of HPC mortar expand even with less R 2O
and SO3 than OPC.

35
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In Figure 8d, when R2O content is 3kg/m3 or more or SO3 content is 12kg/m3 or more, expansion occurs
even at 80°C, and when R2O content is 6kg/m3 or more or SO3 is 15kg/m3 or more, 70°C, expansion
also occurs.
Figure 8f is the data indicated by the guideline (Guidelines 2016). At temperatures over 65°C up to 70
°C (Figure 8g), even outside the range of expansion (R2O content of 4kg/m 3 or more and SO3 content
of 17kg/m3 or more) at the maximum temperature of 70°C, in this one, 0.25% of expansion was seen
in this experimental result. In the case of over 70°C up to 80°C (Figure 8h), expansion did not occur
when R2O content was 3kg/m 3 or less and SO3 content was 9kg/m 3 or less. In the case of the amount
of alkali and SO3 are large, DEF expansion in long-term age may be observed even at 65 °C.

4.5

Effect of difference in chemical species

Figure 9a shows the length change when R2O and SO3 are added by NaOH and CaSO4·2H2O at HPC90°C, and Figure 9b shows the length change when added by KCl and MgSO 4. When comparing at
the age 200 days, the expansion are almost the same for both drug combinations at the level of R 2O
and SO3 of 2.6-10.5kg/m3 and 3.8-12.3kg/m3. When R2O and SO3 content are 6.2-15.9kg/m3 and 11.023.1kg/m3, the expansion decreases by 1% or more when KCl and MgSO 4 are used. However, both
levels have expanded by 0.1% or more, and even if the chemical species changes, the influence on the
evaluation of the presence or absence of expansion is small.
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Figures 9. Influence of kind of chemicals added on DEF expansion of hardened specimens
4.6

Threshold values of the maximum temperature of concrete to prevent DEF cracking

In this experiment, expansion / non-expansion results in a wide range of R 2O and SO3 content were
obtained using two types of cement (HPC, OPC). In addition, the influence on the determination of the
presence or absence of DEF expansion due to R2O and SO3 content was small even if the chemical
species was changed. Figure 10 shows the range of the limit value corrected based on the results of
this experiment. This supports the proposal of the threshold values of the maximum temperature of
concrete to prevent DEF cracking indicated in the guidelines.
Provided that it was found that the threshold values of the SO 3 content needs to be lowered to about
15kg/m3 from 17kg/m 3 when R2O content is large for the range in which expansion occurs at the
maximum temperature of 70°C in the guidelines.
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4.7

Effect of exposure to high temperature

Figure 11a shows the length change when moist cured at 20°C, and Figure 11b shows length change
when steam cured at 90°C. In both cases, HPC is used, and the chemical species are sodium
hydroxide and gypsum. In the case of 20 °C, expansion started at two levels of SO3 content at
23.1kg/m3 at an early stage, but after 50 days of age the expansion finished and reached about 0.1%.
Convert into the content in cement, the SO3 content is remarkably high at 7.7%. At these two levels, it
can be regarded as sulfate attack, at 20°C, due to the continuation of ettringite formation from the
beginning of the age. It is a phenomenon completely different from DEF regenerated after decomposition
of ettringite at the beginning of age.
DEF expansion was observed at SO3 content of 23.1kg/m3 at R2O content of 11.0kg/m 3 at 90°C, and
the expansion exceeded 1% at 170 days of age. Expansion in the absence of exposure to high
temperature is different from DEF expansion, and expansion is very small compared to when exposed
high temperature.
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Figures 11. Expansion in HPC mortars cured at 20°C and 90°C

5.

CONCLUSIONS

We investigated the behavior of DEF expansion using mortars made from two types of cement (HPC,
OPC), at a wide range of experimental levels of R2O and SO3 contents, exposed to high temperature
of 70, 80 and 90°C.


The results obtained here almost agree with the contents of the JCI Guidelines, which
support the suggestion of the threshold values of the maximum temperature of concrete to
prevent DEF cracking indicated by the guidelines. Regarding the range showing expansion

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019







6.

at the maximum temperature of 70°C, when R2O content is large, it is necessary to lower
the threshold values of SO3 content from about 17 kg/m3 to about 15 kg/m3.
When only HPC is used and the maximum temperature is 70-90°C, the expansion will
increase with the maximum temperature rise when comparing with equal R2O and SO3
content. If R2O and SO3 content is small, it will not expand.
When only HPC is used and the maximum temperature is 90°C, the maximum value of
expansion tends to increase as R2O and SO3 content increases as in the previous studies.
When comparing the two types of cement, the HPC expands even with less R 2O and SO3
content than OPC.
When changing the chemical species, there is a difference in the final expansion, but it
affects little the presence or absence of 0.1% expansion.
Expansion when there is no exposure to high temperature is different from DEF expansion,
expansion is very small as compared with the case of exposed to high temperature.
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ABSTRACT
Alkali-silica reaction (ASR), which occurs due to the presence of reactive silica inclusions in mineral
aggregates, is a significant cause of the degradation of concrete infrastructure. While the use of lithium
admixtures which limit the swelling of the alkali-silica gel is a well-established route for ASR mitigation,
the high cost of lithium often renders this approach financially unviable. However, since the onset of
ASR is related to the dissolution of reactive aggregate constituents, retarding their dissolution kinetics
offers a means to mitigate ASR. This suggests that both the formation of a physical (transport) barrier,
and the sorption of (deactivating) ions on reactive silicate surface sites have the potential to mitigate
ASR. With this concept in mind, the formation of calcium-bearing precipitates, and aluminum complex
co-sorption are demonstrated as straightforward routes to suppress the dissolution of a model silicate
glass in alkaline environments. Special focus is paid to identify and contrast the mechanism of action,
and efficacy of soluble Ca-bearing, and Al-bearing salts for their potential to serve as ASR mitigating
additives. The retardations in glass dissolution achieved by Ca-salts are shown to result in reductions
in expansion and expansion rates of mortar bars composed using reactive glass aggregates. These
outcomes offer new chemical pathways for ASR suppression beyond lithium admixtures, and have the
potential to extend and enhance the durability of concrete structures produced using poorer-quality
aggregates in aggregate deficient locations.
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1.

INTRODUCTION AND BACKGROUND

Alkali-silica reaction (ASR) is a problematic form of concrete degradation that results in cracking and
subsequent reduction of the mechanical properties of concrete (Stark 2006, Rajabipour et al. 2015,
Poole 2002). While ASR has been heavily studied, there remains only one sure way to avoid it: to use
non-reactive aggregates. This is not to say that mitigation methods have not proved effective, ranging
from addition of lithium admixtures (McCoy & Caldwell 1951) to supplementary cementing materials
(SCMs) (Thomas 2011), but all too often they fall short in their system-specific approach to mitigating
ASR progression. For example, “chemical indices” are often used which require calibration dependent
on the SCM employed (Mahyar et al. 2018), or some minimum level of lithium admixture is required
depending upon the system’s expected ASR reactivity (Kim & Olek 2016, Tremblay et al. 2004,
Tremblay et al. 2007, Drimalas et al. 2012) (i.e., given that lithium must be incorporated in proportion to
ASR gel products to reduce their expansive nature (Ekolu et al. 2017)). As local supplies of non-reactive
aggregates dwindle, it is becoming increasingly necessary to utilize moderately reactive or highly
reactive aggregates, which call for a reliable and widely applicable means to mitigate ASR progression.
Given the complex nature of ASR, it has long been concluded to be a “system problem,” i.e., one for
which mitigation strategies must be tailor-made to accommodate the composition of the cement,
supplementary cementitious materials (SCMs), and aggregates, as well as their relative proportions
(e.g. “pessimum effect”). This conclusion is of limited use, from a practical perspective.
While the consequence of ASR is physical deterioration, its origins are chemical in nature (Glasser
2002). ASR is provoked by the dissolution of the siliceous constituents of aggregates, which release
silicate species into the cementitious pore solution (Stark 2006, Rajabipour et al. 2015, Poole 2002).
The presence of alkali ions in the pore solution (e.g., Na+, K+) provisioned by the binder (i.e., ordinary
portland cement, OPC, and/or, supplementary cementitious materials, SCMs) elevates the pore solution
pH (Glasser 2002, Diamond 1975), which in turn enhances the rate of aggregate dissolution (Brantley
et al. 2008, Knauss & Wolery 1988, Paul 1990). Though ASR is a multi-step process, it has long been
assumed that this first step, silicate dissolution, is rate-limiting (i.e. the slowest step in a series)
(Rajabipour et al. 2015). This focus on silicate dissolution as the chemical origin of ASR highlights the
potential to exploit known means of suppressing the rate of aggregate dissolution to suppress ASR
overall.
Toward this end, the current study compares the kinetics of silicate dissolution in the presence of several
known dissolution suppressants, calcium and aluminium (Callagon et al. 2019, Mercado-Depierre et al.
2013, Maraghechi et al. 2016, Chappex & Scrivener 2013, Bickmore et al. 2006), as well as a known
ASR mitigation agent, lithium. Dissolution rates of an alkali-borosilicate glass, a model aggregate used
in ASR studies (i.e., as per ASTM C441 (ASTM International 2018)), are characterized in alkaline
environments (i.e. pH 12) over a range of temperatures and surface areas, along with chemical dosages
(i.e., calcium nitrate, aluminium nitrate, and lithium nitrate salts). Rates of mortar bar expansion are also
measured for selected systems containing calcium nitrate, to verify the link between dissolution and this
typical physical manifestation of ASR. Similarities between observed suppression of dissolution and
expansion in the presence of calcium nitrate, along with results obtained by characterization of glass
particles following their dissolution, identify calcium nitrate as an effective general mitigation agent for
ASR caused by highly reactive aggregates.
2.
2.1

MATERIALS AND METHODS
Materials and specimen preparation

An ASTM C150 compliant Type I/II ordinary portland cement (OPC) was used (ASTM International
2018). The oxide composition of the OPC determined by X-ray fluorescence (XRF) was (65.75 ± 0.40)
% CaO, (20.54 ± 0.40) % SiO2, (4.97 ± 0.20) % Al2O3, (3.10 ± 0.10) % Fe2O3, (2.75 ± 0.10) % SO3,
(2.44 ± 0.10) % MgO, (0.29 ± 0.01) % K2O, and (0.18 ± 0.20) % Na2O, by mass. Uncertainties reported
for the above values are expressed as the standard deviation of at least three replicate measurements,
as are all others reported herein unless otherwise noted. The alkali content expressed in Na 2O
equivalent was 0.37%, indicative of a low-alkali OPC (ASTM International 2018), which was utilized
herein by merit of the exceptional reactivity of the borosilicate glass aggregate, described subsequently
(i.e., higher cement alkali content would only be necessary to induce ASR for less reactive aggregates).
The mineralogical composition of the OPC, determined by X-ray diffraction and Rietveld analysis, was
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(57.8 ± 1.60) % C3S, (18.2 ± 1.50) % C2S, (9.1 ± 0.50) % C4AF, (5.5 ± 0.40) % C3A, (4.2 ± 0.70) %
CaCO3, (1.3 ± 0.10) % MgO, (1.2 ± 0.40) % CaSO4, (1.0 ± 0.50) % CaSO4∙0.5H2O, (0.8 ± 0.10) %
CaSO4∙2H2O, and (0.5 ± 0.20) % CaO, by mass.
A recycled, crushed alkali-borosilicate glass (Vitro Minerals) with a size gradation as per ASTM C441
(ASTM International 2018) was used as a model reactive siliceous aggregate. The oxide composition
of the borosilicate glass determined by scanning electron microscopy energy dispersive spectroscopy
(SEM-EDS) was (81.4 ± 2.2) % SiO2, (12.0 ± 2.3) % B2O3, (4.7 ± 0.2) % Na2O, and (1.9 ± 0.2) % Al2O3,
by mass. The specific surface area of the smallest glass sieve fraction (i.e., sieve #50-100) was
measured to be 0.2326 ± 0.0078 m 2/g, by N2 multipoint adsorption and desorption isotherms (ASAP
2020 BET analyser, Micromeritics). The glass samples were heated under vacuum for two hours at 300
°C prior to N2 sorption. For comparison, the specific surface area determined by static light scattering
(SLS, LS 13320, Beckman Coulter) performed on suspensions of the glass in isopropanol, was
measured as 0.0277 ± 0.0017 m 2/g. This difference is consistent with the error associated with
approximating the particles as non-porous smooth spheres during surface area calculation from the
particle size distribution (PSD) provided by laser diffraction measurement, with the actual geometric
surface area of the glass powder lying somewhere intermediate of the BET and PSD results (Ferraris &
Garboczi 2013, Bullard & Garboczi 2006). For the remainder of this study, namely for the normalization
of dissolution rates, surface areas determined by the PSD method were used. It should be noted
however, that comparison of normalized dissolution rates between studies depends on the method used
to measure surface area, a topic addressed on an empirical basis elsewhere (Fournier et al. 2016).
2.2

Experimental methods

2.2.1 Dissolution rate quantification
The dissolution of borosilicate glass was carried out by adding 2.000 ± 0.005 g of glass particles of one
of four different size gradations, produced by ball-mill grinding (Table 1, Figure 1), to 200 mL of pH 12
solution, contained in sealed high-density polyethylene (HDPE) bottles. The contact solutions for the
dissolution measurements were prepared by dissolving sodium hydroxide (NaOH, reagent grade) in
Milli-Q deionized (DI) water (>18 MΩ∙cm purity) at a concentration of 10 mM (pH 12). It should be noted
that the alkali cation chosen as the “pH source” (i.e., Na +, or K+) induces little if any effect on the
measured dissolution rates (Oey, unpubl.). To probe changes in dissolution rate, reagent grade calcium
nitrate, aluminium nitrate, and lithium nitrate salts were dissolved in deionized water at concentrations
of up to 1 M (0.001, 0.01, 0.1, and 1 mM), 1 mM (0.1, 0.5, and 1 mM), and 1 mM, respectively.

Figure 1. Particle size distributions for the four gradations of glass prepared by ball-mill
grinding; specific surface area and d50 values of which are listed in Table 1
The bottles were periodically agitated to avoid particle settling, and stored at 25 °C, 35 °C, or 45 °C. The
evolution of elemental concentrations in solution was measured using inductively-coupled plasma
optical emission spectrometry (ICP-OES). Silicon and aluminium were measured using the axial view,
while calcium, potassium, and sodium were measured using the radial view due to their high
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concentration in the samples. The measurement error, determined by measurements carried out on a
reference sample of known elemental concentrations, were: ± 0.85 % for Si, ± 0.81 % for Al, ± 3.08 %
for Ca, ± 1.35 % for K, and ± 6.15 % for Na. After 0, 1, 3, 6, 24, 72, and 168 hours of dissolution, 6 mL
of the solution was passed through a 0.2 μm nylon syringe filter, and diluted by a factor of 3 or greater
in a 5% (by volume) nitric acid matrix for ICP-OES measurement. The initial dissolution rate was
calculated as the linear slope of the Si vs time curve over the first six hours of reaction (mmol/m 2/s, PSD
area-normalized).
Table 1. Specific surface areas and d50 values for the four gradations of glass particles used
Sample ID

Specific Surface Area
(SSA, m2/g, from PSD)

d50 Value
(μm)

Size 1 (Sieve #50-100)

0.0277

76.4

Size 2

0.1150

47.9

Size 3

0.2100

15.9

Size 4

0.2770

11.8

2.2.2 Solid surface examination
Calcium in solution is known to influence the surface of silicate glass (La Plante et al., in press, MercadoDepierre et al. 2013, Maraghechi et al. 2016), hindering its dissolution. To verify this mechanism,
assumed to be the source of later observed ASR mitigation, selected borosilicate glass particles were
collected following dissolution testing (7 days of solution exposure) for analysis of their surfaces. Surface
precipitates were probed by several methods:






Thermal analysis (TGA, STA 600, Perkin Elmer), wherein powders of Size 3 (Table 1, Figure
1) were heated under a (99.999% purity) N 2 purge at a flow rate of 20 mL/min and a heating
rate of 10 °C/min in pure aluminium oxide crucibles from 35 °C to 975 °C, as the mass loss
(due to thermal decomposition) was measured.
Infrared spectroscopy (ATR-FTIR, Spectrum Two, Perkin Elmer), wherein powders of Size
3 (Table 1, Figure 1) were placed onto a sample holder and compressed (~70 N) between a
pressure applicator and a diamond/ZnSe composite crystal at an incidence angle of 90°.
Each spectrum acquired was the average of 4 scans in the range of 4000-450 cm-1 with a
spectral resolution of 1 cm-1. Peak assignments were carried out using similarly acquired
patterns for calcite and synthetic CSH with a Ca/Si ratio of 1.8.
Scanning electron microscopy (SEM, Phenom G2), wherein powders from the Sieve #50100 size fraction (Size 1, Table 1, Figure 1) were mounted using copper tape, and sputtercoated with a thin (~2 nm) layer of gold prior to both backscatter imaging (10 kV) and energy
dispersive spectroscopy elemental analysis (EDS, 15 kV).

2.2.3 Mortar bar expansion
Prismatic mortar bar specimens were produced and evaluated following a modified ASTM C441 protocol
(ASTM International 2018). Specifically, OPC and borosilicate glass (ASTM C441 compliant gradation)
were mixed with DI water as per ASTM C305. The mortars were produced at w/c = 0.50 (ASTM
International 2018). The borosilicate glass aggregates were dosed at a volume fraction of ϕ a = 0.25 of
the total mortar volume (the “pessimum” aggregate content for borosilicate glass at 45 °C, i.e., that which
produces the greatest degree of expansion under this set of experimental conditions), assuming the
density of the glass to be 2.23 g/cm 3. An aggregate volume fraction of ϕa = 0.15 was also tested for the
reference system. The mortars were cast into prismatic bars (25 mm x 25 mm x 285 mm) as per ASTM
C441 (ASTM International 2018). Mortar bars were also dosed with 1%, 2%, and 4% (by mass of
cement) industrial calcium nitrate chemical admixture (Yara International) added to the mixing water, to
test its potential ASR mitigation effectiveness.
Following casting, the specimens were cured at T = 25 °C, 35 °C, or 45°C for 24 hours under saturated
conditions, and then removed from their moulds. The specimens were then cured for an additional 24
hours under saturated conditions at T = 25 °C, 35 °C, or 45°C. After 48 hours from the time of casting,
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an initial length measurement (t0) was carried out (ASTM International 2018). The specimens were
surface-dried prior to this, and each subsequent measurement. After the t0 measurement, the mortar
bars were cured at T = 25 °C, 35 °C, or 45°C for 300 days, or until the specimen length exceeded the
length change that could be measured by the comparator. Over the course of the expansion
measurements, the specimen length was measured at intervals of 3-to-14 days, from early to later ages.
At least three replicate specimens were measured for each curing temperature, admixture dosage, and
time.
3.
3.1

RESULTS AND DISCUSSION
Kinetics of borosilicate dissolution

Figure 2 shows representative silicon concentration profiles as a function of the solution contact time at
each temperature evaluated. As may be expected during far-from equilibrium dissolution (i.e., within the
first 6 hours), the concentration of solubilized silicon increased linearly as a function of time (Brantley et
al. 2008, Luttge 2006, Arvidson & Luttge 2010). The slope of each line, when multiplied by the solution
volume, and normalized by the initial surface area of the glass particles (i.e., a standard correction by
surface-area-to-volume ratio), reveals the initial dissolution rate, rd (mmol/m2/s) at a given temperature.
It should be noted that mature dissolution rates are slower, which in the specific case of borosilicate
glass may be due to the formation of surface-alteration layers (Cailleteau et al. 2011, Cailleteau et al.
2008, Hellmann et al. 2015). The influence of such behaviour for glass may also be relevant to the
behaviour of real aggregates (Hellmann et al. 2012) even at high pH (Hamilton & Patano 1997), but this
is left as the subject of future work to fully elucidate; the focus here is being placed on initial dissolution
rates only. Expectedly, the measured glass initial dissolution rates are dependent on temperature. To
describe the temperature dependence of dissolution kinetics, the rate data was fit to an Arrhenius
relation of the form shown in Equation (1):
𝑟𝑑 = 𝑟0,𝑑 exp(−𝐸𝑎,𝑑 ⁄𝑅𝑇 )

(1)

where, r0,d is a pre-exponential factor (mmol/m 2/s), Ea,d is the effective activation energy of dissolution
(J/mol), R is the gas constant (8.314 J/(mol∙K)), and T is the thermodynamic temperature (K). For the
temperature range examined herein, glass dissolution follows Arrhenius behaviour, allowing estimation
of temperature dependent dissolution rates based on knowledge of the activation energy (Icenhower et
al. 2008).

Figure 2. Representative silicon evolution profiles over time
The activation energy calculated herein is an apparent activation energy, which approximates the net
activation energy of the multiple steps (e.g., glass network hydrolysis, sorption of surface species, etc.)
that ultimately result in dissolution, without any distinctions made for elementary reaction steps (Brantley
et al. 2008, Icenhower et al. 2008, Icenhower & Steefel 2013). The reference activation energy, similar
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for all size fractions of glass tested, was noted to be on the order of Ea,d = 32 kJ/mol (Figure 3). Although
the dissolution rate of borosilicate glass is expected to increase with pH in the basic regime, the
activation energy of dissolution is expected to be pH-independent within the pH values above ~10, since
nucleophilic attack of the silanol groups by OH - ions remains the dominant mechanism of dissolution
(Brantley et al. 2008, La Plante et al., in press, Icenhower et al. 2008). Therefore, although the solution
pH in which dissolution was evaluated, pH 12, is slightly lower than that of typical cementitious pore
solutions (Glasser 2002, Diamond 1975) (typically about pH13), the activation energy of dissolution is
expected to remain similar. It should also be noted that, while NaOH was used as the pH-generating
agent, dissolution rates for similar glass compositions are expected to be broadly insensitive to the alkali
ion used (Glasser 2002).
3.2

Kinetic influence of calcium, aluminium, lithium

Activation energy for the reference condition established herein (i.e., 10 mM NaOH) is likely an
underestimate of glass dissolution in cementitious environments, where other ions will be present in
solution, namely calcium and aluminium (and possibly lithium, a common ASR mitigation agent).
Solubilized calcium and aluminium, specifically, are well known to influence dissolution of silicates in
alkaline environments (La Plante et al., in press, Mercado-Depierre et al. 2013, Maraghechi et al. 2016,
Chappex & Scrivener 2013, Bickmore et al. 2006). To investigate the influence of such ions (present at
the ~1 mM level for calcium and aluminium in mature cement pore solution, (Oey, unpubl.)), the
dissolution rates and activation energies (Figure 3) of borosilicate glass (Size 3, Table 1, Figure 1) in
the presence of solubilized calcium, aluminium, and lithium (nitrate salts) were determined. It should
first be noted that while lithium nitrate is an established chemical for use in ASR mitigation, it has
negligible influence on dissolution rate and activation energy. This is because its function relies on
modification of hydration product compositions that incorporate lithium (Ekolu, 2017), and not on silicate
dissolution inhibition, highlighting a significant difference in the function of dissolution suppressants such
as calcium and aluminium when applied to ASR-suppression: they slow the rate of the first step of ASR
(dissolution), and thus the rate of gel formation, expansion, etc., but they may not place a definite limit
on the extent of ASR progression.

Figure 3. Dissolution rates and selected effective activation energies for the dissolution, as
silicon release, of borosilicate glass (Size 3) under solutions with varying concentrations of
lithium, calcium, and aluminium (nitrate salts)
While not descriptive of the origin of ASR mitigation from lithium salts, dissolution reduction is descriptive
of the influences of both calcium nitrate and aluminium nitrate, the latter being roughly two times as
effective at 1 mM concentration (Figure 3). Though aluminium is marginally more efficient for dissolution
rate reduction at equivalent concentration, both calcium and aluminium result in similar increases in
activation energy (Figure 3), demonstrating that in cementitious environments (i.e., ~ 1 mM calcium and
aluminium (Oey, unpubl.)) silicate dissolution is expected to be inherently slower, simply due to the
background ion concentrations resulting from cement hydration. It is interesting to note that, while
potentially also contributing to a reduced reactive surface area whether by sorption to reactive sites or
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formation of precipitate barriers, the activation energy elevations manifesting similarly for calcium and
aluminium indicate that their effects extend beyond simple reductions in surface area. For comparison,
the variation in activation energy between different particle sizes (i.e., different surface areas, Table 1,
Figure 1) was in a similar range to that of the reference and lithium containing systems in Figure 3. It is
thus unlikely that the activation energy elevation evinced for calcium and aluminium salts would arise
from surface area reductions alone, given that such reductions would need to be implausibly large (e.g.,
more than an order of magnitude, the difference between Size 3 and Size 1).
While use of aluminium salts at higher concentrations is limited by changes to alkalinity they induce,
calcium nitrate can be provided to cementitious systems in abundance with minimal undesired effects
on hydration (Oey et al., 2014). As shown in Figure 3, progressive addition of calcium nitrate continues
to reduce dissolution rate, up to more than an order of magnitude slower than the reference system at
100 mM. The influence of dissolved calcium (and similar alkaline earth elements) on dissolution
suppression is expected to be due to two factors: (1) surface complexation in the place of sodium at Si–
O- sites on the glass (Mercado-Depierre et al. 2013, Dove 1999), and/or (2) formation of calciumcontaining barrier layers that cover the glass surface (La Plante et al., in press, Mercado-Depierre et al.
2013, Maraghechi et al. 2016).
To more directly observe the concentration dependence of surface barrier layers, SEM-EDS analysis of
borosilicate particles following dissolution testing was conducted. A substantial surface coverage by
calcite precipitates (confirmed by EDS, TGA, and FTIR compositional analysis) was achieved at
approximately 100 mM calcium nitrate, as seen in Figure 4, suggesting that while lower concentrations
may still achieve moderate dissolution reductions, 100 mM or greater of calcium initially is necessary to
result in appreciable barrier layer formation, i.e., it is expected saturation of such barrier forming phases
is achieved between 10 and 100 mM calcium under these conditions. FTIR analyses also evidenced the
formation of a small amount of calcium-silicate hydrate (CSH) in these surface precipitates. This
observation supports the results of other authors, which report the ability of calcium-containing barriers
to form even under CO2-free conditions (Mercado-Depierre et al. 2013, Maraghechi et al. 2016), as
would be necessary, for example, in mass-concreting applications.
It is notable that, beyond 100 mM concentration of calcium, dissolution rate reductions reach a plateau.
Together with the observation that much of said rate reduction occurs prior to 100 mM of calcium in
solution (i.e., appreciable surface coverage, comparing Figures 3 and 4), this supports the conjecture
that calcium’s effect on ASR mitigation goes beyond mere reductions in reactive surface area, as
previously brought up in the context of activation energy elevation. However, the alternate explanation
to surface coverage, i.e., complexation of calcium at Si–O- sites, has in some studies been reported to
accelerate rather than hinder dissolution (Dove 1999). As such, the potential role of surface alteration
layers, even in initial dissolution, merits further investigation, though such a role may or may not be
unique to glassy materials (Cailleteau et al. 2011, Cailleteau et al. 2008, Hellmann et al. 2015).

Figure 4. SEM backscatter images of the borosilicate surface, with successively more calciumcontaining barrier coverage as calcium nitrate concentration increases
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3.3

Expansion suppression by calcium nitrate admixture

The mortar bar expansion results shown in Figure 5 quantitatively verify that calcium nitrate does, in
fact, reduce expansion in parallel with its previously observed influence on dissolution rate. It should be
re-emphasized that although calcium nitrate slows expansion, it does not stop it entirely (in contrast to
appropriately-dosed lithium (Ramyar et al. 2004)). While conditions used for dissolution cannot fully
replicate a cementitious environment, and as such it becomes difficult to draw direct correlations, it is
nonetheless clear that parallels drawn herein between dissolution suppression and expansion
suppression lend support to a simple and widely applicable new mitigation strategy, i.e., the provision
of calcium nitrate.
Interestingly, the observed influence of calcium nitrate in limiting expansion is comparable to that of
other factors known to play a role in regulating ASR, such as temperature and aggregate surface area,
as illustrated by the overlapping expansion profiles in Figure 5. This overlap implies that an addition of
2% calcium nitrate (by mass of cement) has an effect equivalent to either a 10% reduction in aggregate
volume fraction (i.e., surface area), or a 10 °C reduction in temperature. Given the indications provided
by the apparent activation energy and other previously discussed quantifications, it is expected that this
similarity may be the cumulative effect of some degree of surface coverage (Figure 4) and some degree
of rate reduction by another unspecified means, i.e., resulting from either the maintenance of some level
of calcium concentration in solution (Mercado-Depierre et al. 2013), or surface alterations unique to
glassy solids (Cailleteau et al. 2011, Cailleteau et al. 2008, Hellmann et al. 2015). Importantly, further
distinction between the relative importance of these effects will dictate how well calcium nitrate may
regulate ASR-induced expansion over the longer term (and also for which variety of aggregate material
it may best apply to, whether crystalline or glassy), given that in-solution calcium concentrations are
likely reduced from their initial levels over time, placing the role of dissolution inhibition in large part on
the stability of any surface precipitates or alterations that have formed initially.

Figure 5. Expansion of borosilicate-containing mortar bars, demonstrating similarity between
the effects of (i) surface area reduction, (ii) rate reduction, and (iii) calcium nitrate addition
4.

SUMMARY AND CONCLUSIONS

Using a highly reactive sodium borosilicate glass as a model ASR-prone aggregate, we have
investigated the suppression by calcium nitrate admixture of kinetics of silicate dissolution and
expansion, and the chemical origin and physical manifestations of alkali-silica reaction. By
demonstrating parallels between these two phenomena, notably in the reduction of both dissolution rate
and expansion when calcium nitrate is added, a strong case is presented for advancing dissolution
suppressants such as calcium nitrate as ASR suppressants more generally. Significantly, the outcomes
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of this work advance the viability of a broad class of ASR mitigation methods from a chemical basis,
e.g., via effects that inhibit aggregate dissolution such as those evidenced by calcium salts, over the
more prevalent, but costly and system-specific mitigation techniques involving lithium salts. For
example, SCMs and chemical admixtures may now be categorized by their effects on aggregate
dissolution rate, by distinguishing between their ability to increase the abundance of dissolutioninhibiting species such as calcium and aluminium in the pore solution and their ability to form passivating
barriers on the aggregates. New understanding of this nature is needed to address ASR mitigation from
a chemical perspective – to eliminate the dependence on current, impractical system-specific methods.
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ABSTRACT
The process of natural microbial mineralization exists in the rock formation, mineral deposition and
many other geochemical evolutions. It is green and environmentally friendly, but it can spend a very
long time. Through abundant researches on the mechanism of microbial mineralization, the technique
of microbial induced calcium carbonate precipitation (MICP) has been developed and has become
more and more efficient and rapid. When the technology is applied to cement-based materials, it can
make them have some special functions, such as self-healing and efflorescence resistance, which can
finally raise the service life of structures, reduce maintenance cost and keep a beautiful appearance of
buildings.
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1.

INTRODUCTION

Structural and functional integrated cement-based materials become more and more popular and are
needed for many cases. For example, self-healing of cracks is needed to avoid the leakage of
underground structures and reduction of heat isolation of building. Fair-faced concrete with the
integration of structure and decoration can avoid the problem of outer-decoration stripping fundamentally,
but surface contamination of cement-based materials due to efflorescence is a problem. New
technologies such as nano-technology and bio-technology have been adopted to improve functions of
concrete. Especially bio-technology, which has the advantages of green, is widely studied now.
Microorganisms are an important part of the biosphere and the most widely distributed life form on the
earth (Yue & Jianwei 2011). They have the ability of biological mineralization. Boquet (1973) is the first
person to discover that some bacteria in the soil can induce the deposition of calcium carbonate crystals
and it is a very common phenomenon. In 1978, Burne formally put forward the concept of microbialites,
which were usually made up of benthic (prokaryotic or eukaryotic) fungi community and caking clastic
particles. Those microbialites are produced through the regulation of biomolecules (Peihao & Wenjun
2009). Mineralization process includes nucleation and growth of deposits, which can be controlled by
biological chemistry, microbial space and microbial structure. The crystal morphology, size, orientation,
crystallization and arrangement can be controlled from molecular level to the mesoscopic level (Manning
& Halden 2008, Mann 2001).
The principle of bio-mineralization provides new ideas and approaches for the manufacture of advanced
composite materials (Aksay et al. 1996, Stupp & Braun 1997), for example some new kinds of civil
engineering materials with eco-efficient characteristics. Before that, we have to deal with the
disadvantages of long time and required specific conditions for natural mineralization, for accelerating
the process of mineralization in artificial composite materials. In the past more than 10 years, our group
has been concentrating on the research of implementation and control of bio-mineralization in cementbased materials, and has successfully developed self-healing concrete and anti-efflorescence concrete
based on bio-mineralization, which helps to improve the functionality of concrete.
2.
2.1

SELF-HEALING CONCRETE BASED ON BIO-MINERALIZATION
Microbial self-healing concrete

Microbial self-healing has become more and more popular because it is eco-friendly. Main idea of
microbial self-healing originated from some phenomenon in the nature. To achieve the process of
microbial induced calcium carbonate precipitation (MICP), we need to create suitable condition for
bacteria in concrete cracks. The earliest application of self-healing for concrete cracks based on MICP
technology was conducted by Bang et al. in the department of Civil and Environmental Engineering at
the South Dakota School of Mines and Technology (Ramachandran et al. 2001). They made repair
materials by mixing bacterial liquid and sand. The repair materials filled in cracks could recover strength
and stiffness of concrete due to deposition of calcium carbonate induced by microbes. The adapted
microbes were a kind of urease-producing microorganisms, which cause hydrolysis of urea such that
ammonium ions and carbonate ions were produced. Then the carbonate ions would react with calcium
ions and generate the deposition of calcium carbonate, following equations (1)-(3). In this process, the
microbes also provided nucleation site for calcium carbonate, as shown in Figure 1. The precipitation
could be used to heal the cracks. The schematic diagram of microbial self-healing of concrete cracks is
shown in Figure 2.
CO(NH2)2 + 2H2O → CO32- + 2NH4+

(1)

Cell + Ca2+ → Cell-Ca2+

(2)

Cell-Ca2+ + CO32- →Cell-CaCO3

(3)
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Figure 1. Mechanism of urease bacteria induced calcium carbonate precipitation

Figure 2. The schematic diagram of microbial self-healing of concrete cracks: Step Ⅰ . The
bacteria exist in concrete as spores before cracking. Step Ⅱ. After cracking, water and air enter
into cracks and activate the spores. Step Ⅲ. Bacteria produce deposits such as calcite in the
cracks during the process of bio-mineralization. Step Ⅳ. The calcite accumulates in the cracks
continually and finally filled them
2.2

Performance of microbial self-healing concrete

2.2.1 Self-healing at crack mouth
The concrete used in this research is standard mortar with 0.5 water cement ratio (P.II 52.5 Portland
cement: water: sand = 2: 1: 6 by mass). The added bacterial strain is Paenibacillus mucilaginosus (after
being domesticated in high pH) with dosage of 2% for cement by mass. During the process of selfhealing of concrete cracks, it is easy to find the changes of deposition of calcium carbonate on the
surface of cracks. Just as Figure 3 shows (self-healing process of 0.2 mm crack width), it’s obvious that
after 30 days of healing, the deposited calcium carbonate had covered the crack totally. In order to
compare the performance of self-healing on cracks under different widths quantitatively, we calculated
the healing ratio of surficial area of cracks at different time nodes, and the figures of cracks were used
after a binarization processing, as shown in Figure 4.
Figure 4 are binary images of cracks of mortar specimens before and after healing. Those images are
processed by image enhancement using ImageJ software to reduce the images noise and enhance the
contrast, and then the images are cut by threshold. Figure 4 shows that the small cracks (e.g. crack
width = 0.3 mm) can be effectively healed after 20 days with 95.5±1.8 % healing ratio of area on the
surface of cracks. However, the healing rate of larger cracks (e.g. crack width = 0.5 mm) was slower
than that of 0.2 mm cracks, but 0.5 mm cracks also could be healed 100% after 30 days. When the
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crack width reaches 1.0 mm, there is a large unhealed area of the crack even after 30 days of curing,
and the healing ratio of area on the surface of cracks is just 48.7±8.7 %.

Figure 3. Healing process
of 0.2 mm crack

Figure 4. Performance of self-healing on cracks under different
crack widths (after image binarization)

Figure 5. The CaCO3 precipitated in depth
direction of fracture section under different
crack width

Figure 6. 3D X-ray images of 0.2 mm width
crack: (a) cross section, (b) and (c) vertical
section

Figure 4 only provides the self-healing performance on the surface of cracks. In order to determine the
deposited amount of calcium carbonate in the depth of cracks, we separated the sample along the crack
mouth and took the pictures of deposited calcium carbonate on the vertical section of cracks 0. Figure
5 shows the precipitated CaCO3 in depth direction of fracture section under different crack width. The
amount of precipitated CaCO3 decreased with the increase of depth and the deposited layer had
irregular boundary when crack width was 0.2 mm. The maximum depth of deposited layer was 1.11 mm.
When crack width was 0.6 mm, CaCO3 mainly precipitated on crack surface. There were no obvious
CaCO3 found when depth exceeded 0.3 mm. For 1.0 mm width crack, the depth of precipitated CaCO3
layer was only about 0.1 mm.
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The thickness of deposited calcium carbonate also could be tested by 3D X-ray microscopes (Zeiss
Xradia 510 Versa), as shown in Figure 6 (0.2 mm width crack after 30 days of self-healing). From Figure
6 (a) we could find that in the cross section the crack was filled by precipitated CaCO 3, and the healing
ratio is about 100%. In terms of the vertical section of crack, Figure 6 (b) and (c) show that the thickness
of deposited CaCO3 are 1.168 mm and 1.179 mm respectively. The result is similar with that from Figure
5, so we can get a conclusion that the deposited calcium carbonate mainly gathered on the surface layer
of crack with about 1.1 mm thickness.
2.2.2 The protective effect on reinforcements of self-healing concrete
In order to evaluate the protective effect on steel reinforcements after self-healing of concrete cracks,
our group has used the electromigration method (from the reference of Achal et al. 20120) to accelerate
the transmission of chloride ions by joining up a 15V DC electrical source between the 3.5% NaCl
solution and the reinforcing steel bar to produce an electric field among them. During the process of
electromigration, it’s easy to find that the corrosion products exceeded from the cracks because of the
reinforcement corrosion. As the Figure 7 shows, the change of cracks surface stained by rust become
more and more serious in the control specimens, so the rust stain is increasing constantly. For the selfhealing specimens, the degree of cracks surface corrosion is always slight during the electromigration
time. Only after 14 hours, we can find obvious corrosion exceeding from the cracks (Ling & Qian 2017).
It indicates that the healing of cracks in the self-healing specimens could slow down the transmission of
chloride during the process of electromigration, mainly because the self-healing products filled the
cracks, hindered the transmission of chloride in the specimens and protected the steel reinforcement in
concrete.

Figure 7. The rust on the surface of cracks surface during the electromigration
(C: control specimens; H: self-healing specimens)

Weight loss of reinforced (%)
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3.5
3.0
2.5
2.0

3.27
1.5

2.70

2.37
1.82

1.0
0.5

Before healing
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Figure 8. The average corrosion ratio of reinforcements after 18 hours of electromigration
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Reinforcement was removed from the specimens when the electromigration was finished. The average
corrosion ratio of reinforcements is shown in Figure 8. It can be found that after 18 hours of
electromigration, the average weight-loss ratios of steel reinforcement in self-healing specimens and
control specimens are both lower than that of before healing. But the result of self-healing specimens is
lower than the control specimens by 0.55 percentage points after healing. This result is consistent with
the former results of visual examination of corrosion rust on the cracks surface. It indicates that the
healed cracks by the microbial self-healing agent can better hinder the transmission of chloride in the
state of electromigration. So it could have better preventive effects and slow down the corrosion of inner
steel reinforcement of concrete.
3.
3.1

MITIGATION OF EFFLORESCENCE OF CONCRETE BY BIO-MINERALIZATION
Bio-mineralization for mitigating efflorescence of concrete

Some microbes in the nature can conduct the inter-conversion between CO2 and CaCO3. The
conversion from CO2 to CaCO3 can be used to catch CO2 in atmosphere. Dreybrodt 0 thought in the
H2O–CO2–CaCO3 system, the slow reaction HCO3- + H+ → H2O + CO2 was considered as one of the
rate-limiting steps for the precipitation rate of calcite from supersaturated solutions. Carbonic anhydrase
(CA) can catalyze the inter-conversion of CO2 and HCO3- to promote the absorption of CO2 (Heck et al.
1994, Mirjafari et al. 2007). Therefore, CA can aid in the capture of CO2 and the precipitation of CaCO3,
following the equations (4) and (5) (Li et al. 2015).
H2O + CO2 → HCO3- + H+

(4)

Ca2+ + 2HCO3- → CaCO3 + H+ + HCO3- → CaCO3 + H2O + CO2

(5)

Carbonic anhydrase in cement-based materials will absorb CO2 from the air and transform the CO2 into
HCO3-. The HCO3- reacts with the hydration product Ca(OH)2. This reaction decreases Ca(OH)2 content
and forms CaCO3 in cement-based materials. The CaCO3 can refine the pore structure and reduce the
leaching of Ca(OH)2. Consequently the efflorescence of cement-based material can be mitigated, as
shown in Figure 9.

Figure 9. Anti-efflorescence of cement-based material based on bio-mineralization
Some research in our group have been done to verify that. Carbonic anhydrase with different dosages
are added with substrates to cement-based materials. After 7-days curing in laboratory environment (20
°C, RH ≥ 60%, concentration of CO2 = 0.012 mol/L), the contents of Ca(OH)2 and CaCO3 in the
materials, the porosity of the material and the hardness (by nano-indentation tests) are measured.
Figure 10 and Figure 11 present the Ca(OH)2 content and the CaCO3 content (tested by Synchronized
Thermal Analysis) over the depth of the P.II 52.5 Portland cement pastes samples with a W/C ratio of
0.5. The microbial contents are 0, 0.1%, 0.2%, 0.3%, 0.4% and 0.5% by mass of cement, respectively.
The CO2 concentrations for accelerating bio-mineralization is 0.012 mol/L. The profile of CaCO3 in the
cement pastes is associated with the profile of Ca(OH)2. In the cement paste without microbes, the
Ca(OH)2 has an uniform distribution in the specimen. In cement pastes with microbes, the Ca(OH) 2
content changes over the depth of the specimens. The Ca(OH)2 content decreases with the decreasing
depth. At a certain depth, the Ca(OH)2 content first decreases with the increase of microbial content for
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microbial content from 0 to 0.4%. When the microbial content is higher than 0.4%, the Ca(OH) 2 content
starts to increase. The increased Ca(OH)2 content for microbial content of 0.5% can be explained by
the fast formation of CaCO 3 at the surface of the specimen. The fast formation of CaCO 3 blocks the
transport path for CO2 from the air, leading to a reduced mineralization. It indicates that the microbial
content of 0.4% is optimal for the consumption of the Ca(OH) 2 in the specimen.
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Figure 10. Effect of microbial addition on
Ca(OH)2 content in cement paste

Figure 11. Effect of microbial addition on
CaCO3 content in cement paste

Figure 12 shows the porosity (tested by Mercury Intrusion Porosimetry) over the depth of the cement
pastes with different microbial contents. When the microbial content is fixed, the porosity decreases
from inside to outside the specimens. When the microbial content is in the range of 0 to 0.5%, porosity
at the same thickness of different specimens decreases first and then increases. And the result shows
the porosity at a certain depth of the cement paste is the smallest when the microbial content is 0.4%.
Figure 13 shows the indentation hardness over the depth of the cement pastes with different microbial
contents. The profile of indentation hardness is associated with the profile of porosity. Lower porosity
corresponds to higher indentation hardness. The indentation hardness at a certain depth of the cement
paste is the highest when the microbial content is 0.4%.
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Our investigation reveals that the bio-mineralization shows a gradient from the surface to the inner parts
of cement-based materials when microbes are applied to mitigate the efflorescence of the materials.
The content of Ca(OH)2 decreases from the inner parts to the surface parts of the materials, while the
content of CaCO3 increases. Due to the bio-mineralization, the porosity of the materials decreases, and
the hardness of the materials increases. The decreased content of Ca(OH) 2 and porosity by biomineralization mitigate the efflorescence of cement-based materials.
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3.2

Evaluating mitigation of efflorescence with application of bio-mineralization

To test the effect of bio-mineralization on efflorescence of cement-based materials, different dosages of
microbes were added into samples. The results are shown in Figure 14 (Bin & Chunxiang 2015). The
efflorescence images were processed by means of ImageJ. The experimental results proved the
feasibility to reduce surface efflorescence by using B. mucilaginosus. However, the effect was not
always better than the content of B. mucilaginosus increased. By calculating the efflorescence areas
with ImageJ, the results were 32 ± 3 %, 28 ± 2 %, 26 ± 3 %, 17 ± 2 %, 5 ± 1 % and 10 ± 2 % of the total
area of surface layer when the microbe contents were 0%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5% of the
mass of cementitious material, respectively. In contrast to the efflorescence in the form of lump in Figure
14 A–D, the Figure 14 E, F both show less mottled efflorescence on the surface of wallboard. The
experimental results could be explained by the mechanism that B. mucilaginosus could capture
atmospheric CO2 by carbonic anhydrase. Then calcium carbonate was produced when CO 2 reacted
with Ca(OH)2 (engendered by cement hydration). The generation of calcium carbonate could improve
the density of surface layer and reduce the porosity of wallboard. This process could not only reduce
the content of Ca(OH)2 but also prevent the transmission of Ca(OH) 2 from inner to the surface of
wallboard. Additionally, the extent of efflorescence would be increased when microbe content was more
than 4% of the mass of cementitious material, so the optimal microbe content is 0.4%.

Figure 14. Efflorescence images of the surface layer with different content of Bacillus
mucilaginosus. (A) Bacteria content was 0%, and efflorescence area was 32 ± 3% (control
experiment). (B) Bacteria content was 0.1%, and efflorescence area was 28 ± 2%. (C) Bacteria
content was 0.2%, and efflorescence area was 26 ± 3%. (D) Bacteria content was 0.3%, and
efflorescence area was 17 ± 2%. (E) Bacteria content was 0.4%, and efflorescence area was 5 ±
1%. (F) Bacteria content was 0.5%, and efflorescence area was 10 ± 2%
A case study of bio-mineralization was carried out to mitigate the efflorescence of cement-based exterior
walls (produced by Nanjing Aojie exterior wall system Co., Ltd). The dosage of micobes is 0.4% by mass
of binder. One thousand specimens were cast and cured in outdoor environment for 7 days. The extent
of efflorescence is classified according to the area with efflorescence, namely slight efflorescence (<
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20% area), moderate efflorescence (20% ≤ area ≤ 80%) and severe efflorescence (area > 80%). Figure
15 shows typical photos of the surfaces of cement-based exterior walls with or without microbes. The
extent of efflorescence of the specimens is evaluated by image analysis and shown in Figure 16. For
specimens without microbes, the surfaces with slight, moderate and severe efflorescence are 72%, 13%
and 15%, respectively. For specimens with microbes, the surfaces with slight, moderate and severe
efflorescence are 7%, 28% and 65%, respectively. The efflorescence of cement-based exterior wall
systems are noticeably mitigated by bio-mineralization.

(a) Specimen without microbes

(b) Specimen with 0.4% microbes

Figure 15. Efflorescence of cement-based exterior wall systems (after image binarization)
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Figure 16. Evaluation of efflorescence of specimens with or without microbes
The bio-mineralization also could be used to make anti-efflorescence road bricks, which have been
utilized in many practical projects. Figure 17 (a) shows the application of colorful permeable bricks at
South Lake Road, Nanjing Jianye District (demonstrative project of Nanjing sponge city), over 3 km with
a total area of 20000 m2. Figure 17 (b) shows the application of road bricks at Yangzijiang road. In 1
year after application, there is no obvious efflorescence on the surface and the problems of history of
efflorescence in the area have been solved. It indicates that these microbial road bricks have a good
durability to maintain the effect of anti-efflorescence, further monitoring is being carried out to complete
the evaluation of whole service life.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

(a) Permeable bricks at South Lake Road

(b) Road bricks at Yangzijiang road

Figure 17. Applications of anti-efflorescence road bricks in practical projects.

4.

CONCLUSION

Bio-mineralization has potential applications in concrete, including self-healing (through producing
deposits such as calcite in cracks) and anti-efflorescence (through reducing porosity and Ca(OH) 2 of
cement-based materials).
The bio-mineralization of currently utilized microbes has good performance to heal the surface cracks.
After healing, the water permeability is decreased by 98%, and the chloride resistance is improved by
54%, which provides protection of steel reinforcement.
Mitigation of efflorescence in cement-based materials is realized by bio-mineralization. The biomineralization can cause a gradient microstructure of cement-based materials from surface to inner
parts. Specifically, the content of Ca(OH) 2 decreases from the inner parts to the surface parts of
materials, while the content of CaCO3 increases. Due to the bio-mineralization, the porosity of the
materials decreases and the hardness of the materials increases from inside to outside. The decreased
content of Ca(OH)2 and decreased porosity by bio-mineralization could be used to mitigate the
efflorescence of cement-based materials. For cement-based exterior wall with 0.4% dosage of microbes,
it has the least efflorescence area on the surface (only 5 ± 1%). So the optimal dosage of microbes is
0.4% by mass of binder in this condition. This technology is promising to be applied in many construction
materials like cement-based exterior wall systems and road bricks. In practical application, those
products have a good result of mitigating the efflorescence and improving the quality and durability.
In the future, several additional studies are envisioned. For example: how to heal cracks faster, deeper
and more completely; how to keep self-healing capacity at later ages of cement-based materials and
how to reduce the cost of functional concrete with bio-mineralization technology.
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ABSTRACT
Recurrent studies on seabed deposits have been directed toward practical mine development. Cement
could be utilized as a base material to construct a mining facility and to cover mine sites with respect to
durability and economic efficiency. However, there is less study of the technological properties and
durability of cement under deep sea conditions. In order to investigate the physicochemical properties
of cement under deep sea conditions, this work measures the compressive strength, length change,
chemical compositions and precipitated hydrates of mortars, using different cementitious binders in
both deep sea field experiments and laboratory scale. Using the remotely operated vehicle HyperDolphin and the deep submergence research vehicle SHINKAI 6500, field trials were conducted
around a deep-sea submerged volcano, Tarama Knoll.
Physicochemical characteristics of mortars and pastes with different cementitious binders exposed on
the deep sea floor changed dramatically. In the case of Portland cement, the surface of the specimen
collapsed, and compressive strength was decreased drastically. The reasons for these effects are
explicable by decreasing the pH of the pore solution and subsequent decalcification, followed by the
precipitation of magnesium silicate hydrate and ettringite. The kinetics of decalcification and
precipitation could be accelerated under the deep sea conditions; high water pressure and low
temperature. In the case of ternary binder containing Portland cement, calcium aluminate cement and
anhydrite, significant expansion and decrease in compressive strength were observed. Changes in the
crystal growth of ettringite might affect the volumetric change.
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1.

INTRODUCTION

Recently seabed resources, e.g. mud rich in rare-earth elements etc., have attracted a lot of attention
as new resources. Rare-earth elements present on or under the sea floor represent useful marine
resources. However, the development of such resources for mining presents a variety of difficulties.
One such difficulty is the problem of marine pollution, a matter of concern because changes in the
marine environment could have negative impacts on the marine ecosystem. The authors have
proposed the application of anti-washout cement-based sealing materials for the prevention of
environmental impacts during mining of seabed deposits (Takahashi et al. 2015). In this method, a
subsurface mine site is covered with the cement-based sealing materials prior to mining, and
extracted areas are filled in with the materials.
However, there is less study of the physicochemical properties and durability of cement under deep
sea conditions. When high water pressure is applied to hardened cement, cracks could be generated
around pores in specimens due to the hydraulic pressure gradient provoked by water permeation (Hori
et al. 2015). The general effects of sea water on cement-based mortars and concretes at ordinary
pressure have been reported. Firstly, ettringite is precipitated through the reaction with sulphate ions
in sea water and the aluminate phase in cement. Precipitation of ettringite expands specimens and
causes expansion cracks (Kunther et al. 2013), and subsequently enhances the leaching of hydrates
(David et al. 1992). Additionally, magnesium ions in sea water are precipitated as brucite (MH) and
magnesium silicate hydrate (MSH). MSH is described as a talc-like structure which is weak and
possesses a low crystallinity (Mitsuda et al. 1977).
In order to investigate the physicochemical properties of cement under deep sea conditions, this work
measures the compressive strength, length change, chemical compositions and precipitated hydrates
of mortars, using different cementitious binders in both deep sea field experiments and laboratory
scale.
2.
2.1

EXPERIMENTAL PROTOCOL
Materials

Mortar specimens (40×40×160 mm) with two types of cementitious binders were prepared. The water
to binder ratio of the specimens was 0.6. One specimen consisted of ordinary Portland cement (OPC)
as a binder, and the other consisted of ternary binder (TB) containing OPC, calcium aluminate cement
and anhydrite as binders. The main hydrates of OPC are amorphous calcium silicate hydrate (C-S-H),
portlandite (CH) and ettringite. The main hydrates of TB are ettringite and amorphous calcium
aluminate hydrate (CAH). Both OPC and TB mortars contained siliceous sand with a particle size of
0.5–1.0 mm, polycarboxylic ether superplasticizer and ethyl methyl cellulose thickener. All specimens
were cured for 28 days under sealed conditions at 20 °C before the exposure/immersion tests. The
binder to sand ratio of the specimens was 1.0.
2.2

Testing fields and conditions

The exposure test on the deep sea floor at Tarama Knoll (ca.1680 m depth) was started on December
27th, 2015 and was finished on August 3rd, 2017. Tarama Knoll is located about 60 km north of Tarama
Island in southwestern Japan. Specimens were set on the deep sea floor by using the remotely
operated vehicle Hyper-Dolphin during the NT15-22 cruise. After exposure for 608 days, the
specimens were salvaged by using the deep submergence research vehicle SHINKAI 6500 during the
YK17-17 cruise. Table 1 shows the ion concentration of sea water. There was little difference between
sea water at Tarama Knoll (Yamanaka et al., 2015), sea water based on the standard of the
international association for the physical sciences of the oceans (IAPSO) and artificial sea water. The
average temperature of sea water at Tarama Knoll was 4 °C.
At laboratory scale, an immersion test under ordinary pressure (0.1 MPa) was conducted using both
artificial sea water and tap water at 5 °C constant temperature. The artificial sea water and tap water
were not replaced for the duration of the test (608 days). Another immersion test under high pressure
was conducted by using a high-pressure container (Figure 1) at 5 °C constant temperature.
Specimens of mortars (40×40×160 mm) and pastes (10×10×10 mm) were used. Artificial sea water
was replaced once a month. The pressure applied was maintained at 17 MPa (adjusted within ± 2
MPa), which simulates the pressure condition at 1500–1900 m depth. As pressurization and pressure
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release were operated by hand, the speed was not controlled. Dynamic modulus of elasticity of
specimens was not changed before/after applying the pressure.
Table 1. Ion concentration of sea water taken from Tarama Knoll, IAPSO standard sea water
and artificial sea water
Ion concentration (mM)
Specimens

Ca2+

Mg2+

Na+

K+

Cl-

SO42-

Sea water at Tarama Knoll

10.2

53.9

460.7

12.5

541.9

27.5

IAPSO standard sea water

10.3

53.1

468.5

10.2

546.0

28.2

Artificial sea water

9.4

44.9

425.7

9.5

422.5

27.4

Figure 1. Experimental set-up of the high-pressure container and pump
2.3

Testing methods

2.3.1 Length change and compressive strength
Mortar specimens with a size of 40×40×160 mm were used to measure the changes in length and
compressive strength. The changes in length and compressive strength were measured based on JIS
A 1129 and JIS R 5201, respectively.
2.3.2 X-ray diffraction (XRD) and chemical compositions
Mortar specimens (40x40x160 mm) were cut into outer parts (10 mm from the surface of the
specimens) and inner parts (10 mm from the center of the specimens). The specimens were dried by
immersion in acetone and were ground thereafter. Paste specimens (10×10×10 mm) were also dried
by immersion in acetone and were ground without separating the outer and inner parts.
XRD data were collected using a D2 PHASER 2nd Gen (Bruker AXS) in a θ–2θ configuration, applying
Cu-Kα radiation (λ=1.54 Å) at 30 kV of voltage and 10 mA of intensity with steps of 0.02° and 2.4° per
min. The specimens were scanned between 5° and 70° 2θ. The software used for phase identification
and Rietveld analysis was TOPAS (Bruker AXS). A peak around 9° 2θ can be either ettringite or
thaumasite. In order to identify the peak at around 9° 2θ, the outer part of the OPC mortar exposed on
the deep sea floor was treated with Na2CO3, and ettringite was selectively dissolved according to the
method reported in Nozaki et al. (2010).
Chemical compositions were measured according to JIS R 5202.
2.3.3 Energy dispersive X-ray detector – scanning electron microscopy (EDX–SEM)
EDX-SEM was used to observe microstructure, the morphology of hydrates and element distribution.
The specimens were dried by immersion in acetone.
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3.
3.1

RESULTS
Visible changes and physical properties of exposed/immersed specimens

Figure 2 shows the specimens exposed on the deep sea floor and immersed in artificial sea water for
608 days. In the case of the OPC mortars, the specimen exposed on the deep sea floor became
severely brittle. 0.5–1 mm of the surface of the specimen collapsed when touched by hands. Less
visible change was observed in the specimen immersed in artificial sea water. In the case of TB
mortars, expansion cracks occurred in the specimen exposed on the deep sea floor. No damage and
cracks were observed in the specimen immersed in artificial sea water.
Testing results of compressive strength and length change after the exposure/immersion for 608 days
are shown in Figure 3 and Figure 4, respectively. Compressive strength of both OPC and TB mortars
exposed on the deep sea floor was decreased significantly. Compared to the length change of OPC
mortar immersed in tap water after 608 days, OPC mortar exposed on the deep sea floor had
expanded about twice as much, and OPC mortar immersed in artificial sea water had expanded about
five times as much. Compared to the length change of TB mortar immersed in tap water after 608
days, TB mortar exposed on the deep sea floor expanded sixteen times as much and TB mortar
immersed in artificial water expanded about twice as much. The above mentioned changes in physical
properties through the exposure on the deep sea floor were significantly larger than the changes
under a normal marine environment (ordinary pressure and temperature), as reported in previous
studies (e.g. De Weerdt et al. 2014, Yamaji et al. 2007).

Figure 2. Specimens exposed on the deep sea floor and immersed in artificial sea water for 608
days

Figure 3. Compressive strength of specimens exposed on the deep sea floor and immersed in
tap water and artificial sea water for 608 days
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Figure 4. Length change of mortars exposed/immersed for 608 days under different conditions
3.2

XRD, chemical compositions and EDX–SEM of exposed/immersed specimens

Figure 5 shows XRD spectra in different 2θ ranges of a selection of sections taken from each
specimen. In the case of OPC mortar, CH was not observed, but ettringite, calcium carbonate and MH
were observed in the outer part of the specimen exposed on the deep sea floor. Calcium carbonate
and MH are common hydrates that precipitate at the surface of specimens exposed to sea water.
Although CH and ettringite were observed, calcium carbonate and MH were not observed in the inner
part of the OPC mortar. The peak of ettringite was higher in the outer part than in the inner part. In the
case of the TB mortar, ettringite was observed, and there was less difference in diffractograms
between mortars exposed on the deep sea floor and those immersed in artificial sea water. The peak
of hydrocalumite was observed in all specimens except for the outer part of the OPC mortar exposed
on the deep sea floor.
Figure 6 shows XRD patterns of the outer part of the OPC mortar exposed on the deep sea floor,
which was treated with Na2CO3. As the peak at around 9° 2θ disappeared with treatment with Na2CO3,
thaumasite was not precipitated, and therefore the peak at around 9° 2θ presumably indicates the
precipitation of ettringite.

Figure 5. XRD of mortars exposed/immersed for 608 days under different conditions
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Figure 6. XRD of the OPC mortar exposed on the deep sea floor before/after treatment with
Na2CO3 solution
Ignition loss (ig.loss), insoluble residue (insol.), and the chemical compositions of the OPC and TB
mortars exposed on the deep sea floor and immersed in artificial sea water/tap water are listed in
Table 2. The amount of calcium was significantly smaller and the amount of magnesium and sulphate
was higher in the outer part of the OPC mortar exposed at the deep sea floor. As a small peak of MH
was shown in Figure 5, the high amount of magnesium could imply the precipitation of amorphous
magnesium hydrate such as MSH. The high amount of sulphate could imply the precipitation of
ettringite. Changes in the TB mortar were less pronounced even with respect to the exposure on the
deep sea floor. Compared to the inner part, 5% decrease by mass in calcium and 5% increase by
mass in magnesium, with less change in sulphate, were observed in the outer part. In the case of the
OPC and TB mortars immersed in artificial sea water, there was little difference between inner and
outer parts.
Table 2. ig.loss, insol. and chemical compositions of OPC and TB mortars exposed/immersed
under different conditions

Mortars

Exposed/immersed
conditions

Parts

Tap water

Chemical compositions (mass %)

ig.loss
(%)

insol.
(%)

SiO2

CaO

Al2O3

MgO

SO3

-

23.10

20.39

11.54

35.76

3.16

0.65

1.68

Outer

27.03

28.61

9.16

12.47

2.71

10.44

4.15

Inner

19.99

32.91

9.90

27.15

2.64

0.61

1.77

Outer

19.22

34.31

9.13

27.68

2.45

1.01

2.14

Inner

18.27

37.81

8.94

27.30

2.42

0.56

1.38

-

27.61

21.85

5.20

25.83

6.81

0.41

6.84

Outer

28.41

20.38

5.65

20.33

7.65

5.54

5.13

Inner

27.45

20.62

5.07

25.96

6.92

0.47

6.80

Outer

26.75

24.54

4.33

24.91

6.56

1.09

6.55

Inner

22.84

32.68

4.80

22.67

6.13

0.39

5.90

Deep sea floor
OPC
Artificial sea water
Tap water

TB

Deep sea floor

Artificial sea water

Figure 7 depicts SEM image and elemental mapping of the outer part of the OPC mortar exposed on
the deep sea floor. A lighter area indicates that more elements have been detected by X-ray. The
areas with higher counts of magnesium and silicon could imply the precipitation of MSH. Figure 8
shows SEM images of the outer parts of the TB mortars exposed on the deep sea floor and immersed
in artificial sea water. Morphology of ettringite crystals grew up to 30 μm if the mortar was exposed on
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the deep sea floor. When immersed in artificial sea water, the size of ettringite crystals was less than
10 μm. The difference in morphology of ettringite between the deep sea floor and artificial sea water
might have affected the length change shown in Figure 4. Figure 9 shows SEM image and elemental
mapping of the outer part of the TB mortar exposed on the deep sea floor. Magnesium as well as
calcium and aluminium were counted.

Figure 7. SEM image and elemental mapping of the outer part of the OPC mortar exposed on
the deep sea floor

Figure 8. SEM images of the outer parts of the TB mortar exposed on the deep sea floor (left)
and immersed in artificial sea water (right)

Figure 9. SEM image and elemental mapping of the outer part of the TB mortar exposed on the
deep sea floor
3.3

Length change, XRD and chemical compositions tested using high-pressure container

Figure 10 shows the length change of the OPC and TB mortars immersed in artificial sea water at 17
MPa and 5 °C. Compared to the length change at ordinary pressure (0.1 MPa) and 5 °C plotted in
Figure 4, length volumetric expansion of both the OPC and TB mortars at 17 MPa and 5 °C became
more pronounced.
Figure 11 shows XRD spectra of the OPC and TB pastes that were immersed in artificial sea water for
4 months at 17 MPa and 5 °C. Table 3 lists insol. and chemical compositions of the OPC and TB
pastes that were immersed in artificial sea water for 7 months at 17 MPa and 5 °C. In the case of the
OPC paste, the peak height of CH (18 ° and 34 ° 2θ) was decreased with lengthened immersion
periods. Hydrocalumite was precipitated in OPC immersed after 1 month. The amount of calcium was
decreased and the amount of magnesium and sulphate was increased with lengthened immersion
periods. In the case of the TB paste, unreacted clinker phases (e.g. tricalcium silicate; C3S, dicalcium
silicate; C2S and monocalcium aluminate; CA) remained before immersion and decreased gradually
with extended immersion periods. There was little difference in the peak height of ettringite before and
after immersion. The amount of calcium was decreased and magnesium was increased with an
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increase of immersion periods. Changes in aluminium and sulphate concentration were negligibly
small.

Figure 10. Length change of mortars immersed in artificial sea water at 17 MPa and 5 °C
○:Ettringite △:Hydrocalumite ◎:CaCO3 □:Ca(OH)2
■:Mg(OH)2

○:Ettringite △:Hydrocalumite ◆ :C3S/C2S
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Figure 11. XRD of OPC (left) and TB (right) pastes immersed in artificial sea water at 17 MPa
and 5 °C
Table 3. insol. and chemical compositions of OPC and TB pastes immersed in artificial sea
water at 17 MPa and 5 °C
Immersion
periods
(months)

insol.
(%)

Chemical compositions (mass %)
SiO2

CaO

Al2O3

MgO

SO3

0

0.12

14.31

46.94

3.94

0.68

2.11

1

0.22

14.14

45.58

3.96

0.76

2.22

2

0.10

14.07

44.72

5.04

1.02

2.24

4

0.20

13.69

42.76

3.89

1.51

2.65

6

0.08

13.69

42.28

3.80

1.79

2.72

7

0.22

13.46

41.12

3.76

2.50

3.00

0

1.24

7.79

37.76

7.47

0.46

10.11

OPC

TB
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4.
4.1

1

1.44

7.08

34.22

7.51

0.50

9.61

2

1.12

6.69

33.06

7.70

0.61

9.18

4

1.27

6.02

30.96

8.63

0.88

9.25

6

1.09

6.57

31.26

8.70

1.15

9.21

7

1.20

6.34

30.92

8.09

1.43

9.23

DISCUSSION
Changes in physicochemical characteristics of OPC exposed on the deep sea floor

OPC mortar exposed on the deep sea floor deteriorated drastically. Compared to the specimen
immersed in artificial sea water, the outer part of the specimen became brittle (Figure 2), length
change was increased (Figure 4), and compressive strength was significantly decreased (Figure 3). In
this section, changes of the physical properties of the OPC mortar exposed on the deep sea floor are
discussed from the aspect of the changes in chemical compositions and precipitated hydrates.
Table 2 indicates that the outer part of the specimen exposed on the deep sea floor was considerably
enriched in magnesium and sulphate and was poor in calcium, compared to the specimen immersed
in artificial sea water. The repeatability of this finding can be confirmed with the test result using a
high-pressure container (Table 3). That is, calcium concentration was decreased and magnesium and
sulphate concentration was increased by the exposure to/immersion in deep sea conditions (low
temperature and high pressure). Figure 5 shows CH was not detected in the outer part of the
specimen exposed on the deep sea floor. Figure 11 shows that CH decreased as immersion periods
were extended at 17 MPa and 5 °C. As solubility of CH increases with decreasing ambient
temperature, the leaching of CH could be accelerated by deep sea conditions. A gradient of ion
concentration at the interface between mortar and sea water becomes a driving force to exchange
anions (e.g. hydroxide ions from the pore solution of mortar and chloride ions from sea water).
Electroneutrality is thereby maintained. Hydroxide ions could be derived mainly from potassium oxide.
As hydroxide ions move from the pore solution to sea water, the pH value of the pore solution is
gradually decreased, and subsequently CH and CSH become unstable, after which the leaching of CH
and CSH becomes pronounced (Bernard et al., 2017). It is reported that CSH is destabilized at a pH
value below 10, while MSH can remain stable at a pH value below 10 (Bernard et al., 2017). Results
of chemical compositions (Table 2), XRD (Figure 5) and elemental mapping (Figure 7) could imply the
precipitation of MSH in the outer part of the specimen exposed at the deep sea floor. MSH is
described as a talc-like weak structure (Mitsuda et al., 1977). Figure 5 shows that the precipitation of
ettringite was enhanced in the outer part of the specimen exposed on the deep sea floor. The
thermodynamic equilibrium of OPC immersed in sea water indicates that the higher amount of
ettringite was precipitated because of an increasing ratio of sea water to cement (De Weerdt et al.,
2014). MH can also precipitate easily when magnesium ions in sea water meet with hydroxide ions
from concretes and mortars. Thus, the reasons why the OPC mortar exposed on the deep sea floor
became brittle are explicable by the combination of decalcification of CH and CSH and precipitation of
MSH (both weaken the structure), together with precipitation of ettringite (its crystallization-induced
stress could break down the weakened structure).
However, the rate of ion diffusion, such as calcium, magnesium, sulphate and hydroxide ions, in
hardened concretes and mortars is generally very slow. The significant degradation shown in this
paper has not been reported in previous studies (e.g. De Weerdt et al. 2014, Yamaji et al. 2007). One
of the reasons could be the effects of the high water pressure applied to specimens. As sea water
penetrates and moves into the specimens, a gradient of water pressure occurs, which leads to the
generation of volumetric strain (Hori et al. 2015). The volumetric strain might lead to cracking of the
specimens in the short term and/or might lead to a creep fracture of the specimens in the long term.
Such cracks and fractures could cause the accelerated decalcification of CH and CSH as well as the
deterioration of physical properties.
At below 15 °C, sulphate ions and carbonate ions in seawater can cause the conversion of CSH into
thaumasite in OPC mortars and concretes, although thaumasite was not precipitated in the specimen
exposed on the deep sea floor shown in Figure 6. This could be due to accelerated decalcification of
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CSH. If the source of thaumasite (i.e. CSH) did not persist long enough in the specimen exposed on
the deep sea floor, then thaumasite could hardly precipitate.
4.2

Changes in physicochemical characteristics of TB exposed on the deep sea floor

TB mortar exposed on the deep sea floor did not become brittle, although the specimen showed
remarkable expansion, cracks and decrease of strength (Figures 2–4). In this section, the changes of
the physical properties of TB mortars exposed on the deep sea floor are discussed from the aspect of
the changes in chemical compositions and the morphology of precipitated ettringite.
The peak height of ettringite in Figures 5 and 11, which is one of the main hydrates, did not differ
between the specimens exposed to/immersed in deep sea conditions (high pressure and low
temperature). As there was little difference in the amount of insoluble residue (Table 2), the amount of
precipitated ettringite can be quantified through the comparison of the peak height. Tables 2 and 3
show that the amounts of aluminate and sulphate were not largely changed by the exposure
to/immersion in deep sea conditions. From these results, the amount of precipitated ettringite was not
changed by the exposure to/immersion in deep sea conditions. Decreases in the amount of calcium
through the exposure to/immersion in deep sea conditions, shown in Tables 2 and 3, could be
explained by the decalcification of the hydrates from unreacted clinker minerals (e.g. C3S and CA).
Figure 8 shows that ettringite in the specimen exposed on the deep sea floor was considerably large.
The large crystals of ettringite might cause the remarkable expansion and consequently generate
cracks.
The reason why the remarkable expansion and precipitation of enlarged ettringite occurred in TB
exposed/immersed at the deep sea conditions has not been clarified yet. Pressurization at low
temperature could be one factor to accelerate the expansion and the crystal growth in TB specimens.
Further investigation and discussion will be necessary, such as influences of structural damage
provoked by water pressure on the kinetics of decalcification and precipitation, analysis of precipitated
amorphous hydrates (CSH, CAH and CAH/CSH-magnesium solid solution etc.) as well as ettringite
and their impacts on physical properties.
5.

CONCLUSIONS

Physicochemical characteristics of mortars and pastes with different cementitious binders exposed on
the deep sea floor changed dramatically. In the case of OPC, the surface of the specimen collapsed,
and compressive strength was decreased drastically. The reasons for these effects are explicable as
follows: The pH of the pore solution is decreased due to the gradient of ion concentrations between
mortars and sea water. Subsequently, decalcification of CH and CSH occurs, followed by the
precipitation of MSH and ettringite through infiltration of magnesium and sulphate ions. Thus, the
mortar becomes brittle. The kinetics of decalcification and precipitation could be accelerated under the
deep sea conditions; high water pressure and low temperature. In the case of TB, significant
expansion and decrease in compressive strength were observed. Changes in the crystal growth of
ettringite might affect the volumetric change. Further investigation and discussion will be necessary,
such as the influences of water pressure and temperature on the kinetics of decalcification and
precipitation, analysis of precipitated amorphous hydrates and their impacts on physical properties.
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ABSTRACT
Waste management of incinerated biomedical ash (IBMA) handling is a serious environmental issue.
Incinerated biomedical ash is generated by incinerating the biomedical waste collected from various
sources like hospital. It is considered to be hazardous as it may contain toxic substances like heavy
metals. Usually IBMA is dumped in landfill to limit its spreading in environmental. But as no landfill is
100% leak-proof so there is need to come up with innovative methods for utilization of IBMA. Limited
space and the high cost for land disposal led to development of recycling technologies and the reuse
of ash in different systems. This study presents the use of incinerated biomedical ash in concrete and
study of its leachate behaviour.
This paper provides the study on the mechanical property and leachate analysis of IBMA in concrete
under various conditions. Two concrete grades were made and sand was replaced with ash (0%, 5%,
10%, 15% and 20% replacement levels) for three different curing times (7 , 28 and 56 day).
Incorporation of 5–10% IBMA as partial replacement of sand enhances strength and durability
properties of concrete. The compressive strength was 35 MPa and 37 MPa for 5% and 37 MPa and 34
MPa for 10% sand replacement with IBMA for M20 and M25 grade respectively. For durability
evaluation, R.C.P.T. test was conducted for 28 day. Toxicity characteristic leaching procedure (TCLP)
chemical tests were performed to determine whether heavy metals were present in the incinerator ash
and to establish if it is a hazardous waste.
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1.

INTRODUCTION

In order to cure the diseases of living beings, health care centers create abundance of waste which is
contagious and hazardous. This waste is called biomedical waste. Sources of biomedical waste are
hospitals, nursing homes, clinics, dispensaries, veterinary institutions, animal houses, pathological
laboratories, blood banks, clinical establishments, research or educational institutions, health camps,
medical or surgical camps, vaccination camps, blood donation camps, first aid rooms of schools,
forensic laboratories and research labs(CPCB,2008). In last few decades, biomedical waste quantity
has been increased as compared to waste handling capacity of biomedical waste. In both the short term
and long term, the actions involved in implementing effective medical waste management programs
require disposal facilities (Pruss et al. 1999). Such waste is treated by incinerating in incineration plants
situated nearby. Various methods like chemical disinfection, wet and dry treatment, microwave
irradiation, land disposal etc. are used to reduce volume, but incineration is the best treatment for
biomedical waste (Altin et al., 2003; Jang et al., 2005). According to CPCB (2008) medical waste
treatment facilities are provided to change the biological character or composition of medical waste to
substantially reduce or eliminate its potential for causing disease. After incineration the ash is collected
and disposed of in landfill areas. This ash is called incinerated biomedical ash (IBMA).These new
systems are designed to separate more efficiently and thus to produce more inert ash quantities for
construction related applications. If this waste is not treated properly or discarded recklessly then it may
cause serious health issue and environment pollution (Rajor A. et al., 2011).
2.

LITERATURE REVIEW

IBMA have a high concentration of toxic heavy metals such as mercury (Hg), arsenic (As), lead (Pb),
cadmium (Cd), silver (Ag), zinc (Zn) etc. Anastasiadou et al. (2011) analysed the composition of IBMA
by energy dispersive spectroscopy (EDS) and revealed that the major elements of the IBMA were SiO 2
(39.74%) and CaO (27.77). Similar results were observed by various other researchers and main
elements found were CaO , Al2O3 and SiO2 (Azni and Katayon., 2002;Akyildiz et al.,2017).
Characterization of IBMA from incinerator reveals high quantities of polycyclic aromatic hydrocarbons
(PAHs) and polychlorinated biphenyls (PCBs) (Johansson andBavel, 2003a; Lee.et al., 2002; Wheatley
and Sadhra, 2004; Valavanidis et al., 2008).Compounds formed in IBMA concrete/mortar/matrix
reported by various researchers were gehlenite, quartz, halite, calcite, anhydrite, kaolinite, albite and
gibbsite (Christopoulos et al., 2011; Kougemitrou et al., 2011; Azni et al., 2005;Tzanakos et al.,
2014;Akyildiz et al., 2017). Various researchers reported various properties like bulk density as 3390.4
kg/m3 (Akyildiz et al., 2017), specific gravity in range of 2.50- 2.72 (Memom et al., 2011; Filipponi et al.,
2003). Genazzini et al. (2003) studied mortars having cement replacement up to 50% with IBMA. AlRawas et al. (2005) investigated the potential use of incinerator ash as a replacement for sand and
cement in cement mortars. The maximum compressive strength of 36.4 N/mm 2 was achieved using
20% IBMA after 28 days of curing. Anastasiadou et al. (2011) evaluated the mechanical properties of
the IBMA using different amounts of ordinary Portland cement (OPC) as a binder. Filipponi et al. (2003)
prepared the different mixes by IBMA with ordinary Portland cement in different proportions and at
different water dosages. The optimized replacement of cement/sand in mortar/concrete with IBMA
improved the properties of compressive strength, tensile strength, flexural strength and modulus of
elasticity with increased toughness and higher bond strength (Gennazzini et al., 2003; Filipponi et al.,
2003; Azni et al., 2005; Al-Rawas et al., 2005; Anastasiadou et al., 2011; Akyildiz et al., 2017).
3.

MATERIALS AND METHODS

3.1 Materials
OPC Grade 43 cement has been used having physical and chemical properties conforming to
BIS:8112-1989. The fineness modulus, water absorption, specific gravity and bulk density of the fine
aggregates were 2.71, 1.1%, 2.604 and 1856 kg/m 3 respectively . For coarse aggregate having 20 mm
size, 1670 kg/m 3 and 6.74 was used. Incinerated biomedical ash (IBMA) was collected from an
incineration plant situated at Amritsar (India). Physical properties and sieve analysis results were
performed according to BIS:2386-1963 Part III and are reported in Table 1.
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3.2 Test Procedure and Mix Proportions
Control mix was designed according to IS 10262:2009, having M20 and M25 strength at 28 days of
curing. Fine aggregate was replaced with IBMA having 5, 10, 15, and 20% replacement levels by
weight as IBMA0, IBMA5, IBMA10, IBMA15 and IBMA20. Mix proportions are enlisted in Table 2.
Water/cement ratio was kept constant at 0.5. Slump test was performed according to BIS: 1199-1959.
For compressive strength and split tensile strength test 150 mm x 150 mm cube and 150 mm x 300 mm
cylinders were prepared to calculate strength at 7, 28 and 56 days of curing. BIS 516-1959 and IS:58161999 were followed for compressive strength test and split tensile strength test. R.C.P.T. test was
performed according to ASTMC 1202-(2010) on cylinderical specimen (100 x 200 mm). SEM-EDS
analysis and toxicity characteristic leaching procedure test (TCLP) was done on M20 mix after 28 days
of curing. For leachability test, U.S. EPA, toxicity characteristic leaching procedure test (TCLP) was
performed on the IBMA0, IBMA5 and IBMA20 concrete of M20 grade, using Microwave Plasma-Atomic
Emission Spectrometer (MP-AES). After curing samples for 28 days, samples were crushed to obtain
maximum particle size less than 9.5 mm. Then the crushed material was then kept in 3, 7 and 9 pH
solution for 18 hours. Supernatant was then collected from all solutions and analyzed for heavy metal
concentrations.
Table1. Sieve Analysis and Physical Properties of Incinerated Biomedical Ash (IBMA).

Cumulative
Weight
Retained (g)

Cumulative
Percentage
Retained (%)

I.S. Sieve
Size(mm)

Weight
Retained (g)

10
4.75
2.36
1.18
0.600
0.300
0.150
Pan
Total

0
42
205
183
231
191
90.5
57.5
1000

0
4.2
24.7
43
66.1
85.2
94.25
317.45
Fineness Modulus
Physical Properties of IBMA

1

Specific
gravity

Color

Water absorption by mass (%)

Fineness modulus

2

2.48

Grey

4.89

3.174

Sr.
No.
1
2
3
4
5
6
7
8

4.

0
42
247
430
661
852
942.5
1000

Percentage Passing
(%)
100
95.8
75.3
57
33.9
14.8
5.75
3.1745

RESULTS AND DISCUSSION

4.1 SEM and EDS analysis of IBMA
SEM-EDS analysis was done using scanning electron microscope (JEOL JSM 6510 LV, USA) to
observe the particle size, shape and elements present in IBMA. In SEM images, the IBMA possess
irregular particle shapes and rough texture. Variety of particle size was observed, having large cavities
and high porosity. The EDS analysis of IBMA produced results which showed that the ash is rich in
calcium. Table 3 shows the oxide composition of IBMA. Comparing the present results with previous
studies, regarding the morphology of IBMA, a complete agreement was observed concerning the type of
oxides that were present in the IBMA (Filipponi et al, 2003; Idris et al, 2002; Zhao et al, 2010;
Augustine. 2016).
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Figure 1. Scanning Electron Micrograph (SEM) of IBMA magnification factor x1000 times (first)
and magnification factor x7500 times (second).
Table 2. Mix Proportions for M20and M25 IBMA Concrete Mix.

Slump
(mm)

Water
absorption
(%) at 28
days

0.5

74

4.26

191.6

0.5

62

4.44

68.5

191.6

0.5

53

4.56

102.75

191.6

0.5

39

4.64

0.5

33

4.89

Slump
(mm)

Water
absorption
(%) at 28
days

M20 proportions (kg/m3)
Concrete
mix

Fine aggregate
replacement(%)
with IBMA

Cement

Sand

C.A.

IBMA

Water

w/c

IBMA0

0

383.2

685.58

1127.84

0

191.6

IBMA5

5

383.2

650.75

1127.84

34.25

IBMA10

10

383.2

616.5

1127.84

IBMA15

15

383.2

582.25

1127.84

IBMA20

20

383.2

548

1127.84

137

191.6

M25 proportions (kg/m3)
Concrete
mix

Fine aggregate
replacement(%)
with IBMA

Cement

Sand

C.A.

IBMA

Water

w/c

IBMA0

0

413.33

682

1150.5

0

191.6

0.5

73

4.01

IBMA5

5

413.33

647.8

1150.5

34.2

191.6

0.5

59

4.15

IBMA10

10

413.33

613.8

1150.5

68.2

191.6

0.5

49

4.38

IBMA15

15

413.33

579.7

1150.5

102.3

191.6

0.5

35

4.79

IBMA20

20

413.33

545.6

1150.5

136.4

191.6

0.5

32

4.85

Table 3. EDS Analysis of IBMA

Oxide Composition

SiO2

Al2O3

Fe2O3

Mn2O3

TiO2

MgO

CaO

K2O

P2O5

SO3

Na2O

Cl

Percentage (%)

25.94

5.01

4.85

0.07

0.33

2.27

56.7

1.98

0.12

2.48

0.24

0.01

4.2 Slump test
It has been observed that when fine aggregates were partially replaced with IBMA, the workability gets
reduced. SEM images provide an explanation based on the morphology of the IBMA. Reduced the
slump values could be the result of rough grain surfaces and irregular texture with large pores which led
to high water absorption. The ratio formed stiff mix as compared to the conventional concrete (IBMA0).
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With the highest percentage replacement i.e. IBMA20 (20% sand replacement with IBMA) exhibited
least slump value in both mixes. Comparing the obtained results with previous studies about slump test,
close agreement was observed and reported that increased ratio of IBMA results in decreased slump
value (Al-mutairi et al., 2004; Memom et al., 2013; Augustine et al., 2016).The results of fresh properties
of all replacements with and without IBMA are shown in Table 2.
4.3
Compressive strength
For M20 mix, at the age of 7 days curing, the compressive strength of IBMA0 was 20.7MPa and those
of other mixes IBMA5, IBMA10, IBMA15, and IBMA20 was 28.7, 21.6, 15.5 and 10.9MPa, with an
increase in 39%, 5% and decrease by 25%, 48% respectively. Similarly, at 28 days, compressive
strength increased by 33%, 25% and decrease by 9%, 12% for mixtures IBMA5, IBMA10, IBMA15 and
IBMA20 respectively in comparison to IBMA0. Figure 2 shows the effect of fine aggregate replacement
with varying percentages of IBMA on compressive strength at 7, 28 and 56 days of curing. At 56 days,
increase in strength was 33%, 19% and decrease by 9%, 22% and 8% for IBMA5, IBMA10, IBMA15
and IBMA20, when compared with IBMA respectively. In M25 mix, same trend was observed as in M20
mix. It was found that, at the age of 7 days of curing, compressive strength of mix IBMA0 was 18.7MPa
and mixes IBMA5, IBMA10, IBMA15 and IBMA20 were 22.5, 25, 15.8 and 13MPa, respectively.
Maximum compressive strength (24.9 MPa) was observed for IBMA10 concrete mix; it was 34% more
than the control mix IBMA0. At the age of 28 days, percentage decrease in compressive strength was
26% and 37% for mixes IBMA15 and IBMA20 than control mix IBMA0 (32.9MPa). At 56 days, concrete
mixes IBMA5 and IBMA10 exhibited increase in compressive strength 11% and 2% respectively than
IBMA0 (35.3 MPa). Figure 3 shows the compressive strength results of M25 mix.
Thus, it can be concluded that with the increase in IBMA content up to 10%, the strength increased at
all ages in both mixes. The major reason for strength enhancement because of micro filler effect of
IBMA which is also validated through SEM images and calcium present in IBMA which is consistent
with the results of strength. As IBMA is rich in calcium and is composed of calcium carbonate (CaCO3).
Similar results were observed by Tzanakos et al. (2014). The increased CaO content has attributed to
the development of strength. Whereas in higher replacements, excess calcium hydration caused the
expansion of concrete which led to decrease in strength. When results were compared, the same trend
was followed in both concrete mixes. Similar results were reported by various researchers (Agamuthu et
al., 2006 and Genazzini et al., 2003).
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Figure 2. Effect of Incinerated Biomedical Ash on Compressive Strength of M20 Mix Versus Age.
4.4 Splitting tensile strength
Split tensile strength studies were compiled for the age of 7, 28 and 56 days of curing. The variations in
splitting tensile strength with IBMA ratio were similar as observed in case of compressive strength.
Figure 4 and Figure 5 shows the effect of fine aggregate replacement with varying percentages of IBMA
on split tensile strength at 7, 28 and 56 days of curing. These results indicated that split tensile strength
increased only in IBMA5, whereas for IBMA10, IBMA15 and IBMA20, tensile strength decreased when
compared with controlled mix (IBMA0).
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Figure 3. Effect of Incinerated Biomedical Ash on Compressive Strength of M25 Mix Versus Age.
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Figure 5. Effect of Incinerated Biomedical Ash on Split Tensile Strength of M25 Mix Versus Age.
4.5 Rapid chloride penetrability test
In Table 4, it can be observed that for IBMA mix at 28 days, the charge penetrability for IBMA0 (0%
IBMA) was 1200 and 1190 for both mixes, for IBMA5 (5% fine replacement with IBMA) was 1531 and
1487 for both mixes. Reason for less ion penetration in IBMA5 is the reduced the cavities between
ingredients of concrete due to fine particles IBMA which makes dense matrix and helps to decrease the
electrical conductance of concrete. Incorporation of IBMA in concrete strongly affected the permeability
of ions. It has been observed that replacements above 10% caused very high penetration of ions
because of expansive concrete.For IBMA15 and IBMA20 addition of IBMA made the concrete porous,
so there will be more connectivity of pores which allowed more ions to ingress when tested under RCPT
apparatus.
4.6 Water absorption
The water absorption of IBMA0 and IBMA5 and IBMA10 mix was less when compared with IBMA15 and
IBMA20 for both IBMA concrete mixes. Table 2shows the water absorption results. From the
observations it can be concluded that water absorption has increasing trend. Absorption depends on
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both the capillary pores (effective porosity) which shows that more absorption is because of the
presence of more connected pores. Increase in IBMA content, water absorption increased and density
reduced.
4.7 SEM and EDS analysis M20 concrete at 28 days
SEM-EDS images of IBMA indicated alumina, silica and calcium in 14, 27 and 33% respectively. SEMEDS pictures of IBMA0, IBMA5, IBMA10, IBMA15, and IBMA20 are shown in Figure 6. In IBMA0, the
SEM image shows the entangled mass of calcium silicate hydrate (CSH) gel, main hydration product
responsible for increased compressive strength along with voids. In IBMA5 and IBMA10, less porous
and highly dense structure was formed at 28 days of curing. The reduction in strength in IBMA15 and
IBMA20 may be due to expansive nature of ettringites formed on the periphery of calcium silicate
hydrate at the interfaces of cement paste forms gaps resulting in increased porosity and reduced
strength.
Table 4.RCPT Results of IBMA Mixes
28 days

28 days

Mix

Mix
Charge
passed in
Coulombs (C)

Charge
passed in
Coulombs (C)

Chloride ion
penetrability

M20

Chloride ion
penetrability

M25

IBMA0

1200

Low

IBMA0

1190

low

IBMA5

1531

Low

IBMA5

1487

low

IBMA10

3346

Moderate

IBMA10

3760

moderate

IBMA15

6890

High

IBMA15

6739

high

IBMA20

7825

High

IBMA20

7937

high

4.8 Leachate analysis (metal leaching into solution)
Table 5 shows the MPAES results of IBMA0, IBMA5 and IBMA20 of M20 concrete mix. After performing
leaching test TCLP represents that the release of potentially hazardous substances from the ash when
it comes in contact with water is within the limits specified by US EPA. Metal leaching from mix having
lowest (IBMA20) and highest strength value (IBMA5) have stabilized the heavy metal into it and did not
allowed to leach out. Cu and Cr leached out but were under permissible limits . Similar results were
observed by various researchers (Agamuthu et al., 2009; Genazzini et al., 2003; Zhao et al., 2010;
Anastasiadou et al., 2011; Azni et al., 2005; Akyildiz, A. et al, 2017).
5.

CONCLUSIONS

Strength of concrete mixes increased due to replacement of fine aggregate with incinerated biomedical
ash upto 5% and was appropriate for many structural applications. TCLP test indicate that cement in
concrete was able to stabilize the heavy metal present in IBMA. The results indicated that arsenic,
barium, cadmium, chromium and lead were present but none of them exceeded the Standard
established by US Environmental Protection Agency (USEPA).

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 5. Metal Analysis of Leachate of IBMA M20 Concrete Mix

Sr
no.

IBMA0

Formula
(elements)

IBMA5

USEPA
limits

IBMA20

pH3

pH7

pH9

pH3

pH7

pH9

pH3

pH7

pH9

1

As

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

5.0

2

Ag

0.26

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

100

3

Ba

30.1

41.0

47.6

18.0

23.1

21.4

18.4

11.0

11.9

-

4

Cd

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

1.0

5

Cr

0.06

0.07

0.05

0.20

2.24

0.26

0.28

0.17

0.17

5.0

6

Cu

<0.05

<0.05

<0.05

0.06

0.06

0.08

0.08

0.12

0.12

-

7

Hg

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

-

8

Ni

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

0.07

0.06

-

9

Pb

0.65

0.69

0.72

0.71

0.70

0.71

0.60

0.21

0.23

5.0

10

Fe

0.30

0.28

0.27

0.28

0.28

0.28

0.29

0.30

0.30

-
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CSH
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E
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Figure 6. SEM of IBMA0 (a), IBMA5 (b), IBMA10 (c), IBMA15 (d) and (e) IBMA20 at 28 days (V =
Voids, CSH = Calcium Silicate Hydrate, E = Ettringite.
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ABSTRACT
It is important to measure the pore structure of concrete to predict the durability of concrete. Although
mercury intrusion porosimetry (MIP) is used for measuring the pore structure of concrete, there are
some problems in measurement. Recently, proton nuclear magnetic resonance (NMR) has been used
to detect pore structures. In this study, I focused on proton NMR measurement, and the influence of
pore structures on transport properties. It is possible to investigate the state of water by proton NMR
measurement nondestructively. By measuring the moisture state in the hardened cement paste by
proton NMR measurement, it was revealed that it is composed of components with different relaxation
times. In particular, it was clarified that when the blast furnace slag was mixed, it contained
components with very short relaxation time. Comparing this with the transport properties, such as
electric conductivity and diffusion coefficient of chloride, it was suggested that the transport
characteristics is related to capillary pore water and C-S-H gel water obtained by proton NMR
measurement. However, as pointed out by previous research, a good correlation does not exist
between the porosity measured by MIP and the transport properties. Therefore, it was shown that
transport properties can be estimated by proton NMR measurement.
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1.

INTRODUCTION

Concrete made using supplementary cementitious materials (SCM) such as blast furnace slag (BFS),
fly ash, or metakaolin has been widely used for realizing sustainable concrete structures. BFS is widely
used as SCM in Japan (Nippon slag association, 2018). It is well known that concrete with BFS has high
resistance to chloride ingress and is highly durable (Aldea 2000). On the other hand, it has been reported
that scaling deterioration due to frost damage is more likely to occur in BFS cement, compared to
ordinary Portland cement concrete (Giergiczny 2009). These phenomena are closely related to the pore
structure. Therefore, to understand these phenomena more deeply, it is necessary to understand the
pore structure of concrete with BFS. Mercury intrusion porosimetry (MIP) has been widely used as a
technique for measuring the pore structure of cementitious materials, and it has been reported that the
amount of fine pores increase when BFS is added to concrete (Aldea 2000, Alderete 2017, Duan 2013,
Panesar 2014). The gas adsorption method is also used as a method for measuring the pore structure.
However, in these two methods, the sample needs to be dry for measurement, and it is pointed out that
the measurement result depends on the drying method (Gallé 2001, Moukwa 1988, Aligizaki 2005).
Thus, drying may change the pore structure of the cementitious material. Therefore, to study the pore
structure, it is necessary to measure the sample without drying it.
To overcome such problems, thermoporometry (TPM) using low-temperature differential scanning
calorimetry (LT-DSC) has been suggested as a possible option to measure the pore structure of
cementitious materials (Aligizaki 2005). Since TPM measures the amount of heat of the wet sample at
low temperature, drying is not required. Some studies on LT-DSC have reported a relationship between
the freezing temperature of pore water and the pore radius (Kurumisawa 2015, Sun & Scherer 2010,
Wu 2015). It is possible to determine pore size distribution by TPM measurement. However, it is
necessary to reduce the size of the sample for measurement, and there is also the possibility of being
damaged during freezing and melting process. Proton NMR measurement has also been suggested for
measuring the pore structure of cementitious materials with wet samples (Scrivener 2016, Muller 2015,
2017, Wyrzykowski 2017). Muller et al. classified the pores into several categories from the results of
the CPMG measurement. However, proton NMR has not been used to study hardened cement paste
with BFS. Therefore, in this study, proton NMR was applied to the hardened cement paste mixed with
BFS, to investigate the effect of the pore structure on the transport properties of this material.

2.

EXPERIMENTAL PROCEDURE

2.1 MATERIALS
In this study, white Portland cement (WPC, with density: 3.05 g/cm3, specific surface area: 3510 cm 2/g)
and BFS (density: 2.91 g/cm 3, specific surface area: 4110 cm 2/g) were used, as shown in Table 1. The
water-to-binder ratio (W/B) of the blended cement paste samples were 0.3, 0.5, and 0.7. The
replacement ratio of the BFS was 0.3, 0.5, and 0.7, as shown in Table 2. The paste was mixed
repeatedly to avoid bleeding, after which it was placed in a mold. After 24 h, the specimens were
demolded and cured in saturated lime water at 20 °C for 28, 56, and 91 days.
Table 1 Chemical composition of the tested samples.
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O

WPC
22.89
4.47
0.20
67.96
1.13
2.87
0.23
0.06

BFS
24.26
13.79
0.78
43.55
6.25
0.36
0.25
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Table 2 Conditions of the tested samples.
Sample
ID
0.3-0
0.3-0.5
0.5-0
0.5-0.3
0.5-0.5
0.5-0.7
0.7-0
0.7-0.5

W/B
0.3

0.5

0.7

Replacement ratio of
BFS
0
0.5
0
0.3
0.5
0.7
0
0.5

2.2 MEASUREMENT
2.2.1 PROTON NMR
For proton NMR measurement, excess water above the test tube was removed and used for the test.
We measured the relaxation time T 2 by applying the Carr–Purcell–Meiboom–Gill (CPMG) method and
the solid echo method. The CPMG method can measure the proton in the liquid state, and the solid
echo method separates the protons of the solid component from the protons of the liquid component. In
this experiment, measurement was carried out using an NMR apparatus of 0.47 T. Since the presence
of magnetic components (such as iron) in cement affects observation results when high-field NMR is
used, a low-field NMR equipment was used in this study. The duration of the 90° pulse was 2.5 μs, and
of the 180° pulse was 5.0 μs. In the CPMG method, the pulse interval (τ of 90° to τ ~ 180°) is 40 μs, the
number of data observation points is 256, the time between observation points is 85 μs, the number of
integration times is 32, and the repetition waiting time was set to 5 s. In the solid echo method, the pulse
interval (τ of 90° to τ ~ 90°) is 15 μs, the number of data observation points is 1024, the number of
accumulations are 64, and the repetition waiting time is 0.5 s. In some studies, τ was changed and
measurements were performed; however, in this study, a single τ was used for all measurements
because there was no difference in the results of a single τ and different τ in the preliminary experiment.
CONTIN and discrete methods have been proposed for analyses, but in this research, we have
proceeded using the discrete method (Provencher 1976) because it is reported that CONTIN is not
suitable for some analyses (Gajewicz 2016). In the discrete method, the curve obtained by NMR
measurement is represented by the sum of several components i as
𝑁

𝑀 (𝑡) = ∑ 𝑀0𝑖 ∙ 𝑒𝑥𝑝 (
𝑦′

𝑖=1

−𝑡
𝑇2𝑖

),

(1)

where My'(t) is the NMR signal at observation time t, M0i is the NMR signal of component i at observation
time 0 s, t is the observation time, T2i is the T2 of component i. However, as the Gaussian curve
component was detected in the sample containing BFS, the calculation was performed by the Gaussian
curve component shown in the following equation and the exponential curve component shown in
equation (1).
𝑡 − 𝑡𝑐 2
𝑀𝑦′ (𝑡) = 𝑀0𝑖 ∙ 𝑒𝑥𝑝 [− (
) ]
𝜎

(2)

where tc is the time of the center of the Gaussian distribution and σ is its width. Solid and liquid
components were separated by the solid echo method, and the distribution in free water was carried out
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by the CPMG method. The distribution of water in free water was determined based on the results of
Muller et al. (Scrivener 2016).
2.2.2 AC IMPEDANCE MEASUREMENT
The dimensions of the specimens employed to measure the electrical conductivity were 40 mm  40
mm  40 mm, and stainless electrodes (40 mm  30 mm  0.3 mm) were embedded 30 mm inside the
sample, as shown in Figure 1 (Kurumisawa 2016). The effective area of the electrodes was 30 mm  30
mm, and their AC impedance was in the range of 4 Hz to 5 MHz, as recorded with an impedance
analyzer (HIOKI IM3570). After the measurements, a Nyquist plot was drawn from the acquired data,
and the bulk resistivity σ was determined at the location where the plotted electrode resistivity (straight
line) crossed a circle.
5mm

electrode

40mm

30mm

Hardened
cement
paste

10mm
40mm

Figure 1 Specimen setup for AC impedance
2.2.3 MERCURY INTRUSION POROSIMETRY (MIP)
MIP is used to measure the pore size distribution for pores with diameters ranging from 3 nm to 400 μm
(curing ages: 28 and 91 days). The specimens for this test were dried using the freeze-dry method.
2.2.4 LOSS OF IGNITION AND MOISTURE CONTENT
The loss of ignition Wn was measured from 105 to 950 °C to determine the degree of hydration in the
specimens. Nonevaporable water content of the fully hydrated cement paste was 0.23. The moisture
content was determined from the density of the specimen and the difference between the weight of the
saturated and the dry sample (dried to 105 °C).
2.2.5 DIFFUSION COEFFICIENT MEASUREMENT
The ingress depth of the chloride ions was measured by an electron probe microanalyzer (EPMA: JEOL
JXA-8900M). The specimens were cylindrical (50 mm long, 50 mm diameter) with curing ages 28 and
91 days. They were immersed in NaCl 0.5 mol/l solution for 3 weeks. Subsequently, the distribution of
the elements (Ca, Si, and Cl) was determined by EPMA, and the ingress depth of chloride was
established. The apparent diffusion coefficient was determined by equation (3), with the concentration
C(x,t) derived from Fick’s second law (initial and boundary conditions: C = C0 at x = 0, t > 0; C = 0 at x
> 0, t = 0 ; C = 0 at x = ∞, t = 0).




x
 ,
C ( x, t )  C0  1  erf 
 2 D  t 

a



(3)
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where erf is an error function, x is the distance from the exposed face, t is the exposure time, C0 is the
bulk concentration, and Da is the apparent diffusion coefficient.
3.

RESULTS

Figure 2 shows an example of the result of the MIP. It was shown that the intrusion amount increased
with increasing water to cement ratio. Figure 2 right shows the results of different BFS replacement ratio.
It was shown that the volume of fine pores increases as the BFS replacement ratio increases. Figure 3
shows the results of proton NMR with the solid echo method. Relaxation time increased with increasing
water to cement ratio; however, it became shorter as the BFS replacement ratio increased. The
maximum value of the signal intensity of BFS specimen decreases with an increase in the BFS amount.
Figure 4 shows the result of proton NMR with the CPMG method. The relaxation time became shorter
as the water to cement ratio increased; similar to the results obtained by the solid echo method.
However, when BFS was replaced, the relaxation time tended to increase because the BFS replacement
ratio was higher.
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Figure 2. MIP results (left: different W/C specimen, right: different BFS replacement ratio.)
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Figure 4. Proton NMR with CPMG results (left: different W/C specimen, right: different BFS
replacement ratio.)

As shown in Figure 5, the electric conductivity increased with increasing water to cement ratio. In
addition, the conductivity decreased significantly when BFS was replaced as has been reported
previously (Lübeck 2012). However, the conductivity of the specimen with a replacement ratio of 30%
was comparable to that of the specimen without BFS. Figure 6 shows the results of the apparent
diffusion coefficient of chloride. Diffusion coefficient increased with increasing water to cement ratio. In
addition, by replacing the BFS, the diffusion coefficient decreased as has been reported previously
(Moon 2006).
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Figure 5. Electric conductivity results (left: different W/C specimen, right: different BFS replacement
ratio.)
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Figure 6. Apparent diffusion coefficient of specimens

4.

DISCUSSIONS

Figure 7 shows the water distribution of the specimen at 28-day curing measured by solid echo. Although
the amount of water in some samples increased from the initial amount of water; this is due to water
curing. Moreover, it is considered that a decrease in the amount of water of some specimens is caused
by bleeding. The liquid component accounted for 70% or more in total water of specimens, and the
amount increased as the water to powder ratio increased. Figure 8 shows the free water distribution of
the specimen at the 28-day curing measured by the CPMG method with the results of Figure 7. Gel
water was the main component, and only 0.7-0 samples retained capillary water. By focusing on
samples without BFS, such as 0.3-0, 0.5-0, and 0.7-0, it was estimated that transport properties will be
easier because the amount of free water increases with the water to cement ratio. This is in good
agreement with the results shown in Figures 5 and 6. However, from the results of the sample containing
BFS, it is shown that the transport properties greatly differ, even for samples with the same amount of
free water, such as specimen of 0.3-50. The influence of paramagnetic aluminum can be considered.
As shown in Table 1, the amount of aluminum in BFS is three times larger than that of WPC. Therefore,
even in the case of BFS 30% replacement, it contains twice as much aluminum as WPC. As a result,
the signal intensity by the solid echo method was halved. However, because the signal intensity obtained
by the CPMG method was about the same as WPC, the influence of aluminum may be reduced
depending on the measurement method. From above, it is necessary to investigate the measurement
method of the hardened cement paste with the supplementary material such as BFS or fly ash containing
high amounts of aluminum in the future.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

0.7

Water distribution(g/g cement)

Liquid
0.6

Solid

0.5
0.4
0.3
0.2

0.1
0
0.3-0 0.3-50 0.5-0 0.5-30 0.5-50 0.5-70 0.7-0 0.7-50

Figure 7. Water distribution measured by solid echo method

Water distribution(g/g cement)

0.6
0.5

Interlayer
Interhydrate

Gel water
Capillary

0.4
0.3
0.2
0.1

0
0.3-0

0.3-50

0.5-0

0.5-30 0.5-50 0.5-70

0.7-0

0.7-50

Figure 8. Free water distribution measured by CPMG method

5.

CONCLUSIONS

In this study, the pore structure of hardened cement pastes and hardened blended BFS fine powder
was investigated using proton NMR. It is verified by proton NMR with the solid echo method that the
relaxation time is shortened by blending the BFS fine powder. In particular, the reduction was large at a
replacement ratio of 50% or more. It was also found that the results obtained by the solid echo method
showed a similar trend as the transport properties. Although only the transport properties of the WPC
can be evaluated by the proton NMR method, it was shown that it is difficult to evaluate for the hardened
cement paste with BFS.
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ABSTRACT
With the exploitation and utilization of marine resources, more and more cement-based materials have
been applied to marine engineering. Seawater contains many corrosive ions, such as chloride ions.
Under chloride attack, cement-based materials suffer serious damage, such as cracking, spalling,
delamination, and eventually structure failure premature. It was reported that the use of limestone in
concrete can reduce the diffusion coefficient of chloride ions. However, there is still disagreement on
chloride attack issues of limestone blended cement-based materials after chloride attack.
In this paper, mechanical properties and chloride permeability of cement-based materials containing
limestone under chloride attack were investigated. The mortar specimens were exposed to sodium
chloride solution, which was simulated as seawater. All tests were carried out on specimens after 1, 3
and 4 months exposure. Mechanical properties of mortar after chloride attack, viz. compressive
strength were studied. Chloride permeability of mortar were investigated by penetration test and rapid
chloride migration test.
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1.

INTRODUCTION

With the utilization of oceans, cement-based material is playing an increasingly important role. The
durability of cement-based material is a key problem in ocean environments. Marine exposures are
complex, with many corrosive substances, which may lead to the destruction of concrete. There are
many reasons for cement-based material deterioration, such as chloride attack, sulphate attack, freezing
and thawing, alkali–aggregate reaction, among which chloride-induced corrosion is the major cause for
degradation of concrete (Tang et al. 2015). It was reported that incorporating mineral admixture into
concrete is an effective way to improve the durability of concrete (Ali Akbar 2014). In particular, limestone
has been widely used to manufacture concrete because of its technical and economic advantages.
Limestone has obvious influence on hydration processes and microstructure development of cement. It
was reported that hydration of cement accelerated after adding limestone powder (Soroka and Stern
1976, Detwiler and Tennis 1996). The main reason for the accelerated hydration of cement paste is that
limestone particles provides nucleation sites for hydration products. Limestone powder has no
pozzolanic activity, but it has little solubility in water. The dissolved carbonate ions can react with
tricalcium aluminate (C3A) to form monocarboaluminate (Mc) and hemicarboaluminate (Hc) phases
(Bonavetti et al. 2001) (see Eq.1 and Eq.2). Fine limestone powder can fill spaces between particles
cementitious materials, which is conducive to reducing cement porosity and improving pore structure
(Tsivilis et al. 2003, Liu and Yan 2010).

̅ + 11H = C4AC
̅ H11 (Mc)
C3A + CC

(1)

̅ + 0.5CH + 11.5H = C4AC
̅ 0.5H12 (Hc)
C3A + 0.5CC

(2)

As mentioned above, limestone powder can react with C3A to form carboaluminate. This phase is
beneficial to improvement of pore structure. However, C3A will react with chloride ions to form Friedel’s
salt (C3A·CaCl2·10H2O, see Eq.3). The Gibbs free energy of Friedel’s salt (-6823 kJ/mol) is higher than
that of hemicarbonate (-7336 kJ/mol) and monocarbonate (-7346 kJ/mol), thus the Friedel’s salt is more
unstable than carboaluminate (Wang et al. 2018). Therefore, limestone powder-cement based materials
may be more susceptible to chloride corrosion. The resistance of chloride penetration of cement-base
materials containing limestone were studied in the past few years. Tsivilis et al found that the addition
of limestone powder obviously reduced the chloride corrosion of mortar, which is attributed to filler effect
of limestone powder (Tsivilis et al. 2002). An investigation conducted by Melchers et al (Melchers 2015)
show that limestone blended cement-based materials have good long-term performance, which may
due to the improvement of the chemical environment and microstructure of cementitious materials by
calcareous materials. However, Lollini et al (Lollini et al. 2014) found that the replacement of Portland
cement with limestone powder led to an increase of chloride diffusion coefficient.
C3A + CaCl2 + 10H2O = C3A·CaCl2·10H2O

(3)

A lot of research has been done on chloride-induced corrosion, however, the mechanism of limestone
in cement-based materials is still not clear in the chloride environment. In this research, chloride
permeability and mechanical properties of cement-based materials containing limestone under chloride
attack were investigated. The mortar specimens were exposed to sodium chloride solution, which
simulated seawater. All tests were carried out on specimens after 1, 3 and 4 months exposure. Chloride
permeability of mortar was investigated by penetration test and rapid chloride migration test. Mechanical
properties of mortar after chloride attack, viz. compressive strength were studied.
2.
2.1

EXPERIMENTAL PROCEDURES
Materials

The cement used in this study is Portland cement (Type II 52.5). Limestone powder was ground in a
laboratory ball mill with the capacity of 5 kg. The sand used in this research is standard sand for cement
strength test which conforms to GB 178-1977. Analytic grade sodium chloride was used to prepare
corrosive solution. Chemical compositions of Portland cement and limestone powder were analysed by
X-ray fluorescence (XRF, ARL ADVANT’XP) and listed in Table 1. Figure 1 shows the X-ray diffraction
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patterns of Portland cement and limestone powder, the main mineral composition of limestone powder
is calcite. The particle size distribution of Portland cement and limestone powder determined by laser
particle size analyzer (Malvern Masterizer 2000) and shown in Figure 2. The mean particle size of
Portland cement and limestone powder is 18.75 μm and 20.56 μm, respectively.
Table 1. Chemical compositions of raw materials (wt. %)
Portland cement

Limestone Powder

Calcium oxide, CaO

65.34

55.6

Silicon dioxide, SiO2

19.72

0.78

Aluminium oxide, Al2O3

4.56

0.08

Sulphur trioxide, SO3

2.27

0.015

Ferric oxide, Fe2O3

3.03

0.1

Magnesium oxide, MgO

0.84

0.22

Potassium oxide, K2O

0.64

0.004

Sodium oxide, Na2O

0.10

0.003

Titanium oxide, TiO2

0.16

0.003

Loss on ignition

3.34

43.1

Figure 1. XRD patterns of Portland cement and limestone powder
(1-Gypsum, 2- Brownmillerite, 3- Alite, 4-Alite+Belite e, 5- tricalcium aluminate, 6-Calcite, 7Belite, 8-Quartz)
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Figure 2. Particle size distribution of raw materials: (a) Cumulative particle size distribution
(b) Differential particle size distribution.
2.2

Specimens preparation

Portland cement was partially replaced by limestone powder. The replacement level of limestone powder
was 5% and 15% by weight of total binder. The experimental matrix is given in Table 2. The water to
binder ratio was constant at 0.5. The sand to binder ratio was set at 3. In order to obtain a homogeneous
blend, the Portland cement and limestone powder were mixed for 12 h in a mixer (HLJ-K, China) before
casting. Mortar samples with the size of 40 mm × 40 mm × 160 mm were prepared for the determination
of compressive strength and chloride penetration depth. The cylindrical specimens were prepared to
determine the non-steady state chloride migration coefficient. The dimension of specimens were 100 ±
1mm in diameter and 50 ± 2 mm in high. After curing 24 h in mould, all samples were demoulded and
cured in water at 20 ± 1 ºC. After 28 days of water curing, some specimens were immersed into 3.5 wt.%
sodium chloride solution at 20 ± 1 ºC, while the others were cured in water persistently.
Table 2. Experimental matrix

Mix name

Water/binder

Sand/binder

PC
PL5
PL15

2.3

0.5

3

Proportion (wt. %)
PC

LP

100

-

95

5

85

15

Test methods

The compressive strength of mortar was carried out according to the Test Method for Strength of Paste
GB/T 17671-1999 (Building 1999). The compressive strength of the specimens exposed to sodium
chloride solution were determined at 56, 90 and 120 days, viz. after 28, 62 and 92 days of erosion . In
contrast, the compressive strength of mortars cured in water were determined at 28, 56, 90 and 120
days.
The chloride ion permeability test and rapid chloride migration (RCM) test were carried out to determine
the resistance of the mortar to chloride ions penetration. After compressive strength test, the cubic
mortar was split in two pieces. A 0.1 mol/L AgNO3 solution was sprayed on the fractured surface of the
mortar, which was exposed to sodium chloride solution. The penetration depth of chloride ions can be
measured with Vernier caliper. Through RCM test, the chloride migration coefficient (DRCM) of mortar
was determined according to the NT Build 492 (NORDTEST 1999). The curing period for RCM test is
28 days. Before the test, three slices with a diameter of 100 mm and a thickness of 50 mm were sawn
from the cylindrical sample. All samples were vacuum saturated with Ca(OH)2-saturated water solution
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in an automatic concrete vacuum saturator (CABR-BSY, China). The electrical potential of 30 V was
applied in the test and maintained for 24 h. At the end of test, the specimens were split into two pieces
and then sprayed 0.1 mol/L AgNO3 solution on the fracture surface. The chloride penetration depth was
measured by Vernier caliper when white (AgCl) precipitation occurs. The DRCM value was calculated
using Equation.4.
DRCM 

0.0239  (273  T)  L
(273  T)  L  xd
 (xd 0.0238 
)
(U 2)  t
U2

(4)

Where, T is the average temperature in the anolyte solution (ºC), U is the absolute value of applied
voltage (V), L is the thickness of the sample (mm), t is the test time (h), xd is the average penetration
depth (mm).
3.

RESULTS AND DISCUSSIONS

3.1

Compressive strength

Figure 3 presents the compressive strength test of the mortar cured in water at different curing ages.

Figure 3. Compressive strength of mortar samples at different curing ages (curing in water)
As expected, the compressive strength of all mortar samples increases with the increase of curing time.
That is mainly attributed to the continuous hydration of cement and the densification of microstructure.
The addition of limestone powder decreases the compressive strength of Portland cement mortar. More
limestone powder, PL15 samples, results in a higher reduction of the compressive strength. Limestone
powder has no pozzolanic activity. The total cementitious material decreases when the cement is
partially replaced by limestone powder. From Figure 3, however, it can be seen that the compressive
strength of mortar containing limestone powder (PL5) is generally close to that of Portland cement
mortar, especially at 120 days. That is attributed to the reaction of limestone with cement (Zajac et al.
2014). Figure 4 presents the comparison of compressive strength between the samples cured in water
and exposed to 3.5% NaCl solution.
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Figure 4. Compressive strength of mortar at different curing ages (exposed to 3.5% NaCl
solution)
From Figure 4, it can be seen that the compressive strength of samples cured in chloride environment
are higher than that cured in water regardless of limestone powder replacement and curing age. It was
stated that chloride ions will react with C3A phase to form Freidel’s salt in aggressive chloride-bearing
environment (Samimi et al. 2019). The Freidel’s salt can fill in the pores to strengthen the microstructure
of mortar. In the case of reinforced concrete, however, chloride-induced corrosion is the dominant factor
of deterioration of concrete (Gjørv 2011). In the further study, the resistance of reinforced concrete to
chloride penetration will be investigated.
3.2

Chloride penetration depth

Figure 5 shows the chloride penetration depth of specimens after immersed in 3.5% NaCl solution. From
Figure 5, it can be seen that the penetration depth increases with the increase of exposure period.
Regarding to different limestone powder replacement, the addition of limestone powder in cement shows
different effect on the penetration depth. For PL15, the addition of limestone powder definitely increases
the penetration depth. Chloride ion penetration is associated with connected pore structure of cement.
The addition of limestone powder can improve the pore structure of cement because of its filler effect
and nucleation effect at early ages (De Weerdt et al. 2011), however, the dilution effect of limestone
powder is dominate effect due to its low reactivity at later ages (Wang et al. 2017). For PL5, the addition
of limestone powder has no obvious effect on the penetration depth, especially at 28+62 days and 28+92
days. It indicate that the cement with 5% limestone powder has the same chloride penetration resistance
as PC specimen.

Figure 5. Chloride penetration depth of mortar
3.3

Rapid chloride migration results

Figure 6 shows the RCM results of specimens at the curing ages of 28 days.
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Figure 6. Rapid chloride migration values of specimens at curing age of 28 days
It can be seen that the effect of limestone powder on the DRCM value is obvious. The addition of limestone
powder results in a steep increase of the DRCM value. The chloride migration coefficient of PL15 mortar
is almost twice of that of Portland cement mortar. It was reported that incorporating large amount of
limestone powder is detrimental to the development of microstructure (Wang et al. 2019). Although the
filler effect and chemical effect of limestone powder can improve the pore structure, the dilution effect is
the dominant effect when the limestone content is more than 15% of cement. From Figure 6, it can be
concluded that the addition of limestone powder from 5% to 15% has a negative effect on the resistance
of chloride penetration.
4.

CONCLUSIONS

This paper investigated the mechanical properties and chloride permeability of mortar containing
limestone powder under chloride attack. The following conclusions have been drawn:
(1) The compressive strength of mortar exposed to chloride environment increases compared with that
of mortar cured in water. Chloride ions has no adverse effect on the strength of plain cement-based
material. However, compressive strength is not the only factor evaluating the resistance of mortar to
chloride penetration.
(2) Under chloride-bearing environment, the penetration depth of chloride increase with the increase of
limestone powder replacement level. 5% limestone powder has no obvious effect on the penetration
depth, especially at 28+62 days and 28+92 days.
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ABSTRACT
Coral reef is ground to powders and mixed with Portland cement. The influence of coral sand powder
on the expansion performance of cement paste under various curing environments is investigated by
comparator from 1 day to 90 days. The addition of coral sand powder can decrease the expansion of
Portland cement paste caused by sulphate and chloride attack. The X-ray diffraction (XRD) is used to
determine the hydration products of Portland cement blended with coral sand powder from 1 day to 90
days. Coral sand powder can accelerate the hydration of tricalcium aluminate and supress the
conversion from AFt to AFm
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1.

Introduction
The rapid development of marine engineering construction results in plentiful use of marine

concrete. However, many marine projects are seriously lacking in construction materials (Liu et al. 2017).
The transportation of abundant raw materials to marine construction site would increase the total cost,
as well as the construction cycle. Aggregate is a significant part of concrete. It accounts for 70%-80%
by volume of concrete. It is essential to seek local environmentally friendly material which can be used
in marine engineering with good service performance.
Coral sand is a rich resource in tropical region and easy to be obtained (Bullen 1990). The
application of coral reef in concrete has received more and more attention. Coral reef is a special rocksoil formed by long-term geological processes. The main mineral compositions of coral reef are
aragonite and high-Mg calcite (Da et al. 2016, Wang et al. 2017). Many studies show that coral reef can
be considered as potential natural aggregate for concrete. In construction of military bases during World
War II, coral reef was first used as concrete aggregate (Dempsey 1951). It was proved that it is feasible
to use coral reef in pure Portland cement concrete (Howdyshell 1974). Coral concrete has higher early
compressive strength than ordinary Portland cement concrete (WANG 1988). Besides, the strength,
porosity and high chloride ion concentration in coral aggregates were thought as difficulties of coral
concrete to be solved (Bullen 1990). It was proposed by Bullen that fly ash or superplasticizers can be
used to reduce Cl- concentration in coral concrete (Bullen 1990). Besides, Chen claimed that coral
concrete need more cement than ordinary concrete with the same strength level (Chen et al. 1991).
Recently, many researchers focus on the study of chloride diffusion (Bo et al. 2016, Cheng et al. 2017,
Da et al. 2016) and sulfate attack (Pavithra et al. 2017, Tang et al. 2018) for coral concrete.
Sulfate attack or chloride diffusion are responsible for volume expansion, resulting damage to the
cementitious material (Cefis&Comi 2017). The expansion performance of cement paste incorporated
with coral reef is rarely reported. In coral concrete, pre-wetted coral aggregate can restrain the
autogenous shrinkage due to high water absorption (Liu et al. 2017).
In this study, the linear expansion of Portland cement paste mixed with coral sand powder (CSP) is
investigated. The CSP is obtained by grinding coral reef in laboratory. The CSP was added as
supplementary cementing material in cement. The replacement is 5%, 15% and 25% by weight of total
binder. Furthermore, the influence of CSP on the hydration of cement is studied up to 90 days of water
curing. The curing environments for linear expansion include pure water, sodium sulfate solution (5% by
weight) and sodium chloride solution (3.5% by weight).
2.

Experimental work

2.1 Raw materials
The cement used in this study is PII 525 Portland cement (PC), Jiangnan Onoda. Coral sand is

obtained from South China Sea. It was ground in laboratory for half an hour and then passed through
150 micron sieve. Figure 1. and 2. show the XRD patterns of PC and CSP, respectively. It can be seen
that the main mineral phases of CSP are CaCO3 and (Ca, Mg) CO3. That is consistent with the finding
of Bullen (Bullen 1990). Besides, CaCO3 can also be observed in PC. Table 1 summarizes the chemical
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compositions of CSP and PC. Based on Table 1, the content of CaCO3 ((Ca, Mg) CO3 included) in CSP
can be calculated, which is more than 90%.

Figure 1. XRD pattern of PC

Figure 2. XRD pattern of CSP
Table 1. Chemical compositions of CSP and PC (wt. %)
Chemical composition
CaO
MgO
Al2O3
SiO2
SO3
Fe2O3
TiO2
Cl
K2O+ Na2O
LOI

CSP
50.52
2.04
0.12
0.94
0.41
0.11
0.41
44.73

PC
65.47
0.84
4.66
19.82
2.29
3.03
0.16
0.74
3.34

2.2 Test methods
2.2.1 X-ray diffraction (XRD) test
A Rigaku SmartLab 3000A diffractometer is used to characterize the hydration products of cement
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paste incorporated with CSP. The accelerating voltage and accelerating current are 40 kV and 35 mA,
respectively. The data is collected in the range from 5° to 40° at a speed of 5° per minute with the step
of 0.01°.
2.2.2 Linear expansion test
A length comparator is used to measure the linear expansion of pastes after error calibration
according to JC/T 603-2004 (JCT603-2004 2004). Figure 3 shows the schematic diagram of a
comparator. The accuracy of counting instrument is 0.01 mm. The standard sample is used to correct
error before and after each test. If the instrument error exceeds ±0.01mm after test, all samples need
to be re-measured.
After demolding, viz. 24 h, the length of each sample is measured and marked as l0. After curing
until t (3, 7, 28, 56 and 90) days, the length of each sample is determined and marked as lt. According
to equation 1, the expansion ratio of each sample can be calculated. In order to ensure the accuracy of
results, 6 parallel samples are tested for each batch.

St 

 lt  l0   100

(1)

80
St: linear expansion ratio of cement paste (%);
l0: initial linear length of cement paste (mm);
lt: linear length of cement paste after curing until t days (mm).
Counting
instrument

Standard
sample

Figure 3. Schematic diagram of a comparator
2.3 Sample preparation
The mixture design used in this study is shown in Table 2. In order to maintain the homogeneity of
all mixtures, CSP and PC were mixed together for 12 h in laboratory. For all mixtures, the water/binder
ratio was maintained at 0.5.
Table 2. Mixture design used in this study
Sample name

PC (g/100g)

CSP (g/100g)

Blank

100

0
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Coral-5%

95

5

Coral-15%

85

15

Coral-25%

75

25

For XRD test, the samples of cement paste were prepared according to European standard EN1971 (EN197-1 2011). All samples were cured in a sealed plastic bottle at 20±2 °C. After 24 hours, the
hardened specimens were demoulded from the plastic bottles and cured in pure water at 20±2 °C. At
the curing age of 1 day, 3 days, 7 days, 28 days and 90 days, the specimens were crushed into small
pieces. The small pieces were soaked in alcohol for 24 h and then dried for 12 h at 40 °C in a vacuum
drying oven. The dried samples were ground by hand until all powders could pass through an 80 micron
sieve.
For expansion test, the samples of cement paste were cast in the mold with the dimension of
20×20×80 mm. Figure 4 shows an example of used mold. After casting, all samples were cured at
20±2 °C and 95% relative humidity for 24 h. Then all samples were removed from the molds and cured
in various environments until 3, 7, 28 and 90 days. The curing conditions were pure water, 3.5% sodium
chloride solution and 5% sodium sulfate solution, respectively.

Figure 4. mold used for expansion samples casting
3.

Result and discussions

3.1 Hydration products of cement paste incorporated with CSP cured in pure water
Figure 5 shows the XRD patterns of cement paste incorporated with CSP cured in pure water. The
curing period is lasted from 1 day 90 days. From Figure 5, it can be seen that the main crystalline phases
in pastes are AFt, Portlandite (CH), tricalcium silicate (C3S), dicalcium silicate (C2S) and calcium
̅ ).
carbonate(CC
At 3 days, the characteristic peaks of hemicarbonate (Hc, 2θ = 10.7º) and monocarbonate (Mc, 2θ
̅ can react with tricalcium aluminate (C3A)
= 11.7º) can be observed in all samples. It was stated that CC
(2θ = 33.2º) to form Hc and Mc (Kakali et al. 2000, Kuzel&Pollmann 1991). That is to say, the addition
of CSP accerelates the hydration of C3A. The characteristic peak of CaCO3 can be observed in XRD
̅ , Hc
pattern of PC. In blank sample, therefore, Hc and Mc phases are also observed. With sufficient CC
̅ to form Mc. After 7 days of curing, Hc can only be observed in Coral-25% and
can react with CC
disappeared at 28 days. That means high replacement level of CSP retards the conversion from Hc to
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Mc.
Besides, at 90 days, the characteristic peak of AFt disappears in blank sample while AFt can be
observed in CSP-PC binary system in Figure 5. This is because AFt will convert to AFm when all gypsum
̅ in CSP can react with AFm to form AFt and Mc or Hc (Schöler et al. 2015). Therefore,
is consumed. CC
the transformation from AFt to AFm is suppressed in the PC-CSP binary system.

1-AFt; 2-C4AF; 3-CH; 4-C2S; 5- C𝐂̅; 6-C3S; 7-Mc; 8-Hc;
Figure 5. XRD patterns of cement paste mixed with CSP cured in pure water at different
curing ages
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3.2 Linear expansion of cement paste cured under various environments
Figure 6 shows the linear expansion of Portland cement paste incorporated with CSP under various
curing environment from 1 day to 90 days. From Figure 6, it can be seen that under pure water curing
condition, the addition of CSP has no obvious effect on the linear expansion. However, in other two
curing conditions, 3.5% sodium chloride solution and 5% sodium sulfate solution, the addition of CSP
definitely decreases the linear expansion of samples incorporated with the CSP.
Under water curing, sufficient water guarantees the continuous hydration of cement paste. Cement
paste expands a little as hydration proceeds. The addition of CSP slightly retards the expansion of
cement hydration. This is because the addition of CSP results in producing more AFt and Mc than plain
PC does as discussed in section 3.1. This process also leads to an increase in volume of products
(Schöler et al. 2015). The hydration products fill the pores in the solid phase and optimized pore structure.
The dense pore structures of cement paste can prevent outside water from entering the paste, which
decreases the expansion of cement paste (Zhang et al. 2012).

Cracks

Figure 6. Linear length development of Portland cement cubes incorporated with CSP at
different curing environment
The linear expansion of the samples cured in sodium sulfate solution is much higher than that of
samples cured in pure water. The sulfate ions in solution can penetrate into cement paste and react with
Ca(OH)2 and hydrated calcium aluminate to form gypsum and AFt. It is well known that these reactions
can lead to expansion due to crystallization pressure of AFt (Chen et al. 2018, Yu et al. 2013). The
expansion results in the formation of “microvoids” and “micro-cracks”. From Figure 6, it can be seen that
the addition of CSP decreases the linear expansion of Portland cement due to dense pore structures
̅ and C3A. After 90 days of curing, cement paste incorporated with
formed by the reactions between CC
15% and 25% CSP shrunk while the blank and Coral-5% samples are in continuous expansion in Figure
7.
Figure 7. shows the images of cement paste exposed to 5% sodium sulfate solution for 90 days. It
is obvious that some cracks are observed on Coral-15% and Coral-25%. This explains why Coral-15%
and Coral-25% shrunk at 90 days in Figure 6. In the CSP-PC binary system, CSP presents much lower
activity than PC like limestone powder (SHI et al. 2017). The addition of CSP decreases the amount of
cementitious material in the whole system. Therefore, the cement paste presents much more brittle with
the increase of CSP replacement. Though the addition of CSP in cement can decrease the linear
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expansion caused by sulfate attack, cement paste mixed with CSP is easy to crack. It is interesting that
5% CSP shows good performance.

Blank

Coral-15%

Coral-5%

Coral-25%

Figure 7. Portland cement cubes cured under 5% sodium sulfate solution for 90 days
Under chloride attack, the expansion of cement paste is lower than that of samples cured in sodium
sulfate solution, but higher than that of samples cured in pure water. Chloride ion in solution can react
with hydration products to form friedel’s salt which can cause expansion (see (2) and (3)). However,
expansion caused by friedel’s salt is less than that caused by AFt (Brown&Badger 2000, Yujing 2016).
The addition of CSP decreases the expansion of cement paste cured in sodium chloride solution just
like that cured in pure water.

4.

2NaCl  Ca(OH)2  CaCl2  2NaOH

(2)

3CA  6H  CaCl2  25H2O  3CaO  Al2O3  CaCl2  31H2O(Friedel's salt)

(3)

Conclusion
In this paper, XRD was used only to investigate hydration process of CSP-PC binary system cured

in pure water. XRD of CSP-PC cured in sodium sulfate solution and sodium chloride solution has not
been studied. This part need to be fully investigated in following study. Based on the XRD and linear
expansion test results and analysis in the research, the following conclusions are drawn:
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(1) The addition of CSP can accelerate the hydration of C3A and supress the conversion from AFt
to AFm;
(2) The addition of CSP can optimize the pore structure of Portland cement paste and decrease
the expansion caused by sulphate and chloride attack. But cement paste mixed with CSP is
much easier to crack under sulphate attack.
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ABSTRACT
Although ASR has been studied for over 80 years, the precise mechanisms of the reaction are still not
well known. Due to the lack of in-depth knowledge, predictions of the occurrence and kinetics of ASR
and the resulting expansion of concrete are difficult. In this study, a series of ASR products with initial
Ca/Si ratios from 0 to 0.5 at a constant initial Na/Si of 0.5 are synthesized. The samples were stored at
80 oC for 90 days prior to filtration. After filtration, the solids were dried and characterized by XRD and
TGA. The filtrates were analysed by ion chromatography (IC) to determine the elemental
concentrations of Ca, Si and Na. The pH of the solution is also measured by a pH meter. Based on
these analyses, the chemical compositions of the ASR products and the saturation indices with respect
to C-S-H and amorphous silica are calculated. The results show that Na-shlykovite is formed at
intermediate Ca/Si from 0.2 to 0.4, whereas calcium-silicate-hydrate (C-S-H) is formed at high Ca/Si
Ratio of 0.5. The calculated saturation indices with respect to C-S-H and amorphous silica are
generally consistent with the phases precipitated as seen from XRD and TGA. Mass balance
calculations indicate a Ca/Si from 0.3 to 0.5 and a Na/Si from 0.2 to 0.3 in the solid phase for the
samples where Na-Shlykoveite is the main solid.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

Expansion and cracking of concrete caused by alkali-silica reaction (ASR) is one of the important
durability issues of concrete. Because of the slow reaction, damages of concrete structures caused by
ASR are usually observed after decades and are difficult to predict. In addition to the presence of
reactive SiO2 from aggregates, alkali hydroxide and water which are essential to ASR, the formation of
ASR products requires also the presence of some calcium. The kind and amount of ASR products is
also influenced by many others factors such as the reactivity of the aggregates, alkali concentration,
type of alkalis, and presence of aluminium and lithium ions (Lindgård et al. 2012). Although ASR has
been investigated for many decades, much of the knowledge obtained so far is mainly based on
empirical approach.
The main challenge for understanding the fundamentals of ASR is that ASR products are usually
formed in tiny amounts in concrete, which are difficult to characterize by conventional bulk techniques
such as 29Si solid-state NMR, thermogravimetric analysis (TGA) and X-ray diffraction analysis (XRD).
The characterizations of the ASR products by such methods as reported in literature are mainly based
on ASR reaction products extruded or present in air voids. However, the structure of these ASR
products may have already been altered by reaction with CO2 forming calcium carbonate or uptake of
additional Ca forming C-S-H, which may give misleading information about the real ASR products.
Recent advances in synchrotron-based micro X-ray diffraction (XRD) allowed to directly study the ASR
products formed in cracks with width of 15 – 40 μm within the aggregate (Dähn et al, 2016). It was
found that the ASR products consist of layered frameworks similar to mountainite and rhodesite. Also
with Raman spectroscopy, a less complex and costly experimental method, both crystalline and
amorphous ASR products could be directly analysed within the aggregate (Leemann 2017). Raman
spectroscopy showed that the silicate species of ASR products are dominated by Q 3 sites indicating
again layers of silica tetrahedra sharing three bridging oxygens. However, limited information is
obtained using this method, since Raman spectra do not capture the long-range structure of the ASR
products.
Alternative approach to enable the characterization of the ASR products using wider range of
techniques is to synthesize ASR products in laboratory using model system. This has been
successfully demonstrated in our recent study, where both crystalline and amorphous ASR products
have been synthesized and characterized (Shi et al, 2019a, 2019b). The structure of the crystalline
ASR products was related to K-shlykovite and Na-shlykovite, while for the amorphous ASR product a
structural analogue could not yet be identified. The chemical composition and structural information of
the K-shlykovite and Na-shlykovite ((K/Na)Ca[Si4O9(OH)·3H2O]) resembles the crystalline ASR
products formed in concrete. The results indicated that the obtained shlykovite-like phase could be in
fact a synthetic proxy for ASR products in the field.
In this study, a further step to investigate the effect of Ca content on the formation of ASR products is
made. For this purpose, samples with a constant initial Na/Si of 0.5 and varying Ca/Si ratio from 0 to
0.5 are synthesized. In parallel, the effect of the initial Na/Si from 0 to 1 on formation of ASR was also
investigated in another study for samples with constant Ca/Si ratio of 0.3 (Shi et al, 2019b). The
saturation indices with respect to C-S-H and amorphous silica are also calculated to understand under
which conditions rather ASR products than C-S-H is formed.
2.
2.1

EXPERIMENTAL
Materials and sample preparations

Samples with a constant initial molar Na/Si ratio of 0.5 and varying Ca/Si ratios of 0, 0.2, 0.4 and 0.5
were synthesized by mixing appropriate quantities of SiO 2 (hydrophilic silica, surface area 200 m 2/g,
from EVONIK industries) with CaO (obtained by burning calcium carbonate for 12 h at 1000 °C) and
analytical NaOH pellet as shown in Table 1. Higher water/solid ratios were applied for samples with
higher Ca/Si ratios of 0.4 and 0.5 in order to well disperse the solids in the slurry. In order to avoid
carbonation, all handlings were carried out in a N2 filled glove box. Samples were mixed in Teflon
bottles and reacted in an incubator at 80 °C for 90 days. Afterwards, samples were filtrated using
paper filters with mesh size of 20 μm. Roughly 5 mL solution was immediately filtered with 0.45 µm
syringe filter for pH measurements and analysis of the solution compositions. The solids were rinsed
first with approximately 50 mL of 1:1 water-ethanol solution and then with 50 mL 94% ethanol solution
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in the N2 filled glove box. The obtained solids were then vacuumed dried for 7 days, and stored in N 2
filled desiccators with CO2 absorbent to prevent carbonation.
Table 1. Starting materials and mix proportions for the samples calculated based on the target
Ca/Si and Na/Si ratios .
Ca/Si

Na/Si

SiO2 (am)

CaO

NaOH

H2O

w/s

-

-

g

g

g

g

-

C0N0.5S

0

0.5

4.0000

0

1.3315

60

11.3

C0.2N0.5S

0.2

0.5

4.0000

0.7467

1.3315

60

9.9

C0.4N0.5S

0.4

0.5

4.0000

1.4934

1.3315

100

14.7

0.5

0.5

4.0000

1.8667

1.3315

100

13.9

Sample

C0.5N0.5S
2.2
Methods

After filtration, the pH measurements were carried out immediately using 2 mL of the filtrated solution
at room temperature (23 oC) with a Knick pH meter (pH-Meter 766) equipped with a Knick SE100
electrode. The rest of the filtrated solution was diluted with MilliQ water in ratios of 1:10, 1:100 and
1:1000 for ionic chromatography (IC) analysis.
X-ray powder diffraction (XRD, PANalytical X'pert Pro) with CoKα radiation was used to identify the
formation of the different phases. Thermogravimetric analysis (TGA/DTA) was done with a Mettler
Toledo TGA/SDTA 8513 on 10 to 30 mg samples using a heating rate of 20 °C/min from 30 to 980 °C.
Saturation indices with respect to amorphous silica and calcium-silicate-hydrate (C-S-H) were
calculated based on the measured concentrations in the solutions using the thermodynamic modelling
GEMS together with the Cemdata18 database using the CSHQ model for C-S-H (Lothenbach et al.
2018; Kulik 2011).
3.
3.1

RESULTS AND DISCUSSION
Phase assemblages

The powder X-ray diffraction (XRD) patterns of the samples with different initial Ca/Si ratios after 90
days of reaction are shown in Figure. 1. It is observed that the amorphous silica remains unreacted in
the sample C0N0.5S in the absence of Ca as shown by the presence of a very broad peak at 26° 2θ.
No crystalline alkali-silicate hydrates such as kanemite (NaHSi2O5·3(H2O)) are formed although a
relatively high temperature (80°C) and alkali concentration (555 mM) have been used. Traces of
natrite (PDF# 98-006-8104) due to slight carbonation of the solution are also observed for this sample.
In the presence of an intermediate amount of calcium (Ca/Si ratio from 0.2 to 0.4), a crystalline
product associated with Na-shlykovite (NaCa[Si4O9(OH)]·xH2O) is observed, which is also formed at
intermediate Na/Si ratios of 0.5 and 0.75 at a constant Ca/Si ratio of 0.3 as reported in another study
(Shi et al. 2019b). The XRD patterns shows that Na-shlykovite may have similar structure to Kshlykovite (KCa[Si4O9(OH)]·3H2O) observed in nature (Pekov et al. 2010). K-shlykovite has a layered
silicate structure (Zubkova et al. 2010), and shares with Na-shlykovite a very similar basal spacing (13
Å) and several other reflections.
The intensity of the peak associated with Na-shlykovite is relatively lower at higher Ca/Si ratio of 0.4,
where a broadening of the peak at 7.8° and 34° 2θ is also observed due to the formation of C-S-H
phase. Upon further increase of the Ca/Si ratio to 0.5, only C-S-H phase is formed. The results
suggest that at a constant initial Na/Si ratio of 0.5 Na-shlykovite only precipitates at an intermediate
range of Ca/Si ratio from 0.2 to 0.4.
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Figure 1. XRD patterns for the samples with different Na/Si ratios
The TGA results as shown in Figure 2 confirm the observation by XRD, where C-S-H is formed in
samples with initial Ca/Si ratio 0.5 as visible by the broad DTG peak observed at 100 °C. In contrast,
multi-step weight losses associated with interlayer water (80 – 180 °C) and main layer water (250 –
400 °C) of the Na-shlykovite is observed for samples with intermediate Ca/Si ratios of 0.2 and 0.3. The
water loss pattern is similar to the AFm phases formed in hydrated cements (Shi et al. 2017). At Ca/Si
ratio of 0.4, both C-S-H and Na-shlykvoite is formed as seen from the results obtained by the three
different methods.
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Figure 2. DTG curves of the samples with different Na/Si ratios.
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3.2

Solution chemistry

The measured concentrations of Si, Ca and Na in the supernatants together with calculated OH – ion
concentrations from the measured pH values are shown in Table 2. It is observed that the pH of the
equilibrium solution increases with increasing Ca/Si ratio, while both the Si and Na concentrations are
substantially decreased. A low amount of Ca (0.036 mM Ca, from impurities in the starting materials)
was measured in sample C0N0.5S, where no CaO was added for the synthesis. Also in the other
samples only very low Ca concentration has been measured, indicating that nearly all Ca in these
samples has participated in the reactions to form Na-shlykovite and/or C-S-H phase or okenite.
Table 2. Measured dissolved concentrations in the solutions of the samples in equilibrium and
calculated saturation indices with summary of phases observed from XRD.

Sample

Si

Na

Ca

OH-

mM

mM

mM

mM

pH
at 23 oC

Saturation indices

Resulting solids

C-S-H

SiO2
(am)

Phases

Ca/Si Na/Si

C0N0.5S 904.5 543.4 0.036 1.66

11.19

-0.8

-0.4

SiO2 (am)

0

0.06

C0.2N0.5S 458.5 374.0 0.015 4.08

11.56

-1.0

-0.9

Na-shlykovite

0.3

0.28

C0.4N0.5S 152.7 171.9 0.053 10.66

11.97

-0.5

-1.4

C-S-H + Nashlykovite

0.5

0.31

C0.5N0.5S 145.9 183.5 0.047 20.54

12.25

-0.5

-1.6

C-S-H

0.6

0.29

The calculated saturation indices with respect to amorphous silica and C-S-H based on the measured
concentrations are also summarized in Table 2. They are all slightly negative, even for those samples
(i.e., C0.5N0.5S or C0N0.5S) where the C-S-H phase or amorphous silica had been clearly seen by XRD
and TGA data. This apparent discrepancy is thought to be related to poorly described aqueous silica
complexes at such high silica concentrations of up to 0.9 M, and the high temperature of 80°C, which
makes thermodynamic modelling less accurate and indicates the need for more advanced C-S-H and
silica complexation models valid at higher temperatures to be able to better take into account the
effect of temperature and very high Si-concentrations. Independently of those restrictions, the
calculated saturation indices results show that the saturation indices with respect to C-S-H are less
negative at higher initial Ca/Si ratios of 0.4 and 0.5, where C-S-H has been observed. Moreover, the
saturation index with respect to amorphous silica is less negative for the sample without Ca, which is
consistent with the observation of unreacted amorphous silica in this sample.
The chemical composition of the solids phase(s) after equilibrium of 90 days are also calculated based
on mass balance calculations using the starting composition and the amount of each element in
solution. The results as shown in Table 2 indicate that the Ca/Si ratio for Na-shlykovite is around 0.3 –
0.5 and the Na/Si ratio is around 0.2 – 0.3, which is similar to the chemical composition of ASR
products formed in concrete samples ((Na+K)/Si∼0·25 and Ca/Si∼0·25 (Katayama 2012; Leemann et
al. 2016; Leemann and Lura 2013)). In contrast, the Ca/Si ratio for C-S-H is higher. Despite of the
differences in Ca/Si ratios of different Ca containing samples, all of the Na/Si ratios are more or less
within the same range of 0.2 – 0.3. In the absence of Ca, the uptake of Na by the solid is considerably
lower.
Further detailed analysis of the structure and composition of the Na-shlykovites are ongoing, with the
aim to develop thermodynamic data for such proxies of ASR products.
4.

CONCLUSIONS

In this study, the effect of Ca/Si ratio on the formation of ASR products is investigated for samples at a
constant initial Na/Si ratio of 0.5. Based on the results the following conclusions can be drawn:


Amorphous silica is only substantially consumed in presence of Ca, indicating that Na
alone reacting with amorphous silica would not form ASR products even at high
temperature of 80 °C. In presence of Ca, Na-shlykovite forms at intermediate Ca/Si ratio
from 0.2 to 0.4 and at pH values between 11.5 and 12. Calcium-silicate-hydrate is formed
at higher initial Ca/Si ratio of 0.4 and 0.5 at higher pH values of around 12.
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5.

The calculated saturation indices based on the measured dissolved concentration in the
solutions with respect to C-S-H and amorphous silica is generally consistent with the
phases precipitated as seen from XRD and TGA. Mass balance calculations indicated a
Ca/Si from 0.3 to 0.5 and a Na/Si from 0.2 to 0.3 in the solid phase consistent with molar
ratio observed in field samples of ASR products.
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ABSTRACT
According to the research that has reported of change of air content in ready-mixed concrete during
construction process, it has been observed that the loss of air content after pumping is larger than
other construction process. It is possible that resistance of frost damage in concrete structure is
degraded from decrease of air content by the pumping during construction process. Therefore, this
paper discusses that the influence of pressurization that simulated the pumping on air content and air
voids system in mortar. In the case of entrained air (AE) mortar, air content in fresh mortar decreased
with an increase of pressure on mortar. The number of entrained air at a diameter of 150 µm or less in
hardened mortar was decreased with an increase of pressure. Reduction of entrained air due to
pressure is caused by that entrained air becoming smaller due to the external pressure, becoming
unstable, and dissolved into the surrounding mixing water. As a countermeasure to loss of air content
in concrete by the pumping, air voids were introduced by microballoon admixture and the influence of
pressurization was investigated. In mortar with microballoon, decrement of air content and decrement
of number of air voids of 150 µm or less of diameter by the pressurization is lower than in case of AE
mortar. This result seems to be due to the thin film of microballoon preventing the dissolution of air.
Salt scaling resistance was decreased by the pressurization at 0.45 MPa.
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1.

INTRODUCTION

It is important to introduce of optimum air content in concretes in cold climate regions because they
are needed to have property of freeze-thaw resistance (Cordon W A et al. 1963). A decrease of air
content in ready-mixed concrete during the construction process had been observed (Miyata A et al.
2013). According to the research (Oyamada T et al. 2015) that measures air content in ready-mixed
concrete at time of the transportation, the pumping and the compaction, it has been reported that air
content decreases extremely after pumping. Therefore, we focused on the influence of external
pressure on concrete inside the conveying pile. Regarding the external pressure and air content, there
is a research to evaluate the air content in concrete cured under high pressure in pressure vessel, in
order to the change in the air content in concrete casting under high pressure of subsurface structure
etc (Kiyono K et al. 1999). The research showed that the air content decreased with increase of
pressure. However, there have been few researches that the relationship between air content in
concrete and a temporary external pressure assuming the pumping. In this research, in order to
elucidate the influence of external pressure on air content in concrete, we investigated the relationship
between air content in mortar, air void system, salt scaling resistance and a temporary external
pressure assuming the pumping.

2.
2.1

EXPERIMET METHOD
Materials and Mix Proportions

We used mortar because to improve of the propagation of pressure to samples. The cement used was
Ordinary Portland cement (density: 3.15 g/cm3), and the fine aggregate consisted of crushed sand
(surface dry density：2.80 g/cm3) from Kurokawa, Morioka City, Japan. Mix proportion of mortar was
water-cement ratio of 0.55 and sand-cement ratio of 2.8. Air content in mortar was 8.0 %. In recent
years, new air introduction methods using microballoon have been studied (Ushiro M et al. 2015,
Hanehara S et al. 2015). Therefore, mortar with microballoon was done same test of AE mortar in this
research. Therefore, microballoon (SBD) in which vinyl chloride acrylonitrile was foamed was used.
SBD shows elasticity, due to a thin film of vinyl chloride acrylonitrile. Table 1 shows the properties of
SBD. The SBD is a fine sphere with a smaller average diameter than the entrained air. Figure 1 shows
backscattered electron image of microballoon. In previous study (Hanehara S et al. 2015), we reported
that SBD had the same effect as entrained air on improving the salt scaling resistance in concrete. A
sample was prepared by adding 5 g of SBD per 1 dm3 of mortar so that the air amount was 8.0 ± 0.5
%. For comparison, tests were also conducted on plain to which no admixture was added. In order to
evaluate the fluidity of mortar, JIS R 5201 mortar was conducted. After curing within mould for 24
hours, we conducted underwater curing for 27 days.
Table 1 Properties of microballoon (SBD) (Hanehara S et al. 2015)
Kind of component

Range of size (µm)

Mean size (µm)

Density (g/dm3)

Polyvinylidene chloride

10 - 100

40

20

Figure 1 Backscattered electron image of microballoon (SBD) (Hanehara S et al. 2015)
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2.2

Pressurization equipment and method

A fresh mortar was temporarily pressurized in the pressure vessel. Figure 2 shows the stainless
pressure vessel (inner diameter: 208 mm, capacity: 10.1 dm 3, thickness: 4 mm, maximum working
pressure: 0.49 MPa) and the gas bomb of nitrogen gas. An air meter vessel (inner diameter: 110 mm,
capacity about 1.05 dm 3) and φ 50 mm × ℓ 100 mm cylindrical mould each other filled with mortar were
put into the pressure vessel. We pressurized mortar by aeration of inert nitrogen gas into the pressure
vessel. Pressure of pressurization was controlled by capacity of aeration into pressure vessel.
Assuming that the pressure necessary to raise concrete (density: about 2.5 t/ m3) by 20 m during
pumping is about 0.5 MPa (5 atmospheric pressure), pressure range was set to gauge pressure 0.1 0.45 MPa. The pressurization time was set to 10 minutes. Atmospheric pressure is 0 MPa of gauge
pressure, pressurization of 0.1 MPa in this research corresponds to about 2 atmospheres pressure.

Figure 2 Pressure vessel and gas bomb of nitro gas
2.3

Measurement method of air content and air void system

The air content in fresh mortar was measured by the air meter for mortar of the air chamber pressure
method. The air content in the pressurized mortar was measured after filling the mortar with a vessel
of an air meter and pressurizing it in a pressurized vessel. Because the mortar surface sinks by the
pressurization, mortar was packed higher than the upper end of the air meter vessel. We pressurized
fresh mortar by closing nitrogen gas in a pressure vessel. We controlled pressurized pressure by
observing the pressure gauge of the pressurized vessel. After rubbing the mortar surface after
pressurization, the air content in mortar was measured. Regarding the influence of the pressurization
at measuring the air content on the measurement result, the pressurization at measuring the air
content has no influence on the result because the pressurization time is short.
Air void system in hardened mortar was measured by the image processing of area ratio method with
reference to the Nishiyama's method (Nishiyama T et al. 1988). A mortar specimen of φ 5 cm × ℓ 10
cm was cut with a diamond cutter so that the specimen was φ 5 cm × ℓ 2 cm from the lower end and 2
cm in height was taken. The measurement surface was cut surface. The treatment of the
measurement surface was carried out by polishing, application of a fluorescent paint, and removal of
paint adhering to other than air voids by polishing. Silicon Carbide powder was used for sample
polishing. The measurement surface was irradiated with ultraviolet light and reflected, and the
reflected light was detected to analyse the air void system.

2.4

Measurement method of salt scaling resistance

Salt scaling evaluation was done using the evaluation method using test pieces proposed by the
authors (Hanehara S et al. 2013). Sets of three 8-mm sided cubes (weighing approximately 4 g) cut
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using a diamond cutter were subjected to one free-thaw cycle per day using a 3% solution of NaCl
(deicer) in a 100 ml polypropylene container, until the prescribed number of freeze-thaw cycles was
reached. Following the prescribed number of free-thaw cycles, the test pieces were cleaned of debris
and dried and the mass residual ratio was obtained from 2.5 mm piece of retained material.
Comparison of this test method using small-sized test pieces with other salt scaling evaluation test
methods such as the ASTM C672 method showed the proposed test method to have a certain degree
of consistency making it valid for scaling evaluation (Kanno H et al. 2014).

3.
3.1

RESULT AND DISCUSSION
Properties of fresh mortars

Table 2 shows fluidity and changes of air content with time. Because of measuring the air content after
pressurization takes up to 30 minutes from mixing of mortar, it is necessary to measure changes with
time in the amount of air in the mortar. Therefore, the mortar sample was allowed to stand under
atmospheric pressure and was measured air content after 30 and 60 minutes. Comparing the air
content in AE mortar at each time with the time immediately after mixing (0 minutes), there was no
change in 30 minutes and decreased by 0.1 % in 60 minutes. In the case of SBD mortar, the change
of air content with time does not show a significant change in the air amount in both 30 and 60
minutes similarly the AE mortar. The change of air content in mortar with time was negligible. So, the
change of air content by pressurization test is related to only pressurizing operation.
Table 2 Properties of fresh mortar
Type

3.2

Air content after mixing (%)

Flow (mm)

0 min

30 min

60 min

AE

8.4

8.4

8.3

204

SBD

8.5

8.6

8.4

203

Plain

2.7

-

-

185

Changes of air content and air void system by pressurize

3.2.1 Influence of pressurization on fresh air content
Figure 3 shows air content in fresh mortar after mixing and after pressurization. In all samples, the air
content after pressurization is lower than after mixing. Figure 4 shows the relationship between
pressure and amount of change of air content. In the case of plain mortar, the decrement of the air
content by the pressurization were 0.3 to 0.6 % when pressure in the range up to 0.3 MPa, were about
0.5 % when 0.4 MPa or more. In the case of AE mortar, the decrement of the air content by the
pressurization increased with an increase in pressure and the decrement of the air content by 0.4 and
0.45 MPa were 1.5 and 1.6 %. Also, at all pressures, decrement of air content in AE mortar was higher
than that plain mortar. In the case of SBD mortar, the decrement of the air content by the
pressurization increased with an increase in pressure. However, at all pressures, decrement of air
content in SBD mortar was lower than in AE mortar and was same as in plain mortar within the range
of 0.1 to 0.3 MPa.
3.2.2 Changing of the air content in hardened mortar
Some samples were measured the air content in hardened and air void systems. Table 3 shows air
content of fresh and hardened mortar. Because air voids at a diameter of 1500 μm or more are not
included in the measurement of air content in hardened mortar, air content in hardened mortar tended
to be lower than air content in fresh mortar. In the case of AE mortar, decrement of the air content in
hardened by the pressurization were about 0.5 %, which were lower than that decrement of the air
content in fresh. In the case of SBD mortar, when pressure was 0.4 MPa or less, decrement of the air
content in hardened by pressurization was about the same as that of AE mortar. Decrement of the air
content in SBD mortar that pressurized by 0.45 MPa was 1.3 %.
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(a) AE mortar

(b) SBD mortar

(c) Plain mortar
Figure 3 Air content of fresh mortar after mixing and after pressurization

Figure 4 Relationship between pressure and amount of change of air content

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 3 Air content in fresh and hardened mortar

Type

AE

SBD

Plain

3.3

Pressure
(MPa)
0.1
0.2
0.3
0.4
0.45
0.1
0.2
0.3
0.4
0.45
0.1
0.2
0.3
0.4
0.45

Air content (%)
Fresh
Hardened
Mixing
Pressure
No
Pressure
8.4
7.8
7.0
6.6
8.5
7.6
6.8
6.3
8.2
7.1
6.8
6.2
8.3
6.7
6.7
6.1
8.4
7.0
6.8
6.3
7.9
7.6
7.7
7.4
7.9
7.5
7.8
7.3
7.9
7.3
7.7
7.3
8.0
7.2
7.8
7.2
8.5
7.5
7.9
6.6
2.7
2.4
1.5
1.2
2.3
1.9
1.6
1.3
2.5
1.9
1.8
1.2
2.3
1.8
1.6
1.3
2.8
2.3
1.7
1.5

Influence of pressurization on air void system

3.3.1 Spacing factor, average of air voids diameter and number of air voids
Figure 5 shows relationship with air void system (spacing factor, average of air voids diameter and
number of air voids) and pressure. Measurement results of mortar non-pressurization shows at a
pressure of 0.0 MPa. In the case of non-pressurization sample of AE mortar, spacing factor was 165
μm, an average of air voids diameter was 119 μm, and the number of bubbles was 3.54 per unit area.
In the case of AE mortar, spacing factor and average of air voids diameter increased with an increase
in pressure. The average of air voids diameter became about 1.25 times by pressurization of 0.45
MPa. Number of air voids decreased with an increase in pressure. From these results, it is assumed
that air voids are reduced by pressurization, and reduction of air voids of diameter of 120 μm or less
was remarkable. In the case of non-pressurization sample of SBD mortar, spacing factor was 102 μm,
an average of air voids diameter was 67 μm, and the number of bubbles was 9.36 per unit area.
Owing to the SBD mortar has a small as shown in Table 1, the number of air voids was more than that
of the AE mortar having the same air content. Air void system of samples that were pressurized by 0.3
MPa or less, were about the same as that of the non-pressurization sample. With pressurization at 0.4
MPa or higher, with increased of pressure, spacing factor and average of air voids diameter increased
and number of air voids decreased.

(a) AE mortar

(b) SBD mortar

Figure 5 Relationship between pressure and air void system of mortar
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3.3.2 Influence of pressurization on distribution of air voids
Figure 6 shows relationship between distribution of air voids and pressure of pressurization. AE mortar
non-pressurization showed a maximum value of the number of air voids at a diameter of 20 to 30 μm,
and air voids at a diameter of 150 μm or less which were effective for freezing - thawing resistance
(Sakata N et al. 2012) was about 80 % of the total. Number of air voids at a diameter of 20 to 150 μm,
decreased with increased of pressure. In particular, AE mortar pressurized by 0.45 MPa shows the
maximum value at 140 μm and air voids at a diameter of 150 μm or less decrease to about 60 % of
the total. All SBD mortar showed a maximum value of the number of air voids at a diameter of 20 to 30
μm. SBD mortar pressurized in the range of 0.1 to 0.3 MPa showed similar air voids distribution of
non-pressurization. Air voids at a diameter of 100 μm or less decreased by pressurization at 0.4 and
0.45 MPa.

(a) AE mortar

(b) SBD mortar

Figure 6 Relationship between pressure and distribution of air voids
3.3.3
Influence of pressurization on air content of fines air voids
Figure 7 shows relationship between air content of fine air voids in mortar and pressure of
pressurization. As the result (Oyamada T et al. 2014) that the scaling can be suppressed by
introducing a lot of air voids at a diameter of 80 μm or less. In case of AE mortar, air content of 80 μm
or less decreased with increased of pressure. The air content at a diameter of 80 μm or less in the
mortar pressurized by 0.45 MPa is reduced to about half of the non-pressurization mortar. The air
content at a diameter of 150 μm or less in mortar pressurized by 0.4 and 0.45 MPa was decreased by
about 0.4 % from the non-pressurization. In the case of non-pressurization sample of SBD mortar, the
air content of air voids at a diameter of 80 μm or less was about 1.2 %, and the air content of air voids
at a diameter of 150 μm or less was about 2.3 %. In the case of SBD mortar at pressure of 0.4 MPa or
less, the decrement of the air content was about 0.2 % at most. This decrement of air content in SBD
mortar by the pressure was the same as AE mortar. The effect of pressurization for SBD mortar was
considered smaller than that of AE mortar because the rate of decrease from the original air content in
SBD mortar was smaller than that in AE mortar. Because air voids at a diameter of 150 μm or less
decreased by the pressurization, it is possible that resistance of frost damage in concrete by the
pumping.
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(a) AE mortar

(b) SBD mortar

Figure 7 Relationship between pressure and distribution of air voids
3.4

Consideration on a phenomenon in which reduction of air content by the pressurization

The pressurization test revealed that the air content in mortar was decreased by the temporarily
pressurization. We would consider this phenomenon by estimating that the behavior of air bubbles
presented in water under external pressurization. Hattori K (1985) explained relationship between the
pressure and stability of bubbles . There is pressure of internal gas (internal pressure) and pressure
acting from the outside of air bubbles (external pressure) in air bubbles, and the pressure difference
affects air bubble stability. The relationship between internal pressure and external pressure could be
expressed by Young-Laplace equation (1).

(1)
P: Gas Pressure of Internal Bubble (Pa), P0: Gas Pressure of External Bubble (Pa)
V: Gas Volume (m3), γ：Surface Tension (10-3N/m), R: Diameter of Bubble (m)
From equation (1), it can be seen that the internal pressure is larger than the external pressure, and
the difference in pressure with the outside is inversely proportional to the bubble diameter. Table 4
shows relationship between bubble diameter and the pressure difference of internal and external
bubble. In the case of the bubbles in the water (the surface tension: 73 × 10-3 N/m), pressure
difference of bubbles at a diameter 100 μm or more is 0.003 MPa or lower, pressure difference does
not affect the stability of bubbles. When the diameter of bubbles in water are 20 μm or lower, pressure
difference is more than 0.01 MPa (0.1 atmospheric pressure), bubbles become unstable. Unstable
bubbles disappear after going through a process of dissolving into the surrounding water or contact
with each other bubbles. The entrained air is introduced because reducing the surface tension of
water with an AE agent (surfactant). Therefore, as shown in Figure 6, bubbles of about 20 μm exist
stably in AE concrete.
Table 4 Relationship between bubble diameter and the pressure difference of internal and
external (Hattori K 1985)
Diameter Pressure difference (MPa)
（μm）
γ=73
γ=45
10
0.029
0.018
20
0.014
0.009
30
0.010
0.006
50
0.006
0.004
100
0.003
0.002
-3
γ：Surface tension (10 N/m)
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First, we consider behaviour of bubbles under pressurization. Owing to the relationship between gas
and pressure follows the two laws, the bubbles under the pressurization exhibits the behaviors
described below.


Boyle's law exists relationship between the gas volume and the gas pressure.
PV = (Constant)

(2)

P: Gas pressure (Pa), V: Gas volume (m3)


Henry's law exists relationship between the gas solubility and the gas pressure.
(3)
C: Molar concentration in solution (mol/m3), P: Gas pressure (Pa),
KC: Equilibrium Constant

In the pressurization state, according to Boyle's law equation (2), the volume of bubbles decreases by
pressure. For bubbles which became smaller by the pressurization, the pressure difference increases
according to the Young-Laplace equation (1). Therefore, the number of unstable bubbles in the
pressurization state is increased as compared with that in the atmospheric pressure. According to
Henry's Law equation (3), the higher the pressure is, the higher the solubility of the gas becomes, so it
is seemed that it dissolves in the surrounding water in contact with the fine bubbles with increased
internal pressure. Therefore, it is considered that in the pressurized state, bubbles become smaller in
diameter and dissolve in the surrounding kneading water, and the air amount decreases. Due to the
solubility increases with increase of pressure, it seems that the dissolution amount of bubbles
increases with increase of pressure.
Next, we would consider behaviour of bubbles during the decompression process that returns from the
pressurization state to the atmospheric pressure. Bubbles that did not dissolve in the pressurization
state return to the size before pressurization according to Boyle's law. On the other hand, for dissolved
bubbles by pressurization, it is important to consider the degree of saturation of the gas molecules in
the liquid because the liquid solubility of gas decreases during the decompression process according
to Henry's law. In the case of unsaturated state, the dissolved gas keeps the dissolved state in water,
and the amount of air corresponding to the dissolved bubbles decreases at the time of pressurization.
In the case of supersaturated state, a part of the dissolved air returns to the gas, but it is seemed that
it will return after hysteresis has been passed.
From these behaviours, the decreasing of air content in concrete by the pressurization occurs due to
dissolving of bubbles. This consideration can explain that bubbles of 150 μm or less decrease as
shown in Figure 5, 6 and 7, as fine air bubbles are more susceptible to pressurization and easier to
dissolve. In the case of SBD mortar. Because SBD has thin film enveloping the air, there is no gasliquid interface where gas passes through during dissolution. Therefore, the pressure inside SBD was
not influenced by the pressurization by elastic deformation without dissolving even if the air inside the
SBD was in the high-pressure state within the range of the pressurized pressure of 0.1 - 0.3 MPa. At
0.4 MPa or more, the SBD was broken by the pressure, so it was considered that the interface where
air and water were in contact occurred and the air dissolved in water.
We would compare the results of this research with previous research (Kiyono K et al. 1999) which
examined the change of air void system of concrete cured under high pressure which supposing the
concrete to be cast under high pressure of subsurface structure etc. This research results agreed with
previous research on decreasing of air content and number of air voids. On the other hand, this
research results on average diameter of air voids was did not agree with previous research. In the
case of curing under high pressure, it is seemed that the average diameter of air voids becomes
smaller because air voids were cured in a state of small diameter by pressurization. In the case of
temporary pressurization (this study), air voids of 150 μm or less are reduced by pressurization, so
that the proportion of large air voids increased, and the average diameter of air voids increased.
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3.5

Influence of pressurization on salt scaling resistance

Figure 8 shows result of salt scaling test. Both the AE mortar and the SBD mortar had a large
reduction in the scaling resistance of the mortar pressurized at 0.45 MPa. Salt scaling resistance is
decreased due to the reduction of the small diameter entrained air or microballoon by the
pressurization. Although the amount of air of 80 μm or less of SBD mortar is about 4 times larger than
that of AE mortar, scaling resistance is comparable. This result seems to be due to the difference in
the timing of the start of the small-piece freeze-thaw test etc. We would like to evaluate the scaling
resistance of SBD in conjunction with RILEM CDF method and ASTM C 672 method etc. in the future.

(a) AE mortar

(b) SBD mortar

Figure 8 Relationship between pressure and salt scaling resistance

4.

CONCLUSION

In this research, in order to elucidate the influence of external pressure on air content in concrete, we
investigated the relationship between air content in mortar, air void system, salt scaling resistance
and a temporary external pressure assuming the pumping. The obtained results are shown below.








5.

In the case of AE mortar, changes in air content and air void system were caused by
pressurization. As the pressure increased, the spacing factor and average diameter of air
voids increased, the number of air voids and the air content of less than 150 μm
decreased.
Mechanism of changes in air content and air void system were caused by pressurization
could be explained according to the Young-Laplace law which acts inside bubbles, the
Boyle´s law concerning pressure and bubble volume, and Henry's law concerning melting
of mood by pressure.
When microballoon (SBD) in a form of a thin film was used, because a thin film prevented
dissolution of gas into the liquid, changes in air content and air void system weren't
occurred by pressurization of 0.3 MPa or less. In the case of 0.4 MPa or more, the air void
system changed, but the effect of pressurization was less than that of AE mortar.
Both the AE mortar and the SBD mortar had a large reduction in the scaling resistance of
the mortar pressurized at 0.45 MPa.
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ABSTRACT
The destruction of concrete by the reaction between the reactive aggregate and the cement matrix is
still a subject of work regularly published in international forums, recently ICAAR in July 2016 in Sao
Paulo. The basic factor for the reaction of AAR in concrete is alkalis from cement, reactive aggregate
and high humidity of the reaction zone. One of the most important preventive measure of the
destructive alkaline reaction in concrete is the addition of mineral additives: siliceous fly ash and
granulated blast furnace slag. Applying these mineral additives, despite of use the reactive aggregate
in concrete, according to AASHTO from 0.1-0.3%, and the alkali content of more than 1.8 kg/m3 of
concrete, it is possible to effectively design concrete constructions which are resistant to the
destructive reaction of ASR. The beneficial effect of siliceous fly ash and granulated blast furnace slag
with a very high fineness - ultra fine particles, on preventing the ASR reaction in concrete has been
shown in this article. The mineral additives with very fineness particle size distribution have an effect
on C-S-H phase growth with a significantly reduced C/S ratio, and a high degree of substitution of ions
involved in the formation of the expanding gel.
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1. INTRODUCTION
The occurrence of the alkali-silica reaction (ASR) in the aggregate, despite many years of research, is
not yet fully explained. Describing the mechanism of the ASR reaction, it was believed that the
aggregate reacted by increasing its volume, which led to the expansion of the concrete. Currently, the
decisive importance in the processes of alkaline expansion is attributed to the formation of calcium
and potassium silicate gel with calcium ions; expansive ASR reaction products. The course of
destructive internal alkali corrosion, as a result of ASR reaction, may be influenced external factors
related to environmental exposure classes, especially the changeable temperature with the effect of
de-icing agents (Diamond 1976, Ulm at al. 2000, Kawamura at al. 2004, Katayama 2010, Thomas
2011, Lindgard at al. 2012), and that thing should be analyzed.
The distinguishing feature of mineral aggregates that tend to react with NaOH and KOH in concrete is
primarily the presence of silica in amorphous form; opal, tridymite, cristobalite, volcanic acid glass,
chalcedony and crypto-crystalline quartz. Reactivity may also be exhibited by quartz in the state of
stress in metamorphic rocks. The content of reactive silica determines, in part, the value of concrete
expansion (Diamond 1976, Ulm at al. 2000, Kawamura at al. 2004, Katayama 2010, Thomas 2011,
Lindgard at al. 2012). Such dependence is used in quick methods for assessing the potential reactivity
of aggregates; Petrographic method ASTM C295-12 for the determination of the presence of reactive
silica in aggregate and the chemical method ASTM C289-07 for measuring the content of soluble
silica. Describing the mechanism of the ASR reaction, the amount of expansion of concrete with
reactive aggregate is attributed to the formation of ASR reaction products. The recognition of the basic
mechanisms of concrete destruction caused by the expansive properties of ASR reaction products
allowed the development of research methods used to test the reactivity of aggregates, based on
measuring the expansion of mortars and concretes. These are accelerated methods for mortar
expansion measurements in accordance with ASTM C1260 and a long-term method for measuring the
expansion of concrete samples in accordance with ASTM C1293. The assessment of the occurrence
of symptoms of ASR reaction in concrete also takes into account the method of microscopic
observation of reaction products.
The PN-EN 206 + A1: 2016-12 concrete standard lacks clear criteria for reactivity in the design and
performance of ASR-resistant concretes. According to this standard, in the case where the aggregate
contains varieties of silica susceptible to reactions with alkali NaOH and KOH derived from cement
and concrete is exposed to a moist environment, action should be taken to prevent the destructive
reaction of alkali - silica using a procedure of proven suitability. Research and assessment of
aggregate reactivity is the basic problem of designing permanent cement concretes for the assumed
lifetime of the facility and environmental impacts; temperature changers, humidity fluctuations, loads
and the use of de-icing agents for concrete pavements and road infrastructure facilities. At present, in
Poland there is practically no proper system for assessing the alkaline reactivity of aggregates. The
PN-EN 12620 + A1: 2010 standard specifies requirements related to the withdrawn standard of the
mortar expansion test and the requirements determining the weight loss of aggregate in the NaOH
solution. The methodology of both methods is questioned and these standards are withdrawn in the
ASTM and RILIEM system of standards. To assess the reactivity of aggregates in these systems,
preliminary petrographic investigations and direct methods of alkaline expansion measurements
conducted for mortars, according to the accelerated ASTM C1260 method and according to the longterm ASTM C1293 concrete expansion measurement method.
When determining the suitability of aggregates for concrete construction elements, environmental
conditions such as changes in humidity and temperature, de-icing agents and variable mechanical
loads should be taken into account. Table 1 presents the categories of loads of aggressive
environmental impact on concrete and mechanical loads of concrete in the period of exploitation
according to Technical Report CEN / TR 16349.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 1 Environmental categories due to the risk of ASR reaction in concrete
according to CEN / TR 16349.
Environment
Dry
environment,
E1
protected from
external
moisture
Humid
environment
without the
E2
aggressive
influence of
external factors

E3

Humid
environment
with aggressive
influence of
external factors

Risk Conditions for ASR
 indoor concrete in buildings, in a dry operating environment
 exploitation life <5 years
• indoor concrete in buildings with high humidity; ie, laundries, tanks,
swimming pools
• concrete exposed to atmospheric humidity, non-aggressive
groundwater, submerged in fresh water or permanently submerged in
sea water
• exploitation life <45 years
• concrete exposed to thawing salts
• concrete exposed to seawater (immersion and drying) or salty
spraying
• damp concrete exposed to alternate freezing and thawing
• damp concrete exposed to prolonged exposure to high temperatures
• concrete roadways subjected to uneven loading
• exploitation life> 75 years

In the case of reactive aggregates containing harmful components, mainly in the form of reactive silica,
the possibility of preventing the ASR reaction in concrete creates the use of low KOH and NaOH
cements, which shape the low alkalinity of the pore concrete liquid and the use of pozzolanic and
hydraulic powders (SCM) (Benoit at al. 2016, Kazuyuki at al. 2016, Custódio at al. 2016, Shehata at al.
2016, Iguchi at al. 2016).
According to the assumptions and program of the ASR-RID research project "Alkaline reactivity of
domestic aggregates" (Project ASR-RID), works related to the prevention of ASR reactions in concrete
concern a wide group of aggregates from the entire country. Research has shown that the majority of
aggregates obtained from crushing sand and gravel rocks, grits of post-glacial aggregates and river
origin are moderately reactive. Correspondingly for this group of aggregates, a comprehensive
program to prevent alkaline reaction in concrete is carried out. The work involved Portland CEM I
cements and multi-component cements with a fixed addition of fly ash or granulated slag. The results
of the measurements confirmed the effectiveness of pozzolanic-hydraulic additives of ash and slag to
lower the value of mortar expansion. The degree of expansion reduction depends on the amount of
the additive. The research allowed to determine the amount of mineral additive, ash or slag, which
allow to limit the expansion value to the level below 0.1% for mortar according to ASTM C1260 using
reactive aggregates, constituting the majority of broken rocks. The ASR reaction prevention testing
program has been focused on aggregates with moderate reactivity R1 and the risk level E3,
corresponding to the impact of the humid environment with the aggressive impact of external factors,
according to Technical Report CEN / TR 16349.
2. THE SCOPE AND METHODS OF RESERCH
According to the ASR-RID Project program, the work being carried out is related to prevention of ASR
reactions in concrete and concerns a wide group of aggregates selected on the basis of research.
These studies have shown that the majority of aggregates obtained from crushing aggregates of
postglacial and riverine crust rocks exhibit a moderate degree of reactivity R1 (Table 2).
Correspondingly for this group of aggregates, a comprehensive program of preventing alkaline
reaction in concrete with aggregate R1 through the use of SCM mineral additives is carried out.
Research is carried out on measuring the mortar and concrete expansion with the use of SCM
pozzolan-hydraulic additives: fly ash of silica and granulated blast furnace slag. For mortar expansion
measurements, the accelerated method according to ASTM C1260 is applied. For the measurements
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of concrete expansion, the long-term method according to ASTM C1293 is used. According to the
recommendations of the AASHTO and RILIEM system, the progress of the ASR reaction was
examined by analyzing the reaction products of the ASR for the content of expansive silica-soda-lime
gel using SEM / EDS scanning electron microscopy. Observations of the mortar microstructure were
carried out on the mortar samples after the alkaline expansion tests according to the ASTM C1260
method. Elemental analysis of EDS was performed in micro-areas using the EDAX Apollo X SDD
detector.
3. MATERIALS FOR RESEARCH
The assessment of aggregate reactivity and the efficiency of reducing the ASR reaction by the SCM
mineral additive were the criteria in the AASHTO R 80-17 guidelines given in Table 2. The conditions
for the use of natural aggregate for concrete for risk levels E1, E2 and E3 were considered due to
aggregate reactivity and the total content of alkali in concrete - Table 3.

Table 2. Criteria for assessing the reactivity of silica aggregates due to the expansion value of
mortars and concrete determined according to the accelerated method ASTM C1260 and
ASTM C1293
Degree of
aggregate
reactivity

Degree of
aggregate
reactivity

Expansion after 14
days according to
ASTM C1260 [%]

CPT expansion
after 1 year according to
ASTM C1293 [%]

R0

Unreactive

≤0,10

≤0,04

R1

Moderately reactive

>0,10≤0,30

>0,04≤0,12

R2

Strongly reactive

>0,30≤0,45

>0,12≤0,24

R3

Very strongly
reactive

>0,45

>0,24

Table 3. Conditions for the use of natural aggregate for concrete depending on the level of risk
E, reactivity of aggregate R and content of alkali (Na2Oeq) in concrete.

The level of risk
Usefulness
in
environment

Unreactive
R0

E1
E2

No limits
max. 3,0 kg/m3

E3

max. 3,0 kg/m3

Moderately
Strongly
Very strongly
reactive
reactive
reactive
R1
R2
R3
Content Na2Oeq on 1 m3 concrete
No limits
No limits
No limits
max. 2,4 kg/m3
No use
max. 1,8 kg/m3 +
No use
SCM kg/m3

The research program was implemented using two commercial cements; Portland CEM I and a
special, low alkaline Portland CEM II / A-V cement containing 18% fly ash.
For the model studies of the influence of fly ash and slag in the cement on the level of mortar
expansion according to the ASTM C1260 method, cements prepared in the laboratory were used.
Ash-based cements were obtained by mixing Portland cement CEM I 42.5 R with silica fly ash of
varying degrees of fineness: ash N and ash S, in an amount of 15, 20 and 25%, corresponding to
commercial cement CEM II/A-V and CEM II/B-V. Siliceous fly ash fulfilled the requirements of PN-EN
450-1.
Slag cement containing 30% and 50% slag, corresponding to CEM II/B-S and CEM III/A commercial
cement (Shehata at al. 2016), prepared by mixing CEM I 42.5R cement with ground granulated blast
furnace slag, grain size 3800 cm 2/g and 6000 cm2/g according to Blaine.
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The chemical characteristics of the materials used for the tests are summarized in Table 4. Taking into
account the requirements of alkali content, given in Table 3 for individual risk levels and reactivity of
aggregates, very low content of soluble alkalis in fly ash and slag, not exceeding 1% (tab.5), should be
taken into account it has practically no significant effect on the balance of alkali content involved in the
ASR reaction. When calculating the content of alkalis introduced with ash and slag to the concrete, the
limit of safety should be assumed, according to foreign guidelines (RILIEM 2016, CEN/TR 16349,
AASHTO R 80-17, DAfStB 2013, STN 72 1179 2008, ÖNORM B 2014). Definitely higher levels of
soluble. The National Guidelines project adopted 10% soluble alkalis for fly ash and slag of the total
alkali content in these additives (Projekt wytycznych GDDKiA 2018). The content of soluble alkalis in
Portland commercial CEM I cement is 40-60% of the total Na2Oeq content in cement (tab.6). When
calculating the balance of alkali content in concrete, 100% of the amount of alkali applied with cement
should be taken, despite the lower documented soluble. Soluble alkalis of cements and mineral
additives was determined by the method of water leaching according to ASTM C114-15.
Table 4. Chemical composition of materials used to ASR reaction research
Material
Component

Loss on ignition

CEM I
42,5N
(without SCM)

CEM II/A-V
Granulated blast
42,5 N
Siliceous fly ash
furnace slag
(with 18% fly ash)
The contribution of the ingredient [% mass]

3,70

2,33

2,63

+0,17

-

-

-

98,6

SiO2
Al2O3

20,16
4,33

26,25
8,68

51,37
27,80

38,40
7,77

Fe2O3

3,43

3,01

6,55

0,99

Glass content

CaO
64,07
54,21
2,97
43,69
MgO
0,88
1,23
2,51
5,77
SO3
2,93
2,36
0,23
1,12
Na2O
0,27
0,35
0,68
0,53
K2O
0,54
0,92
3,54
0,54
P2O5
0,32
0,16
TiO2
0,27
0,36
Mn2O3
0,06
0,06
SrO
0,17
0,04
ZnO
0,18
0,05
Na2Oeq total
0,60
0,96
3,01
0,88
Na2Oeq removability
0,34
0,22
0,03
0,01
NR – Vol. insoluble
14,0
79,8
Ash content in cement CEM II/A-V 42,5N is equal * to: NR x 1,28 = 17,9%
(*Fly ash content calculated from the non-resilient parts content according to the standard PN-B19707)

Table 5. Soluble alkalis in SCM mineral additives used in the RID test program
Sample description

Siliceous fly ash, category N

Total alkali content [%] Soluble alkalis content [%]
Na2O

0,86

Na2O

0,04

K2O

3,21

K2O

0,01

2,97

Na2O eq

0,05

Na2O eq
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Siliceous fly ash, category S

Granulated blast furnace slag,
Surface area 3800 cm 2/g

Granulated blast furnace slag,
Surface area 3800 cm 2/g

Na2O

0,60

Na2O

0,05

K2O

2,60

K2O

0,02

Na2O eq

2,31

Na2O eq

0,06

Na2O

0,57

Na2O

0,04

K2O

0,44

K2O

0,00

Na2O eq

0,86

Na2O eq

0,04

Na2O

0,59

Na2O

0,01

K2O

0,47

K2O

0,00

Na2O eq

0,90

Na2O eq

0,01

Table 6. Total alkalis and soluble alkalis in Portland CEM I cement
Alkali content in cements CEM I, % mass
Type of cement

Soluble alkalis

Total alkalis

Percentage of cement mass

The degree of leaching %

Na2O

K2O

Na2Oeq

Na2O

K2O

Na2Oeq

Na2O

K2O

Na2Oeq

0,19

0,47

0,50

0,04

0,35

0,27

21

75

54

0,18

0,21

0,32

0,05

0,12

0,13

28

57

43

CEM I 42,5R

0,21

0,86

0,78

0,06

0,62

0,47

29

72

60

CEM I 42,5R

0,21

0,59

0,60

0,07

0,37

0,31

33

63

52

CEM I 42,5N
CEM I 52,5R NA
CEM I 42,5N
LH/SR3/NA

0,24
0,34

0,54
0,29

0,57
0,53

0,05
0,05

0,54
0,10

0,41
0,12

29
15

63
34

55
23

0,26

0,38

0,51

0,04

0,21

0,18

15

55

35

CEM I 42,5N
LH/NA
CEM I 42,5N
LH/NA

Selected samples of crushed post-glacial aggregates and solid rocks were used to investigate
prevention of ASR reactions. The research focused on moderately reactive R1 aggregates with
expansion value according to ASTM C1260 in the range of 0.1-0.3%. For all tested aggregates,
amount of washable alkali was very low in the range of 0.00-0.03% by weight and is practically
included in the balance of alkali content involved in the ASR reaction.

4.

the
the
the
not

RESULTS

4.1 Effect of ash on the mortar expansion for commercial cements.
Measurements of mortar expansion according to the ASTM C1260 method crushed aggregates from
crumbly rocks, mainly post-glacial, using CEM I 42.5N Portland cement and CEM II/A-V 42.5N-NA
cement ash with 18% ash, summarized in Table 7 and is shown in Figure 1.
The data collected in Table 7 confirm the varied reactivity of crushed domestic crumb aggregates. The
range of fluctuations in aggregate reactivity between plants is from the value close to 0.1%, ie the limit
for non-reactive aggregates R1, through the largest group of moderately reactive R1 aggregates with
expansion> 0.1% ≤0.3%. A small population are strongly reactive aggregates of R2 and very strongly
reactive R3 with an expansion of ≥0.3% and ≥0.4%, respectively. The measurements of expansion of
mortars from moderately reactive aggregates collected in Table 7 confirm the high efficiency of the
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mineral additive - silica fly ash. In each case, R1 aggregates, when using CEM II/A-V ash cement
containing 18% fly ash, a reduction of expansion to <0.1% after 14 days according to ASTM C1260 is
obtained.
Table 7. Effect of the amount of mineral additive of silica fly ash
on the value of expansion of mortar with grits* from post-glacial aggregates

Aggregate

Cement

Mortar expansion
after 14 days [%]

CEM I 42,5 R
0,096
CEM II/A-V
0,045
CEM I 42,5 R
0,20
Grits 11,2/31,5
CEM II/A-V
0,018
CEM I 42,5 R
0,136
Factory B
Grits 5,6/11,2
CEM II/A-V
0,021
CEM I 42,5 R
0,136
Grits 2/5,6
CEM II/A-V
0,060
CEM I 42,5 R
0,08
Factory C
Grits 2/5,6
CEM II/A-V
0,065
CEM I 42,5 R
0,172
Grits 11,2/16
CEM II/A-V
0,076
Factory D
CEM I 42,5 R
0,209
Grits 4/8
CEM II/A-V
0,095
CEM I 42,5 R
0,162
Factory E
Grits 2/5,6
CEM II/A-V
0,014
CEM I 42,5 R
0,284
Factory F
Quartzite 2/5,6
CEM II/A-V
0,106
CEM I 42,5 R
0,218
Factory G
Grits 8/11,2
CEM II/A-V
0,081
CEM I 42,5 R
0,382
Factory H
Grits 8/12,5
CEM II/A-V
0,078
* for each aggregate (grits) sample, all fractions were prepared
as required by the ASTM C1260 standard
Factory A

A

Grits 8/16

B

Fig. 1. Mortar expansion according to ASTM C 1260 [9] with CEM I cement 42.5N without fly ash
(blue) and with cement CEM II/A-V 42.5N-NA with addition of 18% fly ash (red color) with crushed
aggregate post-glacial from factory B with different grain size: A) grits 11,2 / 31,5 and B) grit 5,6 / 11,2.
For each grit sample, all fractions were prepared as required by the ASTM C1260 standard.
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4.2 Model studies of the influence of fly ash and granulated slag on reducing the ASR reaction
Model studies of the influence of fly ash on reducing the reaction of ASR and alkaline expansion are
presented in Tables 8 and 9. Table 8 summarizes the mortar expansion with the addition of 15, 20,
25% ash category N and the expansion value determined for mortar with the addition of 20% ash
category S with much better fineness. Table 9 summarizes mortar expansion with the addition of slag
of 30 and 50% of cement mass. Table 9 contains the results of determinations for slag with a specific
surface area of 3800 and 6000 cm 2/g. Figure 2 for the aggregate from Plant E with moderate reactivity
R1 shows the amount of expansion of the mortar as a function of the slag content.
The model tests allow to determine the addition of silica ash and granulated slag effectively limiting the
ASR reaction in concrete and mortar. It may be for the R1 aggregates with 0.1-0.2% expansion, the
ash addition introduced with the Portland cement ash CEM II/A-V 42.5 N, containing min. 18% ash.
For R1 aggregates with 0.2-0.3% expansion, cement CEM II/B-V 42.5 N containing min. 25% ash.
In the case of slag the minimum amount of additive for the R1 aggregate with expansion of 0.1-0.2%
should be a minimum of 30% of Portland CEM II/B-S 42.5N slag cement, and for R1 aggregate with
0.2-0.3% expansion should be use CEM III/A cement containing min. 50% slag.
Table 8. Expansion mortar made of cement CEM I 42.5 N with addition of fly ash of siliceous
categories N and S
The amount of ash addition categories N and S,% of cement mass
Producer

Description
of
aggregate

0%

15% cat. N 20% cat. N

25% cat. N

20% cat. S

Expansion after days, %
14

28

14

28

14

28

14

28

14

28

Factory A

Grits 2/8

0,08 0,13

0,07 0,15

0,05

0,10

0,03

0,08

0,02

0,02

Factory E

Grits 2/5,6

0,21 0,39

0,06 0,12

0,03

0,08

0,01

0,05

0,01

0,02

Table 9. Expansion mortar made of CEM I 42.5N cements with the addition of granulated blast
furnace slag with a surface area of 3800 and 6000 cm 2/g according to Blaine
The amount of slag with different fineness, % of cement mass

Producer

Descriptio
n of
aggregate

0%

30%
S=3800

30%
S=6000

50%
S=3800

50%
S=6000

Expansion after days, %
14

28

14

28

14

28

14

28

14

28

Factory A

Grits 2/8

0,08 0,13

0,06 0,15

0,03 0,09

0,04

0,07

0,03

0,05

Factory E

Grits 2/5,6 0,21 0,39

0,05 0,13

0,04 0,08

0,02

0,05

0,02

0,04
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Fig. 2. Influence of the amount of silica fly ash additive on the mortar expansion value
with moderately reactive aggregate R1 from Factory E.
4.3 SEM / EDS tests of microstructure and chemical composition in micro-areas of mortar
hydration products after ASR expansion tests
The results of SEM observations with analysis in EDS micro-areas of mortar samples with nonreactive aggregate R0 (Fig. 3) were compared with observations of mortar samples with moderately
reactive R1 aggregate (Fig. 4) and highly reactive aggregate R2 (Fig. 5). Figures 3-5 show
microstructure and chemical composition in micro-areas of mortar samples with the above-mentioned
aggregates with Portland CEM I cement without mineral additives. Figure 6 contains observations of a
mortar specimen with moderately reactive aggregate R1 and with CEM II / A-V cement 42.5 N with the
addition of 18% silicon fly ash. All observed mortar samples were after ASM expansion according to
ASTM C1260.

Fig. 3. Mortar hydration products with non-reactive aggregate R0 and CEM I cement without
mineral addition.
The expansion of mortar from non-reactive aggregate R0 was 0.009% after 14 days of exposure in
NaOH solution. No signs of alkaline reactivity were found in the hydration products. The aggregate is a
magnesium-calcium silicate with inclusions of quartz and biotite. The contact layer is the C-S-H phase.
The correct contact zone of the aggregate-cement matrix, tight structure, lack of macropores and
cracks is noticeable (Fig.3).
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Fig. 4. Mortar hydration products with moderately reactive R1 glacial aggregate and CEM I
cement without mineral addition
In a moderately reactive R1 sample with an expansion of 0.135%, clear signs of the destructive impact
of the expansive calcium silicon-sodium gel (point 1) are identified. With a relatively tight structure, the
areas of matrix and aggregate fractures appear.

Fig. 5. Mortar hydration products with moderately reactive post-glacial aggregate R1 and CEM
II / A-V cement with 18% addition of fly ash.
Expansion of mortar with aggregate moderately reactive R1 and Portland cement ash CEM II/A-V
42.5R NA from 0.135% decreases to the level of 0.02%, ie six times lower than mortar with the same
aggregate and Portland cement CEM I without addition of ash (Fig.5, Tab.7). The SEM / EDS analysis
shows no signs of mortar destruction as a result of the ASR reaction. Swelling soda-calcium-calcium
gel is not identified. In the case of mortars with cement without addition of ash, the C-S-H phase
formed has a high C / S ratio of 1.8-2, and for mortars with moderately reactive aggregate and cement
with addition of ash the ratio is clearly lower and amounts to 1-1.4. Literature data show that such a
change in the C / S ratio leads to a more tight structure and limit the diffusion of sodium in the hydrates
of cement paste (Ostrowski 2017).
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5.

CONCLUSIONS

The results of alkaline mortar expansion measurements according to ASTM C1260 conducted as part
of the ASR-RID Project demonstrate the possibility of effective prevention of destruction of concrete
structures as a result of ASR reaction through the use of volatile silica ash and granulated blast
furnace slag in the concrete composition.
The research allowed to determine the amount of active mineral additions of fly ash and granulated
blast furnace slag, introduced into concrete with multi-component cement, guaranteeing the full
resistance of concrete to the ASR reaction, for risk groups E2 and E3.
SEM tests confirm the alkaline reactivity of crushed aggregates from crumb rocks due to the presence
of alkali-silica gel. The test results confirm the beneficial effect of ash on the reduction of expansion,
due to the very low amount of swellable gel, the ASR reaction product leading to the destruction of
concrete. The favorable effect of ash on the ASR alkaline reaction of SEM is explained by the
formation of a modified C-S-H phase with a low Ca / Si ratio, thickening the concrete microstructure.
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ABSTRACT
ASR standard testing methods have been proposed over years. Most of these standards are based on
the same testing protocol. The conclusions reached from these standards are not always relevant to
predict the alkali silica expansion of concretes. In this study, the Swiss Standard SIA 2042
performance test is analysed and some inconsistencies are highlighted. A new protocol is proposed,
based upon the acquired experience of the authors' laboratory and the research community. This new
procedure aims to avoid the measurement bias introduced by the standard protocol and to be as close
as possible to the on-field chemical environmental conditions.
Preliminary results are promising, showing a constant expansion rate over more than 400 days. The
parameters of the test procedure have to be optimised and results have to be further compared with
other test procedures in order to propose a robust testing protocol for ASR performance testing of
blended cement concretes.
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Abstract
A number of ASR testing methods have been proposed over the years all have drawbacks for
predicting the expansion of specific concrete formulations. The use of blended cements makes
the picture more complicated, as it was widely shown that mechanical and chemical properties of
the concrete influence ASR behaviour.
The Swiss SIA 2042 and American ASTM C1293-18 standards are presented here and some
inconsistencies are highlighted. In order to develop improved methods, different storage
conditions are presented, based upon the experience acquired of the authors' laboratory and the
research community. The aims is to respect the chemical and mechanical properties of the tested
concrete throughout the storage of samples in a solution matching the pore solution of the mix
and a curing of the samples during 28 days before testing.
Preliminary results are promising, showing a constant expansion rate over more than 600 days.
The parameters of the test procedure have to be optimised. Results have to be further compared
with other test procedures in order to have a better overview of the impact of storage conditions
on expansion due to ASR.
Keywords: ASR testing regime, aggregates, pore solution

1

INTRODUCTION

Since Stanton's landmark paper in 1940 [1] for the California road administration, the alkali-silica
reaction has been observed worldwide. This reaction is the first non-reinforcement-related cause
of concrete degradation in the world and is of particular concern for owners and managers of
large mass concrete structures such as dams. As the reaction is extremely slow in the field indeed, it can take up to 30 years to develop - the development of testing methods has focussed
on accelerating the reaction. Factors which are necessary for the reaction to occur are well
understood: the availability of water as the main medium for transport as well as its role as
reactant, the availability of alkali ions in sufficient quantities, and of course the reactive aggregates
subject to the test. Several factors can change the kinetic of the reaction:
 alkali concentration [2][3]
 temperature [4][5]
 aggregate particle size distribution (PSD) [6][7][8]
 Hydration degree of the sample
 geometry of the sample
As it is now known, the wrong use of these parameters can lead to several false positives or false
negative in the assessment of ASR reactivity. All these factors must be considered for the design
of a test, but the goals of the test will further define how the parameters are chosen. Further, the
hydration degree of the sample can be a concern in terms of representivity of field conditions.
The validation of predictions of a concrete reactivity, other than waiting for the field outcome, must
rely on chemical and mechanical understanding of the reaction. There has been considerable
progress in recent years in understanding the chemical and micro-mechanical underpinning of
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the reaction, and the qualitative aspects of the results from accelerated tests can now be better
understood.
The normative testing method used in Switzerland (SIA M 2042) for the prediction of ASR
performance of concretes was developed on the base of old assessment methods (AFNOR NF
P 18-454). The aim of these standards is to measure the expansion of a boosted concrete (0.8%
Na2Oequ by mass of cement for SIA and 1.25% Na2Oequ for ASTM). For the Swiss standard, after
24 hours, concrete prisms (7x7x28 cm) are conditioned at 60°C in sealed containers over water
(RH 100%) for at least 5 months. An expansion of 0.02% after 5 months or 0.03% after 1 year
are define as limit of the reactivity of the concrete. The American ASTM C1293-18 is based on
the same procedure. After 24 hours, cross section 75 mm 2 prisms are stored at 38°C. For these
specimen the expansion limit is 0.04%.
The procedure uses a vapour cure which may cause accelerated leaching.
Table 1: Alkali concentration of the water at the bottom of the reactors (vapour systems)
after 150, 530 and 1230 days.
Al mmol/l
sample
SIA 2042 38°C
SIA 2042 60°C

150 d

530 d

0.18
0.25

0
0.22

K mmol/l
1230 d
0
.007

150 d

530 d

5.81
19.18

36.57
41.95

Na mmol/L
1230
d
38.37
43.99

150 d

530 d

101.78
84.82

196.17
194.43

1230 d
199.22
196.61

Both standards involve casting concrete with additional alkali in the mixing water to try to palliate
the effect of leaching. This may not be suitable in the case of mixes containing SCMs as the latter
are activated by the alkali [9].
Concrete prisms are put in the reactor after only 24 hours of curing. This may beget two main
error sources:
 Concrete with blended cements have considerable changes in their pore solution
composition – known to have an important effect on ASR control [10][11][12] – compared
to standard OPC concrete used as the testing procedure was developed: the pore
solution of the blended paste is not at equilibrium at the start of the test.
 Creep is an important relaxation factor in concrete [13] and results in affected structures to
be able to undergo significant deformations with only little damage at the material level.
Pastes with SCMs may have different mechanical properties than OPC pastes [14], and
should, beyond the chemical effects of reduced reaction, exhibit different expansions
simply from their different modulus. The mechanical properties of the blended paste are
not developed at the start of the test.
Based on these phenomena and on the experience of results obtained with the SIA M 2042
performance tests, we can say that the test method does not seem to well reflect the manifestation
of expansion in the field, at least for concrete with blended cements. The formation of a plateau
systematically in the range of about 100 to 200 days give a strong indication of leaching of the
system.
This study shows the effects of the mentioned parameters (conditioning environment and
temperature, curing time) on expansion. The study aims is to have a better overview of the impact
of storage conditions on expansion due to ASR.
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2

MATERIALS AND METHODS

2.1

General

The aim of this study is to have a better overview of the impact of storage conditions on
expansion due to ASR. The aim of the tests was to compare the effects of:
 temperature
 testing conditioning
 curing time
The following studies were done:
 Expansion measurements
 SEM microstructure analysis (reacted fraction estimation)
 Measurement of the ionic concentration at different times of the conditioning solutions.
2.2

Materials and mix designs

Concrete sample preparation
The samples (7x7x28 cm) were cast following the SIA M 2042 procedure. The aggregates
were reactive aggregates one from Italian Alps (Versasca aggregates) and two Swiss Alps (Praz
and Brienz aggregates). These aggregate are mainly composed by gneiss and micaschist.
According to the procedure, additional sodium hydroxide should be added to the batch water to
reach 0.8 Na2Oeq concentration. However, as the main goal of this study was to observe the effect
of the storage condition, we decided to not add NaOH in any mixes. This allows us to observe the
behaviour of the real mix design in various storage conditions.
Additional samples (4x4x16 cm) were cast for microscopic analyses. Sealed bottles were filled
with same concrete in order to extract pore solution.
The used cement is a Portland cement, type CEM I 42.5R (Holcim PUR 4).
2.3

Methods for assessment and analysis

Expansion tests
The different systems studied are summarised in Table 2.
 SIA M 2042 procedure (cooled during 24 hours at 20°C before measuring)
 SIA M 2042 procedure but at 38°C instead of 60°C
 SIA M 2042 procedure but cured at 20°C during 28 days before testing instead of 24 hours
(20°C, 95%RH, covered to avoid water leaching)
 Cured 28 days at 20°C and then immersed in 2 litres of a simplified pore solution similar
soak solution at 60°C. Extraction and analysis method of the pore solution are described
in the next paragraphs.
 Cured 28 days at 20°C and then immersed in 2 litres of a simplified pore solution similar
soak solution at 38°C.

Table 2: Overview of the studied systems


60°C (T60)

38°C (T38)

1 d. cure (C1)

28 d. cure (C28)

1 d. cure (C1)

28 d. cure (C28)

Water Vapour (WV)

WV-C1-T60

WV-C28-T60

WV-C1-T38

WV-C28-T38

Pore solution (PS)

PS-C1-T60

PS-C28-T60

PS-C1-T38

PS-C28-T38
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Pore solution extraction and analysis
14 days before initial test, the amount of concrete, define by the SIA 2042 standard, is
cast and 6 plastic bottles (ø 55 mm, height 90 mm) are filled. After 28 days, pore solution is
extracted using Cold Water Extraction method's (CWE) [15]. This method can be summarized in
four main steps:
- Measure porosity of three first samples;
- Crush 3 samples and mix same amount of powder with same amount of de-ionized
water 15 minutes;
- Extract solution and analyse it by ICP;
- Create a simplified pore solution.
ICP analysis on deionised water during Swiss standard test
At several dates, ICP measurements are done on the water placed under the sample tested
in the Swiss standard storage conditions. The aim is to get information about the evolution of the
leaching of concrete samples.
Scanning electron microscopy (SEM)
The mortars samples were cut at different times, immersed in isopropanol, to remove water
and stop the hydration. They were then dried and impregnated with an epoxy resin. The samples
were mechanically polished down to 1 μm. A high-resolution montage of 144 pictures at a
magnification of 400 × was acquired to analyse a representative amount of aggregates,
corresponding approximately to 350 pieces. The amount of degradation in the aggregates were
visually compared. Quantification of the reacted fraction following the procedure proposed by Ben
Haha et al. [10] are in progress.
3

RESULTS

Expansion tests
Expansion curves for the various systems are shown in Fig. 1 to 5. It is seen that:
 Figure 1:
o For samples store in water vapour condition at 60°C, expansion leads to a
plateau after about 200 days. All aggregates used in this study show this same
expansion behaviour.
o All mix designs tested present expansion above the limit after 5 months, define
by the standard (> 0.3 mm/m).

Figure 1: Expansion over time following SIA 2042 standard - 3 different aggregates

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.60

64

1.40

56

1.20

48

1.00

40

0.80

32

0.60

24

0.40

16

0.20

8

0.00

Leaching [%]

Expansion [mm/m]

 Figure 2:
o Alkalis appeared in the deionised water placed in the container, under the
samples (water vapour storage condition at 60°C). This can be due to leaching
of alkalis from the concrete prisms.
o Alkalis leaching curve is similar to expansion measurement when samples are
stored in water vapour at 60°C.

0
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-0.20
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Time [d]
water vapour at 60°C
limit at 1 year

limit at 5 months
Na2Oeq at 60°C

Figure 2: Leaching of the concrete prisms in vapour systems 60°C (SIA 2042).
 Figure 3:
o Expansion results obtained when sample are placed in water vapour condition at
38°C, following ASTM C1293-18 standard, are comparable to the ones achieved
using Swiss method (water vapour at 60°C).
o Only one mix design is rejected by this method (Praz aggregates).

Expansion vs time Water vapour at 38°C ASTM C1293 − 18

Expansion [mm/m]

2.0

1.5

1.0
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0.0
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0.00

100.00

200.00
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400.00

500.00

600.00

Time [days|
limit standard at 1 year

Average WV-C1-T38-PRAZ-01 à WV-C1-T38-PRAZ-03

Average WV-C1-T38-BRIENZ-01 à WV-C1-T38-BRIENZ-03

Average WV-C1-T38-Versasca

Figure 3: Expansion over time following ASTM C1293-18 standard - 3 different
aggregates
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 Figure 4:
o Samples are cast according SIA 2042 Swiss standard. But, after 1 day cure at
20°C, 100% RH, they are placed at 38°C, instead of 60°C, and in pore solution,
instead of water vapour condition.
o Continuous expansion for all mix design (no formation of plateau).
o The begin of expansion is observed before samples which are stored in water
vapour storage condition at 38°C.
Expansion vs time Pore solution at 38°C
3.5

Expansion [mm/m]

3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
0.00

200.00

400.00

600.00

800.00

1000.00

1200.00

1400.00

Time [days|
limit standard at 1 year

Average PS-C1-T38-BRIENZ

Average PS-C1-T38-PRAZ-01 à PS-C1-T38-PRAZ-03

Average PS-C1_T38 - Versasca

Figure 4: Expansion over time of samples store in pore solution after 1 day cure - 3
different aggregates
 Figure 5:
o Samples placed in pore solution after 28 days cure start to expand at later than
specimens stored in pore solution after 1 day curing. We can consider a delaying
effect of around 100 days, due to curing time.
o The trends of both expansions is similar.
Series Pore solution - cure 1 and 28 d at 38°C
3.0

Expansion [mm/m]

2.5
2.0
1.5
1.0
0.5
0.0
-0.5
0

200
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Limit at 1 year

Figure 5: Expansion over time of samples store in pore solution after 1 or 28 days cure

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Pore solution analysis
The results of the concrete pore solution analysis after 28 days at 20°C are presented in
the table 3. These results are used to create the conditioning solution of series store in simplified
pore solution (only sodium and potassium concentration is taking into account).
Table 3: Mix design with Dmax 22.4 mm:
3

Cement (CEM I 42R)

410

[kg/m ]

Water

185

[l/m ]

W/C

0.45

[-]

Aggregates 0/22.4

1770

[kg/m ]

3

3

Water analyses of vapour curing systems
The results of ICP analyses of the reactors water are resumed in the table 4. The figure 2
shows the leaching observed for both vapour systems at 38°C and 60°C. After 1220 days, about
40% of the sodium ions and 35% of the potassium ions present at the origin in the concrete prisms
are leached. As presented in figure 2, both evolutions of leaching seems similar independently to
storage temperature. This could be explain by the fact that leaching is mainly present during the
cooling process of measurement protocol. Condensation phenomenon may leach importantly
during rapid temperature changes [16].
Table 4: Concentration of the concrete pore solution after 28 days at 20°C (sealed
bottles).

Pore solution (28 d at
20°C)

Na+ [mmol/l]

K+ [mmol/l]

275

152

Scanning electron microscopy
Figure 3 and 4 show the difference of degradation of reactive aggregates between vapour
systems at 60°C ((a) standard SIA 2042) and pore solution systems at 60°C (b). The amount of
reacted fraction is clearly higher when samples are stored in pore solution. It shows that in vapour
the systems stop to reacting despite the presence of reactive phases in aggregates.
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(a)

(b)
FIGURE 3: 3 a) Reactive concrete sample after 360 days in vapour curing at 60°C, 1 day cure at
20°C, HE 100%. Yellow zones: picture a) reactive sand with low reacted fraction, no cracks.
picture b) reactive sand with low reacted fraction, no cracks.
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(c)
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(d)
FIGURE 4: Reactive concrete sample after 360 days in pore solution curing at 60°C, 1day cure at
20°C, RH 100%, Yellow zones: picture c) reactive sands with high reacted fraction, crack trough
the paste and some gel accumulated in a pore. picture d) two reactive sands: high reacted
fraction, presence of cracks. Some reaction product is visible in the cracks (few gel because of
the polishing process: non-calcified gel is easily removed).

DISCUSSION

The combination of expansion curves, solution analyses and microscopic analysis of the
microstructure, could show that the Swiss standard ASR performance test SIA M 2042 and the
American standard Concrete Prism Test C1293-18 do not correctly represent the way expansion
occurs in field sample. These procedures are subject to intense leaching of their pore solution
that leads to an expansion plateau before the reaction of the entire reactive phases of aggregates,
as compared by SEM with the concretes in pore solutions. The observed expansion plateau
corresponds to a drastic change in the pore solution of the concrete due to the leaching of alkalis.
It can be extrapolated that in case of concretes with blended cements, the pore solution - that
was widely shown to be one of the key parameter for the control of ASR – will not be preserved
during the test duration. This will mislead the diagnosis of ASR behaviour.
The storage of samples in simplified pore solution is an original approach because is able to
guarantee a constant amount of alkali throughout the testing period. This concentration is chosen
to be close to the cement pore solution. It is not possible to have a solution which is exactly the
same as it is variable through the hydration process of the cement. To minimise the effect of this
variation, we used the results of Lothenbach and colleagues [17] as well as those of Chappex
and Scrivener [12], who showed that the concentration largely stabilises after one month of cure.
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Two types of alkalis are present in the cement pore solution, sodium and potassium. These are
known to have different effects in terms of the measured expansion [18], however, their
interactions, if any, are not clear. In case of aluminium rich pore solution of certain blended
systems, aluminium could also be added to the testing solution. This is under further investigation.
As well known, curing has an effect on mechanical properties. Waiting until 28 days cure at 20°C
has the advantage to respect the improvement of the mechanical properties of the paste. As the
expansion of ASR is largely due to the opening of cracks in the microstructure due to the pressure
involved by the formation of reaction product, the method used should reproduce the relative
strengths of the phases, aggregate and paste, as they are in the field. This means in particular
that tests where the reaction of the aggregate is very rapid may develop unrealistic damage
patterns if the paste has not hardened sufficiently when samples are put into the reactor. A
mechanistic simulation of such kinetic effects can be found in [13]. It is expected that this factor
be particularly important in the case of blends which develop strength slower than PC.
The comparison between expansion measured with samples store in pore solution after 1 or 28
days cure at 20°C, RH 100%, shows a delaying effect, around 100 days. It's also important to
notice the similar kinetics of expansion for both systems. For the different mix design tested, the
cure has an impact on the maximum expansion measure (2.6 [mm/m] when 1 day cure and 1.9
[mm/m] when 28 days) but shape of curves are analogous.
As already well known, expansion is temperature dependent. It was also observed in this study
that systems at 38°C expand slower than systems at 60°C.

4

CONCLUSIONS

In this study, some issues with leaching in standard testing procedures could be identified.
Leaching is one of the main reason for the flattening of the expansion after only few weeks. A
new testing procedure is in course of development. The values chosen to develop this test method
can be justified using the current knowledge in terms of the chemistry of the reaction as well as
the micro-mechanics. It aims to respect the mechanical and chemical properties of pastes
(especially for recent blended cements). This testing procedure consist of the following protocol:
 Pore solution extraction and analysis of the concrete cured during 1 days at 20°C in sealed
containers.
 Samples preparation following the SIA 2042 procedure
 In parallel, curing of concrete samples (7x7x28 mm) during 1 days at 20°C in 95% RH
(covered to avoid leaching due to water drops)
 After 1 days, start of the measurements and accelerated conditions for ASR: concrete
samples are put in soak solutions similar to the analysed pore solutions at 1 days at 38°
or 60°C (2 different protocols)
 The right temperature (between 38°C and 60°C) still has to be defined.
This promising procedure has to be further validated with a number of different aggregates, fastand slow-reacting alike and several blended cements.
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ABSTRACT
Illitic clays have pozzolanic activity after thermal treatment at 950 ºC causing dehydroxilation and
structure collapse to form metastable aluminosilicate associated with large proportion of iron oxides
(~7.0%) and alkalis (~5.0%Na2Oeq).
In this paper, the performance against sulfate attack, chloride penetration and alkali silica reaction of
different blended cements containing illitic calcined clays were studied.
Sulfate attack was studied using the ASTM C1012 expansion test in blended cements containing low
and very high C3A portland cements. After one year, calcined clay completely controls the expansion
of very high C3A-cement and improves the performance of low C3A-cement.
Chloride resistance of concrete mixtures was determined by natural chloride diffusion (ASTM C1556).
Addition of calcined illitic clay (25%) refines the pore structure as indicate the MIP analyses improving
the resistance to chloride diffusion and increasing the fraction of bound chlorides some part as
chloroaluminate.
Alkali-silica reaction was studied using the ASTM C441 procedure with 25% calcined clay added to
low, medium and high alkalis Portland cements. The illitic calcined clay reduces the expansion of
Portland cements due to the consumption of alkali by the pozzolanic reaction as indicate the
determination of available alkalis. Also, the alkalis provide from pozzolan does not impairs significantly
the expansion of low alkali Portland cement.
Illitic calcined clay used as appropriate portland cement replacement improves the performance of
cementitious materials due to the pozzolanic reaction that refines the porosity and consumes the
calcium hydroxide and the alkalis in the system.
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1.

INTRODUCTION

Calcined clays are potential source for supplementary cementitious materials (SCM) to satisfy the
cement demand in developing countries with low CO 2 emission. The addition of calcined clays
into cement presents new challenges in concrete technology due to its large specific surface area,
the small particle sizes that modifies the packing (Marchetti et al., 2018), the compatibility with
chemical admixtures, and the significant increase in the total alkali-content for illitic calcined clays
(Lemma, Irassar, & Rahhal, 2015). The pozzolanic reaction produces C-S-H and hydrated
aluminium phases (Tironi, Trezza, Scian, & Irassar, 2014). These changes can modify the
evolution of the fresh concrete when admixtures are used, the development of the pore structure
of paste during hydration and, consequently the mechanical strength and durability of concrete.
Illitic clays are one of the most abundant clayed minerals of the earth’s crust and they develop
pozzolanic properties when that are thermally treated at 950 °C (Lemma et al., 2015) causing the
dehydroxilation and the collapse of structure to form a metastable or amorphous aluminosilicate
(Ramachandran, 1995).
The pozzolanic reaction of the calcined clay consumes the CH to produce C-S-H and/or
C-A-S-H densifying the microstructure due the pore and grain size refinements (Li, Ideker, &
Drimalas, 2015; Trümer & Ludwig, 2015). At later ages, the AFm phases are also formed, and
they can improve or worsen the durability of the paste. The pozzolanic reaction is slow causing a
low initial strength and a comparable strength with the portland cement at later ages. Additionally,
it is necessary to prove that this new SCM do not increase the alkali silica reaction (ASR) with the
aggregates containing reactive silica, contribute to the sulphate attack resistance and provide
protection against corrosion of reinforcing steel in chloride environment.
For given environment and w/c ratio, the concrete durability depends on the course of pozzolanic
reaction (the hydration assemblage and the microstructure evolution), the proportions of SCM
and the type of cement used. For ASR, the pozzolanic reaction of the Illitic Calcined Clay (ICC)
with high alkali content is enough to inhibit the reaction of the high alkali portland cement with
aggregates; it has not contribution on the expansion with lower alkalis cements. The pozzolanic
reaction would be able to reduce the content of OH-, K+ y Na+ in the pore solution (Li et al., 2015)
and the amount of Ca(OH) 2 available. For sulphate attack, the pozzolanic reaction refines and
segments the pore structure reducing the transport of the aggressive ions inside of the cement
paste. The CH reduction limits the formation of ettringite and gypsum that are the main
responsible of the expansion and degradation of the cement paste. In addition, the alumina
available in SCM for the ettringite formation plays a major role in increasing the resistance of the
sulphate attack in Na2SO4 solutions (Wild, Khatib, & O'Farrell, 1997). The diffusivity of chloride
ions through concrete depends on the microstructure of the concrete cover, specially the size,
tortuosity and connectivity of pores. Blended cements with calcined clays produce a concrete with
a dense microstructure and hence an improvement in the physical protection of any embedded
bars. Because of the capacity of chloride binding caused by aluminate hydrated phases of
calcined clays to form Friedel’s salt, the concentration of the free chloride ions in the pore water
of concrete would be expected to decrease (Ampadu, Torii, & Kawamura, 1999).
The aim of this paper is analyse the performance of mortar and concrete with illitic calcined clay
using as supplementary cementitious material against alkali silica reaction on cements with low,
moderate and high content of alkalis, the sulphate attack on cements with high and low C 3A and
the diffusivity of chloride ions in concrete.
2.
2.1

MATERIALS AND METHODS
Materials

An illitic claystone from a quarry near to Olavarría, Province of Buenos Aires (Argentina) was
studied. Crushed claystone were reduced to 5 mm-size particles and fired in an oven by heating
at 10.5 °C/min up to 950 °C. This temperature was maintained during 90 min, and the sample
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was slowly cooled into the oven. Finally, the ICC was ground in laboratory ball mill to obtain 90 %
of the particle size lower than 45 μm.
The chemical composition of ICC determined by XRF is reported in Table 1. It has an Al2O3
content of 9.23 %, which is less than the amount of alumina incorporated by other additions such
as the class F fly ash (20-30 %), granulated blast furnace slag (15-20 %) and metakaolin (MK) (>
40%). It presents a high alkali-content (Na2Oeq = 3,8 %), higher than common values reported by
the fly ash (< 2%), the granulated blast furnace slag (< 0,5%) and the MK (< 1%).
This ICC has the chemical requirements for Class N pozzolan (ASTM C 618): S+A+F > 70%;
SO3 < 4% and LOI < 10%. XRD analysis (Fig. 1) reveals low intensity peaks of dehydroxylate
illite and the associated minerals are quartz and hematite. The density (ASTM C 188), retained
on 75 and 45 μm sieves (ASTM D 422 and C 618), the Blaine specific surface area (ASTM C
204) and the particle size distribution (PSD) determined using the laser granulometer (Malvern
Mastersizer 2000) are reported in Table 2.

Figure 1. XRD pattern of illitic calcined clay
A Normal Portland Cement (NPC) was used for mechanical and microstructural studies.
Complementary, a Low Alkali Portland Cement (LAPC) and a High Alkali Portland Cement
(HAPC) were used for the ASR test; and a White Portland Cement (WPC) with high C3A-content
was used for the sulfate resistant test. Their chemical composition and their physical
characteristics are reported in Table 1 and 2, respectively.
Table 1. Chemical composition and loss on ignition of calcined clay and portland
cements
Proportions, %
CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

K2O

Na2O

TiO2

P2O5

LOI

ICC

0.33

66.30

16.28

9.23

1.46

<0.01

5.60

0.08

0.76

0.09

0.6

NPC

60.30

20.21

3.81

4.01

0.53

3.08

1.06

0.05

-

-

2.5

LAPC

61.32

23.53

2.90

2.97

3.50

1.73

0.35

0.14

-

0.14

2.2

HAPC

63.06

20.74

3.64

1.99

3.63

2.68

1.49

0.05

-

-

2.4

WPC

>60.0

19.69

4.35

0.26

0.50

2.85

0.63

0.13

0.10

0.05

6.3
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Table 2. Physical characteristics of calcined clay and portland cements
Density,
g/cm3

Retained on
sieve, %

Particle size distribution
parameter, m

75 m

45 m

d10

d50

d90

Specific surface
area Blaine, m2/kg

ICC

2.63

0.98

4.73

1.62

8.76

33.65

552

NPC

3.13

2.30

13.56

3.22

22.37

58.44

336

LAPC

3.07

3.20

13.79

3.08

23.99

81.88

276

HAPC

3.14

3.50

8.07

3.29

21.54

60.57

331

WPC

3.02

0.16

1.12

2.57

12.58

32.77

416

2.2

Characterization of blended cement and concrete mixtures

For blended cement (CPC), NCP was replaced by 25% by weight of ICC. The water demand for
normal consistency (ASTM C 187) and the setting time (ASTM C 191) were determined in NCP
and CPC. For the EN 196 standard mortar (cement:sand 1:3; w/c = 0.50), mortar flow was
assessed according to ASTM C 230, and the compressive strength at 2, 7, 28 and 90 days was
performed according EN 196-1.
Complementary, CPN and CPC pastes were prepared with w/cm of 0.5 and cured in sealed
plastic bags at 20 °C during 28 days to identify the hydration compounds and the pore size
distribution. At this time, paste was ground to particle size lower than 45 μm, to perform the XRD
analysis on X’Pert Philips PW 3710 diffractometer (CuKα radiation at 40 kV and 20 mA) and the
pore size distribution on mercury intrusion porosimeter (Pascal 140 and Pascal 440 – Thermo
Scientific) from 100 to 0.04 μm on vacuum dry sample.
Natural fine siliceous sand (FM = 2.35 and density = 2.67) as fine aggregate and granite crushed
stone (Max size = 16 mm and density = 2.70, UVW compacted = 1560 kg/cm 3) as coarse
aggregate were used in concrete mixtures. NPC and CPC concretes were proportionated with a
fine/coarse aggregate ratio of 0.43; w/cm = 0.50 and unit content cement of 350 kg/m3. A
polycarboxylate-based superplasticizer (BASF, Germany) with 40 % of active ingredient was
used. The difference of density of the blended cement was compensated modifying the siliceous
sand content. The target concrete slump (ASTM C 143) was achieved by adjusting the SP-dose
(0,23-0,25 kg/m3). Compressive strength (ASTM C 39) on concrete cylinder of 100 x 200 mm and
the volume of permeable pores (ASTM C 642) were determinate at 2, 7, 28 and 90 days.
2.3

Durability tests

The pozzolan effectiveness to inhibit the alkali-silica reaction (ASR) was tested using the
expansion test developed in mortar bars with Pyrex® glass (ASTM C 441). One group of prismatic
mortar bars (w/cm = 0.45 and cement/Pyrex® glass = 1:2.25) with LAPC, HAPC and NPC and
other group with these cements containing 25 % (w/w) of ICC replacement were molded. After 24
hours, cured in lime-water it was measured initial length and the bars test were stored in a
container at 38 ºC according to ASTM C 227. At 14, 28, 56 and 365, the length change of the
bars was measured and the expansion was calculated. According to ASTM
C 411, the potential effectiveness of pozzolan is determined as the expansion reduction at 14 and
56 days. As suggest the ASTM C 311, the combination of pozzolan with a LAPC will not cause
an increase of expansion due to the alkali content (5.65 % Na2Oeq) in the pozzolan. For blended
cements, ASTM 1157 standard establishes that the expansion should not exceed the limit of
0.02% at 14 days and 0.06% at 56 days, respectively.
For the determination of free alkalis in the paste pore solution, cylindrical specimens (diameter
55 mm and 100 mm height) of paste (w/cm = 0.45) were cast for LACP and HACP cements with
and without 25% ICC. Cylinders were cured following the same procedure that the corresponding
to Pyrex® test. At 7, 14 and 56 days, the pore solution was extracted using the methodology
proposed for Barnyback and Dyamond (Barneyback Jr & Diamond, 1981) loading the paste
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specimens until stress ~ 500 MPa. The content of free alkalis (Na2O and K2O) was determinate
immediately using the absorption and atomic emission spectrophotometer.
Sulfate resistance was determinate using the test of the expansion of mortar bars (ASTM
C 1012) with the NPC and the WPC with a high content of C3A (11.1 %). The percentages of
calcined clay replacement were 20% and 40% by weight. The flow of CPN mortar (w/c= 0.485
and cement-graded sand = 1:2.75) was determined and the water of blended cement was
adjusted to obtain the same flow in NPC-ICC mortars. For WPC and WCP-ICC mortars, a
constant w/cm (0.485) was used and the mortar flow was adjusted using superplasticizer
(Viscocrete). The bars and cubes were molded according to ASTM C 157 and ASTM C 109
procedures, respectively. After 24 hours they were demolded and cured in lime water at 20 ºC.
After that mortar compressive strength reached to 20 MPa, test bars were immersed in Na 2SO4
solution (0.352 mol/l) at 20 ºC with a periodically pH-control through a titration with a combined
solution of Na2SO4 (0.352 M) and H2SO4 (2N). This procedure was used as alternative to the
periodically renovation of NaSO4 solution. The solution is neutralized and the concentration of Na+
and SO4-2 ions is restored. As a pH indicator, few drops of phenolphthalein were used (Gonzalez,
Rahhal, Irassar, & Donza, 1998). According to ASTM C 1157, blended cement is considered as
high sulfate resistant (HS) when the expansion does not exceed 0.05 % at 6 months or 0.10 % at
12 months.
Chloride penetration into the concrete was determined according to ASTM C 1556-04. This test
method covers the laboratory determination of the apparent chloride diffusion coefficient (Da) for
cementitious mixtures by measuring the acid soluble chloride content. Concrete cylindrical
specimens (100 x 200 mm) were curing in water up to 28 days. Then, a 75 mm thick disks from
the ends were cut using a diamond sawing and a second 20 mm thick disk was cut to determine
the initial chloride ion content. The 75 mm thick disks were coated with epoxy resin along the
perimeter but not in the ends. The saturated samples were placed in plastic containers and fully
immersed in high concentrated NaCl solution (165 gr NaCl/liter). All containers were sealed with
plastic lids to prevent evaporation. After 35 days, the test specimens were removed from the
solution and ~ 20 g of concrete powder was extracted at eight different depths (1, 2, 4, 6, 9, 12,
15, and 18 mm) from the exposed face using a dry grinding device. The collected powder was
used to determine the acid soluble chloride content (total chloride, CT) and the water-soluble
chloride content (free chloride, FC) according to EN 14629 standard. The chloride binding
capacity of the different binders was evaluated as the difference between the CT and CF content.
The results are expressed as mass % chloride per mass of concrete. The value of the surface
chloride concentration (Cs) and apparent chloride diffusion coefficient (Da) were calculated by
the best fitting of the error-function solution to Fick´s second law using a to the measured total
chloride ion content at different depths by means of a nonlinear regression analysis.
3.

RESULTS AND DISCUSION

3.1

Characterization of blended cement:

Water demand and setting time for the normal consistence paste are presented in Table 3. For
CPN+25ICC the water demand was a little more (~ 7%) than the control paste. It can be seen
that the initial and final setting time starts slightly before with the addition of the ICC.
Table 3. Characteristic of blended cement with replacement of 25% ICC by weight
Cement Paste
Water
demand, %

Mortar

Setting time,
minutes
Initial

Final

Mortar
flow, %

Compressive strength, MPa
2 days

7 days

28 days

90 days

NPC

27.2

205

335

132

21.6

35.8

47.9

52.7

CPC

28.2

185

330

128

17.6

30.3

40.1

48.2
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For standard mortar, NCP has a flow of 132% and the CPC flow is comparable with the control
mortar (Table 3) with better water retention judged by the water crown. However, the mortar flow
does not modify despite observing slight increase in water demand of cement.

Compressive strength, MPa

Figure 2 shows the compressive strength of the NPC and CPC mortars. At all ages, the
compressive strength CPC mortar is lower than the corresponding to NPC, but always higher than
75% of NPC. At 2 days, the strength activity index (SAI) is 0.81 while it is 0.84 and 0.85 at 7 and
28 days. Finally, the SAI is 0.92 at the 90 days.
60
50
40
30
20

NPC
CPC

10
0
0

28
56
Time, days

84

Figure 2. Compressive strength of
NPC and CPC mortars.
3.2

Figure 3. XRD of NPC and CPC pastes at 28
days.

Hydration and porosity

Figure 3 shows the XRD patterns for NPC and blended cement at 28 days. For NPC paste,
ettringite (E) and CH are the hydrated compounds accompanied by calcite (C) and un-hydrated
cement phases (C4AF and C2S). For blended cement, E and CH are also detected with low
intensity peaks in comparison with NPC, and quartz (Q) appears as clay-associated mineral. For
NPC cement, the AFm phases was hemicarboaluminate (Hc) and the insipient transformation of
hemicarboaluminate to monocarboaluminate (Mc) was found in CPC. Then, it would have
expected that Mc is the predominant AFm phase at later ages (Marchetti et al; 2018).

pore volume, cm 3/g

Figure 4 shows the cumulative pore volume obtained by MIP. The total porosity of blended cement
(0.18%) is slightly larger than the corresponding to NPC (0.17%). However, CPC presents a large
volume of capillary pores ranged from 1.0 to 0.1 m, and large volume of very fine pores (< 0.02
m). The pore threshold is similar for both studied pastes (0.10 and 0.08 m for NPC and CPC,
respectively). For this replacement level, the dilution effect causes a large volume of pore in the
capillary pore range and the pozzolanic reaction increases the finest pores ((Wild et al., 1997;
Marchetti et al., 2018)
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Figure 4. Cumulative pore size distribution for NPC and CPC paste at 28 days.
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3.3

Concrete performance

For both concretes, the SP-dose to obtain a plastic consistency was similar and the slump was
7.5 and 7.0 cm for de NPC and CPC concrete, respectively. Compressive strength of the CPC
concrete (Figure 5) is lower than the corresponding to NPC at all ages. At 2 days, the relative
compressive strength was 0.71 and it increases up to 0.89 at 7 days. At 28 and 90 days, the
relative compressive strength is 0.87 and 0.94. The strength gain is high from 2 and 7 days (57
and 94 for CPC and NPC, respectively). Although, both concretes present lower strength-gain
between 7 and 28 days (15 and 13 % for NPC and CPC, respectively) and between 28 and 90
days (26 and 35 % for NPC and CPC, respectively).
It is observed that ICC has a good pozzolanic activity and CPC concrete develops a compressive
strength similar to the NPC concrete. But the dilution effect caused by the ICC replacement
reduces the available amount of NPC to react at early ages, increasing the effective w/c (0.68 for
25% replacement). The relative compressive strength, higher than 0.75, confirms the stimulation
effect at early ages.

Compressive strength, MPa
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Figure 5. Concrete compressive strength

3.4

Volume of permeable pores, %

The porosity of the concrete (Figure 6) indicates that CPC has a large volume of permeable pores
than the PC. The main difference occurs at seven days and it is reduced when curing time
increases. At 28 days, the pore volume is 10.9±0.2 % for NPC concrete and 11.7±0.3 % for CPC
concrete. The reduction of permeable pore volume from 28 to 90 days is slightly high in CPC
concrete.
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Figure 6. Volume of permeable pores in
concrete

ASR Expansion

Figure 7 shows the expansion for mortar bars tested with High and Low Alkali Portland Cements
without or with 25% ICC registered up to 1 year.
For the HAPC (Figure 7), the control bars have 0.221% of expansion at 14 days, which greatly
exceeds the limit proposed by ASTM 1157 standards (0.020%). For the mortar HAPC+25ICC,
there is a notable decrease in the expansion (0.045%), but exceeds the limit required at 14 days.
At 56 days, the expansion of blended cement (0.057%) is lower than the limited proposed by
ASTM 1157 standards (< 0.060%). At one year, the HAPC reaches an expansion near to 0.350%;
while the HAPC+25ICC present an expansion of 0.061%. Although, the expansion limit at 14 days
exceeds the limit proposed by ASTM 1157 to considered ICC as inhibitor of the ASR. When ICC
is incorporated, the expansion is reduced ~ 500% and it is attributed to large part of alkalis
released by HAPC are consumed by the pozzolan reactions.
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Figure 7. ASR Expansions for mortars
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Figure 8. Expansions for mortars bars for
NPC and NPC+25ICC

Figure 7 also shows the expansions up to one year for the mortar bars cast with LAPC. This
mortar has very low expansion of 0.005 %, 0.014 % and 0.018 % at 14, 56 and 365 days,
respectively. For the LAPC+25ICC, the expansion was 0.006 %, 0.014 % and 0.034 %, at 14, 56
and 356 days, respectively. At 14 and 56 days, the expansion values of LAPC+25%ICC are very
similar to the control mortar indicating that ICC does not provide alkalis to the pore solution at
early ages. At one year, the expansion of the LAPC+25ICC mortar reaches the double of the
mortar control and this could be attributed to a slow liberation of the alkalis from the ICC.
For Normal Portland Cement (Figure 8), the expansions up to one year is intermediate between
the reported values for LAPC and HAPC. The NPC expansion was 0.100 %, 0.200 % and
0.230 % at 14, 56 and 365 days respectively. The incorporation of 25 % ICC reduces drastically
the expansion reaching to 0.001 %, 0.012 % and 0.020 % at 14, 56 and 356 days, respectively.
Therefore, the blended cement qualifies as cement resistant to the ASR.
3.5

Alkalis on pore solution

Table 4 reports the concentration of the free alkalis in the pore solution of pastes cast with LAPC
and HAPC with and without 25 % of ICC. The alkalis in the pore solution of the pastes reveals the
role of the ICC in the release/binding alkalis during the hydration: when the free alkalis decrease
with respect to portland cement indicates that the ICC reacts to form new compounds (for
example, the N-A-S-H gel) and/or bind them into the hydration compounds, especially C-S-H.
Then, the alkalis do not remain free to react with the amorphous silica to generate the deleterious
reaction ASR that causes the expansion.
Table 4: Concentration of alkalis (Na and K) in the pore solution of HAPC and LAPC with
and without replacement by ICC
Alkalis concentration, (ppm)
Paste

7 days

14 days

56 days

Na2Oeq

K2O

Na2O

Na2Oeq

K2O

Na2O

Na2Oeq

K2O

Na2O

HAPC

41430

57885

3342

24455

32280

3215

19107

24692

2860

HAPC+25ICC

28301

39309

2436

11760

15395

1630

11920

16928

782

LAPC

8779

11450

1445

9718

12375

1575

7019

8942

1136

LAPC+25ICC

15355

20920

1590

9676

13245

980

8969

11996

1076

As expected, for HAPC the alkalis concentration (Na+ and K+) in the pore solutions is higher than
that corresponding to the LAPC cement. The ICC replacement by HACP causes a reduction of
the K+ and Na+ concentration in the pore solution at 7 days and then the K+ content decreases
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very fast between 7 and 14 days and less the content of Na+. For the LAPC, the ICC replacement
increases the content of K+ and slightly the content of Na+ at 7 days. At 14 days, the content of
K+ presents similar values while the Na+ is reduced. The content of equivalent alkalis is higher up
to 14 days and then its value is similar to that obtained for the LAPC, which justifies that the alkalis
contained in the ICC participate in their hydration processes and they are bound after the 7 to 14
days.
3.6

Sulfate Resistance

Figures 9 and 10 shows the expansion for mortar bars made with NPC and WPC with 0, 20 and
40 % replacement by ICC in sodium sulfate solution, respectively
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Figure 9. Expansion for NPC with 0, 20
and 40 % ICC in Na2SO4 solution
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Figure 10. Expansion for WPC with 0, 20
and 40 % ICC in Na2SO4 solution

Figure 9 shows the expansion for NPC mortar containing 0, 20 and 40 % ICC. NPC has a poor
performance against the sulfate attack, despite the low C3A-content in this cement and the
expansion at 180 and 365 days was 0.059 y 0.160 %, respectively. For both ages, the expansion
is higher than the limit proposed to be considering a sulfate resistant cement and this behavior is
attributed to the high C3S content (63 %) that promote the gypsum formation causing some
expansion for this test procedure with pH-control (Gonzales & Irassar.1998). On the other hand,
the replacement of 20 and 40 % of ICC reduce the expansion attaining to 0.030 and 0.041 % at
180 days. Later, the expansion values remain for the 270 and 365 days. Both replacement level
used shows a good performance against the sulfate attack with expansions lower than the limits
proposed for 6 and 12 moths.
For WPC (Figure 10), the expansion increases faster and the mortars bars exceeds the expansion
limit of 0.10 % at 146 days. As expected, the ICC replacement reduces significantly the expansion
and both blended cements register a lower expansion than the limit proposed at 6 and 12 months.
The mortar with a replacement of 20 % of ICC exceeds the 0.05 % at 276 days. This behavior is
attributed to the pozzolanic reaction that reduce the sulfate penetration and the consumption of
Ca(OH)2 contribute to the reduction gypsum and ettringite formation in the blende cements.
3.7

Chloride profile

After 35 days of immersion in NaCl solution, the total (solid line) and free (broken line) chloride
profiles for NPC and CPC concretes are shown in Figures 11 and 12, respectively. For all
concretes, the total chlorides (TC) are higher than the free chlorides (FC) and their concentration
decreases when the depth of the specimen increases. For CIC concrete, the concentration profile
of the TC and the FC profile is very close. For CPC profile, the difference between TC and FC is
slightly higher, indicating that ICC does not generate a large amount of bound chlorides. Although
the ICC has an alumina content of 16.3 %, it is possible that only part of this alumina is reactive
to form AFm phases that reacting with the chlorides to form Friedel’s salt.
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Table 5 reports the Cs and the Da for TC and FC for both concretes. Da has similar order in both
concretes, and it is slightly lower for CPC than that NPC concrete. Instead the dilution effect, CIC
concrete has a compact microstructure that increases the resistance of the chloride penetration.
This densification could be produced by physical o chemical effects. Firstly, the ICC addition fills
the vacuums, making the pore structure more compact and tortuous. The second because the
ICC was able to develop the pozzolanic reaction making secondary hydration products. Which is
according to the conclusion made by Sabir (Sabir, Wild, & Bai, 2001) that the presence of
pozzolans alters the structure of the pores in the concrete, which greatly improves the resistance
of the water transport and the diffusion of harmful ions that conduce to deterioration of the matrix.
Table 5. Superficial concentration and chloride diffusion coefficient (Da) for total and free
chloride of NPC and CPC concretes.
Concrete
NPC

CPC

4.

Cs (mass %)

Da (m2/seg)

Total Chloride

0.72

11.2 10-12

Free Chloride

0.63

9.4.10-12

Total Chloride

0.75

10.9 10-12

Free Chloride

0.72

9.4.10-12

CONCLUSIONS

Based on the results of this study, the following conclusions can be drawn:
Blended cement containing 25% illitic calcined clay do have significantly increase on the water
demand for the paste and the setting time is slightly in advance. The compressive strength of
mortar is lower than that the control mortar, but the strength activity index is 0.85 to 0.92 from 2
to 90 days. At 28 days, the hydration compound assemblage is similar and the porosity is
equivalent or better than the corresponding to Portland cement.
For Alkali Silica Reaction, the addition ICC reduce significantly the expansion of high alkali content
cement, but it could slightly increase the expansion for low alkali cements at early ages. The free
alkalis in the pore solution decreases as the progress of the hydration indicating that the alkalis
are bound or combined with the hydration products.
For sulfate attack, the addition of ICC reduces the expansion during sulfate immersion for both
low and high C3A content cements. The expansion is reduced when the replacement increase
from 20 to 40% in both cements allowing the standard limits to considered the blended cements
as high sulfate resistant cements
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For chloride penetration, the addition of ICC did not produce significant variation in the chloride
diffusion coefficient at 28 days’ indication the pore structure is well developed at this time to
improving the resistance against the chloride ions diffusion.
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ABSTRACT
Magnesium phosphate cement (MPC) based materials have been widely used in the repair and
reinforcement engineering due to their excellent performances. However, few studies have focused on
the steel corrosion in MPC based materials, which is an unavoidable problem in actual repair and
reinforcement engineering. This paper aims at investigating the corrosion protection performance of
steel and corroded steel in MPC based materials by utilizing its special hydration process. The
mechanical property and internal hydration temperature were investigated firstly, the results showed
that the compressive strength and pH value of pore solution reduce as the M/P ratio decreases. The
internal hydration temperature can be adjusted by many factors, which is the critical process to
simulate the phosphating. And then, the specimens with the optimal properties were prepared. The
corrosion protection performance of the specimens was investigated by electrochemical test and mass
loss method. The results indicate that the modified MPC based materials revealed the much better
corrosion protection performance than the ordinary Portland cement, especially for the corroded steel
reinforcement. This study might provide useful information for application of MPC based materials in
the reinforced concrete (RC) structure engineering and other special engineering.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

Since the appearance of reinforced concrete (RC) structure, it has been widely used in pavements,
bridges, buildings, submarine tunnels and other civil engineering structures. However, the RC
structures are exposed to various environmental conditions during the servicing-time, which would
lead to structural deterioration, such as mechanical strength degradation and service life reduction.
Amongst, corrosion in reinforcing steel bars is a primary factor damaging the RC structures occurring
in civil engineering (Tang et al. 2016). Hence, steel corrosion and protection will be one of the most
problems in the actual repair and reinforcement engineering. However, each repair and reinforcement
engineering has its particularity. For example, the vast majority of repair and reinforcement are local
and small-scale, corrosion protection of original and newly embedded steel bars in the construction
site of reinforced concrete (RC) structures need to be focused, there is an increasing attention to the
social and environmental benefits of the repair and reinforcement materials.
Magnesium phosphate cement (MPC), also called chemically bonded phosphate ceramics (Wagh
2016), has many excellent performances (You et al. 2015, Yang et al. 2000, Qin et al. 2018). As a new
cementitious material, the use of MPC can shorten construction period and improve construction
efficiency due to its performances of fast setting and ultra-high early strength (Yang et al. 2000).
Based on its high fluidity, high adhesive ability and good volume stability, it can be well used in special
engineering, such as local and small-scale repair engineering. Therefore, it has been widely used in
rapid repair and reinforcement of RC structures (Jazairi 1987, Seehra et al. 1993, Yang et al. 2000).
The hydration reaction and strength development of MPC derive from the acid-base reaction between
dead-burned magnesia and phosphates. There was a relatively low value of pH, 8.6 at 24 hours and
10.2 at 28 days in MPC (Jazairi 1987). In the abstract, the hardened MPC only provides a weak alkali
environment, which is negative for steel passivation in concrete. In this case, steel corrosion in MPC
might be an intractability problem in practical engineering. However, previous reports demonstrated
that MPC provides excellent protection to steel against corrosion (Yang et al. 2000, Pei et al.2015,
Zhang et al. 2016). Furthermore, the phosphates, the important component of MPC, had potential
ability as good corrosion inhibitor (Dhouibi et al. 2003, Shi & Sun 2014) and steel corrosion resistance
can be enhanced when metal surfaces treated with the phosphates (Sankara Narayanan 2005).
Similarly, one possible mechanism for corrosion protection of MPC, liking an analogous phosphating,
is given in report of Wagh (2016).
When the steel substrate encounter the fresh MPC, the reactions of Fe2+ ions and the corresponding
phosphate ions can be represented by Eqs.(1-3).
Fe2+ + 2H2PO4- =Fe(H2PO4)2

(1)

Fe(OH)2+ +2H2PO4- =FeH(HPO4)2 + H2O

(2)

Fe(OH)2+ +2HPO42- =FePO4 + H2O

(3)

The Fe2+ and H2PO4- ions in Fe(H2PO4)2 are not stable and will convert to Fe(OH)2+ and HPO42-, so
that the final products will be FeH(HPO4)2 and FePO4. They can protect steel against corrosion by
coating on the steel or corrosion products. However, it is not clear whether this possible protective
mechanism works in case of actual engineering, especially for local and small-scale repair engineering
and the presence of corroded steel reinforcement.
In this study, the effect of analogous phosphating environment in corrosion protection of MPC and the
corrosion behaviour of corroded steel reinforcement in MPC were investigated. Based on the internal
temperature and pH value of the matrix, we prepared MPC mortars with different M/P values and
admixtures. The mechanical performance of the MPC was investigated and the group with the optimal
performance was used to prepare electrochemical specimens. The corrosion behaviour of corroded
steel reinforcement was evaluated by the electrochemical technology and mass loss method. The
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) test were
used. This work may provide evidences for the steel corrosion resistance mechanism of MPC and puts
forward a new way to protect steel bar from corrosion.
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2.

EXPERIMENTAL
2.1

Raw materials

The dead-burned magnesia (MgO, M) powder with a density of 3.45 g/cm 3 and specific surface of 228
m2/kg was produced in Chongqing Guolian Refractory Plant, China. Its chemical composition was
listed in Table 1. Industrial grade ammonium dihydrogen phosphate (NH 4H2PO4, P) was supplied by
Chengdu Xincheng Phosphate Plant, China. Industrial grade borate (Na 2B4O7•5H2O, B), as a retarder,
was obtained from Wuhan Huanuo chemicals Co., Ltd., China. The carbon steel was used and its
chemical composition was analyzed and shown in Table 2.
Table 1 Chemical composition of the dead-burned magnesia
Mass fraction of major oxides (%)
Oxides

MgO

Al2O3

CaO

SiO2

Fe2O3

P2O5

TiO2

Mass fraction

95.25

0.25

2.14

1.53

0.60

0.10

0.06

Table 2 Chemical composition of carbon steel

2.2

Element

P

Ni

P

Si

Mn

Fe

wt.%

0.21

0.09

0.02

0.09

0.74

Balance

Specimens preparation

In this study, the specification of specimens, which is used to test internal temperature, is 40 mm × 40
mm × 40 mm. And the specification of steel electrode is 30 mm × 30 mm × 3 mm. All the electrodes
were grading polished and cleaned with ethanol. Then a copper wire was welded to the top end of the
electrode to obtain the electrochemical performances of the electrode, and each top end of the steel
electrodes was molded in epoxy resin with a thickness of 5 mm. The epoxy resin was used to prevent
any potential corrosion of the unexposed site, so that the working area was the exposed site and was
approximately 14.10 cm 2. The preparation of the steel electrode was completed and stored for further
use.

Figure 1. Schematic diagram of electrochemical specimen (unit: mm)
The mortar with a thickness of 5 mm was used as the protective cover to simulate the local and smallscale repair engineering. Some electrodes need to be pre-rusted in a 3.5 wt.% NaCl solution. After
preparing the cover, an additional epoxy resin layer was added at the surface between the interface of
the cover and epoxy resin to prevent the potential crevice corrosion. The diagram of the specimens
was shown in Fig. 1. The OPC and MPC specimens were cured under the conditions of water for 28
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days and 50 % relative humidity for 7 days respectively, at 20 ± 2 degree centigrade. Four specimens
in each group were prepared and tested at the same batch, and three of them were used for mass
loss measurements after the corrosion test.
2.3

Electrochemical and mass loss measurement

After curing, the specimens were immersed in water for 24 hours to make it fully saturated. After that,
the first electrochemical test was carried out and then an accelerated corrosion test was employed to
the specimens. Briefly, all the specimens were subjected to wet-dry cycles, each including being dried
at 40 degree centigrade for a week in an electric blast drying oven and then immersed in 3.5 wt.%
NaCl solution for another week.
EIS were employed to monitor the corrosion behavior of the steel in the specimens after each wet-dry
cycle finished. Electrochemical measurements were performed using the typical three-electrode
system, including a saturated calomel electrode (SCE) as a reference electrode, a platinum sheet (25
mm × 25 mm × 0.2 mm ) as a counter electrode, and the specimens as working electrodes. These
electrodes were connected to an electrochemical workstation (Zahner, Germany) and the
electrochemical performances were recorded. The EIS test should be conducted after a stable open
circuit potential of the working electrodes. EIS measurement was taken at 6 points per decade in the
frequency range 100 kHz to 5 mHz, and a sinusoidal potential signal of 5 mV was applied around the
open circuit potential. After the last EIS measurement, the IR potential compensated PDP was
conducted to further study the corrosion rate of electrode in each specimen. The scanning rate was
0.5 mV/s, and the scanning range was from −300 mV to +1200 mV with respect to the open circuit
potential. The IR potential compensation was adopted to eliminate the impact of the resistivity of
mortar and solution.
Mass loss of steel due to corrosion was calculated by the Eq. (4).
Mass loss rate = (M0-M)/M0

(4)

where parameters M0 is the initial mass of the electrode, and the M is the mass of the electrode after
the corrosion test.
3.

RESULTS AND DISCUSSION
3.1

Preparation and performance of MPC

As we know, phosphating is a common pretreatment technique for corrosion protection. The
phosphates are the important components of MPC, and there is a concentrated exothermic in the
acid-base reaction process of MPC (You et al. 2015). In the abstract, there will be an analogous
phosphating environment in MPC. In order to obtain this environment, we observed the physical and
mechanical properties of kinds of MPC by changing the influencing factors, such as M/P value and
admixtures.
Figure 2(a) shows the compressive strength at 7 days of MPC with different M/P values. It can be
found that the MPC had a relatively high compressive strength value, when the M/P value was above
3. And the compressive strength reduced gradually as the M/P values deceased. This is because the
amount of hydrates is optimal matching with the amount of unhydrated MgO (Yang et al. 1999). It is
predictable that this optimal matching will be lost when the M/P value changes. The pore solution of
fresh MPC was obtained before the initial setting and the corresponding evolution of pH values was
indicated in Figure 2(b). There was a weakly acidic environment in the MPC at the early stage of
hydration, which is favourable for the reaction between iron and phosphate ions. The pH value
decreases as the the M/P value reduces. The results indicate that the pH value was related to the
dissolution of phosphates.
We also investigated the internal hydration temperature of MPC, which can promote the formation of
phosphating film to some extent. Figure 3(a) shows the evolution curves of internal hydration
temperature of MPC with different M/P values. It is shown that the early hydration stage of each MPC
is an exothermic process, and has two exothermic peaks. The heat of the first peak came from the
dissolution of phosphates, and the second pick was related to the exothermic reaction of the acid-base
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(You et al. 2015). The peak of the exothermic reaction of the acid-base ranged from about 40°C to
60°C, the matrix with M/P=3 had the highest pick hydration temperature, indicating the hydration
reaction was more complete. In addition, the peak temperature appeared in advance with the
decrease of M/P value. It indicates that the acceleration of the hydration reaction appeared, and the
process might promote the reaction of phosphate ions with iron ions. According to the results of
compressive strength, pH value and internal hydration temperature, the MPC matrix with M/P=3 has
the optimal performance and is used as the blank group.

Figure 2. Compressive strength and pH value of MPC with different M/P values
Figure 3(b) depicts the evolution curves of internal hydration temperature of some modified MPCs.
There was a marked drop in internal hydration temperature, when 30% fly ash was added into the
MPC. Although the compressive strength increased, the products of acid-base reaction relatively
decreased at the early stage of hydration. The temperature increased by using the 0.001 molL-1 H3PO4
solution instead of water, this is because the additional phosphate ions facilitate the hydration reaction.
The above results indicate that the ideal internal hydration temperature can be obtained by changing
M/P values or adding the admixtures. Hence, it is feasible to simulate an analogous phosphating
environment in MPC.

Figure 3. Evolution of Internal hydration temperature of different MPC
3.2

Corrosion protection performance of MPC

As mentioned before, in order to confirm the effect of analogous phosphating environment, we choose
MPC with M/P=3 as the blank group, while the OPC specimens, had the similar compressive strength
value, were also used as another blank group. The MPC specimens by adding 30% fly ash and 0.001
molL-1 phosphoric acid solution were used as experimental group.
Fig.4 shows the corrosion potential and polarization resistance of steel in MPC after 6 and 12 wet-dry
cycles. It can be seen from Fig.4(a) that the corrosion potential values of all specimens were more
negative than -0.273 V vs.SCE, which was an indication of 90% probability of active corrosion (ASTM
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C876-15). The corrosion potential values of steel in OPC specimens were slightly more negative than
that in MPC after both 6 and 12 cycles, indicating that the steel in OPC exhibit higher probability of
corrosion compared with that in MPC specimens. In addition, the value of steel in MPC-fly ash group is
much more negative than that in MPC-blank after 6 wet-dry cycles. Generally, the more negative value
indicates higher probability of corrosion. However, the compressive strength and compactness of
matrix increased by adding the fly ash, the steel in matrix was insulated from oxygen, the steel would
have a lower corrosion rate at this time, which is consistent with the previous studies (Poursaee
&Hansson 2009). After 12 cycles, more positive values and higher corrosion rates were obtained due
to the diffusion rate of oxygen increased.
The results of polarization resistance are presented in Fig.4(b).It can be found that the polarization
resistance value of steel in OPC was much lower than that in all MPC, indicating that MPC has the
better corrosion protection performance. The polarization resistance values of steel in MPC-blank and
MPC-H3PO4 group were much higher than 100 kΩcm2 after 6 wet-dry cycles, which was an indication
from a passive state to an active, while the value of steel in MPC-fly ash group was lower than the
threshold value (Montemor et al. 2003). It indicates that the steel in MPC-fly ash group was in a state
of depassivation, according to its evolution of corrosion potential value, the development of corrosion
was very slow at this time. After 12 cycles, the steel protected by the MPC-H3PO4 group had a high
polarization resistance value of approximately 100 kΩcm2, which was signiﬁcantly higher than the
other two specimens. The polarization resistance value is inversely proportional to the corrosion rate
of the steel (Shi & Sun 2014). Therefore, the addition of fly ash did not effectively improve the
corrosion resistance of MPC matrix according to the results of polarization resistance value. The MPCH3PO4 group exhibits a better corrosion protection performance, which is mainly due to the higher
internal hydration temperature and lower initial pH environment.

Figure 4. Corrosion potential and polarization resistance of different MPC after 6 and 12 wetdry cycles

Figure 5. Nyquist plots of steel in different mortars after 12 wet-dry cycles
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Fig. 5 shows the Nyquist plots of EIS for the steel in different mortars after 12 wet-dry cycles. It can be
seen that all the Nyquist plots present two capacitive loops (semi-circle arcs).The semi-circle arc at
high frequency domain is related with the dielectric properties of mortar, and the semi-circle arc at low
frequency domain deals with the electrochemical reaction on the steel surface. It can be found that the
MPC-H3PO4 group had the bigger mortar resistance value than that in MPC-blank and MPC-fly ash
group, and all the mortar resistance of MPC group were larger than that in OPC. Generally, the
diameter of low frequency capacitive arc and the impedance modulus value at low frequency are both
equal to the charge transfer resistance, which may be equal to polarization resistance if there were no
mass transport processes (Królikowski & Kuziak 2011, Etteyeb et al. 2006, Koleva et al. 2007 ). In this
case, the corrosion rate can be estimated by the impedance modulus at 10 mHz. The values of OPC,
MPC-blank, MPC-fly ash and MPC-H3PO4 was 2.91 kΩcm2, 33.62 kΩcm2, 63.86 kΩcm2 and 92.32 kΩ
cm2 respectively, which is in good agreement with that of PDP test.
Table 3 Mass loss rate of steel in various mortars
Batch

Compressive
strength / MPa

Mass loss rate due to corrosion(%)
6 wet-dry cycles

12 wet-dry cycles

OPC-blank

70.5 (28d)

0.97

2.32

MPC-blank

73.8 (7d)

0.13

0.39

MPC-fly ash

77.9 (7d)

0.20

0.78

MPC-H3PO4

76.5 (7d)

0.09

0.13

The mass loss method is the most accurate and reliable method when evaluating corrosion. The
results of mass loss rate of steel in various mortars after 6 and 12 wet-dry cycles are given in Table 3.
After 6 cycles, the mass loss of steel protected by OPC has a maximum value of 0.97%, while the
values of MPC based materials are both lower than 0.20%. The mass loss rate became bigger as the
cycle number increased. After 12 cycles, the value of steel in OPC reached to 2.32%, indicating the
steel was in a high corrosion rate. However, the values of steel protected by MPC-blank, MPC-fly ash
and MPC-H3PO4 are 0.39%, 0.78% and 0.13%. Among, the value of steel in MPC-fly ash group has
the biggest increase, which may be related to the decrease of quantity of acid and alkali components
and a decrease in pH value by adding the fly ash. The mass loss rate of steel in MPC-H3PO4 group
did not increase over time, indicating that the steel in MPC-H3PO4 group was stable. It is feasible to
protect steel from corrosion by simulating an analogous phosphating environment in MPC.
3.3

Corrosion behaviour of corroded steel in MPC

Based on the measurement results, an analogous phosphating environment can enhance the
corrosion protection of MPC. In the abstract, this environment may also provide a good protection for
corroded steel.

Figure 6. Nyquist plots of corroded steel in OPC and modified MPC mortars over wet-dry cycles
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Figure 6 shows the evolution of Nyquist plots of corroded steel in OPC and modified MPC mortars, the
MPC mortars were modified with 0.001molL-1 phosphate acid. As indicated in Figure 6(a), the
capacitive loops of steel in OPC mortars had no obvious change in Nyquist plots during the wet-dry
cycles. This is mainly because the steel is already in a state of corrosion, the protection of corroded
steel bars in high alkali environment of OPC is limited. The diameter of low frequency capacitive arc
suddenly increase after the first cycle is associated with the accumulation of corrosion products, and
then development of corrosion developed over time. However, the MPC mortars show a way to
provide protection for steel under the same circumstances by using its acid-base reaction. In Figure
6(b), the Intermediate frequency domain in Nyquist plots, which is related to the passive film on the
steel surface (Ford et al.1998), shift to the left gradually with the increase of the diameter of capacitive
arc at high frequency until 8 cycles. And then the curves stabilize in a particular region as the mumber
of cycles increase. There will be an electrochemical reaction between iron and corresponding
phosphate ions occur on the steel surface, the reaction products may coat on the surface of steel and
corrosion products to protect or inhibit steel against corrosion. From the electrochemical results, the
protection of MPC was in a dynamic state. The surface morphology of corroded steel electrodes in
OPC and MPC was shown in Figure 7. Comparing the state before test, the steel corrosion of
electrode in OPC became much more severe after 12 wet-dry cycles, however, the corroded steel
electrode in MPC kept stable. The development of corrosion of corroded areas was inhibited by the
modified MPC cover, and the uncorroded areas remain intact. Therefore, the MPC has the potential to
provide good protection for the corroded steel reinforcement.

Figure 7. Surface morphology of corroded steel electrodes in OPC and MPC after 12 wet-dry
cycles of corrosion tests
4.

CONCLUSIONS

This study aims to investigate the corrosion protection performances of MPC and verify the effect of
analogous phosphating environment on corrosion protection of MPC. Based on the results and
analyses, the conclusions can be drawn:




5.

According to the measurement results, the MPC with M/P=3 has the optimal performance
for simulating an analogous phosphating in the matrix.
The MPC based materials have the much better corrosion protection performance than the
OPC. In addition, the corrosion protection of MPC can be significantly enhanced by
modifying.
The modified MPC based materials have good protection for the corroded steel
reinforcement. It can be said that MPC based materials are very suitable for the repair and
reinforcement of RC structures.
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ABSTRACT
In this study, the model to describe the behavior of binding alkali ions and the dissolution precipitation
equilibrium of C-A-S-H was investigated. In addition, the developed model of C-A-S-H was introduced
into the mass transfer system to estimate the transfer of alkali ions in the concrete structures. To
model the alkali binding of C-A-S-H, the reaction of alkali ion with aluminum bridging tetrahedron is
considered in addition to the reaction of the silanol site with alkali ion. The logK of the reaction of the
silanol site were determined by fitting logK to the experimental results. Then the logK was introduced
to the transfer system to use an adequate logK for any Ca/Si varying during the calculation process.
The transfer of the aqueous species in concrete submerged in NaCl solution in two case of different
cement varying the Ca/Si (OPC and FAC) is analysed. The calculation results show the depth of
penetration of Na and the leaching of K is lower and the concentration of Na on the surface is higher in
the FAC case compared to those in the OPC case. This is caused by the difference of the calculated
Ca/Si of C-A-S-H between the OPC and the FAC. Due to the pozzolanic reaction of the glass phase of
FAC with portlandite, the Ca/Si of C-A-S-H of the FAC is calculated to be lower than that of the OPC.
This calculation result makes the amount of bound alkali ion bigger in accordance with the C-A-S-H
model developed in this study.
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1.
1.1

INTRODUCTION
Numerical model with the coupled thermodynamic phase equilibrium-mass transfer
system

The thermodynamic phase equilibrium model determining the phase composition of hardened cement
paste (Hosokawa et al. 2006) and the multi-species mass transfer model treating the interaction between
aqueous species in pore solution (Johannesson et al. 2007) have been developed. By coupling these
models, a novel system reproducing numerically the temporal change of phase composition in hardened
cement paste caused by the penetration and the chemical action of the external deteriorating factors
have been developed (Hosokawa 2011).
For the calculation of the phase composition of the hardened cement paste, the C-S-H dissolution
precipitation model has a significantly important aspect. In the system, the C-S-H equilibrium model
developed by Nonat (Nonat 2001) is used and coupled to the mass transfer model. This thermodynamic
approach accounts for a global evolution of Ca/Si ratio in relation to the evolution of the C-S-H structure,
but in any event the model is able to predict the structure and the stoichiometry of the C-S-H product.
The structure and properties of the C-A-S-H phase has been studied by several researchers. Nonat et
al. have proposed the C-A-S-H dissolution and precipitation equilibrium model (Haas 2015). Therefore
this Nonat’s new C-A-S-H model should be introduced into the system.
1.2

The importance of predicting
dissolution/precipitation behaviour

the

alkali

penetration

and

the

C-A-S-H

One of the most important role of the mass transfer model is to predict the durability of the concrete
structure by the numerical simulation of the penetration of deterioration factors, e.g. chloride ion, of
which penetration into concrete has been the target of the simulation for the evaluation of the concrete
durability for a long time. However, the penetration of alkali ions into concrete has not been studied
sufficiently in the concrete durability and the results of the numerical simulation of alkali ions are less
than those of the chloride ion. Alkali ions do not have a direct effect on the durability except for the ASR
in concrete, this may be one of the reasons why less result of numerical simulation of alkali ions.
However, alkali ions have a great effect on the composition of the pore solution in concrete, which means
the progress of the concrete deterioration changes due to the variation of the concentration of alkali ions
in pore solution. For example, in the case of chloride attack on the reinforced concrete, steel rebar
corrosion occurs due to not only the increasing of chloride but also the quantitative relationship between
chloride ion and hydroxide ion, i.e. [Cl]/[OH] is the threshold of rebar corrosion. Since the concentration
of hydroxide ion changes sensitively due to the behaviour of alkali ions, it is important to simulate the
behaviour of alkali ions in addition to chloride ion in order to predict the chloride attack adequately based
on the [Cl]/[OH] threshold under any material and environmental conditions.
It is well known that alkali ions in pore solution are bound by C-S-H. The amount of bound alkali ion by
C-S-H, which is often described numerically by a distribution coefficient 𝑅𝑑 , increases with decreasing
of Ca/Si of C-S-H (Hong 1999). Introduction of Al into C-S-H, i.e. C-A-S-H, markedly increases 𝑅𝑑 ,
indicating enhancement of alkali binding (Hong 2002). Ca/Si of C-A-S-H also gives an effect on the
binding alkali (Hong 2002, L’Hôpital 2016).
1.3

The aim of this study

In this study, the model to describe the interaction of alkali ions on C-A-S-H based on the Nonat’s C-AS-H model is investigated in order to compute the dissolution and precipitation of C-A-S-H and its ability
to bound alkali ions on its surface. Then the model of C-A-S-H to bind alkali ions are introduced into our
thermodynamic phase equilibrium - mass transfer system to do numerical calculations of the transfer of
alkali ions. The numerical calculations are conducted in the case of the two-different cement: ordinary
portland cement and fly ash cement, which has a different Ca/Si from each other.
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2.

MODELING OF ALKALI IONS INTERACTION ON THE C-A-S-H USING SURFACE
COMPLEXATION REACTION

2.1

The C-A-S-H dissolution precipitation equilibrium model

The C-A-S-H dissolution precipitation equilibrium model (Haas 2015) consists of multiple reaction
equations. One is the reaction equation describing dissolution equilibrium of silicate dimer, which is a
constituent of silicate layer structure in C-A-S-H (Figure 1). The others are the reaction equations
describing the surface complexation reaction of silanol site (-SiOH) on the C-A-S-H. The major examples
of reaction equation constituting the C-A-S-H dissolution equilibrium model is shown in Table 1. Equation
(1) is the reaction of silicate dimer and equations (2) – (5) are the reactions of –SiOH. Equation (3) is
the reaction of -SiOH with Ca2+, which means the increase of Ca/Si with the increase of -SiOCa+.
Equation (4) is forming of bridging tetrahedron by the reaction of silicate monomer with bridging sites,
which means the increase of tetrahedron occurs the decrease of Ca/Si. Equation (5) is the reaction of
tetrahedral aluminum with the bridging sites, which corresponds to the variation of Al/Si of C-A-S-H. The
authors added these reactions and their equilibrium constants to our input code of PhreeqC and
observed that the calculation results by PhreeqC with our input code reproduced the variation of Ca/Si
and Al/Si of C-A-S-H, and the composition of solution coexisting with C-A-S-H.

Ca+ Bridging tetrahedron

Si

Al

Ca+

Si
Si

Si

Si

Si

Si

CaO layer
Si

Si

Si

Si

Si

Si

Al
Figure 1. Schematic diagram of the layer structure of C-A-S-H
Table 1. Major examples of reaction constituting the C-A-S-H dissolution equilibrium model
(Haas 2015)

2.2

Ca2 Si2 O7 (Al(OH)2 )0.02 H2 O1.98 + 3.98H + + 1.04H2 O = 2Ca2+ + 2H4 SiO4 + 0.02Al(OH)−
4

(1)

−SiOH = −SiO− + H +

(2)

−SiOH + Ca2+ = −SiOCa+ + H +

(3)

−SiOH + 0.5H4 SiO4 = −SiOSi0.5 OH + H2 O

(4)

0.5−
−SiOH + 0.5Al(OH)−
+ H2 O
4 = −SiOAl0.5 OH

(5)

Determination of the equilibrium constants of the surface complexation reaction
describing the alkali ions binding in C-A-S-H

Haga et al. revealed that the silicate bridging tetrahedron is replaced by aluminum tetrahedron with
accompanying Na according to their observation of Na-adsorbed C-A-S-H compared with NONadsorbed C-A-S-H by 29Si-NMR spectroscopy (Haga 2016). Therefore, in order of modelling the alkali
binding of C-A-S-H, equation (7) describing the reaction of alkali ions with aluminum bridging tetrahedron
is introduced into our PhreeqC input code in addition to the existing reaction of –SiOH with alkali ions
(equation (6)). The equilibrium constants log𝐾 of each equation (6) and (7) are determined by fitting
log𝐾 to the experimental results of 𝑅𝑑 of Na+ and K+ for C-A-S-H measured by Haga et al. (Haga 2016).
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−SiOH + M + = −SiOM + H +

(6)

+
−SiOH + 0.5Al(OH)−
4 + 0.5M = −SiOAl0.5 OHM0.5 + H2 O

(7)

(M = Na, K)
Table 2 shows the log𝐾s of silanol sites reacting with alkali ions determined by fitting. In figure 2 the
calculated 𝑅𝑑 of Na+ and K+ using the equilibrium constants in Table 2 are demonstrated with measured
𝑅𝑑 . The calculated 𝑅𝑑 s are good agreement with the measured ones except for the case of Na at 10
mM of the initial concentration.
Table 2. Determined 𝐥𝐨𝐠𝑲 of silanol sites reacting with alkali ions
Ca/Si

−SiONa

−SiOK

−SiOAl0.5 OHNa 0.5

−SiOAl0.5 OHK 0.5

0.8

-10.8

-9.9

2.65

3.25

1.0

-11.4

-10.9

1.45

2.05

1.2

-12.1

-11.9

0.95

1.15

Rd of Na /dm3kg-1

20
15
10

160

Rd of K /dm3kg-1

Ca/Si=1.2(meas.)
Ca/Si=1.0(meas.)
Ca/Si=0.8(meas.)
Ca/Si=1.2(calc.)
Ca/SI=1.0(calc.)
Ca/Si=0.8(calc.)

25

140
120
100

80
60
40
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Figure 2. Calculated and measured 𝑹𝒅 of alkali ions bound onto C-A-S-H
The determined log𝐾 of the silanol sites reacting with alkali ions differs according to the Ca/Si of C-A-SH. However the log𝐾 changes linearly with Ca/Si (Figure 3). Therefore this linear relation is introduced
to our system so as to use an adequate log𝐾 for any Ca/Si value varying during the calculation process.

Log K

8
4

-SiOAl0.5OHNa0.5

0

-SiOAl0.5OHK0.5

-4

-SiONa

-8

-SiOK

-12

-16
0.7

0.9

1.1

1.3

Ca/Si of C-A-S-H
Figure 3. Relation between the determined 𝐥𝐨𝐠𝑲 and Ca/Si of C-A-S-H
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3.

NUMERICAL SUMULATION OF THE TRANSFER OF AQUEOUS SPECIES IN CONCRETES IN
THE CASES OF DIFFERENT CEMENT USED

In this section, the transfer of aqueous species in concrete which causes the change of solid phase
composition is numerically simulated by our system in the case of two different cement varying the Ca/Si
(Ordinary portland cement and Fly ash cement). At first the coupled thermodynamic phase equilibrium
mass transfer system is briefly presented.
3.1

Outline of the system

A schematic description of the phenomena behind mass transport and phase equilibrium mechanisms
in hardened cement paste is shown in Figure 4. All aqueous species in the pore solution and CO 2 in gas
phase are supposed to migrate according to a one-dimensional transport model.
Cement hydrates are assumed to give away and receive certain amounts of aqueous species according
to chemical reactions such as dissolution, precipitation and surface adsorption. These behaviours of the
hydrates are governed by the adopted phase equilibrium model.
Surface
Hardened cement paste
CO2
H2 O
CO2 H2 O CO2
cation
M+
Y
N
anion

CO2

H2 O

[gas phase]

[pore solution]
Mass transport
W
M+
Z3+
N
X2+
Phase
equilibrium

Hydrate A

Hydrate B

Hydrates C

[solid]

0

x

Figure 4. Schematic diagram of mass transfer and phase equilibrium in hardened cement
paste.
3.2

Mass transfer model

The transfer of the i:th type of aqueous species in pore solution is governed by two different coupled
equations. One is the Nernst-Planck equation describing mass conservation and flow conditions for the
i:th constituents as follows:
𝜕𝑐𝑖 𝛿𝑖 0 𝜕 2 𝑐𝑖 𝛿𝑖 0
𝜕2𝜑
= 2 𝐷𝑖
+
𝐵
𝑐
𝑧
+𝑞
𝜕𝑡
𝜏
𝜕𝑥 2 𝜏 2 𝑖 𝑖 𝑖 𝜕𝑥 2

(1)

where 𝑡 is time, 𝑥 is the spatial coordinate, 𝑐𝑖 is the concentration of ion, 𝐷𝑖0 is the self-diffusion
coefficient of aqueous species, 𝐵𝑖0 is the absolute mobility, 𝜏 2 is the tortuosity of pore structure, 𝛿𝑖 is the
constructivity of pore structure, 𝑧𝑖 is the valence number and 𝑞𝑖 is the generation/dissipation term.
The other equation in use is the Poisson equation related to the electrostatic potential caused by the
transfer of ions.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
3.3

Modelling results and discussion

3.3.1 Materials and methods
A water-saturated concrete with ordinary Portland cement (OPC) and fly ash cement (FAC) submerged
in 3 mass% NaCl solution (510 mmol/dm 3) for five years is analysed in this study. FAC is prepared with
partially substituted OPC with 40 mass% fly ash.
The adopted values of mineral composition of each cement and degree of hydration of each mineral are
shown in Table 3. These values except for the glass phase, which is derived from the fly ash, were
measured from the paste samples after standard curing for 91 days by means of a combined
XRD/Rietveld selective dissolution method (Hoshino 2006). In this study the degree of hydration of the
glass phase is assumed to be 100% to accurately estimate the potential effect of the glass phase on the
transfer of the aqueous species in pore solution. The chemical composition of the glass phase is shown
in Table 4. These are determined from the mineral composition and chemical composition of fly ash.
Same values of the mix proportion and the (𝛿𝑖 ⁄𝜏 2 ) (pore structure coefficient) are used for the OPC and
FAC in order to compare only the effect of mineral and chemical composition of the two cements on the
transfer of alkali ions. The pore structure coefficient is determined by multiplying the tortuosity, which is
derived from the equation reported by Garboczi et al. (Garboczi 1992), with the coefficient derived from
the volume of the transition zone around the aggregate particle according to Kato et al. (Kato 2009).
The values of the self-diffusion coefficient of aqueous species in use are shown in Table6.
The time step increment is for the simulation of the aqueous species and solid phase composition of the
concrete submerged in NaCl solution for 5 years is set to be 7 days.
Table 3. Mineral composition and its hydration degree
Mineral
C3S
C2S
C3A
C4AF
MgO
Gypsum
Bassanite
Calcite
Na2SO4
K2SO4
Quartz
Mullite
Magnetite
Glass

Mineral composition (%)
OPC
FAC
57.16
34.30
17.05
10.23
8.18
4.91
10.19
6.11
0.16
0.10
0.83
0.50
1.36
0.82
5.06
3.04
0.78
0.47
0.67
0.40
0
4.50
0
4.82
0
0.20
0
30.49

Hydration
degree (%)
95
93
98
62
100
100
100
100
100
100
0
0
0
100

Table 4. Chemical composition of glass phase in fly ash used for calculation
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O
61.2 21.6
4.65
3.89 1.39 0.85 1.28
1.78

W/C(%)
55

Table 5. Conditions used for calculation in common
Mix proportion of concrete
Pore structure coefficient
Air(vol%) Cement(kg/m3) Gravel(vol%)
(𝛿𝑖 ⁄𝜏 2 )
4.5
300
35
0.0089
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Aqueous species
𝐷𝑖0 × 10−9 (m/s)

Table 6. Self-diffusion coefficient of aqueous species
Cl
Na OH Ca CaOH
K
SO3 CaSO4
2.03 1.33 5.27 7.91
7.91
1.96 1.07
4.71

NaSO4
6.18

KSO4
7.46

3.3.2 Calculation results
In order to calculate the composition of the solution and the solid phases after submersion, the input
parameters corresponding to the above mentioned material, mix proportion and boundary conditions
were used. The calculation results are presented in Figure 5.
By the penetration of Na from the storage NaCl solution into the concrete and the leaching out of K from
the concrete into the NaCl solution, the concentration of Na is higher and K is lower in the region closer
to the surface in both OPC and FA cases as shown in Figure 5(a). However the depth of penetration of
Na and the leaching of K is lower and the concentration of Na on the surface is higher in the case of
FAC compared to those in the case of OPC. This is caused by the differences of the calculated solid
phase composition, especially Ca/Si of C-A-S-H, between the OPC and the FAC (Figure 5(b) and (c)).
In the solid phase assemblages of the OPC, the portlandite exists, whereas there exists no portlandite
in the FAC case because of the lower Ca/Si of the FAC and the pozzolanic reaction of the glass phase
of the fly ash with the portlandite (Figure 5(b)). This difference produces additional difference of Ca/Si
of C-A-S-H between the OPC and the FAC. The Ca/Si of C-A-S-H of the OPC is nearly constant value
1.44. On the other hand, the Ca/Si of C-A-S-H of the FAC is no more than 1.2, which means that of the
FAC is always lower than that of the OPC (Figure 5(c)). As mentioned above in the section 2, the amount
of alkali ion bound onto the C-A-S-H surface increases with the decrement of the Ca/Si of the C-A-S-H.
This behaviour was modelled by the reaction of silanol site based on the surface complexation model
with the C-A-S-H dissolution precipitation equilibrium model, and the model was implemented into the
thermodynamic phase equilibrium - mass transfer system. Therefore, as shown in Figure 5(d), the
calculation results show that the amount of Na bound by the silanol sites on C-A-S-H in the FAC is
extremely higher than that in the OPC because the lower Ca/Si of C-A-S-H is calculated in the case of
the FAC. Because the leaching out of Ca from the C-A-S-H in the case of the FAC which has no
portlandite is calculated by the system, the decreasing of Ca/Si in the region of depth from the surface
to about 50mm is obtained (Figure 5(c)). This calculation result causes the additional increment of bound
Na by C-A-S-H.
Those are the reasons why the different calculation results of the penetration of Na and leaching out of
K between the OPC and the FAC is obtained by our system.
In this study, the effect of difference of the pore structure between the OPC and the FAC, and the
variation of the pore volume during the transfer of the aqueous species, which causes the variation of
the diffusivity, is not considered because the target of this simulation is to compare only the effect of the
mineral and chemical composition of the two cements. In addition, the degree of hydration of glass
phase of fly ash is assumed to be 100%. However, the actual degree of hydration of glass phase is
thought to be approximately not more than 50%. In order of the improvement of the system, these effects
should be considered and implemented into the system as future work. In addition, the measurement
results of concentration profile of alkali ions in concrete immersed into the solution for a long time should
be obtained by the electron probe microanalysis (Mori 2006) for verifying the calculation results of the
system.
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Figure 5. Calculated profiles (left: OPC, right: FAC) of a) amount of Na and K in concrete
immersed in NaCl solution for 1 year, 3 years and 5 years, b) solid phase composition, c) Ca/Si
of C-A-S-H, d) amount of Na and K in total, and Na and K bound with the silanol site on the C-AS-H surface (b), c) and d) are shown as the result at the age of 5 years).
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4.

CONCLUSIONS

This study was conducted with the purpose to establish the thermodynamic phase equilibrium – mass
transfer system with consideration of the alkali binding of C-A-S-H.
In order of the modelling of the alkali binding of C-A-S-H, according to the previously reported
observation of Na-adsorbed C-A-S-H by 29Si-NMR spectroscopy, the reaction of alkali ion with
aluminium bridging tetrahedron is considered in addition to the existing reaction of the silanol site with
alkali ion. The equilibrium constants log𝐾 of the reaction equations with alkali ions were determined by
fitting log𝐾 to the experimental results of the distribution coefficient of Na+ and K+. The reactions of
silanol site with alkali ion and its log𝐾 are able to reproduce the amount of bound alkali ion, which varies
in accordance with the Ca/Si of C-A-S-H. The determined log𝐾 changes linearly wth Ca/Si of C-A-S-H.
Therefore the linear relation between the log𝐾 and the Ca/Si was introduced to the transfer system so
as to use an adequate log𝐾 for any Ca/Si value varying during the calculation process.
The transfer of the aqueous species in concrete submerged in 3% NaCl solution for five years in the
case of two different cement varying the Ca/Si (OPC and FAC) is analysed by the transfer system (the
difference of the pore structure between the OPC and the FAC, and the variation of the pore volume
during the transfer of the aqueous species, is not considered in order to compare only the effect of the
mineral and chemical composition of the two cements). The calculation results show that the depth of
penetration of Na and the leaching of K is lower and the concentration of Na on the surface is higher in
the FAC case compared to those in the OPC case. This is caused by the difference of the calculated
Ca/Si of C-A-S-H between the OPC and the FAC. Due to the pozzolanic reaction of the glass phase of
FAC with portlandite, the Ca/Si of C-A-S-H of the FAC is calculated to be lower than that of the OPC.
This calculation result of Ca/Si makes the amount of bound alkali ion bigger in the transfer system in
accordance with the C-A-S-H model developed in this study to be able to simulate the behaviour of
binding alkali ions by C-A-S-H.
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ABSTRACT
The blast furnace slag (BFS) produced during the steelmaking process is used as a cement admixture
or an alkali-activated slag. Its use as a concrete aggregate has drawn attention in recent years. BFS
aggregate is one in which BFS is crushed and sized, followed by the addition of an anti-bonding agent.
It is important to understand the reactivity of BFS to use as aggregates in cementitious materials. BFS
aggregates have different chemical composition compared to natural aggregates. In this paper, we
focus on the chemical reaction of BFS fine aggregate in an alkaline environment to evaluate its
characteristics. The reaction of aggregates in a highly alkaline solution with Ca(OH)2 was
investigated. The reaction products were characterised by XRD/Rietveld analysis, 29Si MAS NMR,
and the liquid phase was measured by ICP-AES. The formation of reaction products was modelled
using a geochemical code, PHREEQC, and the simulation results were compared with experimental
data.
The experimental results show that CH forms for BFS aggregate in alkaline solution, but the amount of
C(-A-N)-S-H produced is very small. Thermodynamic calculations were performed to predict the
reaction products and solution composition for an input reactivity of BFS aggregates. The simulation
results reproduce the experimentally determined solution composition, but not the solid phases. More
detailed experimental work and simulations are required to understand the actual reaction mechanism
of BFS in an alkaline environment. Finding of this study will help to consider the use of BFS
aggregates in concrete.
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1.

INTRODUCTION

The blast furnace slag (BFS) produced during the steelmaking process is used as a cement admixture
or an alkali-activated slag. Its use as a concrete aggregate has drawn attention in recent years. BFS
aggregate is one in which BFS is crushed and sized, followed by the addition of an anti-bonding agent.
JIS A 5011 was enacted in Japan in 1981 (JIS A 5011). Although the chemical composition varies
somewhat depending on the steelworks, aggregate with roughly constant composition is produced. It
can be used alone; however, in some cases, it has been used to adjust the particle size of natural
aggregates and similar materials. There are several advantages of using BFS in terms of improving the
durability of concrete, such as its high frost damage resistance without the use of an AE agent, less
cracking due to drying shrinkage, suppression of salinity penetration, improved resistance to sulfuric
acid. It is also a material with less environmental impact (JSCE 2018). It is important to understand the
reactivity of BFS to use as aggregates in cementitious materials. BFS aggregates have different
chemical composition compared to natural aggregates. There are several studies on the use of alkaliactivated slag as a binder in concrete (Wang and Scrivener 2003), (Richardson et al. 1994). In this
paper, we focus on the chemical reaction of BFS fine aggregate in an alkaline environment to evaluate
its characteristics. The reaction of aggregates in a highly alkaline solution with Ca(OH)2 was
investigated. The reaction products were characterised by XRD/Rietveld analysis, 29Si MAS NMR, and
the liquid phase was measured by ICP-AES. The formation of reaction products was modelled using a
geochemical code, PHREEQC, and the simulation results were compared with experimental data.
2.
2.1

MATERIAL AND METHODS
Sample preparation

Two types of BFS (A and B) produced at the steel mills in Japan were used. Table 1 shows the chemical
composition of BFS. From the XRD/Rietveld analysis of unreacted BFS, B is composed of only
amorphous, while A contains 14% Melilite and amorphous (Figure 1). Melilite is a solid solution of
gehlenite (Ca2Al2SiO7) and akermanite (Ca2MgSi2O7). BFS was ground and sieved to a range of particle
sizes from 300 to 150 µm. The special grade reagents of portlandite (CH) and NaOH from Kanto
Chemical were used.
Table 1. The chemical composition of BFS
CaO

SiO2

Al2O3

MgO

Others

BFS-A

39.94%

31.83%

14.0%

7.38%

6.85%

BFS-B

45.67%

33.58%

12.06%

4.45%

4.22%

Intensity(a.u.)

Melilite

B
A

5

15

25
35
45
2θ(degree)

55

65

Figure 1. XRD patterns of unreacted BFS
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1.54 g of CH added to 5 g of BFS. The solid sample was mixed in 20 ml of a 1 M NaOH solution. The
reacted samples were decanted into several 30 ml polyethylene tubes and placed in an oven at 70 °C
to speed up the reaction. After that, the samples were filtered through a 45 µm filter to separate solid
and liquid sample. The solid sample was immersed in acetone for an hour to stop the reaction and dried
in an oven at 40 ºC for 3 h.
In order to calculate the dissolution rate of BFS, the sample was heated to 900 ºC in accordance with
the previous report (Ishikawa et al. 2015). A program was used to raise the temperature to 900 °C over
a period of 30 minutes and then maintain the temperature for 30 minutes, resulting in crystallization.
2.2

Experimental procedure

The separated solids were ground to fine powders (particle sizes smaller than 150 μm) and X-ray
diffraction (XRD) was conducted. The samples were analysed with an X-ray generator (Rigaku) using
Cu Kα radiation at a scanning rate of 1° per min in 0.02° intervals with 2θ ranging from 5 to 70°.
Corundum was used as a standard substance. Siroquant Version 4.0 (Sietronics) was used for Rietveld
analysis.
Melilite, merwinite, portlandite, and lime (only for crystallized samples) were used as targets. For each
sample, the amount of each mineral was calculated using the external standard method with Eqs. (1)
and (2):
G=

𝑐𝑗 =

𝑠𝜌𝑉 2 𝜇

(1)

𝑐

𝑠𝑗 𝜌𝑗 𝑉𝑗 2 𝜇𝑠𝑎𝑚𝑝𝑙𝑒
𝐺

(2)

where G is a factor for the standard substance (cm 5/wt%), s is a scale factor, ρ is the density (g/cm 3), V
is the unit cell volume (cm3), µ is the mass absorption coefficient (cm 2/g), c is 100 (wt%), and cj is the
crystal fraction of compound j (%)
A 29Si MAS NMR experiment was conducted using an MSL 400 9.4 T instrument (Bruker) operating at
a frequency of 79.486 MHz for 29Si at room temperature in order to investigate the structure of the solids.
Q8M8 (Si(CH3)8Si8O2) was produced by Wako Pure Chemical Industries and was used as a reference
material for the 29Si-NMR chemical shifts at 12.4 ppm. The analysis conditions were as follows: 30°
pulse length of 1.7 µs and rotation number of 4 kHz. A 29Si recycling delay of 3 s and 3660 scans were
used for the unreacted BFS, and 5 s and 2160 scans were used for the BFS sample. Win-nuts software
was used to analyse the 29Si MAS NMR data.
ICP-AES analysis was conducted using an ICPE9000 (Shimadzu Corporation). The liquid samples were
diluted by factors of 200 or 2000 for the BFS sample, and the concentration of Si, Ca, Al, and Na were
measured. A Si standard solution and metals standard solution manufactured by Kanto Chemical were
used as reference materials.
2.3

Modelling approach

The geochemical code PHREEQC was used in this study to carry out speciation and thermodynamic
equilibrium calculations (Parkhurst DL et al. 1999). An integrated model that couples PHREEQC and
Excel, developed in a previous study (Elakneswaran et al. 2016), was used to predict the composition
of the solid phases. The thermodynamic properties of the solid products were collected from previous
studies (Myers et al. 2014, Lothenbach et al. 2008) and were used in every calculation along with the
PHREEQC default thermodynamic database (David L. Parkhurst et al. 1999). The dissolution rate of
BFS was calculated in Excel from the experimental XRD/Rietveld analysis results. An input value was
obtained from the dissolution rate (Figure 7), which was calculated using a Langmuir approximation.
The amount of dissolved BFS was transferred to PHREEQC through computer memory for
thermodynamic equilibrium and speciation calculations at each step.
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3.
3.1

RESULTS AND DISCUSSION
Analysis of Reaction products

Figure 2 shows the XRD pattern of each sample after 28 days. Katoite was observed in the vicinity of
32.5° and a minute amount C4AH13 was observed in the vicinity of 10.5° in all samples, but the amounts
produced are very small in each sample. Therefore, the products other than CH was considered as
amorphous. Since the C-S-H peak near 29.4° is close to the peak position of Melilite (CH), it will be
discussed in terms of the 29Si MAS NMR data shown later.
CH
Melilite
C4AH13

Intensity (a.u)

C-S-H
Katoite

A_CH1.54
A_CH0
A_Original

B_CH1.54
B_CH0
B_Original
5

15

25

35
45
2θ(degree)

55

65

Figure 2. XRD pattern for unreacted and reacted BFS samples aged 28 days

Figure 3 shows changes in the proportion of CH in the solid phase calculated from Rietveld analysis. It
was confirmed that CH increased in all samples compared with the rate of initial addition (23.5%).
Compared to other aggregates, BFS contains about 40% more Ca. It is suggested that Ca eluted from
BFS during the reaction is consumed in the formation of CH.
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Figure 3. Amount of portlandite calculated from the XRD/Rietveld analysis

29Si

MAS NMR was used for quantitative measurement in the cement system since C-S-H is the main
hydrate and is amorphous. Figure 4 shows the 29Si MAS NMR spectrum of BFS reacted with and without
CH for 28 days alongside the spectrum of unreacted BFS. From Figure 4, it is confirmed that the
unreacted BFS shows a broad signal of Q0 of -74 ppm in both A and B (Wang and Scrivener, 2003).
After 28 days, Q1, Q2, and are attributed to a lack of C(-A-N)-S-H formation in the BFS-B sample. A
slight Q1 signal is observed in the BFS-A sample, thus confirming the formation of C-S-H, but the amount
produced is very small. For the product formed after the reaction, for example, Q2(1Al), is about 19% in
the sample without CH in BFS-A. Considering that SiO2 is about 30 wt% in the unreacted BFS, it can be
said that 5.7% of the Si present in the solid phase exists as C(-A-N)-S-H. Also, 79% of Si did not change
its binding state with the unreacted BFS. Wang reported that approximately 75% of BFS that was aged
25 days reacted with 5 M NaOH (Wang and Scrivener, 2003).

B_CH1.54
B_CH0
B_Original

-50

-60

-70
-80
ppm

-90

A_CH1.54
A_CH0
A_Original
-100

Figure 4. Comparison of 29Si MAS NMR spectra of the BFS sample aged 28 days

We also gathered 29Si CP MAS NMR data for Si in order to further discuss the reaction products. During
the induction phase of the C3S hydration reaction, Clayden (Clayden et al. 1984) found from 29Si CP
MAS NMR measurements that the C-S-H phase contains silicate anions of the hydrated monomer
H2SiO4 (hydrated monomer, HM) in C3S nanoparticles. This HM is a silicate that is dissolved but is not
polymerized from C3S, and in the case where HM forms, its existence can be confirmed by obtaining
the Q0 signal from 29Si CP MAS NMR measurements.
Figure 5 shows a comparison of 29Si MAS NMR and 29Si CP MAS NMR spectra with the addition of CH
1.54 g in BFS-A (aged 28 days). No signal was confirmed in the CP MAS at the position of Q0, where
the signal was observed in the MAS measurement. From the above results, it was confirmed that the
monomer silicate (HM), which is a precursor of C-S-H as observed in the C3S hydration reaction, was
not produced and the Q0 signal represents only unreacted BFS. It is confirmed that the presence of CS-H and C(-A-N)-S-H after reaction of BFS is very small.
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Figure 5. 29Si CP MAS NMR spectra for BFS-A (aged 28 days) reacted with CH

3.2

Liquid phase analysis

The Ca, Si, Al, and Na ion concentration of each sample in the liquid phase is shown in Figure 6. In any
of the samples, the concentration of Ca, Si, and Al are as low as 10 mM or less, thus it can be said that
these ions dissolved from BFS exist in the liquid and solid phases. This trend is not dependent on sample
conditions. However, the Na concentration decreased from the initial condition of 1000 mM at any age,
and it was confirmed that it was incorporated into the solid phase. The 29Si MAS NMR data indicates
the formation of C(-A-N)-S-H.
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Figure 6. Ion concentration in the liquid phase
3.3

Reaction rate

Figure 7 shows the reaction rate of BFS calculated from XRD/Rietveld analysis of the crystallized sample.
It was confirmed that BFS reacts with an NaOH solution in any of the samples. It is suggested that the
reaction rate after 2 days is nearly constant for the sample without CH. On the other hand, in the sample
with added CH, the reaction rate tends to rise even at 28 days, and it is presumed that it takes a higher
value at a long-term age. Therefore, the reaction rate is considered to be higher than that without the
addition of CH. In addition, the reaction rate under the same conditions is higher for BFS containing
more amorphous material.
In the 29Si MAS NMR and 29Si CP MAS NMR results shown in Figures 4 and 5, 79% of the solid Si
phase contained the same chemical bond as the unreacted BFS, thus it does not agree with the reaction
rate calculated from the XRD/Rietveld analysis of the crystallized sample. The change produced by the
reaction varies depending on the element, and the chemical bond in Si hardly changes. Conversely, Ca
is likely to elute and produce CH.
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3.4

Thermodynamic modelling

Figures 8 and 9 show the simulation results for BFS-B. Regarding the liquid phase, the concentration of
Al was found to be higher than the experimental value of 4 to 10 mM, but roughly consistent results were
obtained. The initially added NaOH is consumed in products such as C(-A-N)-S-H. Also, the
concentration of Si and Ca are low regardless of conditions.
As for the results of the solid phase product, the solid solution C(-A-N)-S-H occupied about 37wt% in
the sample without CH and about 42wt% in the sample with CH. This does not agree with the 29Si MAS
NMR results. The amount of CH is also approximately 22% in the simulation results, but it is greater
than 40% according to the results in Figure 3.
It was nearly possible to reproduce the ion concentration in the liquid phase, but the results were different
from the experimental value in the solid phase. For this reason, it is conceivable that the dissolution
behaviour of each element differs when BFS is dissolved. As for this, we will study surface observations
of the BFS sample and elemental analysis in the future. Anyway, BFS has a different hydration
mechanism with other aggregates containing SiO2. This study focuses on the reactivity of BFS and the
durability performance of the aggregates needs to be studied; it will be in the future.
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Figure 9. Simulation results showing changes in the ion concentration in the liquid phase for
BFS-B

4.

CONCLUSION

This study focuses on the reaction of fine BFS aggregates in an alkaline environment and the influence
of portlandite on the reaction through experiments and modelling. The experimental results show that
CH forms for BFS aggregate in alkaline solution, but the amount of C(-A-N)-S-H produced is very small.
Thermodynamic calculations were performed to predict the reaction products and solution composition
for an input reactivity of BFS aggregates. The simulation results reproduce the experimentally
determined solution composition, but not the solid phases. More detailed experimental work and
simulations are required to understand the actual reaction mechanism of BFS in an alkaline
environment. Finding of this study will help to consider the use of BFS aggregates in concrete.
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ABSTRACT
The results of laboratory studies on the effect of sample geometry on the expansion of hardened OPCGGBS binders during external sulfate attack were used to obtain a parameter set for a finite element
approach for modeling the expansion and mechanical failure of concrete structural components made
with these binders. The experiments were performed using flat prisms 10 mm in thickness, following
the German SVA sulfate resistance testing procedure, along with thin-walled (2.5 mm) hollow
cylinders stored in sodium sulfate solutions. Different degrees of mechanical constraint were used for
the hollow cylinders to quantify the effect of crystal growth expansion stress on the response of the
binder mixtures. The physical properties of the material during storage were characterized by length
measurements, mercury intrusion porosimetry and optical microscopy. Laser ablation coupled with ICP
mass spectroscopy, ICP optical emission spectroscopy and X-ray diffraction provided information
about the chemical and mineralogical composition of the samples during storage. The response of the
samples of different geometry to the expansion stress was used to gain parameter sets for finite
element simulations of the evolution and distribution of stress and strain during the experiments. This
parameterization scheme was subsequently applied to construction component geometries to
investigate their specific reaction to expansion stress during external sulfate attack. This study aims at
improving the applicability of sulfate resistance testing results to the prediction of building-scale
materials behavior. Implications regarding general sulfate resistance testing procedures are discussed.
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1.

INTRODUCTION – CURRENT ISSUES IN SULFATE RESISTANCE TESTING

Within today’s concrete durability design, the resistance of binders against external sulfate attack is
usually assessed in expansion measurements of prism samples that are stored in highly concentrated
sulfate solutions, for example the German SVA method or the procedure specified in ASTM C1012 (a
review of the existing procedures can be found in Van Tittelboom & De Belie 2009). An important
testing criterion of these expansion tests is a maximum allowed expansion after 91 d or 180 d,
regardless of the exact mechanism behind the expansion. It is known that the sample geometry
affects the development of the overall expansion and crack formation with larger structures generally
exhibiting higher sulfate resistance (e.g. Ferraris et al. 1997). When considering the sample geometry
that is used in the SVA testing procedure (flat prisms with measurement pins), which is more complex
than simple cylinders or cubes, it becomes clear that a precise prediction of the expansion of the prism
based on parameters like porosity and binder composition is not straightforward. This, in turn,
implicates that it can be difficult to connect the measured overall expansion of the sample to the
internal state of degradation caused by the sulfate attack. Recently, the use of mechanical modelling
to predict the crack formation in concrete under chemical attack became more advanced
(e.g. Cui & Alipour 2018). To investigate the relationship between sulfate transport, expansion stress
and overall expansion in flat prisms, this study focuses on the detailed experimental tracking of the
sulfate ingress into different sample geometries and the subsequent mechanical modelling of the
effects on the expansion stress.
2.
2.1

EXPERIMENTAL METHODS AND MODELLING
Sample preparation and storage

Mortar and hardened cement paste samples were prepared in the form of flat prisms and hollow
cylinders, as different geometries, using binders made of Portland cement CEM I 42.5 R and ground
granulated blast-furnace slag (GGBS). Fine quartz aggregate (0/0.5 mm) was used for the mortar
samples. The chemical compositions of the materials are shown in Table 1.
Table 1. Chemical composition of the used Portland cement and GGBS (ICP-OES, wt.%)
LOI

Na2O

K2O

CaO

MgO

Fe2O3

Al2O3

SiO2

P2O5

SO3

TiO2

CEM I

1.90

0.25

0.84

63.70

1.38

2.27

5.25

20.80

0.26

2.78

0.28

GGBS

0.40

0.35

0.43

40.06

6.65

1.04

12.46

36.41

<0.01

2.12

0.55

Both hardened cement paste (“C”) as well as mortar samples (“M”) were produced for each binder
composition. The water/binder ratio w/b was 0.5 for all samples and the ratio of aggregate to binder
weight was 1.175. The dimensions of the flat prisms (10 x 40 x 160 mm) “P” follow the German SVA
sulfate resistance testing procedure, and the hollow cylinders (l = 70 mm, Ø = 30 mm, d = 2.5 mm)
“H”, the work of Müllauer et al. 2013. For example, the sample designation “36_C_P” refers to
hardened cement paste flat prisms made of a binder with 36 wt.% GGBS. The hollow cylinders were
placed in special stress cells in which the expansion during storage was restricted by central steel
rods (V4A, Ø = 5 mm, D = 1.5 kN/mm) or the expansion was virtually unrestricted by steel springs
(1.4310, D = 0.07 N/mm, Figure 2). After 28 d storage in a saturated calcium hydroxide solution, the
samples were transferred to a sodium sulfate solution (30 g/L SO42-) at 20 °C. The reference samples
remained in the saturated calcium hydroxide solution. Each binder composition was stored separately
(three samples for each binder and storage solution). The solutions were renewed every seven days
and the length changes of the samples were measured.
2.2

Analytics

Laser ablation was carried out with an ESI NWR 213 Nd:YAG Laser with a 2 volume cell system
operating at a wavelength of 213 nm. To remove air, the sample chamber was purged for 5 min. In
order to remove dust and sawing residues, the samples surfaces were initially ablated with a 80 µm
spot at a scan velocity of 60 µm/s. In the main experiments, the ablation lines consisted of a series of
40 µm spots, shot with a frequency of 20 Hz, a flux density of 2.1 J/cm2 and a scan velocity of
10 µm/s. The ablation products were transported in a 0.7 L/min helium stream to an ICP-MS
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(NexION 300D, Perkin Elmer, USA) apparatus. The helium aerosol was mixed with a 0.90 L/min argon
stream, ionized in an ICP operating with a torch power of 1200 W. Seven isotopes (23Na, 25Mg, 27Al,
29Si, 34S, 39K, 43Ca) were recorded sequentially with a dwell time of 10 ms per isotope. Chemical
analysis of the bulk materials was performed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using a Horiba Jobin Yvon Ultima 2 unit.
Spatially resolved X-ray diffraction analysis was performed at different distances from the external
surface of sample cross sections (x-profile) using a Bruker D8 Advance diffractometer with CuKα
radiation (λ = 1.54 Å, 40 kV, 40 mA) in - configuration with a LynxEye XE-T silicon strip detector and
an automatic divergence slit (fixed radiation spot of 1 mm for spatially resolved measurements). The
measurement range was 5 – 60° 2 with steps of 0.02° 2 with a measurement duration of 2 s/step for
cross section samples and 4 s/step for thin sections. Two types of profile samples were used for the
spatially resolved measurements: plates with a thickness of 1.0 mm cut using a Buehler IsoMet 5000
precision saw and non-covered thin sections (20 µm, water free preparation) on glass sample holders.
A motorized sample stage (Bruker Compact UMC, software-controlled XYZ positioning) was used for
recording X-ray diffraction profiles over the cross sections of the samples. Examples for measurement
profiles with LA-ICP-MS and spatially resolved X-ray diffraction are shown in Figure 1.

Figure 1. Examples of measurement profiles for LA-ICP-MS (solid lines) and spatially resolved
X-ray analysis (dotted lines). Left: hardened cement paste flat prism, cross section prepared
with precision saw (red line length: 5 mm); right: hardened cement paste flat prism, thin
section (red line length: 10 mm).
2.3

Mechanical modelling

A finite element approach was chosen to study the effect of expansive ettringite formation at different
depths in both the flat prisms as well as the hollow cylinders. Lattice models were created for the used
sample geometries (Figure 2) and subjected to expansive stress at defined depths. This approach is
based on the assumptions that the porosity and the pore size distribution are the same throughout the
samples and that the expansive stress developed during sulfate storage is caused by the
crystallisation pressure of ettringite. Sulfate ingress during storage in sulfate solutions takes place
perpendicular to the samples surface. As soon as the chemical composition of the solution in pores
with a critical diameter around 10 – 50 nm (Müllauer et al. 2013) becomes supersaturated with respect
to ettringite, ettringite crystallization can exert expansive stress on the pore walls. Due to the habitus
of ettringite crystals and the uneven surface of the pore walls (i.e. variation in curvature), the
expansive stress is likely to be anisotropic for a single pore, but on average isotropic for a large
number of pores at a macroscopic level. Assuming that the sulfate ingress is evenly distributed within
the intact structure of the sample, the ettringite crystallization begins in critical pores that are located at
about the same depth in the samples. Thus a “layer” of expansive stress forms parallel to the surface
which can be considered as an expansion front. Mechanical modelling was performed for both sample
geometries in order to identify critical depths of the expansion front which lead to substantial damage
of the samples. As soon as the first macroscopic cracks occur, new diffusion pathways form and other
mechanisms (i.e. the interference of several expansion fronts) will dominate the further damage of the
overall sample.
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Figure 2. Examples of lattice models for the sample geometries. Left: flat prism with stress
peaking close to the measurement pins; middle: section of a hollow cylinder in a stress cell
(V4A steel rod); right: empty stress cell (1.4310 steel spring).
3.

RESULTS AND DISCUSSION

3.1

Physical assessment

The sulfate resistance of cementitious binders is usually assessed by the results of expansion
measurements. As expected for the binders used in this study, hardened cement paste and fine
mortar samples with higher GGBS content generally performed better regarding this criterion
(Figure 3). In the case of the hardened cement paste samples, a reproducible characteristic fracture
pattern in the region of the measurement pins (type 1 C, DIN 52450:1985) was always observed
(Figure 12). This fracture pattern was also observed for the fine mortar samples. This was not so in the
case of standard SVA prisms made with 0/2 mm sand (in other investigations not reported here) since
the complex structure of this mortar, and concrete as well, responds differently to internal crack
formation. Furthermore, in the case of thin sample geometries, representative inner structures are
hard to model for typical aggregate sizes. The failure times of the hollow cylinders were shorter than
for the flat prisms due to the lower overall material thickness and therefore smaller diffusion depths.
However, the failure times of the hollow cylinders correlate well with those of the flat prisms made of
the same binder.
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Figure 3. Expansion of samples with different geometries after storage in sodium sulfate
solution until mechanical failure. Left: hardened cement paste flat prisms; right: hardened
cement paste hollow cylinders (binders with 0, 36 and 65 wt.% GGBS content).
3.2

Tracking the progress of the reaction front

Examination of the cross sections of hardened cement paste flat prisms after storage in sodium sulfate
solution with optical microscopy revealed a discrete layer of ettringite (and gypsum in later stages)
parallel to the surface of the samples at a depth of 200 to 300 µm (Figure 4). Such parallel
ettringite/gypsum layers were also observed by Gollop & Taylor 1992 for hardened Portland cement
paste under similar conditions. The LA-ICP-MS measurements over the profile shown in Figure 1
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yielded the distribution of sulfur over the cross section of a hardened cement paste flat prism
(36 wt.% GGBS) after 77 d storage in sodium sulfate solution shown in Figure 5. The sample
contained significant cracks through the entire cross section close to the measurement pins
(Figure 12, left). The sulfur content increases rapidly from the surface toward a maximum
corresponding to the ettringite/gypsum layer at the same sample depth that was observed by optical
microscopy (Figure 4 and SEM image in Figure 5). After this maximum, the sulfur content slowly
decreases towards the inside of the sample in the manner expected for diffusion controlled reactiontransport processes. The sulfur content reaches an inner base level at a depth of about 2 mm. The
occurrence of this sulfur maximum several hundred µm below the surface is most probably explained
by ettringite dissolution near the surface due to a lower pH on account of leaching and slight
carbonation. LA-ICP-MS sulfur profiles were also recorded for flat prism cross sections of hardened
cement paste with 65 wt.% GGBS after 90 d and 335 d of storage in sulfate solution (Figure 6); the
latter exhibiting significant crack patterns close to the measurement pins. Due to the much denser
pore structure of this binder with more GGBS content, the progress of the expansion front was slower
than for the binder made with 36 wt.% GGBS. After 90 d storage, the sulfur front increase had reached
a depth of about 0.8 mm. At the time of the mechanical failure (335 d), the sulfur front was at about
1.9 mm. A similar depth was observed for the binder containing 36 wt.% GGBS.

Figure 4. Thin section of a hardened cement paste flat prism (36_C_P) after 77 d storage in
sodium sulfate solution. The ettringite/gypsum layer (white structure parallel to the surface
below) is bounded by the dashed red lines.
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Figure 5. Sulfur content over the cross section of a hardened cement paste flat prism (36 wt.%
GGBS, 36_C_P) after 77 d storage in sodium sulfate solution; thin section, LA-ICP-MS profile
(Figure 1). The increase of sulphur towards the samples surfaces correlates with the distinct
layer of ettringite and (later) gypsum observed by electron microscopy (small figure).
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Figure 6. LA-ICP-MS profile of sulfur content over the cross section of a hardened cement
paste flat prism (65 wt.% GGBS, 65_4_C_P) after 90 d (red) and 335 d (blue, on failure) storage
in sodium sulfate solution.
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Figure 7. X-ray profile over the cross section of a hardened cement paste flat prism (65 wt.%
GGBS, 65_4_C_P) after 335 d in sodium sulfate solution, corresponding to the blue sulfur
profile in Figure 6. Each scan corresponds to a specific sample depth indicated by the colour
of the scan. The X-ray beam had an x-width of 1 mm, thus the profile covers depths range from
0 to 5 mm; E: ettringite, MS: monosulfate, HC: hemicarbonate, HT: hydrotalcite or similar LDH
phases.
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Figure 8. LA-ICP-MS profile of sulfur content over the cross section of a hardened cement
paste hollow cylinder wall (36 wt.% GGBS, 36_2_C_H, left: outer wall, right: inner wall) after
64 d storage in sodium sulfate solution.
Moreover, the sulfur content profile for the hardened cement paste with 65 wt.% GGBS (Figure 6)
exhibits a slight shift of the sulfur maximum from about 100 µm to 300 µm, thus indicating that the
location of the ettringite/gypsum layer is not static, but moves towards greater depths as the pH is
reduced by ongoing leaching and carbonation. This indicates that the formation of the distinct
ettringite/gypsum layer is caused by changing thermodynamic equilibria rather than the rhythmic
precipitation phenomenon considered by Gollop & Taylor (1992). A similar shift of the stability zone of
gypsum and ettringite was observed in synchrotron experiments by Stroh et al. (2015). Figure 9 shows
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the LA-ICP-MS sulfur profile of a hardened cement paste flat prism made with just Portland cement.
The prism exhibited the characteristic cracking pattern on failure after only 28 d in the sulfate solution
at which time the sulfur front had reached a depth of about 2 mm. This depth was also reached by the
other binder compositions, but after longer storage periods. This behavior agrees with the different
porosity of the samples and therefore their physical resistance with respect to sulfate attack. The
profile in Figure 9 does not exhibit a pronounced sulfur maximum close to the surface after 28 d in the
sulfate solution. This indicates that the leaching process is slower than the sulfate ingress which is
probably explained by the higher initial amount of portlandite in the pristine hardened OPC paste
compared to the hardened binders with GGBS.
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Figure 9. LA-ICP-MS profile of sulfur content over the cross section of a hardened cement
paste flat prism (CEM I, 0_4_C_P) after 28 d storage in sodium sulfate solution.
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Figure 10. X-ray profile over the cross section of a hardened cement paste flat prism (CEM I,
0_4_C_P) after 28 d in sodium sulfate solution, corresponding to the blue sulfur profile in
Figure 9. Each scan corresponds to a specific sample depth indicated by the colour of the
scan. The X-ray beam had a x-dimension of 1 mm, thus the profile covers depths from
0.5 to 5.5 mm; E: ettringite, HC: hemicarbonate, MC: monocarbonate.
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Figure 11. Sulfur content over the cross section of a mortar flat prism (36 wt.% GGBS,
0/0.5 mm quartz aggregate, 36_2_M_P) after 90 d storage in sodium sulfate solution; cross
section with precision saw, LA-ICP-MS profile. A significant increase of the expansion was
observed at this time (upper right).
A LA-ICP-MS sulfur profile was also recorded over the cross section of a hollow cylinder wall
(Figure 8). The hardened cement paste (36 wt.% GGBS) possessed significant cracks parallel to the
cylinder axis after 64 d storage in sodium sulfate solution. In this case the sulfur front had reached a
depth of about 1.2 mm from both cylinder walls. These results show that the sulfur front reaches a
critical depth at which failure takes place. The critical depth depends on sample geometry.
Figure 11 shows the sulfur content over the cross section of a mortar prism (0/0.5 mm quartz
aggregate) after 90 d. The large variation in sulfur content is, as expected, produced by the ablation of
different amounts of quartz aggregate at different measurement positions. The sulfur content is above
the base value up to a depth of about 2.0 mm which correlates with a rapid increase in the expansion
of the samples observed after 90 d. However, the characteristic crack pattern close to the
measurement pins was observed not at this time, but about 20 d later. This was probably due to the
inhibition of crack formation by the aggregate particles and could also explain why such characteristic
cracking patterns are usually absent for mortar flat prism with larger aggregates as used in the regular
SVA testing procedure.
Spatially X-ray diffraction experiments revealed that the increase in sulfur content inside the samples
is accompanied by ettringite formation. The results of the X-ray diffraction experiments over the cross
section of a hardened cement paste prism (65 wt.% GGBS) are presented in Figure 7. Here, the
formation of ettringite due to sulfate ingress within the first 2 mm of the sample is accompanied by the
precipitation of a small amount of monosulfate in the outermost layer (0.5 mm) and a decrease in
hemicarbonate content (see Damidot & Glasser (1995) for thermodynamic investigations). The amount
of hydrotalcite like phases formed owing to the higher magnesium content of GGBS systems
(Walkley et al. 2017) is almost unaffected by the sulfate ingress. The X-ray diffraction profile of the
hardened Portland cement paste prism (Figure 10) after 28 d in sulfate solution is, as mentioned
above, mainly due to the fast sulfate ingress (Figure 9) without leaching. In this case, only a slight
increase in the amount of ettringite occurs behind the sulfur front at about 2.0 mm which, as expected,
is accompanied by a rapid decrease of the amount of monocarbonate.
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3.3

Mechanical Modeling

The effect of expansion stress caused by ettringite formation at a defined depth was studied using a
finite element approach. Lattice models of the flat prism and hollow cylinder geometry were subjected
to expansive forces that gradually moved from the surface towards the inner region. The resulting
expansion stress was calculated at planes defined within the lattice.

Figure 12. Characteristic cracking pattern of flat prism samples stored in sulfate solution
observed in experiments (left) and modelled (right).
The reference planes were chosen in order to obtain the relative expansion stress close to the sample
regions with the highest known expansion stress observed in the experiments (flat prism: bottom of
the measurement pin; hollow cylinder: outer curved surface area). The calculations revealed critical
depths for expansion stress reached during the progress of the expansion front. In the case of flat
prisms, this critical depth was determined to be 2.0 mm and 1.2 mm for the hollow cylinders
(Figure 13) which correlates well with the overall experimental results of this study.

rel. expansion stress []

9.E+03

6.E+03

3.E+03

0.E+00
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0.5
1
1.5
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2

Figure 13. Relative expansion stress as a function of the depth of the expansion front for flat
prisms (blue) and hollow cylinders (red).
4.

SUMMARY AND CONCLUSIONS

The evolution of expansion fronts during external sulfate ingress (30 g/L SO42- as Na2SO4) in fine
mortar (≤ 0.5 mm) and hardened cement paste made with Portland cement /GGBS binders was
studied using optical microscopy, LA-ICP-MS and spatially resolved X-ray diffraction for flat prisms
and thin-walled hollow cylinders. It was observed that the penetration of a front of increased sulfur
content is accompanied by the formation of ettringite which ultimately leads to failure and reproducible
characteristic cracking patterns for both the hardened cement paste samples and fine mortar samples.
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Due to investigations of the samples at the time of their mechanical failure, it was revealed that the
penetration of sulfate and therefore the expansion front was about 2.0 mm in the case of the flat
prisms and about 1.2 mm for the hollow cylinders. This was independent of sample composition and
overall storage duration. This result agrees with the results of finite element modeling, thus suggesting
that a critical expansion front depth exists for a particular geometry. Here, a small local increase in
crystallization pressure can lead to transgression of the tensile strength at the weakest point of the
structure. Based on the results of this study, the following conclusions are made.





5.

At least one critical expansion front depth is likely to exist for each sample geometry used
in current laboratory sulfate resistance testing procedures. A severe increase in expansion
stress within the sample occurs when the sulfate ingress reaches this depth.
The expansion stress on reaching the critical expansion depth results in macroscopic
cracks which promote sulfate transport within the damaged sample. This impairs the
comparison of the sulfate resistance of different binders based on tests with different
geometries and storage conditions.
Despite the high w/b ratios used in the German SVA sulfate resistance testing procedure to
minimize the effect of the physical resistance of the binder, the sulfate transport remains a
very crucial effect which affects the result of the test. It is therefore that other testing
procedures are required to focus on the chemical sulfate resistance of the binder.
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ABSTRACT
Application of supplementary cementitious materials (SCMs) as binary or ternary blended binders to
substitute Portland cement and eventually decrease the carbon dioxide foot print has been introduced
in cement industry through decades. Although years of research have been devoted to the topic of
blended binders, there still exists a lack in proper understanding of hydration and durability of these
materials. It is the well-known topic of chloride binding, which is well proven to be essential for a better
understanding of the durability of concrete in the environments prone to chloride ingress. The binding
phenomena includes chemical and physical binding, where the chemical form accounts for new
phases such as Friedel’s salt and the physical form depends on the chlorides that are adsorbed to
hydration products - mainly CSH gel. However, there exists a major lack of understanding about the
changes in the structure of CSH gel in different types of blended systems which in relation make it
difficult to account for the actual chloride binding. This is why a better understanding of the chloride
binding mechanism in blended binders is the major goal in this study. The work program includes
detailed analysis of the changes in structure of CSH gel in different blends and the relation with
chloride binding. The changes in the structure of CSH are accounted for using NMR analysis and the
effect of these changes on chloride binding is addressed through adsorption tests.
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1.

INTRODUCTION

It is well established that the CO2 footprint of concrete can be decreased, if part of the Portland cement
in concrete is replaced with suitable supplementary cementitious materials (SCMs) in right proportions
(Gartner, 2004). Besides the CO2 footprint associated with the cement production, one also must
consider the durability of the resulting concrete elements in the frame of sustainability. It is important
that additional maintenance costs and re-constructions are avoided with the right use of SCMs in
concrete. Corrosion of the reinforcement steel causes damages, which cost the society worldwide 3-4%
of the GDP (Growth Domestic Products), and a high share of these costs are related to chloride induced
corrosion of the reinforcement in concrete (Schmitt, 2009; Stewart et al., 2012).
When cementitious materials are exposed to chlorides, e.g. sea water or de-icing salts, part of the
chlorides are bound chemically by hydration reaction products such as Friedel’s salt and part can be
absorbed on hydrate surfaces, such as calcium silicate hydrates (C-S-H), which is often also described
as physical binding, whereas the rest of the chlorides remain freely in the pore solution (De Weerdt et
al., 2015). Several researchers have reported on chemical and physical binding in hydrated cementitious
materials through the past decades (Balonis et al., 2010; De Weerdt et al., 2015; De Weerdt et al., 2014;
De Weerdt et al., 2016; Dhir et al., 1996; Florea & Brouwers, 2012; Justnes, 1998; Sharfuddin Ahmed
et al., 2008; Tang & Nilsson, 1993; Yuan et al., 2009; Zibara, 2001; Zibara et al., 2008). The role of
chlorides in corrosion initiation encouraged the development of empirical models for long-term durability
analysis of concrete structures. Tang & Nilsson (1993) investigated the chloride binding capacity of CS-H in Portland cement pastes at different chloride concentrations and developed equations to fit the
binding isotherms. Florea & Brouwers (2012) showed that models accounting for the chloride binding of
C-S-H and portlandite together with several AFm-type hydrates fit closer to the experimentally obtained
results. It was also reported by De Weerdt et al. (2015) that the pH of the solution in contact with hydrated
binders, as well as the cations associated with chlorides, play an important role in the binding of chlorides
in hydrated cementitious systems.
The use of SCMs can lead to superior chloride ingress resistance compared to conventional Portland
cement (De Weerdt et al., 2016). It has been shown that SCMs especially with higher alumina content,
such as fly ash, slag or metakaolin, provide a higher chloride binding capacity (Zibara et al., 2008).
However, the role of alumina in chloride binding is not yet fully understood. While the effect of AFm
phases in chloride binding is relatively well described in literature (Balonis, 2010; Balonis et al., 2010),
a thorough understanding of the effect of SCMs on the structure of C-S-H or C-A-S-H phases and further
on the interaction of C(-A)-S-H with chloride ions is not yet thoroughly understood. Therefore, the effect
of changes in the structure of C(-A)-S-H as well as hydration phase assemblage, when SCMs are
utilized, on both physical and chemical binding, are investigated in this study. Two blended binder
systems, incorporating 15 wt.% silica fume and 15 wt.% metakaolin, are compared with a Portland
cement system. In the case of the silica fume blended binder system, the effect of changes in the
structure of C-S-H on physical binding is in focus. While in metakaolin blended system the effect of
higher aluminium content affecting both AFm phases as well as C(-A)-S-H structures are investigated.
Both NaCl and CaCl2 chloride solution are considered in this study to account for the effect of associated
ions as well as changes of pH on the chloride binding.
Chloride binding isotherms are determined by exposing ground hydrated cementitious paste to chloride
solutions until equilibrium is reached. The changes in the phase assemblage upon exposure the chloride
solutions were experimentally determined as well as modelled using a thermodynamic model. The
changes in the silicate structure of the C(-A)-S-H phases were investigated by performing solid-state
NMR analysis, in addition to analyses of the liquid phase.
2.
2.1

EXPERIMENTAL SET-UP
Materials

The raw materials used in this study were a CEM I 52.5 R cement with a calcium carbonate content of
4.7 wt.%, metakaolin (Powerpozz) and silica fume suspension (EMSAC 500SE with 50 ± 2.5% wt.% dry
content). The oxide composition of the raw materials determined by XRF and their specific surface areas
are given in Table 1.
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Table 1. Oxide composition in [wt.%] determined with XRF and the specific surface areas in
[m2/g] determined with Blaine or BET of the raw materials.
SiO2
[wt.%]

Al2O3
[wt.%]

Fe2O3
[wt.%]

CaO
[wt.%]

MgO
[wt.%]

SO3
[wt.%]

K2O
[wt.%]

Na2O
[wt.%]

Specific
surface
area [m2/g]

CEMI 52.5 R

21.39

3.69

1.29

64.66

0.72

3.43

0.57

0.21

0.548*

Metakaolin

51.89

44.83

0.42

0.02

0.05

0.03

0.12

0.22

2.310*

Silica fume

85

-

-

1

-

2

-

-

15-30**

*determined with Blaine and ** determined with BET.
Chloride solutions of 4 M were prepared with deionized water and NaCl or CaCl2 (EMSURE- analysis
grade). The solutions were further diluted to chloride concentrations of 0.25, 1 and 2 M to obtain the
exposure solutions used in this study. The chloride concentrations of the mother solutions (4 M
solutions) as well as the diluted solutions were verified by potentiometric titration. It should be noted that
in this study the concentration of chlorides in the solution was aimed for not the total concentration of
the salt. This means that the total concentration of CaCl2 containing solutions was half of the ones
containing NaCl.
2.2

Sample preparation

Cement
were:




pastes were prepared with a w/c 0.45. The three different binders considered in this study,
Ref: composed of 100 wt.% cement
M: 15 wt.% of the cement content is replaced by metakaolin
Si :15 wt.% of cement content is replaced with silica fume

The binders were prepared in a standard Hobart mixer were 300 grams of the dry powder together with
deionized water were mixed to pastes. The mixing time was 3 to 4 minutes with a speed of 140 rpm.
Afterwards, the pastes were transferred to 50 mL plastic centrifuge tubes. The bottles were filled
completely without remaining air. The bottles were sealed and kept in a water bath at 20 °C for 30 days.
To ensure a complete hydration, the sample preparation presented by De Weerdt et al. (2015) was
followed: After 30 days of sealed curing, the cement paste was crushed with a jaw crusher into fine
particles passing a 1 mm sieve. The powder was stored in 1 L polypropylene bottles with extra 40 wt.%
deionized water and cured for 7 days at 20 °C, while the bottles were frequently shaken. The resulting
moist hardened cement paste was hammer crushed and stored in sealed plastic bags at 20 °C for
6 months before starting the chloride exposure.
3.

METHODS

For the chloride exposure, 30 g of the hydrated cement paste was weighed into 50 mL plastic centrifuge
test tubes and 20 mL of chloride solution was added. The samples were stored at 20 °C for
approximately 1.5 months and were shaken regularly in order to reach equilibrium. It should be noted
that for every binder one tube was also dedicated to 30 g of the hydrated cement paste, weighed into
50 mL plastic centrifuge test tubes which was exposed to 20 mL of deionized water. These samples
were further used as reference binder not being exposed to chloride solution. Prior to analysis, the
samples were centrifuged. To determine the chloride binding isotherms, the chloride concentration in
the clear supernatant determined by potentiometric titration against a 0.1 M AgNO3 solution by using a
916 Ti-Touch.
After the chloride titration, 2-3 spatulas of the solids were extracted and put through double solvent
exchange. The wet solids were placed in a 125 mL plastic bottle with 100 mL isopropanol. The bottles
were shaken for 30 seconds before resting for 5 minutes. After resting, the liquid was decanted off and
another 100 mL isopropanol were added. The bottles were again shaken for 30 seconds and left to rest
for 5 minutes, before the suspensions were poured into a vacuum filtration unit. They were filtrated until
dry before 20 mL ethanol was added. The suspension was stirred with a glass rod for 30 seconds before
resting for 5 minutes. The contents were then filtrated until dry and stored in a vacuum oven at 30 °C
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for one week. Afterwards, the dried paste samples were ground to particle size of less than 75 µm in a
Retsch RM 200 mechanical mortar for further characterization. The phase assemblage in the various
dried and ground pastes were analysed using X-Ray Diffraction (XRD) as well as thermogravimetric
analysis (TGA). To perform XRD measurements a Rigaku Miniflex 600 with Cu-Kα radiation and a fast
1d solid-state detector was used. The scans were performed between 3 and 63 ° 2Ɵ with a step size of
0.02 ° 2Ɵ and a scanning speed of 4 s/step. For the TGA measurements a Mettler Toledo TGA-DSC3+
was used. Approximately 30-50 mg of the ground paste samples were weighed into 70 µL alumina
crucibles. The samples were heated from 20 to 1000 °C at a rate of 10 °C/min while purging with
50 mL/min N2. The amount of Friedel's salt as well as portlandite was calculated according to TGA
results based on the description presented by Qiao et al. (2018). It should be noted that horizontal step
method was used to quantify the amount of Friedel's salt as well as portlandite, which can cause the
absolute values to be influenced to background effect.
The silicate distribution in the hydrated and chloride exposed paste were analysed with the help of 29Si
solid-state nuclear magnetic resonance spectroscopy (NMR) to investigate the changes in the C(-A)-SH structure. The paste samples were prepared the same way as for XRD and TGA analysis. 29Si NMR
spectra were obtained using a Bruker 4 mm MAS BB/1H probe at 298 K. Samples were packed in 4 mm
zirconia rotors. The 29Si high powered decoupled (HPDEC) MAS NMR spectra were acquired with 2500
scans at a spinning rate of 7.5 kHz, using a 3 µs pulse corresponding to about 45° excitation angle and
relaxation delay of 30 s. SPINAL64 proton decoupling was used with an 1H-field strength of 50 kHz
(Fung et al., 2000). Mean aluminosilicate change lengths (CL) and the average molar Al/Si ratio for Al
incorporated into the silicate chains of the C(-A)–S–H structure are calculated based on the 29Si NMR
results according to Richardson et al. (1994) and Richardson & Groves (1997).
A thermodynamic model was used to verify the changes in the hydrate phase assemblage due to the
exposure to chloride solutions. The Gibbs free energy minimization programme GEMS3 (Kulik et al.,
2013; Wagner et al., 2012) was applied. GEMS is a geochemical modelling code, which simulates phase
assemblages at the equilibrium state. The thermodynamic data for aqueous species as well as for many
solids was taken from PSI-GEMS thermodynamic database (Hummel, 2002; Thoenen, 2003). Solubility
products for cement minerals as well as the effect of water activity on the stability of hydrate assemblage
phases were calculated using an extended CEMDATA18 database (Lothenbach et al., 2008;
Lothenbach et al., 2019; Matschei et al., 2007; Baquerizo et al., 2015).
The following simplifications of the system were made in the model:
 the cement was assumed to have reacted fully (100%).
 silica fume and metakaolin were assumed to have reacted 40% and 50% in binder Si and M
respectively.
 physical chloride binding was not considered.
 Friedel's salt is assumed to be a solid solution of a calcium aluminate hydrate, monocarbonate
and Friedel's salt (Lothenbach et al., 2008).
4.

RESULTS

The chloride-binding isotherms for the well-hydrated pastes exposed to CaCl2 or NaCl solutions with
varying concentrations are presented in Figure 1. The associated cation affects the total amount of
bound chlorides, as the bound chloride content is considerably higher in the samples exposed to CaCl2
compared to the samples exposed to NaCl which is in agreement with (De Weerdt et al., 2015; Shi et
al., 2017). Independent of the chloride solution, NaCl or CaCl2, the M samples bind considerably more
chlorides compared to the Ref and Si samples. The latter two have a similar binding behaviour.
The XRD results obtained on the exposed and reference paste samples are presented in Figure 2. It is
mostly monocarbonate that transforms into Friedel's salt upon exposure to chloride solutions in all
binders. Although a strict phase quantification cannot be done by simple peak height comparison, it
does provide an indication for phase quantity. The peak intensity of Friedel's salt is highest in binder M,
which agrees with the higher chloride binding observed for binder M (Figure 1). It can be seen that the
intensities of the Friedel's salt peaks seem to be similar in both NaCl and CaCl2 solutions for binders Si
and REF. In sample M, the Friedel’s salt peak appear higher in the case of CaCl 2 exposure compared
with NaCl exposure. However, the total amount of bound chlorides when the binders are exposed to
CaCl2 solution is almost twice as high compared to the samples exposed to a NaCl solution (Figure 1),
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this indicates that the difference in bound chloride between samples exposed to NaCl and CaCl 2 cannot
be fully explained by an increase in the amount of Friedel’s salt formed and is therefore potentially
attributed to chloride uptake by another phase e.g. C-S-H or C-A-S-H, which has also been reported in
previous studies by De Weerdt et al. (2015) and Shi et al. (2017).

Bound Cl [g/g paste]

0.0300

M.CaCl2
Ref.CaCl2
Si.CaCl2
M.NaCl
Ref.NaCl
Si.NaCl

0.0250
0.0200
0.0150
0.0100
0.0050
0.0000
0

0.25

0.5 0.75
1
1.25 1.5 1.75
Cl conc added solution [mol/L]

2

Figure 1. Chloride binding isotherms for well-hydrated pastes prepared with the various
binders exposed to CaCl2 (solid lines) and NaCl (dashed lines) solutions.
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Figure 2. XRD results of solid samples after adsorption test (”Water” refers to the samples
exposed to water instead of chloride solution).
Figure 3 shows the amount of Friedel's salt determined by TGA in the exposed paste samples to 2M
chloride solutions compared with the modelled (GEMS) Friedel's salt content. The highest amount of
Friedel's salt forms in samples M, which agrees with the XRD results (Figure 2) and the chloride binding
isotherms (Figure 1), where M samples shows a considerably higher chloride binding than the other
samples. It should be noted that the amount of Friedel's salt in the samples exposed to CaCl2 seems to
be slightly higher than in the samples exposed to NaCl. However, the difference in the amount of
Friedel’s salt formed is not large enough to explain the difference in the total amount of bound chlorides
for exposure to NaCl and CaCl2 solution presented in Figure 1. According to the chloride binding
isotherms (Figure 1), the total amount of bound chlorides when the binders are exposed to CaCl2
solution is almost twice as high compared to the samples exposed to a NaCl solution. Once more, this
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is an indication of physical chloride binding in C-S-H or C-A-S-H phases. The results of the amount of
Friedel’s salt obtained experimentally also show a good agreement with the modelled data, which can
be a confirmation to the validity of the model. The validity of the model is also further confirmed in Figure
4, where the portlandite content determined by TGA in all paste samples is compared with the modelled
portlandite content. The small deviations in binder M and Si can be due to the applied assumptions of
degree of hydration in the model.

Friedel's salt (g/100 g paste)

30
25
NaCl (2M)
20
NaCl (2M)- Modelled

15

CaCl2 (2M)

10
5

CaCl2 (2M)- Modelled

0
Ref

M
Binder

Si

Figure 3. Experimental data (TGA analysis results) compared with modelled (GEMS) data on
Friedel’s salt content in chloride-exposed samples (Only the samples exposed to 2M chloride
solutions are presented).

Portlandite (g/100 g paste)

Ref

M

Si

30
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5
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0
0

0,25
1
2
Concentration (M)

0

0,25
1
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2

0

0,25
1
Concentration (M)

2

Figure 4. Experimental data (TGA results) compared with modelled data (GEMS) on portlandite
content in chloride-exposed samples and samples exposed to water (concentration 0).
The changes in the phase assemblage upon exposure to the chloride solutions were predicted with
GEMS and are presented in Figure 5. The results are in good agreement with the presented XRD (Figure
2) and TGA results (Figure 3 & 4), indicating higher total amount of Friedel’s salt binder M. In each
binder the amount Friedel’s salt seems to be higher when CaCl2 is used as exposure solution compared
to the case with NaCl, but, as shown in Figure 3, this difference is not able to explain the difference in
the amount of bound chlorides between the two exposure solutions as indicated in Figure 1.
Furthermore, 29Si NMR measurements on solid paste samples prior to exposure are shown in Figure 6.
The Q1 peak, indicating silicate monomers, is highest in Ref samples as expected for the binder with
the highest Ca/Si ratio. The intensities for the Q2 peaks are more prominent with the SCM addition,
indicating a higher average silicate chain length, and a decreased Ca/Si ratio of the C(-A)-S-H phase in
the samples Si and M compared with Ref. The spectrum for binder M displays a higher Q 2(Al) peak,
which indicates the incorporation of aluminium in the C(-A)-S-H phase.
The 29Si NMR measurements performed on paste samples with different binders after exposure to 2 M
chloride solutions as well as samples exposed to deionised water (marked as binder. Water) are
presented in Figure 7. The intensity distribution seems to be very similar for the Ref and Si binders
although differences due to different Ca/Si is expected, which should be further investigated. It seems
that the C(-A)-S-H phase of metakaolin-containing binder is most affected by the chloride exposure,
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160

14

Ref

140

pH

which can be summed up with the mean aluminosilicate chain lengths (CL), and the average molar Al/Si
ratio for Al incorporated into the silicate chains of the C(-A)–S–H structure that are calculated based on
the 29Si NMR results (Figure 7) and presented in Table 2. The elongation of the aluminosilicate mean
chain lengths are expected for the M binder and similar values have been published by Dai et al. (2014).
Changes in the aluminosilicate structure of C(-A)-S-H phases have been linked to the presence of
different ionic concentrations according to L’Hôpital et al. (2015).
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Figure 5. Predicted changes in the phase assemblage of all binders upon exposure to
increasing concentrations of NaCl and CaCl2 solutions determined by thermodynamic
modelling with GEMS.
5.

DISCUSSION

The purpose of this study was to investigate the effect of changes in the C(-A)-S-H structure on chloride
binding in conventional cementitious binders. The C(-A)-S-H structure was modified on one hand by the
addition of silicates and on the other hand by the addition of a mixture of silicates and aluminates.
Silicates were added by mixing in 15 wt.% silica fume (binder Si), whereas silicates and aluminates were
added by blending in 15 wt.% metakaolin (binder M). The chloride binding was compared with a
reference Portland cement (binder Ref). Additionally, the effect of the cation (Na + or Ca2+) associated
with the chloride on the chloride binding of these binders was investigated.
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Figure 6. 29Si NMR measurement on hydrated binder paste prior to adsorption tests
Q2(1Al)

Q2(1Al)
Q1
Q2

Ref

-60

Q2(1Al)
Q1
Q2

Q2

21

Si

M

-70

Ref. Water

-80

-90

Ref. NaCl

-100 -60

-70

Ref. NaCl

-80

M. Water

M. NaCl

-90

-100

M. CaCl2

-60

-70

Si. Water

-80

-90

Si. NaCl

-100

Si. CaCl2

Figure 7. 29Si MAS NMR results on samples after exposure to 2 M chloride solutions (NaCl or
CaCl2) or to deionised water (water).
Table 2. 29Si MAS NMR results on paste samples after exposure to 2 M chloride solutions
(NaCl or CaCl2) or to deionised water (water), presenting the average chain length of
aluminosilicate tetrahedra (CL), and the average molar Al/Si ratio for Al incorporated into the
silicate chains of the C–S–H structure.

Exposure
solution

Ref

Si

M

CL
3.5

Al/Si
0.09

CL
3.4

Al/Si
0

CL
4.2

Al/Si
0.11

NaCl (2M)

4

0.08

4.4

0.07

5.3

0.11

CaCl2 (2M)

3.5

0.08

2.9

0

3

0

Water

For all binders investigated, a considerable increase in the chloride binding was observed when the
samples were exposed to CaCl2 solutions instead of NaCl. Quantification of the amount of Friedel’s salt
and thermodynamic modelling showed that CaCl2 exposure lead to a slightly higher Friedel’s salt
content, which can partially explain the increase chloride binding. The observed increase in the amount
of bound chlorides for samples exposed to CaCl2 compared to NaCl can also be partially due to the
increase in amount of Ca2+ ions accumulated in the Stern layer of the C-S-H (Plusquellec & Nonat, 2016;
Labbez et al., 2007). This causes an overcompensation of the originally negative surface charge of the
C(-A)-S-H and consequently leads to an increase in the physical chloride binding of the C(-A)-S-H as
reported previously De Weerdt et al. (2015) and Shi et al. (2017). Further quantification of the chloride
binding in Friedel’s salts is needed in order to determine the contribution of Friedel’s salt and C(-A)-S-H
to the total chloride binding.
The addition of silica fume in the Si samples did not seem to affect the chloride binding considerably
compared to the Ref samples. This is possibly due to several reasons. On the one hand, the amount
and type of AFm phases formed were comparable in sample Si and Ref because no additional
aluminium is introduced to the system by silica fume. And on the other hand, the C-S-H structure of the
Ref and Si binders after the exposure to chloride-containing solutions is similar according to 29Si NMR
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analysis results. This might indicate that the changes in the phase assemblage upon the addition of
silica fume were minor and had only a limited impact on the chloride binding capacity of the paste.
The addition of metakaolin considerably increased the amount of bound chlorides in the sample M
compared to the sample Ref. Upon exposure to a 2 M CaCl2 solution, the addition of metakaolin in the
M samples causes an increase in the amount of Friedel’s salt formed reaching to 25 g/100 g paste
compared to a Friedel’s salt content of about 15 g/100 g paste in the Ref sample (Fig. 3). The observed
increase in the amount of Friedel’s salt formed upon metakaolin addition is in agreement with Shi et al.
(2017). This can partially explain the increase in chloride binding, however quantification of the chlorides
bound in Friedel’s salt remains to be done. The addition of metakaolin causes also an increase in the
chain length (CL) of the C(-A)-S-H, which indicates a decrease in the Ca/Si ratio. According to Zhou et
al. (2018), this may cause a reduction in the chloride binding. However, especially for the metakaolincontaining binder (M), the structure of the C(-A)-S-H phase seems to be affected by the exposure to the
chloride solutions. Upon exposure to 2 M chloride solutions, specifically CaCl 2, there is relatively little
difference in the C(-A)-S-H structure amongst the different binders. This indicates, the increased amount
of bound chlorides in the sample M compared to the samples Si and Ref, cannot be attributed to changes
in the composition of the C(-A)-S-H, but is rather due to changes in the amount of C(-A)-S-H formed or
to the formation of additional Friedel’s salt.
The exact quantification of chemically and eventually physically bound chlorides requires further
investigations as the quantification of the chemically bound chloride is not straight forward due to the
difficulty to quantify Friedel’s salt as this mineral forms solid solutions with other AFm phases (Balonis
et al., 2010).
6.

CONCLUSIONS

In this study, we investigated the effect of the incorporation of different SCMs on the chemical and
physical chloride binding of the paste. After determining the chloride binding isotherms of all binders,
their phase assemblage and the C(-A)-S-H structure, the experimentally obtained results were
compared with the results of a thermodynamic modelling. From the results the following conclusions
can be drawn:

7.



For all binders investigated, the samples exposed to CaCl2 solutions bound considerably more
chloride compared to the samples exposed to NaCl. The difference in the total amount of bound
chlorides between NaCl and CaCl2 can be attributed partially to the formation of additional
Friedel’s salt and partially to increased physical chloride binding onto the C-S-H.



The addition of silica fume only had a minor impact on the chloride binding capacity of the paste.



The addition of metakaolin increased the chloride binding capacity of the paste considerably.
No major differences in the composition of the C(-A)-S-H were observed for the different binders
especially when exposed to 2 M calcium chloride solutions, indicating that the increased
chloride binding is caused mainly by the formation of additional Friedel’s salt and/or additional
C(-A)-S-H.
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ABSTRACT
The use of dolomite powder as a supplementary cementitious material is gaining interest in the cement
industry, e.g. to replace limestone powder in regions with limited access to high quality limestone.
However, dolomite is not stable under alkaline conditions. Whether the resulting dedolomitizion is
detrimental to durability of concrete has been discussed controversially in the past. The emphasis was
mainly placed on the so-called alkali-carbonate reaction, which is now widely regarded as a hidden
alkali-silica reaction in certain dolomites containing reactive silica.
Some studies rather show a beneficial effect of the dedolomitization, as the formation of additional
magnesium bearing phases such as hydrotalcite increase the strength of the hardened cement paste.
Recent findings indicate that dolomite powder in cement can affect the salt frost scaling resistance of
concrete negatively to some extent. Potential mechanisms responsible for that behavior are
investigated in this study.
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1.

INTRODUCTION

As the cement industry strives to reduce CO2 emissions in cement production the substitution of
cement clinker with supplementary cementitious materials (SCMs) continuously gains importance. The
performance of such cements is required to be comparable to customary cements (Ludwig 2012).
Limestone powder has a high significance as a SCM. It is used as a main constituent in Portland
Limestone Cement or Portland Composite Cements. Limestone deposits for cement plants sometimes
occur in combination with dolomite CaMg(CO3)2 or dolomitic limestone (Boos 2009), which cannot be
used for clinker production, as the resulting MgO content would be harmful.
Due to its low CaCO3 content dolomite is also formally ruled out as a main constituent in cement. Acc.
to EN 197-1 the CaCO3 content of limestone powder in cement must not be below 75 wt. %. However,
the exclusion of dolomite in EN 197-1 is not due to technological reasons, but rather an accidental
result of the creation of EN 197-1, in which a certain purity of limestone powder as main constituent
was sought. Further requirements concern the clay content (methylene blue dye ≤ 1,20 g/100 g) and
the content of organic carbon (TOC ≤ 0,20 wt. % for LL or ≤ 0,50 wt. % for L). All those requirements
were mainly introduced to ensure a sufficient frost resistance and salt frost scaling resistance of
concrete (Siebel & Sprung 1991).
Limestone powders of minor purity as SCM became focus of recent research activities, as the
availability of pure limestone powder can be restrained locally. In (Rickert 2014) the effect of such
limestones on the frost resistance of concrete was examined. For additions above 15 wt. % a low
quality of the limestone powder had a negative effect on the durability. This was however mainly
attributed to increased quartz and clay contents in the limestone.
Dolomite as potential cement constituent has also been subject of recent research activities. In many
ways a similar behavior of dolomite and limestone powder can be expected. The main difference lies
in the dedolomitization reaction in alkaline media such as cement paste, which causes the conversion
of dolomite into calcite and magnesium containing phases. The formation of hydrotalcite (Zajac et al.
2011) and brucite (Gabrovšek et al. 2006) have been observed in that context. Similarly to limestone
powder a stabilization of the primarily formed ettringite was found (Zajac et al. 2011). At higher
temperatures (e.g. 60 °C) the dedolomitization is intensified, increasing the hydrotalcite formation in
cement. As hydrotalcite incorporates significant amounts of aluminum ions, ettringite can thus also be
stable at higher temperatures than normal (Zajac et al 2014).
Likewise limestone the dolomite powder provides nucleation sites for hydration products of cement
thus causing an acceleration of hydration. The strength development of cements with dolomite powder
is comparable (Boos 2009, Schöne et al. 2011) or even improved (Zajac et al 2014) in comparison
with Portland limestone cements. This is to some extent also attributed to the additional formation of
hydrotalcite.
For some time the dedolomitization reaction was regarded as the cause for the so-called alkalidolomite reaction (Hempel et al. 1982). Recent research revealed that this reaction is actually a
hidden alkali-silica reaction caused by cryptocrystalline quartzes in some dolomite rocks (Katayama
2010).
In cement pastes that contained metakaolin and dolomite powder it was shown that hydrotalcite can
contribute to the chloride binding capacity of the cement pastes to a similar extent than Friedel’s salt
that is formed in limestone containing pasted during chloride exposure (Machner et al. 2018).
However, similar to many other SCMs the use of dolomite powder seems to have a negative effect on
the salt frost scaling resistance of concrete. In (Schöne et al. 2011) the partial cement substitution with
dolomite powder caused a higher scaling in comparison to the control concrete with limestone powder.
This was also confirmed in own our investigations preceding this study. Thus within the scope of this
paper the impact of dolomite on the salt frost scaling resistance of concrete is presented and possible
causes for the specific behavior are investigated.
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2.

MATERIALS AND METHODS

2.1

Materials

Four different ordinary Portland cements (OPC; CEM I 42.5 R or N) were used for the investigations.
The cements were chosen for their specific C3A and alkali contents. The C3A content was varied to
affect the hydrotalcite formation by controlling the amount of readily soluble aluminum. The alkali
content was meant to affect the dedolomitization of the dolomite powder.
The cements were blended with limestone powder or dolomite powder to obtain a carbonate powder
content of 20 wt. % or 35 wt. % respectively. Minor constituents (mainly calcite) in the cement were
generally taken into account with 5 wt. % for the calculation of the carbonate powder content.
Additionally a dolomitic limestone was also used (20 wt. %). Relevant parameters regarding the
composition of the cements and the carbonate additions are given in Table 1. The particle size
distribution is shown in Figure 1.
Table 1. Selected material parameters
Parameter

OPC

Carbonate powder

OPC1

OPC2

OPC3

OPC4

Limestone

Dolomite

Dol. Limestone

C3A [wt. %]

14.7

3.4

15.9

9.2

-

-

-

Periclase [wt. %]

-

4.4

-

-

-

-

-

Calcite [wt. %]

5.1

3.3

2.5

5.2

93.5

-

23.2

Dolomite [wt. %]

-

-

-

-

-

100

67.9

Quartz [wt. %]

0.3

0.3

0

0

2.1

-

4.3

Feldspar [wt. %]

-

-

-

-

1.0

-

1.7

Mica [wt. %]

-

-

-

-

2.6

-

2.6

Ankerite [wt. %]

-

-

-

-

0.8

-

-

Chlorite [wt. %]

-

-

-

-

-

-

0.4

Na2O-eq. [wt. %]

0.76

0.68

1.13

0.56

-

-

-

Figure 1. Particle size distribution of cements and carbonate powders
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The substitution of OPC by the carbonate powders caused a reduction of the compressive strength.
The binders with 20 wt. % carbonates reached 80 % of the 28 day compressive strength of the OPCs,
the binders with 35 wt. % reached 62 % on average. The strength reduction was more pronounced for
the pure limestone than for the dolomite or dolomitic limestone powders (Figure 2).

Figure 2. Compressive strength of binders at 28 days (w/b = 0.50) depending on carbonate type
and content
The binders were used in concrete for salt frost scaling tests. The concrete composition is given in
Table 2.
Table 2. Concrete composition
Material

Content [kg/m³]

Binder

350

Water

175

River sand 0 - 2 mm

~ 619*

River gravel 2 - 8 mm

~ 526*

River gravel 8 - 16 mm

~ 607*

Synthetic air entraining agent

0.005 – 0.050

Total air content

Further parameters

5.0 ± 0.5 vol. %

*The actual aggregate content varied slightly depending on the density of the binder
2.2

Methods

The salt frost scaling resistance was tested with the CDF procedure according to DIN CEN/TS 123909. Additional investigations were carried out with low temperature differential scanning calorimetry
(LT-DSC) on hardened cement paste based on cement OPC 3 (pure, 20 wt. % limestone powder,
20 wt. % dolomite powder). The pastes were produced with water/binder-ratios of 0.50 using
deionized water. The pastes were filled in 15 ml test tubes which were sealed air tight. The tubes were
slowly rotated for 4 hours to avoid segregation of the solids. Afterwards they were stored in water
saturated atmosphere at 20 °C. At an age of 21 days discs of hardened cement paste (HCP) with a
thickness of 1 – 1.5 mm were cut from the tubes and subsequently stored under water with a
water/solid-ratio of approximately 3/1 by mass. Pieces from these discs were later used for the
measurements with LT-DSC. At the age of 28 days two HCP discs per binder were allowed to dry in
standard climate 20 °C and 65 % rel. humidity for 7 days, followed by 7 days storage in water or
3 wt. % NaCl solution. One HCP disc per binder was constantly kept in water (never dried) until the
measurements.
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Small pieces of approximately 3 x 3 mm² were obtained from the HCP discs for the LT DSC
measurements. The samples were surface dried with a paper towel, weighted and inserted into an
aluminum crucible. Then the lid was cramped tightly onto the crucible (cold welding). The calorimetric
measurements were started immediately after sample preparation. The tests were conducted with a
Netzsch DSC 214 Polyma in combination with an intercooler IC70 in the range from 20 °C to -70 °C.
To avoid supercooling a procedure following (Sun & Scherer 2010) was chosen. The samples were
cooled to -25 °C to ensure the formation of ice in the sample. They were then heated to a temperature
just below the freezing point of the bulk pore solution – for water stored samples -0.3 °C, for sample in
3 wt. % NaCl -1.8 °C. These temperatures were kept constant for 20 min to equilibrate the sample
while still retaining ice nucleates for the immediate formation of ice upon resumed cooling. The
samples were then cooled with a rate of 0.5 K/min to -70 °C and subsequently heated with the same
rate to 20 °C.
An additional LT-DSC setup was chosen to study the uptake of highly concentrated NaCl solution by
selected HCP samples due to the cryogenic suction process after (Lindmark 1998; Liu & Hansen
2015). According to this specific salt frost scaling theory the uptake of highly concentrated deicer
solution feeds ice lenses in concrete (or HCP) at sub-zero temperature and causes scaling. In (Müller
& Ludwig 2018) it was shown that this effect can be detected by LT-DSC measurements.

Figure 3. Schematic LT-DSC setup to study the impact of cryogenic suction
For the measurement a small drop of NaCl solution (19.7 wt. % NaCl in deionized water, freezing point
at -16.0 °C) was applied on HCP sample (Figure 3), before sealing the crucible. The ratio of HCP to
NaCl-solution was kept at approximately 5:1. Furthermore reference samples without addition of NaClsolution were also prepared. Five subsequent freeze-thaw cycles were used for the samples with
NaCl-solution addition, one cycle for the reference samples. The basic idea behind the test setup was
to generate ice formation in the hardened cement paste while keeping the NaCl-solution on the
sample in liquid state.
The target minimum temperature for the test was defined to be -15.7 °C, which is 0.3 °C above the
freezing point of the 19.7 wt. % NaCl solution. Due to supercooling of the pore solution in the HCP an
ice formation in the HCP could not be ensured at that temperature. Therefore each freeze-thaw cycle
began with a cooling section to -30 °C. Then the samples were heated to the actual target temperature
of -15.7 °C. That temperature was kept constant for 30 min to allow the cryogenic suction process to
take place and to equilibrate the sample. Thereafter the sample was heated to 20 °C with 2 K/min. The
melting curves in the range from -15.5 upwards were used to evaluate the ice formation in the HCP.
The signal in the range between -15.7 to -15.5 °C was not used, as the DSC signal was strongly
deflected at the start of the heating phase, due to the change in heating conditions in the device
(change from constant temperature to heating ramp). From -15.5 to -15.0 °C the signal was still
slightly deflected, but that error was considered negligible for the comparative evaluation. In the
diagrams the DSC signal is normalized to mW/mg. The weight of the samples without NaCl-solution
was used to calculate the normalized values.
The baseline of the DSC signal was calculated as horizontal line. The height of the baseline was
derived from the average value of the DSC curve in the range from +4 to +6 °C. The area under the
DSC curve above the baseline in the range between -15.5 and +5 °C was integrated over time to
obtain the melting entropy in J/g.
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3.
3.1

RESULTS
CDF

The Figures 4-7 show the accumulated scaling at the end of the salt frost scaling tests after 28 freezethaw cycles. The Figures are grouped according to the cement used in the concrete.

Figure 4. CDF results for concretes based on
cement OPC1

Figure 5. CDF results for concretes based on
cement OPC2

Figure 6. CDF results for concretes based on
cement OPC3

Figure 7. CDF results for concretes based on
cement OPC4

As expected the substitution of Portland cement by the carbonate powders reduced the salt frost
scaling resistance with increasing level of substitution. In most cases the concretes with pure dolomite
powder show a more intensive scaling. However, the extent of the impairment differs strongly for the
particular OPCs. The most extensive scaling was observed for the combination between dolomite
powder and cement OPC3, which was the cement with the highest alkali content. That system was
therefore chosen for the further investigations with LT-DSC. The performance of the concretes with
dolomitic limestone was comparable to the corresponding concrete with limestone powder.
3.2

Low temperature differential scanning calorimetry

Figure 8 shows the freezing curves of the pore solution in the hardened cement paste samples which
were never dried. Three distinct freezing peaks can be observed. The first steep peak appears just
under 0 °C. The peak can be attributed to the freezing of pore solution that is not subjected to surface
forces, e.g. in large capillaries or cracks. A shoulder of the peak, which might also be interpreted as a
second broad peak, stretches to temperatures in the range of -20 °C. That shoulder derives from the
subsequent grown of capillary ice through the percolated capillaries in the hardened cement paste. At
about -27 °C a second shallow peak occurs which shows the freezing of pore solution in isolated
capillaries. The third peak at about -40 °C can be attributed to the ice formation in the gel pores (Sant
et al 2011).
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Figure 8. Freezing curves for hardened cement paste (OPC3) – samples never dried
The binder composition mainly leads to differences in the freezing behavior between 0 and -20 °C.
The substitution of 20 wt. % OPC with limestone powder causes an increased ice formation, especially
in the range after the first peak. For the HPC with dolomite powder the initial ice formation is increased
drastically, which indicates a considerably larger capillary porosity.
The HCP samples that were allowed to dry and which were subsequently stored in water (Figure 9)
generally show an increased ice formation in the range between 0 and -20 °C. This can be attributed
to a higher capillary porosity and an increased percolation of the capillaries. It is generally
acknowledged that a drying process can change the pore structure of HCP significantly. No distinct
peak can be observed at about -27 °C. Due to the increased percolation the formerly isolated
capillaries form a part of the capillary network. The freezing peak of the gel pores is broadened.
With regard to the binder composition the HCP with dolomite powder shows the highest amount of
freezable pore solution in the temperature range just below 0 °C.

Figure 9. Freezing curves for hardened cement paste (OPC3) – samples dried, subsequent
water storage
The freezing point of 3 wt. % NaCl solution is lowered by about 1.76 K in comparison to pure water.
This freezing point depression can be observed in the DSC measurements on the samples that were
stored in 3 wt. % NaCl solution after drying (Figure 10). A notable shift of the freezing peaks occurred
for the pore solution the capillary network, but also for the pore solution in the gel pores. However,
with regard to the binder composition no specific effect of the NaCl storage could be detected. The
HCP containing dolomite powder again shows the highest amount of freezable pore solution in the
temperature range between 0 and -20 °C.
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Figure 10. Freezing curves for hardened cement paste (OPC3) – samples dried, subsequent
storage in 3% NaCl solution
3.3

Low temperature differential scanning calorimetry – effect of cryogenic suction

Figure 11 shows the melting curves for HCP sample (dried, subsequent water storage) with limestone
powder, which was subjected to freeze-cycles with NaCl solution (19.7 wt. %) on top. The reference
sample was measure separately.

Figure 11. Melting curves for HCP (OPC3) substituted with 20 % limestone powder + 19.7 wt. %
NaCl solution
With the first cycle the required heat for melting is actually reduced due to the uptake of the highly
concentrated NaCl solution, which depresses the freezing point of the surface near pore solution
below -15.5 °C. As the original pore solution blends more intensively with the ingressed NaCl solution,
the required heat for melting the ice increased with progressing freeze-thaw cycles. Part of the
dissolved NaCl is probably also physically adsorbed and/or chemically bound in the HCP, which
further reduces the effective NaCl-concentration with respect to the freezing point depression.
The blending process of deicing and pore solution can be observed in the transformation of the
melting curve, which changes from cycle to cycle. The reference sample shows only on distinctive
melting peak with its onset at about -5 °C, reaching a maximum at about +0 °C. In the first cycle with
NaCl solution the initial peak near 0 °C starts to broaden and to shift slightly to lower temperatures. In
the second cycle a second peak appears at about -13 °C which can be attributed to the melting of
ingressed NaCl solution which was diluted with pore solution. With progressing freeze-thaw cycles the
two peaks merge into one large peak with its maximum at about -7.5 °C. The required heat of melting
(and thus the amount of frozen pore solution) in the range above -15.5 °C is increased from 23 J/g to
45 J/g.
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Figure 12 shows the melting curves for the HCP sample (dried, subsequent water storage) with
dolomite powder

Figure 12. Melting curves for HCP (OPC3) substituted with 20 % dolomite powder + 19.7 wt. %
NaCl solution
Qualitatively the melting curves are comparable to the measurements with the HCP with partial
limestone substitution. However, the melting heat in the reference sample is already notably higher for
the dolomite containing sample (29 J/g) than for the limestone containing sample (22 J/g). These
results are in good agreement with the respective DSC freezing curves (Figure 9).
The increase of melting heat from reference sample to cycle 5 is also slightly more pronounced. This
can be related to a more intense uptake of NaCl solution. The shift of the peak in cycle 5 towards
higher temperature (when compared with Figure 11) indicates a different proportion of initial pore
solution to absorbed NaCl solution. The resulting freezing point depression of the pore solution is thus
less pronounced and more ice can be formed in the observed temperature range.
Altogether after five freeze thaw cycles the ice formation in the dolomite containing HCP is
considerably higher than in the limestone containing HCP. This is probably the reason for the impaired
salt frost scaling resistance of that binder. The actual cause for that effect is still subject to
investigation.
4.

CONCLUSION

Partial cement substitution with dolomite powder instead of limestone powder reduced the salt frost
scaling resistance of concrete. However, the extent of the impairment differs strongly for the particular
concretes. The most extensive scaling was observed for the combination between dolomite powder
and cement OPC3, which was the cement with the highest alkali content. That system was therefore
chosen for the further investigations with low temperature differential scanning calorimetry (LT-DSC).
The LT-DSC measurements revealed that in the hardened cement paste with dolomite powder the ice
formation in the temperature range between 0 °C and -20 °C was increased significantly, independent
of the pre-storage conditions. This indicates a higher capillary porosity (or a more intensive percolation
of capillaries) of the HCP with dolomite powder. The cause for this effect will be further investigated.
The performance of the concretes with dolomitic limestone was comparable to the corresponding
concrete with limestone powder. Further research will therefore also focus on the fact, whether the
negative effect of the dolomite is specific for the pure dolomite that was used here.
Generally the partial cement substitution with dolomite powder or dolomitic limestone can offer an
alternative to the use of limestone powder, but care should be taken that the actual OPC – dolomite
combination possesses a sufficient durability potential.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
5.

ACKNOWLEDGEMENTS

The authors would like to thank the Deutsche Forschungsgemeinschaft for sponsoring this study
(Project LU 1652/29-1).
6.

REFERENCES

Boos P (2009). Leistungsfähigkeit von Zement mit Dolomit als Hauptbestandteil. Proceedings of the
17th International Conference on Building Materials – ibausil, Weimar, Germany, 23-26 September
2009.
Gabrovšek R et al. (2006). Evaluation of the hydration of Portland cement containing various
carbonates by means of thermal analysis. Acta Chimica Slovenica, Volume 53, Issue 2, pp 159-165.
Hempel G. et al. (1982). Betonschädigende Alkali-Zuschlagstoff-Reaktionen. Bauinformation
Wissenschaft und Technik, Volume 25, Issue 4, pp 94-101.
Katayama T. (2010). The so-called alkali-carbonate reaction (ACR) - Its mineralogical and
geochemical details, with special reference to ASR. Cement and Concrete Research, Volume 40, pp
643-675.
Lindmark S (1998). Mechanisms of salt frost scaling on portland cement-bound materials: studies and
hypothesis. Dissertation, Div of Building Materials LTH, Lund University.
Liu Z, Hansen W (2015). A hypothesis for salt frost scaling in cementitious materials. Journal of
Advanced Concrete Technology, Volume 13, Issue 9, pp 403-414.
Ludwig H-M (2012). Zukünftige Zemente und ihre Eigenschaften. Beton, Volume 62, Issue 5, pp 158165.
Machner A et al. (2018). Chloride binding capacity of hydrotalcite in cement pastes containing
dolomite and metakaolin. Cement and Concrete Research, Volume 107, pp 163-181.
Müller M, Ludwig H-M (2018). Neue Modelle für den Frost-Tausalz-Angriff auf Beton. Proceedings of
the 20th International Conference on Building Materials – ibausil, Weimar, Germany, 12-14 September
2018.
Rickert J (2014). Einfluss der chemisch-mineralogischen Zusammensetzung von Kalkstein als
Zementhauptbestandteil auf die Eigenschaften von Zementen und die Dauerhaftigkeit daraus
hergestellter Betone. Report IGF_17226_N, VDZ e.V.
Sant G et al. (2011). Capillary porosity depercolation in cement-based materials: Measurement
techniques and factor which influence their interpretation. Cement and Concrete Research, Volume
41, pp 854-864.
Schöne S. et al. (2011). Portland dolomite cement as alternative to Portland limestone cement.
Proceedings of the 13th International Congress on the chemistry of cement, Madrid, Spain, 3-8 July
2011.
Siebel E, Sprung S (1991). Einfluß des Kalksteins im Portlandkalksteinzement auf die Dauerhaftigkeit
von Beton. Teil 2. Beton, Volume 41, Issue 3, pp 185-188.
Sun Z, Scherer G (2010). Pore size and shape in mortar by thermoporometry. Cement and Concrete
Research, Volume 40, Issue 11, pp 740-751.
Zajac M et al (2011). Comparative experimental and virtual investigations of the influence of calcium
and magnesium carbonates on reacting cement. Proceedings of the 13th International Congress on
the chemistry of cement, Madrid, Spain, 3-8 July 2011.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Zajac M et al. (2014). Effect of CaMg(CO3)2 on hydrate assemblages and mechanical properties of
hydrated cement pastes at 40 °C and 60 °C. Cement and Concrete Research, Volume 65, pp 21-29.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Degradation mechanism of calcined clay-Limestone
cementitious composites under sulfate attack
Cheng Yu 1,a, Peng Yuan 2,b, Xin Yu 1,c, Jiaping Liu2,d
1Jiangsu Sobute New Materials Co., Ltd, Nanjing, China
2School of Materials Science and Engineering, Southeast University, Nanjing, China
ayucheng@cnjsjk.cn
byuanpeng@seu.edu.cn
c yuxin@cnjsjk.cn
dliujiaping@cnjsjk.cn

ABSTRACT
Calcined clay and limestone composite cementitious material system is a newly proposed low-carbon
cement, which can effectively reduce energy consumption and carbon emissions of the traditional
cement industry without changing the basic mechanical properties of cement-based materials. In this
study, the degradation process of mortar samples of limestone and calcined clay cementitious material
under sulfate attack was systematically studied by both macroscopic and microscopic analysis. The
results show that compared with pure Portland cement, the addition of calcined clay and limestone can
significantly reduce the expansion rate, loss of dynamic modulus and mass loss of mortar specimens
under sulfate attack. The addition of calcined clay and limestone will refine the pore size distribution of
mortar specimens, then inhibiting the diffusion of sulfate and formation of corrosive products, therefore
leading to a significant improvement of the sulfate resistance. Although the main hydration product
mono- and hemi-carboaluminate have the potential to react with incoming sulfate to form ettringite, the
benefit of pore size refinement does ensure a highly improved sulfate resistance compare with
Portland cement.
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1.

INTRODUCTION

As a mature and effective solution to realize low-carbon development of cement industry,
supplementary cementitious materials (SCMs), mainly fly ash and ground blast furnace slag, are
extensively applied in cement and concrete to reduce the energy consumption and carbon emissions
in the process of cement production and application. However, due to their natural disadvantages like
low production, regional disparity distribution, fluctuations in performance and so on, traditional SCMs
can not fully meet the demand of high performance and low carbon emission of cement and concrete
materials. Calcined clay and limestone composite cementitious material that proposed by Scrivener
has been regarded as a new and potential low-carbon cement solution, owing to its advantages of
wide availability of raw materials, low carbon emissions in production, similar production process to
Portland cement and so on (Love et al. 2007, Jiang et al. 2015, Li et al. 2015).
When clay minerals were calcined in the range of 600-900ºC, due to the dehydroxylation, the lattice
structure of kaolin component was damaged to form calcined clay (Sayanam et al. 1989, Ambroise et
al. 1986). Metakaolin is the main component of calcined clay which has a high pozzolanic reactivity
(Sabir et al. 2001, Fernandez et al. 2011). Metakaolin can react with Ca(OH)2 to form calcium
silicoaluminate hydrate gel (C-A-S-H) in cement paste, which could optimize the pore structure, and
then improve he mechanical properties and durability (Siddique et al. 2009, Frı́As et al. 2000).
Limestone is beneficial to the early strength development of cement when it is added at a low
proportion (Tsivilis et al. 1999, Voglis et al. 2005). A suitable amount of limestone plays a role of “filling
effect” and “nucleating effect” in accelerating the early stage of hydration (Oey et al. 2013, Lothenbach
et al. 2008). Besides, limestone can react with C3A to form carbon aluminate hydrate. When calcined
clay and limestone were added simultaneously, activated aluminium oxide in clay would react with
limestone, calcium hydroxide to form single carbon aluminates and half carbon calcium aluminates
(Vance et al. 2013). It would refine the pore size and the dosage of cement clinker would be
decreased without influencing mechanical properties of cement based material.
Some research has shown that calcined clay and limestone composite cementitious material system
can reduce the diffusion coefficient of chloride ion of concrete (Antoni et al. 2013).However, the main
hydration product of LC3 - calcium carbonaluminate also has the potential to react with sulfate to form
ettringite. Also a large amount of aluminum phase in calcined clay has been introduced, which could
also react with sulfate ions. Therefore, the sulfate resistance of calcined clay-limestone cementitious
composites need to be further investigated. In this study expansion rate and dynamic modulus of
mortar exposed to sodium sulfate solution were investigated. Corrosion products were analyzed by
XRD semi-quantitative method.
2.
2.1

MATERIALS AND EXPERIMENTAL METHODS
Materials

In this study, P·I 42.5 Portland cement (PC) and China ISO Standard Sand are used. Calcined
clay(CC) is provided by India Low Carbon Cement Project team. Limestone(LS), Fly ash(FA), slag(SL)
are provided by Jiangsu Sobute New Materials Co., Ltd. The chemical composition of cement,
calcined clay, limestone, fly ash and slag is shown in Table 1.
Table 1 Chemical composition of the main components given by XRF
Mass fraction /%

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

Portland Cement

20.3

5.07

3.10

62.8

3.53

3.54

0.09

1.03

0.237

Calcined clay

51.7

42.1

3.02

0.205

-

0.056

0.113

0.231

2.22

Limestone

1.22

1.18

0.367

96.4

0.121

0.048

-

0.107

-

Fly ash

50.2

28.6

6.21

7.31

1..30

0.969

0.822

1.42

1.36

Slag

30.9

15.9

.0281

41.5

6.86

2.58

0.316

0.335

0.633
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2.2

Mix proportion

In calcined clay and limestone composite cementitious material system, the mass ratio of calcined clay
and limestone is fixed as 2:1. The replacement ratio of calcined clay and limestone of Portland cement
is 15% (LC15), 30% (LC30) and 45% (LC45). Pure Portland cement (PC) and a traditional SCMs
replacement system (SF, 10% fly ash and 20% slag) are also applied as reference group. The water
to binder ratio of mortar specimens 0.6. The ratio of cementitious material to sand is fixed to 1:3.
Mortar sample with a size of 40mm×40mm×160mm were cast and demoulded after 24h. The
compressive strength of mortar was tested After curing for 28d in standard condition. Table 2 gives the
details of mix proportion.
Table 2 Mix proportions of mortars
PC/g

FA/g

SL/g

CC/g

LS/g

Water/g

Sand/g

28d
Strength/MPa

LC15

382.5

-

-

45

22.5

270

1350

38.7

LC30

315

-

-

90

45

270

1350

39.7

247.5

-

-

135

67.5

270

1350

39.1

315

45

90

-

-

270

1350

40.4

-

-

-

-

270

1350

35.3

Specimen

LC45
SF
2.3

W/B

0.6

P
450
Sulfate immersion test

Copper crews were pre-embedded at both ends of mortar specimens used for sulfate immersion test.
The original laitance on the surface of specimens were removed to accelerate ion corrosion rate and
control the experimental error. Afterwards, specimens were immersed in 5wt-% sodium sulfate
solution. The volume ratio of solution to specimens was 10 and the temperature was around 20ºC.
Sulfate solution was renewed every 30d. The dynamic modulus of mortar specimens at different
immersion ages was tested by nonmetal ultrasonic detector according to GBT 50082-2009 on the
vertical direction of samples. The expansion of specimens was measured by JD18 length measuring
instrument and values were accurate to 0.001mm. The expansion rate of mortars was calculated by
the following formula (1) with average value of three specimens.
ET= LT- L0/140×100%

(1)

In the formula, ET-The expansion rate of specimens at an immersion age of T (%), L T-The length of
specimens at an immersion age of T (mm), L0- The initial length of specimens (mm).
After immersed in solution for 90d and 180d, a slice with 2mm wide was cut from the surface of mortar
specimens. Then the slice was grounded into powders and passed through 200 mesh sieve. Phase
analysis was performed by Bruker D8 Advance X-Ray Diffractometer. The samples were scanned on
a rotating stage between 5 and 20° using a step size of 0.02° with time per step of 0.5s.
3.
3.1

RESULTS
Relative dynamic elastic modulus

The relative dynamic modulus change of mortar specimens is shown in Fig. 1. The relative dynamic
modulus of Portland cement mortar has a significant decrease after 90d, which indicates that the
internal microstructure specimens have been damaged under sulfate attack. While the relative
dynamic modulus of mortar specimens LC samples shows a slight increase after 180 days exposure.
It can be inferred that the addition of calcined clay and limestone refine the pore size distribution of
mortars, which could prevent the penetration of sulfate ions into mortars. Therefore, the deterioration
that caused by sulfate attack occurs only at the surface of LC Mortars. And the internal structure
remains unaltered after 180 days exposure.
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3.2

Expansion

Fig. 2 shows the expansion rate of mortar specimens under sulfate attack. The expansion rate of P
mortar specimen shows a steady increase after 30 days exposure, and reaches 1.448% at 180d. The
SF mortar also starts to expand after 180d. While the addition of calcined clay and limestone
significantly reduce the expansion rate of mortars. The expansion rate of LC15, LC30 and LC45 are
0.016%, 0.007% and 0.001% respectively.

Fig.1 The relative dynamic modulus of mortars exposed to sulfate solution

Fig.2 Expansion of mortars exposed to sulfate solution
3.3

XRD analysis

The relative amount of main hydration product and corrosion products of mortars can be analyzed by
XRD. The characteristic diffraction peak (2θ) that corresponds to monocarboaluminate (Mc),
hemicarboaluminate (Hc), portlandite (CH), ettringite (Ettr.) and gypsum (Gyp.) are 11.67°, 10.78°,
18.01°, 9.09° and 11.59° respectively. Fig. 3 is the XRD pattern of center part of mortars, which are
not affected by the sulfate ions yet, after 90 days exposure. From the patterns, it is clear that the
hydration product of LC mortars are different compared with P and SF mortars. Besides ettringite and
protlandite, monocarboaluminate, hemicarboaluminate appears after 90 days. Moreover, the amount
Mc and Hc are increased with increasing amount of calcined clay and limestone. Fig. 4 shows the
XRD pattern of surface part of mortars after 90 days exposure. Compared with patterns of center part,
it is obvious that more ettringite and gypsum have been formed in the surface part of mortar
specimens after 90 days exposure in sulfate solution. The monosulfate and portlandite are reacting
with incoming sulfate to form ettringite and gypsum, the amount of ettringite and gypsum formed in LC
mortars are lower than P and SF samples. This indicates that the addition of calcined clay and
limestone could mitigate the forming of corrosion product by sulfate ingress. It is well known that the
expansion of mortars under sulfate attack is mainly due to the crystallization of ettringite. LC mortars
shows less ettringite forming, thereby leading to a reduce expansion rate and macro degradation. This
explains why LC mortars shows lower expansion rate and dynamic modulus loss than P and SF
samples.
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Fig.3 XRD patterns for the center of the mortars at 90 days

Fig.4 XRD patterns for the surface of the mortars at 90 days
Fig. 5 and Fig. 6 show the XRD pattern of center and surface part of mortars after 180d exposure
respectively. It can be seen that the amount of ettringite and gypsum increases with the exposure time.
After 180 days, nearly all the monosulfate and portlandite have been consumed to form the corrosion
product. Ettringite is also forming in the center of P mortars, which indicates that the center has
already been affected by the incoming sulfate through cracks. Moreover, in the surface of LC mortars,
the amount of Hc and Mc are reduced compare to center samples. This infers that the Hc and Mc can
also react with sulfate ions to form ettringite.

Fig.5 XRD patterns for the center of mortars after 180 days
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Fig.6 XRD patterns for the surface of mortars after 180 days
As can been seen from all the patterns, the formation of ettringite and gypsum are significantly
reduced by adding calcined clay and limestone. Due to the high pozzolanic reactivity, calcined clay
can react with limestone to form mono- and hemi-carboaluminate, leading to a refined pore structure
(Antoni et al. 2012). The optimization of microstructure could strongly mitigate the penetration of
corrosive ions, like chloride ion (Antoni 2013) and sulfate ions, which leads to an improved sulfate
resistance.
4.

CONCLUSIONS

1. Partial replacement of calcined clay and limestone to Portland cement can reduce expansion rate
and dynamic modulus loss of mortars under sulfate attack for 180 days.
2. Reactive alumina in calcined clay can react with limestone, calcium hydroxide to form mono- and
hemi-carboaluminate to get a refined pore structure. Although mono or hemi-carboaluminates can
react with sulfate to form ettringite, the improvement of impermeability ensures LC mortars an
improved sulfate resistance.
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ABSTRACT
The pH of concrete is important for various aspects of concrete durability and performance. The pH of
concrete, or of the pore water in concrete, is determined by the solubility of Ca(OH)2 that coexists with
alkali metal ions. However, there are many factors that affect the alkali concentration in pore water. In
general, these have been discussed independently, but the same interaction mechanism takes place
for all of them. In this paper, a comprehensive review is presented based on the fundamental
mechanisms determining pH and its effects on concrete durability/performance. The mechanisms
controlling the pore water pH of concrete are: the alkali supply from concrete constituents, the alkali
uptake by calcium alumina silicate hydrate (C-A-S-H) of different C/(S+A), alkali absorption by and
release from aggregates, alkali silica gel formation from aggregates, alkali leaching/ingress to/from the
environment, carbonation, and Ca-leaching. Further data relating the role of supplemental
cementitious materials and alkali release from aggregates are also presented.
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1.

INTRODUCTION

In general, the alkalinity of concrete pore solutions is determined by the hydroxide ion concentration
balancing with alkali mental ions. The equilibrium pH of Ca(OH)2 is 12.6 due to relatively lower
solubility, compared to NaOH/KOH. Of course, the most important role of this alkalinity is the
protection of reinforcement steel from corrosion. However, various types of concrete
durability/performances, such as alkali-silica reaction (ASR), delayed ettringite formation (DEF), salt
attack, radionuclide barrier, or radio-cesium contamination, are affected by the alkalinity and its
movement in complex ways.
In order to study these effects, it is important to examine the pH and alkali concentration in the pore
water of concrete. From an engineering viewpoint, it may be sufficient to compare them using fixed
procedures, such as hot water extraction or various diffusion tests. However, from a scientific point of
view, the pH of the pore water of cementitious materials can even be a philosophical issue. What is
the pH of concrete? In this review paper, the authors will try to clarify this question.
The term “pH of concrete” sounds strange because pH is defined for a solution, whereas concrete is a
mixture of solids composed of hydrated/un-hydrated cement and aggregate, solution, and voids.
Therefore, the pH of concrete refers to the pH of the pore water in concrete. When the term “pH of
pore water” is used, it is assumed that a homogeneous ionic solution exists. However, it is not easy to
define “pore water” because some water exists as free pure liquid but some interacts, either strongly
or weakly, with various hydrates, especially calcium alumina silicate hydrate (C-A-S-H), although their
surfaces are continuing to a solution from an atomistic scale. The confinement is for both water
molecules and alkali ions. Therefore, the term “pH of pore water” is also difficult to be defined. Based
on the basic mechanisms for determining pH, the effects of pH on the durability, such as ASR and
DEF, and performance, such as concrete barriers for radionuclides, are summarized.
2.

2.1

OUTLINE OF THE KEY FACTORS ACTING ON THE PH OF THE PORE WATER IN
CONCRETE
Classification of key factors

There are many factors that affect the pH of pore water. Here, pH is calculated with H+ ions or OHions and it should be noted that ionic strength is also important since it strongly influences the activity
of these ions. However, for simplified discussion, the effect of the ionic strength is out of the scope of
this paper. In Figure 1, important factors that affect the pH of pore water are illustrated. As previously
mentioned, the definition of the pH of concrete or the pH of pore water of concrete is a complex matter.
Herein, the existence of a “pH of pore water” is assumed. A high pore water pH is primarily caused by
alkali from cement. Concrete consists of cement, aggregate, water, and voids, and is exposed to the
environment, therefore, all these factors can affect the pH.
Table 1 summarizes the methods for evaluating various factors related to the pH. Note that there is
another difficulty: it is not easy to quantify the pH of pore water because it is difficult to measure it
directly. Pore water extraction with applied pressure is considered the most reliable method (Manso,
2017), but this method still has some limitations, such as the dependence on the extraction pressure.
Another typical method is the water or hot water extraction of ground concrete powder. This method
quantifies the amount of alkali in a concrete specimen. In order to convert this value to pH, the free
water content is required. Again, the relation of free water to pH is obscure. In both methods, it is
misleading if only the alkalis are measured as below. To convert the alkali content to pH based on the
water content, there is an assumption that OH- is the only counter anion. Although this may be true for
cement paste at lower temperatures, there is dissolved silicate anion in concrete. Also, at higher
temperature, due to higher solubility of ettringite, OH - ion concentration reduces whilst SO42- ion
concentration increases. For pore water extraction, not only alkalis but also anions have to be
quantified.
In order to estimate the movement of alkali in concrete, a reaction transfer model is a useful tool. For
this calculation, the distribution of alkali between the solution and the solid must be evaluated. One
simple method is the sorption test. This is macroscopic approach but microscopic approaches such as
molecular dynamic (MD) simulation is also useful to create a fundamental model of the interaction
between alkalis and C-A-S-H.
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Methods of
measurement

pH of pore water in concrete

Definition of pH
of concrete
Alkalis from cement paste

Modification by aggregate

Interaction with environments

Figure 1. Factors affecting the pH of pore water
Table 1. Methods for evaluating various factors related to the pH
Factors
Free water content
Alkali content
Concentration
Distribution

Methods of evaluation
Drying method
Subtraction of combined water (determined by thermogravimetric method, etc…)
from the total
Water soluble alkali from cement
Total alkali from cement
Water washing and pore water measurement
Pressure squeezing
Sorption test
MD simulation

Details of the factors affecting the pH are summarized in Table 2. In every case, apart from difficulties
caused by the definition of pH or measurement artifacts, the pH is determined based on the amount of
available alkali and the free water content. The available alkali is determined by the supply of alkali
from the various constituents of concrete and the reduction of these constituents due to several
chemical reactions. In this table, the affecting factors are the cement paste, the aggregate, and the
environment; their contributing mechanisms are also listed. The origin of alkali is mainly from the
cement, including the supplementary cementitious materials (SCMs). Subsequently, the aggregate
affects the alkali in various ways. Furthermore, as concrete is exposed to the environment, an alkali
exchange between the concrete and the environment is expected.
Table 2. Factors affecting the pH of pore water (○ indicates corresponding mechanisms.)

Factors

Details
Water soluble alkali from cement

Hydration ratio of cement
Alkali from
Tobermorite formation at longer ages and higher
cement paste temperatures
SCMs forming lower C/(S+A) C-A-S-H

Mechanism of contribution
Available alkali
Water
Supply
Reduction content
○
○

○
○

○

○

○

W/C
○

Alkali absorption
Factors due
to
aggregates

○

○

○

Reaction of aggregates, forming lower C/(S+A) C-A-S-H

○

○

Extrusion of alkali silica gel

○

○

Alkali release

○

○

Drying/water supply
Interaction
Alkali ingress from de-icing
with the
environment Carbonation
Dissolution of Ca/acid attack

○

○
○

○

○
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2.2

Alkali from cement paste

Alkali is supplied from Portland cement. Some exists in the form of water-soluble minerals such as
alkali sulfate or Ca alkali sulfate complex. Dissolvable alkalis also exist as clinker minerals, primarily
belite and Ca aluminate. Water soluble alkalis are supplied immediately after mixing with water, but it
takes a long time for alkali to dissolve from belite. This alkali dissolution from clinker minerals is limited
for high strength concrete with low water to cement ratios because the hydration degree of cement is
limited. The hydration of Portland cement forms C-A-S-H and this reaction reduces the water content.
Of course, the original water content determined by the water to cement ratio is the fundamental
factor; however, sometimes, alkali is supplied from mixed water and admixtures. Although the C-A-S-H
from Portland cement interacts with alkali but almost negligible at early ages, this hydrate can become
tobermorite, which has alkali adsorbing characteristics at longer ages and, especially, at higher
temperatures.
SCMs are included in some cements, and contain various amounts of alkalis as water soluble minerals
and dissolved in glass phases. With hydration or pozzolanic reactions, C-A-S-H with lower C/(S+A)
than Portland cement is formed. This reaction consumes water, of course, but the C-A-S-H with the
lower C/(S+A) takes up alkalis depending on the level of C/(S+A). The C/(S+A) is determined by both
the Ca content and the degree of hydration of SCMs.
2.3

Modification due to aggregates

The first factor affecting the pH due to aggregates is the uptake of alkali. This characteristic can be
evaluated by the industrial standard “chemical method” specified in ASTM C 289-07. The aggregate in
concrete shows some reaction even if it is negligible in terms of the ASR. Significant amounts of alkali
can be supplied from clay minerals via an ion exchange with Ca from cement and from the dissolution
of alkali rich minerals such as alkali feldspar or volcanic grass, etc. This reaction accompanies the
hydration reaction of siliceous components. Certainly, alkali ions are released from aggregates, but it
does not necessarily lead to an increase in pH, because alkalis are dissolved as alkali silicate (or
water glass). This reaction can reduce the available alkali and the water content. When this alkali
silicate reacts with Ca(OH)2 in the cement paste and water, C-A-S-H with low C/(C+A) forms; although
a part of alkalis may be released by this reaction, C-A-S-H also tends to uptake alkalis. Some of the
alkali silicate or alkali silica gel is then extruded from the concrete, resulting in the reduction of the
alkali and water.
2.4

Interaction with environment

The water content of concrete is affected by drying or the supply of water. By drying, water content is
reduced and the pH increases. When concrete is located in cold climates, as in the case of some road
structures, alkali can be supplied from a de-icing agent. In another example, since the alkali
concentration in cement paste is equivalent to sea water, a simple exposure to marine environments
does not mean an increase in the alkali content. However, the alkali content can increase in sections
of concrete that are not washed out by sea water and where alkali may be supplied by wind and
splash.
Due to carbonation and Ca dissolution in water or due to acid attack, C-A-S-H and/or alumino-silicate
gel with low C/(S+A) are formed; these Ca-depleted phases have a tendency to significantly uptake
alkali. When alkali is uptaken in such parts, the alkali may move from deeper parts of concrete to the
surface, resulting in the reduction of available alkali.
In the following chapters, the details of some factors are discussed in more depth.
3.
3.1

DETERMINING MECHANISM OF THE PH OF PORE WATER
Portland cement paste

First, the origin of the high pore water pH in cement paste is discussed. In an ideal system with alkali
metal ions and Ca(OH)2, the pH is proportional to the concentration of alkali. Therefore, the pH of the
pore solution will be determined by the supplied amount of alkali and free water content.
There are many methods to estimate the alkali concentration of a pore solution in concrete (Nixon and
Page, 1987; Thomas et al., 2006; Kawabata and Yamada, 2015). The OH- concentration has been
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described as an equation that is a linear function of alkali content. A summary of the reported data is
shown in Figure 2 (Kawabata et al., 2018a). There are some variations depending on the researcher,
but there is a linear correlation between the alkali content in cement and the OH- concentration in
cement paste.

Figure 2. Alkali content of cement and OH concentration (Kawabata et al., 2018a)
3.2

Effects of SCMs and characterization methods

C-A-S-H exists in cements and this presence affects the pH due to alkali uptake. When the C/(S+A)
ratio is high enough, it is assumed that there is negligible interaction between the alkali and cement
hydrate (Yamada et al., 2019a). However, after long term aging, especially at high temperatures,
tobermorite-like phase may form and uptake some alkali. The addition of SCMs such as fly ash, blast
furnace slag, silica fume, calcined clay, and various pozzolans show a much more prominent alkali
uptake effect.
The effect of SCMs depends strongly on their chemical composition and reactivity. The alkalis
supplied from SCMs behave the same as those from cement: some are water soluble and others are
dissolved in solid phases and require hydration to be supplied. Furthermore, the Ca content also
affects the pH. Once hydration analysis is carried out and the C/(S+A) ratio of C-A-S-H is determined,
it is possible to calculate the pH of the cement paste system that includes SCMs in various amounts.
One example is shown in Figure 3 (Kawabata and Yamada, 2015). As shown, the C/S ratio showed a
positive linear correlation with the OH- concentration.
In Figure 3, four types of fly ash with different characteristics and one slag are used. This calculation
was performed based on some assumptions, such as the degree of hydration of cement and the
average hydration of fly ash. However, in order to estimate the hydration, a more detailed
understanding of fly ash is indispensable. Fly ash is generated from the combustion of pulverized coal.
The majority of coal is carbon with varying degrees of carbonization; however, coal contains various
impurities depending on the geological features. The origin of coal is ancient age plants, meaning that
some soils at those ages can be contaminated. Typical impurities are clay containing alkali, quartz
particles, limestone rich in Ca and Mg, pyrite composed of iron sulfide, etc. Coal is pulverized to obtain
the best combustion efficiency and burned at different loads depending on the requirements of the
electricity consumption. The grade of impurity and heating history are determined as a result. The
grading or fineness of fly ash is the most important factor from the viewpoint of reactivity. The mineral
composition, including the glass content and the chemical composition of glass phases, is also
important.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 3. C/S ratio of the C-S-H of cement paste including SCMs as a factor for determining the
pH (Kawabata and Yamada, 2015)
With the progress in analytical techniques, various features of fly ash can be quantified relatively
easily (Takahashi and Yamada, 2012). The standard procedure to characterize fly ash is shown in
Figure 4. The dominant factors determining the reactivity of fly ash are the content and chemical
composition of glass and particles size. In order to evaluate these factors, quantitative X-ray diffraction
(QXRD) using the Rietveld method is the first. By comparing the mineral composition, including the
glass phase content and the results of the chemical composition by X-ray fluorescence (XRF), the
average chemical composition of glass phases can be estimated. The fineness can be measured
using the Blaine method. However, occurrences of glass are not homogeneous but so diverse. For
more detail, the scanning electron microscope, combined with energy dispersive spectroscopy, and
electron back scattered diffraction (SEM/EDS/EBSD), is useful. The interpretation of the obtained
information should be performed based on some basic knowledge. Clay minerals that form roundshaped alkali glass contain varying amounts of Ca. The spherical shape of a particle is the evidence of
melting. Quartz can remain with a reaction rim of alkali glass in a rectangular shape but with some
rounded edges. Depending mainly on the chemical composition, from molten particles, the alkali
alumino-silicate glass is cooled to different phases. If the glass is stable, a homogeneous chemical
composition without crystalline phases is formed. However, for particles with less Ca and alkali content,
tiny mullite crystals form within the matrix of alkali glass in one particle. Mullite does not hydrate, and
remains as dendrite after the progression of hydration from the matrix glass composing the particle.
The particle size distribution of classified particles that depend on the chemical/mineral composition
can also be quantified using an automated image analysis process in modern SEM. Because glass
particles are separated and show some cohesion between multiple particles, there is some difficulty in
particle size distribution analyses. The hydration activity and its dependencies on pH and the
temperature of glass must be dependent on its chemical composition. A further study on the
correlation between the chemical composition of glass and the hydration reaction reactivity depending
on the combined effects of pH and temperature is required. The hydration of fly ash in real cement is
more difficult because the Ca supply from Portland cement is another important factor, and the
hydration of Portland cement is modified by the pH and by temperatures that are different from those
of the fly ash.
Reactivity of fly ash
Chemical/phase composition
Bulk composition

XRF

Phase composition
including amorphous

QXRD

Identification of
composing phases

SEM/BEI/
EBSD

Particle size

Chemical
composition of glass

Blaine method

Image
analysis

Particle size distribution of
each phase and volume

Micro-texture
Compound particles/ mullite,
Fe oxides – glass matrix
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Figure 4. Typical characterization procedure of fly ash

3.3

Modification due to aggregates

The aggregate affects the concrete pore solution pH significantly through several mechanisms. One
obvious action is the alkali uptake or absorption in aggregates, which is mainly attributed to clay
minerals. This reaction is relatively rapid. Simultaneously, alkali in clay minerals can be exchanged
with Ca in cement paste via ion exchange without decomposition or hydration of clay minerals. This is
relatively slow because of low Ca concentration in pore water. As an example, even for relatively pure
limestone, the alkali reduction from 1 M was 27 mM according to ASTM C 289-07; this is equivalent to
a reduction of total alkali content of 1.1 kg/m 3 or 0.2 M of OH- concentration in pore water of normal
strength concrete (Murakami et al., 2019). For some aggregates, the reduction was more than 500
mM (Yamada et al., 2014). Of course, although the alkali reduction through alkali uptakes in the
aggregates is not linear for the measurements in ASTM C 289-07, several kg/m3 of alkali can be
reduced by the aggregate itself. Obviously, for the discussion of the pH of concrete, alkali uptake by
aggregates should be considered.
Another well-known phenomenon is “alkali release”, or dissolution of alkalis, from aggregates (Durand,
2000). The minerals related to this phenomenon are alkali feldspar, volcanic glass, and other alkali
bearing minerals. Including these minerals, various silicate minerals show some alkali reactivity even
to those degrees of reactivities are so diverse. This reaction generates alkali silica gel in aggregates.
When this alkali silica gel penetrates the cement paste, due to the ion exchange of the alkali and the
Ca from the cement paste, low C/(S+A) ratio C-A-S-H forms and alkali is consumed to some extents.
Once the reaction sequence of the phenomenon is understood, it is easy to estimate that the alkali
release is not equal to the pH increase. Figure 5 presents ground aggregate immersion tests of the
solution chemistry for 1M-NaOH solution saturated with Ca(OH)2 (Kawabata et al., 2018). The
examined aggregate was andesite. Aggregates A8 and A9 contained insignificant amounts of glass
and clays, Aggregate B3 contained significant amounts of glass, and Aggregate C2 contained clays.
Except for A9, significant amounts of K2O were released. Simultaneously, a significant amount of silica
was dissolved. Subsequently, the OH- concentration did not show any increase from 1 M; instead,
there was a decrease. In summation, as alkali is released from the aggregate, the pH of pore water
decreases.

Figure 5. Solution chemistry when ground aggregate was immersed in 1M-NaOH solution with
lime (Kawabata et al., 2018).
3.4

Interaction with environment

The alkali concentration can also change due to the effects of the environment. The most typical effect
is the ingress of alkali from de-icing salt. This effect is known for increasing the Cl concentration,
causing steel corrosion, but the alkali ion concentration also increases. Unfortunately, although there
are numerous studies on the Cl ingress, information on the alkali movement is relatively limited.
It seems there is no direct correlation between concrete carbonation and alkali concentration.
However, it is obvious that alkali leaches from concrete with water contact. However, there are other
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mechanisms for alkali movement. With carbonation and Ca leaching due to contact with water or acid
attack, C-A-S-H with lower C/(S+A) or aluminate-silicate forms; these show strong alkali uptake
characteristics (Yamada et al., 2019a). Some alkalis in concrete are moved to the affected sections
and the average alkali concentration in concrete may be reduced.
4.

MEASUREMENT/ESTIMATION OF PH

In some sections of this paper, it was assumed that the alkali concentration is equal to pH. However,
this is completely wrong because, as mentioned is Section 3.3, both hydroxides and silicates are
compensating anions against the alkali metal ions of the concrete pore water. The difficulty of defining
free water in concrete was also explained. In addition to these points, there is another difficult point.
Figure 6 shows the alkali (Cs, in this case) concentration profile near C-S-H in pore water, with 1.1 C/S
calculated by molecular dynamic (MD) simulation (Duque-Redondo et al., 2018). The spacing of two
C-S-H layers is 1 nm. There is a peak Cs, after which a constant value was reached. All the water
molecules in this region confine each other and the diffusion coefficient is two orders of magnitude
less. This means that alkalis can be confined also, and it may be difficult to separate these confined
substances from free water and alkali. Presently, the quantitative effects of these confined ions on the
pH are unclear. These alkalis cannot be evaluated using pore water squeezing but they may be
evaluated using hot/cold water extraction.

Figure 6. MD simulation of Cs distribution on C-S-H (Duque-Redondo et al., 2018).
Table 3. Durability/performance issues of concrete relating pH/alkali.
Durability/ performance
ASR

DEF
Concrete barrier/
contamination relating
radionuclides

5.
5.1

Affecting factors
Reactivity of aggregate
Suppression effects by SCMs
Test method like alkali wrapping
Alkali dissolution
Alkali consumption by ASR
Alkali uptake by low C/S C-A-S-H formed from SCMs
Alkali movement in carbonated and Ca-leached regions
Effective diffusion coefficient determined by microstructures
Effects of alkali uptake by solid phase
Concentration dependency

IMPORTANCE OF ALKALIS ON THE DURABILITY/PERFORMANCE OF CONCRETE
ASR

The pH of pore water is critical for ASR. Depending on the pH, the alkali reactivity is different based on
the nature of the aggregate. Every aggregate has a degree of alkali uptake and this characteristic
causes various pessimum phenomena such as proportion, temperature, alkali content, aggregate size,
and age (Ueno et al., 2017; Kawakami et al., 2018). In order to reproduce these complex behaviors, a
model describing the reaction of alkalis and aggregate quantitatively over a long term is required.
Simultaneously, a reliable test method that can assess the expansion behavior of concrete mixtures is
required. To this end, many methods have been developed, as specified by the industrial standards in
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each country. However, significant discrepancies between these test results and the in-field expansion
have been pointed out. There are many reasons (Yamada et al., 2019b). An important one is “alkali
leaching” from specimens during tests. In order to prevent this loss of alkali, a new method has
recently been introduced (Kawabata et al., 2018a). A concrete prism is wrapped in paper containing
limited amounts of alkaline solution to mimic the pH of pore water in concrete. This method is named
the alkali-wrapped concrete prism test (AW-CPT), and it is a reasonable reproduction of the expansion
behaviors of large concrete blocks exposed in the field. Now, the developed model can reproduce
these behaviors in laboratory and in the field based on aggregate characteristics even in various
pessimum conditions. One example is shown in Figure 7. In this case, 40×40×60 cm concrete blocks
are exposed in the field. Basic data were obtained from chemical tests of the aggregate. The
aggregate was chert, containing chalcedony and cryptocrystalline quarts. Expansion started after two
years for 5.5 kg/m3 of alkali and the expansion was successfully reproduced with numerical
calculations.

Figure 7. ASR expansions in the field and the reproduction with a numerical model (Kawakami
et al., 2019). The numbers in legend indicate the alkali content (kg/m3).
5.2

DEF

The initiation mechanism of DEF after a long age is complicated. Of course, some amounts of alkali
and sulfate in addition to high initial curing temperature are required conditions. However, triggering
expansion by DEF is more complex. The decrease in the pH or the alkali concentration in the long
term has been proposed as a key (Famy et al., 2001). If so, as mentioned above, there are several
mechanisms that decrease pH. When the mechanism of DEF is discussed, every possibility of
changes in pH should be considered, not only alkali leaching from concrete. The mechanism seems
complicated, but it will be valuable to understand the various possibilities due to the change in pH.
5.3

Concrete barrier/contamination related radionuclides

There have been numerous studies on the ingress of Cl, for the study of steel corrosion, but limited
data exist for alkali movement in concrete. The ingress of Cl is understood as the diffusion
phenomenon accompanying the uptake, known as the mechanism forming Friedel’s salt. The Cl
uptake is thought to be a retarding factor for its ingress. Regarding the dependence of the ingress on
the concentration of Cl, it may be believed that a higher concentration means a faster ingress. Besides,
the effective diffusion coefficient obtained by diffusion test was smaller than that of Cl (Goto, 1984).
The effective diffusion coefficient is free from binding effects and this smaller diffusion coefficient of Na
was explained by the selective ion filtering effect of cement paste.
However, from a simple immersion test of concrete in a CsCl solution, the penetration depths of the Cs
and Cl and the dissolution depth of the Na and K are almost the same (Yamada et al., 2019). Even for
a significant uptake of Cl due to ion exchange by Ca aluminate hydrate and with no interaction of
alkalis with hydrates, those penetration depths are comparable. Due to carbonation and Ca leaching,
alkalis are uptaken in degraded regions but there is no delay of transport. At least for the penetration
depth, the ion uptake or ion concentration may not have an effect.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
6.

SUMMARY

The determining mechanisms of the pH of concrete have been reviewed. Basically, the pH of pore
water in concrete is determined by the amount of alkali arising from the constituents of concrete and
the water content. However, there are several factors that affect pH. The role of SCMs is the formation
of low C/(S+A) – C-S-H and the corresponding alkali uptake. The effects of the aggregate are alkali
absorption by clay minerals as well as a release of alkali from alkali-rich phases which are
compensated by the formation of dissolved silicate anion. In addition, MD simulations indicate the
confinement of water and alkali near the surface of C-S-H; therefore, the water and alkalis may not be
related to the pH of pore water. Furthermore, carbonation and Ca leaching increase the alkali uptake
capacity of cement paste. These changes in pH and alkali metal ion concentration affect the ASR,
DEF, as well as the material transport; careful analysis is suggested for them.
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ABSTRACT
To understand the transport property of radio-cesium in concrete for disposal, it is crucial to quantify
the interaction between alkali metal ions and C-(A-)S-H or cement paste for a wide range of ion
concentrations as the ion concentrations of radionuclides contamination are very different from general
environments. In a pore solution of concrete, the Na and K concentrations are on the order of 0.1 M,
but the concentration of 10 kBq/kg of Cs-137 is on the order of 0.1 nM, with a difference of 9 orders of
magnitude. Furthermore, the interaction force is different depending the type of alkali metal ions
involved. Several crucial factors, such as C/(S+A), alkali concentration, Ca leaching and carbonation,
and competitive adsorption with other ions, affect the interaction, which is evaluated by immersion
tests of the synthesized C-(A-)S-H or cement paste subjected to different treatments. Notably, a
difficulty associated with these experiments is the instability of the solid phase. Moreover, different
chemical structures of C-(A-)S-H may be obtained before and after immersion tests, which requires
investigation by solid-state nuclear magnetic resonance (NMR) spectroscopy for Si and Al. In this
study, crystalline structures of C-(A-)S-H with various C/S and A/S ratios and cement paste of normal
condition, Ca-leached, and carbonate are analyzed through NMR and used for immersion tests in an
alkali solution for a wide range of concentrations and alkali metal ion adsorption isotherms are
determined.
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1.

INTRODUCTION

After the Fukushima Daiichi nuclear power station (NPS) accident in 2011, various subjects were
contaminated by various radionuclides. Radio-cesium (r-Cs) and radio-strontium (r-Sr) are typical
radionuclides important for radiation dose. In particular, r-Cs is the major offsite contaminant, as the
concentration of r-Sr is only 1/1,000 compared to that of r-Cs. With the incineration of various
combustible wastes performed for the reduction of contaminated wastes and remediation activities,
radioactively contaminated ashes and soil removed for decontamination have been transported to an
interim storage site. To dispose of the enormous amounts of these contaminated wastes and soil,
significant volume reduction is currently underway. Nevertheless, the method to dispose of such
wastes is currently undecided. One candidate facility includes a concrete pit. Hence, it is crucial to
understand the transfer properties of r-Cs in concrete.
In addition, the concrete of the NPS has been contaminated more severely with several kinds of
radionuclides. Presently, the major concern is how to dismantle or remove the partially molten nuclide
fuel. As the final stage of decommissioning this NPS, its concrete structure will be decontaminated
and demolished. At this stage, it is imperative to remove contaminated parts of concrete from the noncontaminated concrete in order to reduce the final disposal volume. To estimate the contamination
depth, a project referred to as “Estimation of contamination distribution in concrete members of
Fukushima Daiichi NPS buildings based on mechanism-understanding of radioactive nuclides
contamination of cement-based materials” commenced in 2018 (Yamada 2019). Cs-137 and Sr-90 are
the major sources of radiation onsite, though the concrete is contaminated with many kinds of
radionuclides. In the reactor, the ratios of Cs-137 and Sr-90 were comparable. Hence, it is necessary
to understand the simultaneous contamination behaviors of these elements.
From the viewpoint of concrete barriers for the disposal of radioactive wastes, various studies have
been conducted on concrete in the laboratory (Atkinson & Nickerson 1988, Holland & Lee 1992,
Kienzler et al. 2000, Golovich et al. 2014, Kaminski et al. 2016). However, real concrete structures
suffer from carbonation or Ca leaching, which in turn affect the transport properties of elements in the
concrete. Furthermore, published data from real concrete structures are limited (Farfán et al. 2011,
Maeda et al. 2014, Koma et al. 2017, Yamada & Takeuchi 2018).
From the viewpoint of diffusion, there are several important factors, including interaction with concrete
depending on the C/S ratio of C-A-S-H and the concentration of diffusing elements. Recently, the socalled reaction transfer model was proposed to simulate multiple-ion transport considering the
thermodynamic phase equilibrium (Hosokawa et al. 2011). In this simulation, basic parameters
correlate the interaction between cement hydrates and ions of interest. Hence, in this study, basic
experimental data on the interaction between Cs/Sr and various cement pastes/C-A-S-H are
summarized from several studies.
2.

BEHAVIORS OF CS AND SR IN HYDRATED OPC AND FLY ASH CEMENT

Figure 1 shows the elemental distributions of Ca, Cs, Cl, Na, and K in mortar comprising ordinary
Portland cement (OPC) and 30% fly-ash blended cement (FAC). Mortar specimens with dimensions of
5×2×5 cm in a rectangular shape were coated with epoxy resin, with the exception of the immersion
face, and immersed in 500 mM of CsCl solution for 28 days at room temperature. After immersion,
specimens were cut and polished to have a flat surface for elemental mapping via electron microprobe
analysis.
Several interesting features were noted. The penetration depth of Cs was the same as the dissolution
depths of Na and K. The penetration depth of Cl was slightly greater than those of other alkali metal
ions, even though Cl exhibited a strong interaction with the AFm phase. On the surface, the
concentration of Ca decreased and in the same region, Cs exhibited a strong peak as well as a
decrease in the concentration of Cl, possibly related to the leaching of Ca from the C-A-S-H and AFm
phases. The penetration depths of the elements were less than half in the case of FAC compared to
those of OPC.
When the immersion solution was changed to a mixed solution of 250 mM of CsCl and 250 mM of KCl
or NaCl (not shown), similar penetration depths were observed for each element. The only differences
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were the sharp peak heights of the alkali metal ions on the surface. K and Cs exhibited similar heights,
while the peak for Na was on 1/5th of the height.
Figure 2 shows the penetration profiles of Cs, Sr, and Cl. In this case, four kinds of cement pastes
were prepared: OPC paste, carbonated OPC paste, FAC paste, and 40% blast-furnace-slag blended
cement paste (BFSC). A cylindrical specimen 3 cm in diameter and 5 cm in length was used. With the
exception of one circular surface, specimens were coated with an epoxy resin. Then, the paste
specimens were immersed in a 500-mM CsCl solution and a 250-mM SrCl2 solution for 7 days.

Figure 1. Penetration profiles of various elements for samples immersed in CsCl solution for 28
days.

Figure 2. Penetration profiles of cement pastes immersed in 500-mM CsCl (left) and 250-mM
SrCl2 (right) solutions for 7 days (OPC-C: carbonated ordinary Portland cement; FAC: 30% flyash blended cement; 40% blast-furnace-slag blended cement).
The characteristic features are listed below:
- In the carbonated area, the Cs and Sr concentrations are much higher than in the undamaged
parts, but the Cl concentration was much lower than in the undamaged parts.
- Beyond the carbonated area, the Cs and Cl penetrated in a manner similar to that of the sound
part, but Sr ceased penetration at the carbonation front.
- The penetration depth of Sr was 1/4 that of Cs for each cement type.
- Cl penetrated in a similar manner regardless of the type of cation.
- The penetration depths of all ions increased in the order of OPC > BB > FAC.
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3.

SORPTION TEST OF CEMENT PASTES FOR A WIDE RANGE OF CONCENTRATIONS

In order to model the penetration behavior, as the first step, the interactions between the hydrated
cement paste and Cs and Sr were examined. OPC, FAC, and commercial BFSC were examined. The
water-to-cement ratio was 60%. First, the paste was periodically mixed until no water bleeding was
observed. Second, the mixed paste was cured at 60 C for 1 month. Third, the hardened paste was
crushed by passing it through a sieve with an opening of 100 μm. In addition, carbonated OPC (OPCC) was prepared by accelerated carbonation under 5% CO 2 gas, 20 C, and 60% relative humidity
(RH) for 7 days. Next, the paste powder was mixed with CsCl solution of 10 times the mass and
shaken by hand once per day for 7 days. These operations were carried out under an inert
atmosphere in a glove box. The Cs concentration ranged from 0.1 μM to 1 M. The solution was
sampled through a 0.45-μm filter. For the higher concentration range, an ion-coupled plasma-mass
spectrograph was used. For the lower concentration range, the solution was labeled by radioisotopes,
i.e., Cs-137 or Sr-85, and the concentration change was evaluated by the gamma ray dose rate. The
decrease in concentration was assumed to be adsorbed by the paste. The distribution ratio Rd (L/kg)
was calculated using the ratio of the elemental concentration in solid (mg/kg) to the elemental
concentration in solution (mg/L).
Figure 3 shows the results. The Rd of Cs for each cement was less than 1 L/kg, implying the absence
of interaction with the cement paste in this condition. OPC-C exhibited some interaction and the Rd
increased at low concentration and saturated for 100 μM at 40 L/kg. The Rd of Sr was similar for each
cement including OPC-C. At 1 M, the interaction was limited as Rd was 1 L/kg, but with the decrease
in the concentration to 1 mM, Rd increased to 10 L/kg and was saturated. The interaction mechanisms
between the cement paste and the Cs or Sr were apparently different.
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Figure 3. Distribution ratios of Cs (left) and Sr (right) for various cement pastes.
4.

SORPTION TEST FOR SYNTHESIZED C-S-H AND OTHER CEMENT HYDRATES

Interactions between Cs and hydrated cement were not observed. However, the increased uptake of
Cs is known for C-S-H with a low C/S (Terrisse et al. 2002). Then, C-S-H samples with different C/S
ratios and representative cement hydrates were synthesized and the interactions with Cs and Sr were
examined. By using Ca(OH)2 and amorphous silica (aerogel), the C/S ratios were adjusted to 0.6, 0.8,
1.0, 1.2, and 1.4 and mixed with water of 20 times the mass and maintained at 70 C for 7 days.
Through X-ray diffraction (XRD), no portlandite peak could be seen for each mixture. XRD confirmed
basal reflections at ~7, except for a C/S of 0.6, but major peaks at ~29 were observed for each
sample. Other hydrates, such as portlandite, monosulfate, ettringite, hemi-carbonate, monocarbonate,
and calcite, were examined. The test conditions for the sorption test were the same as those stated in
Section 3.
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Figure 4. Distribution ratios of Cs (left) and Sr (right) for C-S-H with various C/S.
Figure 4 plots the Rd values for Cs and Sr of C-S-H with various C/S against the initial Cs
concentration. Cs and Sr exhibited similar tendencies. At 1 M, the interaction was negligible. The
decrease in the concentration led to the increase in Rd. However, the details of the behavior were
different. For Cs, C-S-H with a C/S of 1.0 exhibited a gradual increase of Rd to 180 L/kg at 0.1 μM, but
C-S-H with C/S values of 0.8 and 0.6 exhibited higher Rd, but it was saturated at 10 μM to 0.1 μM with
an Rd of 1000 L/kg. For Sr, C/S did not affect the interactions. The decrease in the concentration to 1
mM led to the increase in the Rd to 100–300 L/kg and saturated to 0.1 μM.
Table 1. Distribution factors for each cement hydrate phase in the CsCl solution.
10 mM solution 1.4C-S-H
1.2C-S-H
1.0C-S-H
0.8C-S-H
0.6C-S-H
Cs
ND
0.8
2.6
13.2
45.5
Rd
(kg/L)
Sr
11.7
19.5
51.9
42.9
32.0
HemiMonoHydrated
Hydrated
Ettringite
Calcite
carbonate
carbonate
OPC
BB
1.3
0.1
0.2
ND
ND
0.3
19.0
0.5
5.6
15.3
5.0
10.5

Portlandite
ND
0.4
Hydrated
FAC
0.1
8.2

Monosulfate
ND
1.0
Carbonated
OPC
3.7
17.4

1 μM solution 1.4C-S-H
1.2C-S-H
1.0C-S-H 0.8C-S-H
0.6C-S-H Portlandite
Cs
0.6
2.1
82.9
1146.3
1001.5
0.0
Rd
(kg/L)
Sr
22.1
55.5
150.6
423.1
334.7
0.1
HemiMonoHydrated
Hydrated
Hydrated
Ettringite
Calcite
carbonate
carbonate
OPC
BB
FAC
0.3
0.0
0.1
0.1
0.1
0.4
0.4
0.5
0.0
0.1
1.2
6.4
12.0
12.5

Monosulfate
0.7
0.0
Carbonated
OPC
41.4
5.1

The Rd values for Cs and Sr at 10 mM and 1 μM were compared for various cement hydrates and
hydrated cement pastes. At 10 mM of Cs, Rd was dependent on C/S for C-S-H. However, almost no
interaction was observed for other hydrates or cement paste except carbonated OPC. At 10 mM of Sr,
Rd was dependent on C/S for C-S-H, but the dependence was less than in the case of Cs. Notably, Sr
exhibited different behavior depending on the type of hydrate and the concentration. No interactions
were observed for portlandite, monosulfate, and hemi-carbonate, but some interactions were observed
for ettringite, mono-carbonate, and calcite and cement hydrates. At the low concentration, almost no
interaction was observed for every phase. Sr hydroxide exhibited high solubility, possibly making it
difficult to interact with portlandite. The mechanism of absence of interaction with the others is not
clear, but the absence of interactions confirmed that Sr carbonate, which exhibits low solubility, does
not precipitate.
The test conditions were kept unchanged during the sorption tests. The interaction between Sr and CS-H exhibited the same order of magnitude, suggesting that the interaction mechanism of Sr with C-SH involves isotope exchange with Ca. Notably, a low Rd of Sr at 1 μM was observed for ettringite,
mono-carbonate, and calcite, and a high Rd value for C-S-H was observed, with much greater C/S
dependence, but similar values were observed for hydrated cement. Some part of the interaction of Sr
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with C-S-H will be responsible for the debonded silanol groups. In the case of cement hydrate,
coexistent K possibly interrupted the interaction. A low Rd value of Sr for carbonated OPC at 1 μM
was not clear. For the Rd of Cs at 1 μM, high values were observed for C-S-H and carbonated OPC,
but this was not the case at 10 mM. If the interaction of Cs and Sr with C-S-H involved the adsorption
on debonded silanol, then both ions possibly exhibited competitive adsorption.
5.

SORPTION BEHAVIORS OF C-A-S-H

L'Hôpital et al. (2016) reported on the alkali uptake by C-A-S-H. In this study, C-A-S-H samples with
various C/(A+S) ratios were also synthesized and alkali sorption tests on chloride and hydroxide salts
of Na and K were carried out. Three C-A-S-H compositions were synthesized using Ca(OH)2,
amorphous silica (aerogel), and γ-alumina, respectively. The mixing proportions of Ca/Si and Al/Si
were 0.8 and 0.08; 1.0 and 0.08; and 1.2 and 0.084, respectively. The weighed powders were mixed
with water of 20 times the mass and shaken by hand once per day and maintained at 70 C for 7 days.
The synthesized C-A-S-H was filtered and dried under vacuum. The chemical composition of the
equilibrium solution with each of the synthesized C-A-S-H samples was measured and this equilibrium
solution was used for sorption tests. For the sorption tests, NaCl, NaOH, and KCl were used at 1, 10,
and 100 mM each. The liquid/solid ratio was 10 and the mixture was shaken by hand once per day for
7 days. The solution was filtered using a 0.45-μm membrane and the concentration decrease was
assumed to be sorbed by C-A-S-H.
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Figure 5. Distribution ratio (Rd) of Na (upper) and K (lower) for C-S-H and C-A-S-H with various
C/(A+S) ratios.
Figure 5 shows the results obtained from the sorption tests. Rd values were plotted against the
C/(A+S) ratio for each combination of the alkali metal and its concentration. At a high C/(A+S) of 1.2,
almost no uptake of alkali metal ions was observed, but with the decrease in the C/(A+S) ratio,
significant uptake was observed. By using C/(A+S), the Rd values for C-S-H and C-A-S-H were plotted
on the same line, indicating that Al in C-S-H exhibits the same role of alkali metal ion uptake as Si.
Several differences between Na and K were observed. The effect of concentration on Rd was limited
in the range of 5 times for Na, but the effect was in the range of 20 times for K. C-A-S-H exhibited
higher uptake of K at low concentration. Chloride and hydroxide exhibited similar behavior at 1 mM for
Na, but, with the increase in concentration, at a low C/(A+S), chloride and hydroxide exhibited different
behaviors. The Na uptake was similar for hydroxide even at different concentrations. However, in the
case of chloride, with increasing concentration, Rd decreased. The mechanism may be related to the
phase equilibrium, but a detailed study has not reported.
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6.

CHEMICAL COMPOSITION CHANGE DURING SORPTION TESTS EVALUATED BY NMR

Figure 5 plots the Rd values of Na and K against the C/(A+Si) ratio of the mixture. However, as
indicated by the different behaviors of chloride and hydroxide, the sorption tests may modify the
chemical composition of C-A-S-H via the addition of salts. Hence, the chemical composition was
examined by solid-state nuclear magnetic resonance (NMR) spectroscopy for Si-29 and Al-27. Figure
6 shows the 29Si-NMR and 27Al-NMR spectra before and after sorption tests in a 100 mM NaOH
solution for C-A-S-H with C/S = 1.0 and A/S = 0.09. The sorption tests show that increased amounts of
Al entered in the bridging site of C-A-S-H. Hence, to precisely interpret the results obtained from
sorption tests, the crystalline structures should be examined after the sorption tests. Figure 7 plots the
sorption test results against the C/(A+S) ratio as determined by NMR. Generally, at high C/(A+S), the
same behavior of less sorption was observed, but C-A-S-H exhibited slightly more sorption than C-S-H.

Figure 6. NMR study of the change in the crystalline structure of C-A-S-H with C/S = 1.0 and A/S
= 0.09 by sorption tests in 100-mM NaOH

Figure 7. Sorption behaviors of Na on C-S-H and C-A-S-H in NaOH solution against various C/S
(left) and C/(A+S) measured by NMR (right).
7.

COEXISTING EFFECTS OF ALKALI METAL IONS AND SR ON THE SORPTION OF CS ON
HYDRATED AND DEGRADED CEMENT PASTE

As discussed in Section 3, the hydrated cement exhibited almost no sorption of Cs. One of the
reasons for this behavior may be the effect of coexisting alkali metal ions at a high concentration of
100 mM. Carbonation and Ca leaching enhanced the sorption of Cs, as discussed in Sections 2, 3,
and 4.
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To verify the effect of coexisting ions as adsorbates, washed cement paste was used. OPC paste was
mixed at a water-to-cement ratio of 0.50 and cured at 40 C for 28 days under sealed conditions and
crushed to 100 μm. Then, 20 g of the paste powder was added to 2 L of water containing 2.5 g of
portlandite for 1 h. The slurry was filtered and washed with 2 L of lime-saturated water and dried under
vacuum conditions. This washing process was repeated. These treatments were carried out under
inert conditions.
Through this washing process, major XRD peaks were unchanged, except for hemi-carbonate, the
amount of which decreased significantly. By washing two times, the Na and K concentrations
decreased to 10 μM. A part of the paste powder was treated with an ammonium nitrate solution to
leach Ca, while the remaining paste powder was subjected to carbonation at 20 C and 60% RH under
5% CO2 for 14 days. After Ca leaching, the remaining phases were katoite and an amorphous halo.
Via carbonation, 55.3 mass% of Ca carbonate was formed according to thermogravimetric analysis,
suggesting that not only portlandite but also some parts of C-A-S-H were carbonated.
Figure 8 shows the phase compositions of these three samples. Then, sorption tests were carried out
under the same conditions as described above. The CsCl solution concentrations were 0.1 μM
(labeled by Cs-137), 1 mM, and 100 mM. In addition to the simple CsCl solution, in one case, the
same concentration of SrCl2 with CsCl was added and, in the other case, 100 mM of NaCl and 100
mM of KCl were added.

Figure 8. Phase compositions of washed OPC paste and further Ca-leached and carbonated
OPC. Numbers within parentheses indicate the estimated C/S ratios of C-S-H.
As discussed in Section 6, by the sorption tests, the crystalline structure of C-A-S-H changed. Hence,
NMR measurements were carried out. Figure 9 shows one example of the results obtained for the Caleached OPC paste in a 100 mM CsCl solution. Before the sorption tests, major peaks for Si were Q2
and those of Al were Al[IV] from C-A-S-H and Al[VI] from Ca aluminate hydrate or alumina gel. By
sorption tests, for Si, the Q2 (1Al) of bridging Al in C-A-S-H increased. For Al, Al[IV] increased, and
Al[VI] decreased significantly. From this change of coordination of Al, it is estimated that Al in Ca
aluminate disappeared and entered the C-A-S-H, and this movement accompanied the adsorption of
alkalis.
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Figure 9. Phase changes of the Ca-leached cement paste by sorption test in 100 mM of CsCl
solution as evaluated by NMR.
Figure 10 shows the phase changes by leaching and carbonation as evaluated by NMR. In washed
OPC, some unhydrated silicate Q0 was observed at −70 ppm (downfield). By leaching, Q0
disappeared and Q2 became significant, while Al[IV] slightly increased. Via carbonation, drastic
changes were observed. The Q0 of the unhydrated silicates was still observed, and a significant part
Q1 and Q2 of the silicate chains was changed to Q3 and Q4, accompanied by the increase in Al[IV].
Figure 11 and Table 2 show the results obtained from sorption tests. Even after washing, Cs did not
exhibit any interaction with the OPC paste under a wide range of concentrations, with six orders of
magnitude from 0.1 μM to 100 mM. For Sr, some interactions were observed with marginal
dependence on concentration. The interaction mechanism possibly involved partial isotope exchange
with Ca. Leaching and carbonation exhibited similar effects on Cs sorption. At 100 mM, Rd was limited,
i.e., on the order of 1 L/kg, but with decreasing concentration, Rd increased dramatically to the order
of 100 L/kg. For this behavior, Sr exhibited almost no effect. Under the coexisting condition with 100
mM of Na and K, Cs did not exhibit any sorption and even in the case of leaching and carbonation, Rd
was limited on the order of 10 L/kg. These results strongly suggested the different interaction
mechanisms for Cs and Sr. Notably, Sr exhibited a significant concentration dependency only in the
case of leaching (Table 2). For the free silanol or aluminate site generated by carbonation, Sr did not
exhibit any affinity, but for the Ca-leached site, Sr may be preferentially adsorbed.

Figure 10. Phase changes of a) washed OPC by b) leaching and c) carbonation as evaluated by
NMR.
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Figure 11. Coexisting effects of Sr and alkali metal ions on the sorption behaviors of Cs on
washed OPC paste, dissolved paste, and carbonated paste.
Table 2. Distribution ratios of Sr.
Sr concentration (M)

Sample

1.0E−07
Washed OPC

8.

1.0E−03

1.0E−01

6.7

4.7

2.8

+leaching

236

169

6.5

+carbonation

94

86
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SUMMARY

To obtain basic data on the interaction between Cs/Sr and hydrated cement for the reaction transfer
calculation, various sorption tests were carried out with fundamental analysis of the phases composing
the cement paste considering degradation such as Ca leaching and carbonation.
Simple immersion tests of ordinary Portland cement (OPC) and fly-ash blended cement (FAC) mortar
revealed different penetrations for Cs and Sr. Cs penetrates more rapidly than Sr. On the surface and
at the carbonated area, Cs and Sr are concentrated, indicative of strong interactions of Ca-leached
and carbonated cement paste. The penetration depth is considerably less in the case of FAC than for
OPC.
From sorption tests for hydrated OPC, FAC, and blast-furnace-slag blended cement paste, Cs
exhibited almost no interaction. However, by carbonation, the sorption of Cs increased, but it
increased only slightly for Sr.
The sorption capacities of various cement hydrates for Cs were also shown. From nuclear magnetic
resonance measurements, it was shown that the sorption tests led to changes in the phase
composition of the paste. Leaching and carbonation enhanced the sorption of Cs, but different
tendencies were observed for Sr. For Cs sorption, Sr exhibited no effect, indicative of different
interaction mechanisms of these ions.
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ABSTRACT
In Japan, salt damage is a major cause of deterioration of reinforced concrete structures. To prevent
deterioration of salt damage in reinforced concrete structures, we developed a new additive containing
CaO•2Al2O3 (CA2) as the main component (hereinafter referred to as "chloride ions immobilized
material"). When the chloride ions immobilized material is mixed with Portland cement, CA2 reacts with
calcium hydroxide, the hydration product of portland cement, to form a large amount of hydrocalmite
(3CaO•Al2O3•Ca(OH)2•12H2O) in the cement hardener. Cement hardeners containing chloride ions
immobilized material improve salinity resistance through the combined barrier effect of the chemical
action of hydrocalmite to immobilize chloride between the layers and the physical action of tissue
compaction. Cross-sectional restoration material based on CA2 has excellent cost reduction, ease of
installation, and reinforcement corrosion resistance compared with conventional technology and has
been put into practical use in the repair work of actual structures.
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1.

INTRODUCTION

In Japan, which is completely surrounded by the sea, deterioration of concrete structures from salt
damage caused by flying salt from the ocean has been a problem for many years. Additionally, in a cold
region in winter, application of a salt-containing antifreezing agent to a road bridge has been reported
to cause deterioration of the concrete floor slab (Miura et al. 1999). Salt damage of concrete structures
is a phenomenon in which chloride ions diffuse through the hardened concrete, corrode the steel bars,
and deteriorate the concrete because of volume expansion when iron produces corrosion products.
There are two kinds of chloride ions in a concrete hardened body (Yonezawa et al. 1988): free chloride
ions that cause rebar corrosion and, conversely, immobilized chloride ions that are not directly related
to the corrosion of rebar. According to a past study (Hirao 2004), the monosulfate-type hydrate fixes the
free chloride ion as a double salt, such as 3CaO•Al2O3• CaCl2•12H2O (Friedel’s salt), within the crystal
structure of the layered double hydroxide. Additionally, the hydrate is known to make immobilized
chloride ions that do not directly affect the corrosion of rebar.
As a countermeasure against salt damage, a synthesized nitrite-type hydrocalumite (N-HC)
represented by 3CaO·Al2O3·Ca(NO2)2·nH2O, which is one kind of layered double hydroxide compound,
can be blended in the cement hardened body, whereby free chlorination techniques for immobilizing
object ions are known (Ueda et al. 2012). Although this technique mixes the hydrocalumite itself into
cement · concrete, the material is bulky because it is a hydrate, and the workability of the cement ·
concrete is hindered.
Therefore, the authors focused on CaO·2Al2O3 (CA2), which is a type of calcium aluminate, which is a
cement-type mineral and shows moderate hydration activity. For calcium aluminate, several
compounds with different CaO/Al2O3 molar ratios are known. 3CaO·Al2O3, 12CaO·7Al2O3, and
CaO·Al2O3, which are compounds having a CaO/Al2O3 molar ratio of 1.0 or more, have high hydration
activity, and when they are mixed in concrete or mortar, work time cannot be ensured, causing an early
decline in liquidity. However, because CaO·6Al2O3 has a remarkably small CaO/Al2O3 molar ratio and
shows no hydration activity (Hewlett 1988, Trettin 1997), CA2 was selected as a chloride ions
immobilized material.
When CA2 is hydrated with Portland cement, it generates calcium hydroxide produced by the hydration
reaction of Portland cement and 4CaO·Al2O3·13H2O (C4AH13, a type of hydrocalmite) from the reaction
shown in formula (1) in the cement hardened body.
The generated C4AH13 is a layered compound, and in the case where chloride ions coexist, it is
necessary to incorporate free chloride ions into the interlayer from the anion exchange to produce
Friedel's salt, as shown in formula (2). It is also clarified that the densification of the tissue occurs at this
time (Morioka et al. 2006).
7Ca(OH)2 + CaO·2Al2O3 + 19H2O → 2(3CaO·Al2O3·Ca(OH)2·12H2O)

(1)

3CaO·Al2O3·Ca(OH)2·12H2O + 2Cl- → 3CaO·Al2O3·CaCl2·11H2O + H2O + 2OH-

(2)

We clarified that the suppression of chloride ion diffusion by mixing chloride ions immobilized material
is explained by the complex barrier effect of the C4AH13 immobilizing chloride ion and the physical
action caused by tissue densification
The authors propose a cementitious additive cement admixture (hereinafter referred to as a chloride
ions immobilized material), which newly forms a cement hydrate, which fixes free chloride ions from
the anion exchange in a cured concrete material to suppress salt damage deterioration. We have
developed and put this technique into practical use.
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2.

EXPERIMENTAL METHOD

2.1

Materials

Ordinary Portland cement (OPC) was a commercially available product distributed in Japan. CA 2 was
used as an admixture. In some experiments, commercially available ground granulated blast furnace
slag fine powder (BFS) and nitrite-type hydrocalumite (N-HC) were used as comparative objects. The
physical properties and chemical components of OPC, BFS, and CA2 are shown in Table 1.
Table 1.
Material
OPC
BFS

Physical properties and chemical composition of materials used in this study
Density
(kg/m3)
3130
2910

Blaine
(m2/kg)
330
415

CaO
64.3
43.5

Al2O3
5.6
14.4

Chemical composition (mass%)
SiO2
MgO
SO3
TiO2 Fe2O3
21.3
1.7
2.0
0.2
3.0
32.0
5.7
2.5
0.7
0.3

R2O
0.5
0.5

Calcium carbonate and aluminum oxide started from industrial raw materials and were weighed to
ensure the CaO/Al2O3 molar ratio was 0.5. CA2 was pulverized and mixed in a vibrating pod mill,
granulated by adding an appropriate amount of moisture in a rotary kiln, and followed by firing and
synthesis.
The clinker used in this study was obtained by gradual cooling was pulverized to a Blaine value of 300
m2/kg using a roller mill.
2.2

Preparation of specimens

Tests and analyses were performed by preparing paste or mortar. In both cases, the water/binder ratio
was 50 mass%. The ratio of binder and sand was 1:3 by mass ratio. When preparing the paste, in
consideration of occurring bleeding water, 2×2×8 cm prism specimen was prepared by repeating the
operation of re-mixing every hour from mixing to several hours. CA2 with either 5 or 10 mass% was
substituted for OPC, and prism specimens of 4 x 4x 16 cm were prepared according to JIS R 5201
“Physical testing methods for cement” for mortar. We also prepared both specimens corresponding to
OPC 100 mass% blank, specimens corresponding to blast furnace cement type B (BB) in JIS R 5211
“Portland blast furnace slag cement ” , which prepared by mixing both OPC 60 mass% and ground
granulated blast furnace slag (GGBFS) 40 mass% in this study, and specimens substituted with N-HC
by 10% with respect to OPC.
2.3

Test item and measurement method

2.3.1 Compressive strength
The compressive strength of the mortar was measured in accordance with JIS R 5201 “Physical testing
methods for cement”. The age at which the compression strength was measured was 1, 3, 7, and 28
days after curing underwater.
2.3.2 Chloride ion immobilization ability and salt blocking ability
Mortar specimens that were moist and air-cured under an environment of 20 °C/RH 80% up to 7 days
were immersed in a 10 mass% NaCl solution with a volume of 10 times the volume of the specimen.
The ability to immobilize chloride ions and salt-blocking properties was evaluated according to the
items shown below.
a) Confirmation of hydration product
Qualitative analysis was carried out by powder X-ray diffraction (XRD) on paste samples. The samples
were immersed in salt water, or sealed and stored for the same span as the immersion period in salt
water. Hydration products were identified. In addition, the amount of Ca(OH)2 (CH) was quantified by
thermal analysis (TG-DTA). Note that the amount of CH produced was determined from the amount of
mass reduction of TG-DTA from 405 °C to 515 °C using the following equation.
MCH (mass%) = (W 405 °C – W 515 °C) / 18.01 x 74.09
W 405 °C: weight decrease amount from room temperature to 405 °C

(3)
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W 515 °C: weight decrease amount from room temperature to 515 °C
b) Distribution graph of chloride ion by EPMA
The mortar specimen, after immersion in salt water, was cut at a prescribed age and analyzed using an
Electron Probe Micro Analyzer (EPMA). After coating the analysis surface with methacrylic acid resin,
the analysis surface was polished with waterproof abrasive paper to be smooth. Carbon was
vapor-deposited to impart conductivity to prepare a sample for measurement. Distribution of chloride
ions was investigated under the measurement conditions shown in Table 2.
Table 2.
Acceleration
voltage (kV)
15

Sample
current (A)
1x10-7

Detemination condition of EPMA
Diameter
(μm)
100

Spectral
crystal
PETH

Measure
time (msec)
40

Pixel size
(μm)
100

c) Quantitative determination of chloride content
The amount of total chlorides was quantified according to JIS A 1154 “Methods of test for chloride ion
content in hardened concrete” at the age of the prescribed age of the paste that was immersed in salt
water. We also quantified the amount of hot water-extracted chloride ion in accordance with the Annex
B “Method for analysis of warm water extracted chloride ions contained in hardened concrete” of JIS A
1154. The amount of the hot water-extracted chloride ion was regarded as soluble chloride ion, and the
difference between the total chloride ion amount and soluble chloride ion amount was defined as a
fixed amount of chloride ion. The reason for discriminating between the amount of soluble chloride ion
and the amount of fixed chloride ion for the amount of total chloride ion is that we propose to produce
much amount of C4AH13 by mixing CA2. When under the action of chloride ion, C4AH13 changes to
Friedel’s salt which fixes chloride ion from anion exchange based on the formula (2), and the amount of
chloride ion fixed to Friedel's salt is considered to increase.
2.3.3 Accelerated reinforcing steel corrosion test
With reference to the past study (Kawamura et al. 2006), an accelerated reinforcing steel corrosion test
by foreign salt content was carried out using a 4 × 4 × 15 cm mortar specimen. As shown in Figure 1,
half of the specimen was immersed in a 10% NaCl solution for one year in a thermostatic chamber at
40 °C, then the specimen was split and the condition of the internal rebar was confirmed.
The test specimen was made of mortar specified in JIS R 5201 and was not mixed with ordinary
Portland cement. The lithium nitrite or chlorine immobilizing material was substituted by 10% mass with
respect to ordinary Portland cement.

40ºC inside a thermostatic chamber

Steel bar (φ10mm×160mm)

Coating by resin

10% NaCl aq.

Figure 1. Outline of accelerated reinforcing steel corrosion test
3.
3.1

RESULTS AND DISCUSSION
Compressive strength

Figure 2 shows the measurement results of the compressive strength of mortar. OPC had a value of
approximately 54 N/mm2 at 28 days of curing. However, BB decreased by about 10%, and those mixed
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Compressive strength (N/mm2)

with N-HC decreased by approximately 20%. In the mixture of CA2, the strength at the beginning of the
age was somewhat lower than that of OPC, but after 28 days it was more than 50 N/mm2.
60

28 days

7 days

3 days

1 day

50
40

30
20
10
0
OPC

CA2-5% CA2-10%

BB

N-HC
10%

Figure 2. Compressive strength of OPC, CA2 5%, CA2 10%, BB, and N-HC 10%
3.2

Identification of hydrated products

a) Confirmation of hydration product
Figure 3 shows the XRD pattern of the paste before immersion in salt water. In OPC, it can be
confirmed that the peak of CH is the strongest. However, peaks of CH mixed with CA2 decrease, peaks
of C4AH13 can be confirmed near 10 °. The peak of C 4AH13 becomes stronger as the amount of mixed
CA2 increases. This indicates that CH and CA2 are reacting to form C4AH13 according to equation (2).
To confirm that CA2 reacts with CH in the cement paste, the result of quantifying the amount of CH in
the paste and the amount of bound water by TG-DTA is shown in Figure 4. The more CA2 is mixed, the
less CH is formed. However, the amount of bound water shows a high value, indicating that the
hydration reaction has progressed sufficiently. Therefore, the reason why the amount of CH production
is small in the system mixed with CA2 is not because hydration of OPC is delayed, but because CA2 is
reacting with CH.

Figure 3. XRD pattern of paste specimens after 28 days of sealed curing
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28d
7d
3d

OPC

CA2-5%

CA2-10%

Figure 4. Amount of Ca(OH)2 in paste specimens after 28 days of sealed curing
Figure 5 shows the XRD pattern of OPC paste, which was dipped in salt water and sealed and cured at
the same age as the immersion period without dipping. Similarly, Figure 6 shows the XRD pattern of
the paste mixed with CA2 at 10%.
First, look at Figure 5 in the OPC paste, the AFm phase disappears when immersed in quasi-sea water,
and instead the formation of Friedel’s salt is observed, but its diffraction peak is not very noticeable. In
addition, the diffraction peak of calcium hydroxide is small. This is probably because calcium hydroxide,
subjected to chloride ions, changes to calcium chloride and leaches out.
However, referring to Figure 6, in paste mixed with CA2, C4AH13, which was contained in a large
amount by disposing in salt water, disappears. A large quantity Friedel’s salt is produced instead. Its
generation method is much larger than that of OPC in Figure 5. That is, the figure shows that C4AH13
chemically immobilizes the invading chloride ion as Friedel's salt. Furthermore, because the amount of
calcium hydroxide already produced was small before immersing in salt water, the influence of the
formation of calcium chloride and the leaching of the Ca2+ ion accompanying it is considered to be
small.

Figure 5. XRD pattern of OPC

Figure 6. XRD pattern of OPC adding with
CA2 10%

b) Distribution of chloride ion by EPMA
Figure 7 shows the salinity analysis results of the paste immersed in salt water for 91 days of curing. It
can be confirmed that the amount of immobilized chloride ion is much higher than that of OPC and BB,
and the amount of free chloride ion is decreased. At this time, the ratio of the amount of fixed chloride
ion to the total chloride ion amount also increased drastically. In addition, as the mixing ratio of the
chlorine immobilizing material increases from 5% to 10%, the amount of immobilized chloride ion
further increases and the free chloride ion amount decreases. It is considered that the C4AH13 is
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Amount of chloride ion /mass%

produced in a large amount in the paste immobilized chloride ion as Friedel’s salt. This also confirmed
that the cement mixed with the chlorine immobilizing material was superior in ability to immobilize free
chloride ion as compared with the one not mixed.

4

3

Fixed ClFree Cl-

2

1

0
OPC

CA2-5%

CA2-10%

Figure 7. Measurement result of chloride ion amount
Figure 8 shows the quantitative results of CH production in paste, which was immersed in salt water, or
which sealed and stored at the same age as the immersion period. First, looking at OPC, about 10
mass% of CH is formed during sealing curing, whereas the amount dipped in salt water decreases to
about 5 mass%. This is considered to be caused by the change of CH to calcium chloride with a high
degree of solubility because of the formulas (4) and (5) and the elution out of the cement hardened
body.
Ca(OH)2 +2Cl- → ＋CaCl2＋2OH-

(4)

CaCl2 → Ca2+ + 2Cl－ (In pore solution)

(5)

Calcium chloride is almost 100% ionized in the pore solution. That is, calcium chloride easily leaches
and porosifies the tissue. Therefore, it promotes penetration of chloride ions into a cured body after that.
However, when CA2 is mixed in, the reactions between CA2 and CH greatly reduce CH production
compared with OPC. In addition, the amount of leaching after immersion in salt water is much less. In
other words, even if it is immersed in salt water, the porosity of the tissue is much slower than that of
OPC and it is possible to keep a dense structure, so it is possible to physically suppress penetration of
chloride ions. In N-HC 10% and BB, the amount of CH produced is smaller than that of OPC in a sealed
curing, but the amount of CH generated is smaller than that of OPC. However, because the additive
admixture is internally substituted, the amount of production is reduced by that amount, but leaching
after the salt water immersion A phenomenon is recognized. Therefore, by mixing CA 2, it was
considered that the invasion of the chloride ion could be remarkably suppressed by the large amount of
C4AH13, (chemically immobilizes the chloride ion) which reaction with CA2 and the CH that causes the
multi-pores of the organization.
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Sealed curing 120d
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Figure 8. Measurement result of chloride ion amount
c) Distribution of chloride ion by EPMA
For mortar with 5 and 10% of cement substituted with chlorine-immobilized material and mortar without
chlorine immobilizing material immiscible for comparative purposes were cured in water until age of 28
days and then immersed in 10% NaCl solution for four weeks. Figure 9 show the results of measuring
the penetration of chlorine into the interior of the mortar using EPMA.
It is confirmed that chloride ions permeate into the specimen without immiscibility. However,
penetration of the chloride ion is suppressed in mortar mixed with chlorine immobilizing material, and
permeation is suppressed to about 10 mm when mixed with 5%, and about 5 mm when mixed with
10%.
This is because the mixing of chlorine immobilization material immobilizes a large amount of free
chloride ions involved in diffusion inside the cured mortar, so it is more difficult to mix with chlorine
immobilizing material. The chloride ion reduces diffusion penetration.

5mm

5mm
5mm
5mm

(a) OPC

5mm

5mm
5mm
5mm

(b) CA2 5%

5mm
5mm
5mm
5mm

(c) CA2 10%

Figure 9. Penetration of chloride ions inside mortar immersed in 10% NaCl solution for four
weeks

3.3

Corrosion-inhibiting performance of rebar corrosion by exogenous salt content of mortar
mixed with chloride ions immobilized material

The corrosion inhibiting effect of the chloride ions immobilized material is shown in Figure 10, and
shows the results of the observation of the internal rebar with splitting of the mortar specimen after one
year of immersion in a 10% NaCl aqueous solution. In the case where measures against salt damage
were not taken, rusting occurred as shown in Figure 10a, and the corrosion area of the reinforcing bar
was 18.6%. In addition, in the case of mixing the synthetic hydrocalumite (N-HC) shown in Figure 10b,
the rust prevention effect can be confirmed as compared with the case where no countermeasures
against salt damage were made, but rusting cannot be completely suppressed and the rebar The
corrosion area ratio was 6.5%.
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As shown in Figure 10c, rusting does not occur at all when the chloride ions immobilized material is
mixed with these materials. This is because the diffusion penetration of chloride ions into the cured
mortar of a mortar is suppressed by mixing chlorine immobilization material and free chloride ions,
which corrodes rebar and is converted into Friedel’s salt by anion exchange of hydrocalumite Because
it is immobilized to a large extent, it is considered that the effect of lowering the concentration of free
chloride ions in the vicinity of the reinforcing bars because of the fixing effect also contributes.

Corrosion area rate：18.6%
Rebar→
Mortar→
(a) No action against salt damage
Corrosion area rate：6.5%

(b) Synthetic hydrocalumite [N-HC 10%]
Corrosion area rate：6.5%

(c) Chlorine fixing material [CA2 10%]
Figure 10. T Rebar corrosion after one year immersion
4.

CONCLUSION

We investigated the chloride ion fixation ability and salt blocking ability of CA 2 and obtained the
following findings.

(1)

The properties of calcium sulfoaluminates are controlled by the timing of the ettringite
formation.

(2)

The amount of CH production in the hydrated cement mixed with CA2 was significantly
reduced. This is because CA2 reacted with CH and C4AH13 was generated.

(3)

The mortar mixed with CA2 remarkably suppressed chloride ion penetration compared with
OPC mortar.

(4)

When CA2 was mixed and the hydrated paste was dipped in salt water, the amount of
immobilized chloride ion increased.

(5)

The diffusion inhibiting effect of a chloride ion of a CA2-mixed cement hardened body was
evaluated by the inhibition of leaching of CH along with hydration of CA2 to physically make
diffusion of chloride ions difficult, and the formation of Friedel's salt Because of the chemical
action of chlorine immobilization.

The cross section restoration method using the chlorine-fixing material introduced in this paper was
also used for the actual structure. Figure 9 shows the repair case of a specific bridge (Kasahara et al.
2016). The introduction example was the repair work of a road bridge located in an area where it is
necessary to spray a lot of cryoprotectant in winter. Deterioration of the concrete deck because of salt
damage was an issue, so a cross section restoration method using a chlorine-fixing material (Plastering
method, spraying method) was adopted. During the construction period over five months, it was
completed without major installation problems.
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(a) Construction situation

(b) After completion of construction

Figure 10. Case study of spraying method using chloride ions immobilized material
(Kasahara et al. 2016)
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ABSTRACT
Many modern problems of concrete engineering can be found at high temperature, where the
knowledge of the intrinsic thermal properties of the phases of concrete is of great importance. While
determining the thermal response can be troublesome from an experimental point of view, modern
simulation techniques have proved as a valuable tool for predicting materials properties at extreme
conditions. Here, we apply atomistic simulations to predict the thermal properties (heat capacity,
conductivity, etc) of many of the phases present in concrete as a function of the temperature. Special
attention will be paid to cover the phases of alternative concretes, where the binder is not based on
Ordinary Portland Cements (OPC). Ex professo experiments have been carried out to complement
available data and compare the computational predictions.
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1.

INTRODUCTION

Despite their practical importance, the origin of the thermal properties of cementitious systems is still at
an incipient stage. Most of the existing literature has focused on experimental macroscopical
measurements where the connection to the intrinsic properties of the constituents is lost, and mainly
focused on specific applications like fire resistance (high temperatures) (M. Achenbach et al. 2017)) or
thermal insulation (mild temperatures) (Shahedan N.F. et al. 2017).
Thermal properties are one-to-one related to the vibrational atomic states, and how these vibrational
states are activated as a function of the temperature. Atomistic simulations can help in understanding
how these vibrational modes are excited and predict valuable parameters like heat capacities, thermal
conductivities, etc.
It is worth noting, nevertheless, that until the advent of sufficient computational capacity, the estimations
of the vibrational density of states (VDOS) have resorted to simplifying models like the Debye model
(Debye, P. (1912)) ] that give satisfactory results in certain cases. For instance, Debye model estimates
quite well the heat capacity of polycrystalline materials in the low temperature regime (i.e. temperatures
well below the so-called Debye temperature). This Debye temperature lies well above the room
temperature for most of the crystalline phases present in cementitious materials (C2S, C3S, CH, etc), so
the use of this simple model has been exploited by Bernal et al. (Bernal et al. 2018) to predict the heat
capacities of many cementitious phases at room temperature.
However, the Debye model fails to capture both the low energy extra vibrational states of amorphous
materials and, of course, the thermal properties when the temperature starts being not negligible with
respect to the Debye temperature. In these two cases, the use of accurate atomistic simulation models
is an unavoidable must.
In this scenario, the works of Quomi et al (Qomi, M. J. A. et al. 2015), Zhough (Zhou, Y et al. 2017) have
recently disclosed the right theoretical methodology. Indeed, they reported the thermal properties of
some basic constituents of OPC cement pastes (CH, CSH, C 2S and C3S) at room temperatures. As a
salient result that directly targets to the limits of Debye model, they noticed the existence of the so-called
Boson peak for CSH gel. This peak, reflected in a deviation with respect to the quadratic frequency
dependence of the VDOS, is a hallmark in many glassy materials (Shibata T. et al. 2015), though its
origin is still unclear. More recently, Dolado J.S. (Dolado J.S. 2018) have extended the methodology to
explore the thermal properties at high temperature, comparing the properties of some crystalline
structures present in Ordinary Portland Cement (OPC) and Calcium Aluminate Cement (CAC) cement
pastes.
Here we want to share some of our ongoing work on this topic, reporting new simulations and
experiments that we have done for studying the thermal properties of cement-based materials. In
particular, we have extended the previous work (Dolado J.S. 2018) to include the temperature
dependent thermal properties of poorly crystallized structures like CSH and NASH; key ingredients of
OPC and geopolymer-based cement pastes respectively. The heat capacities and thermal conductivities
have been estimated by atomistic simulations in a temperature range that goes from room temperature
(300K) to 600K. In parallel, some experiments over OPC and geopolymer-based cement pastes have
been also carried out for comparative purposes. Finally, the extra-vibrational state present in CSH gel
at low frequencies (i.e. the Boson peak) has been also revisited.

2.

METHODS

2.1
2.1.1

Experimental measurements
Sample Preparations

Starting powders of OPC (a CEM I-42.5R) and hybrid cement H-CEMENT (Martauz P. et al 2016) were
mixed with distilled water (Sigma Aldrich) in a water-to-cement ratio of, respectively, 0.4 and 0.6 by
weight. Each specimen was casted in a cylindrical mold (Ø38 × H15 mm) and sealed. After 24 hours,
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the sample discs were moved to an hermetically closed dessicator with 100% RH and kept at 20 ºC
during 28 days.
2.1.2 Differential scanning Calorimetry
Differential scanning calorimeter (DSC) TA Instrument Q2000 was used to determine the reversible part
of the specific heat of the samples (sample weights about 25 mg). Aluminum pans were used for all the
samples. Modulated DSC measurements were performed with average heating rate of 3 K/min and
amplitude of modulation ±0.48 K with a period of tp = 60 s. Samples were previously pre-heated at
105ºC during 1 hour. Finally, data were collected in the temperature range 100 to 300 ºC.
2.1.3 Thermal conductivity
The LFA 457 Microflash from NETZSCH Company was used for thermal diffusivity measurements. From
the thermal diffusivities, the thermal conductivities of the samples were predicted, as explained in the
Results section. Specimens were pellet discs of cement paste powder (d = 10 mm, h= 2 mm). The
samples were spray-coated with graphite on both sides, in order to enhance light absorption and infrared
thermal response. The investigation were carried out at representative temperatures of 25ºC, 100ºC,
200ºC, and 300ºC.
2.2

Atomistic simulations

2.2.1 Structures
Here we will to pay attention to CSH and NASH structures, i.e. the key ingredients of OPC and
geopolymer-based cement pastes respectively.
On the one hand, the structure of CSH was developed according to the procedure described by Quomi
A J.A. et al 2014, based on an improvement of the original procedure proposed by Pellenq et al. (Pellenq
R.J.M. et al 2009). As a such, the structure of Tobermorite 14 (with C/S=0.83) is taken as the starting
point, modifying its structure by firstly removing the water molecules. Afterwards some bridging silicate
groups are also randomly removed to get the targeted C/S ratio. Finally, to avoid charge unbalances
and get the right water content, some Ca ions and water molecules are randomly added in inter-laminar
space. The so-constructed structure is finally equilibrated by performing an energy minimization and
and Molecular Dynamic (MD) simulations with the Reax FF (Van Duin et al 2001). Details can be found
in Duque (Duque E. 2018). Present study focuses on the C/S=1.1 case only. The starting configuration
actually correspond to a very large system (a orthogonal cell with sizes a=25.902 Å, b=30.922 Å and
c=24.409 Å) and whose exact stoichiometry is (CaO)220(SiO2)200(H2O)224.
On the other hand, a realistic NASH model has been constructed following a protocol akin to the one
recently proposed by Lolli et al. (Lolli F. et al. 2018). In particular, the starting structure has been the
experimental sodalite (Na8[Al6Si6O24]Cl2 ) structure given by Hasan et al.(Hassan I et al. (2004).), to
which we have replaced the Cl atom by an oxygen atom with occupancy 0.5. Afterwards, we have
applied a Gran Canonical Monte Carlo (GCMC) protocol to introduce water into its structure. As result,
the final structure turned to be (Na2O)4 (Al2O3)3 (SiO2)3 (H2O)12 .
2.2.2 Optimization and relaxation of the structures
The GULP code (Gale J. D & Rohl A.L. (2003)) was used to perform the atomistic calculations. In this
approach, the initial structures are optimized to the local energy values that minimise lattice energy,
while allowing cell parameters and atomic positions to vary. A quasi–Newton–Rapshon minimisation
procedure, an update of the Hessian variation on the Broyden–Fletcher–Goldfarb–Shannon (BFGS)
scheme was employed. In the case of NASH structure, the GCMC protocol used a chemical potential
of -0.082eV.
For both the optimization of the structures and the GCMC protocol, the used force field has been the
implementation of Manzano (Manzano H. et al. 2012) of ReaxFF. The obtained lattice constants of the
CSH and NASH structure can be found in Table 1.
Table 1. Stoichiometry and Lattice constants of the studied CSH and NASH structures
CSH

NASH
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Composition

C220S200H224

N8Al3S6O37H12

a (Å)

25.902477

9.187425

b (Å)

30.921782

9.214431

c (Å)

24.409410

9.025557

(º)

90

89.959910

 (º)

90

90.052231

 (º)

90

88.567088

For determining the thermal conductivities the chosen force-field has been the implementation of Dolado
et al 2011 and Dolado et al 2007 of Garofalini force field (Litton, D. A. & Garofalini, S. H. (2001)) as this
force field is quite effective for glassy materials. Note that these simulations require supercell simulations
(2x1x1 in the CSH case or 2x2x1 in the NASH case) so the use of “cheap” force fields is preferable to
handle such huge number of atoms. For the simulation of the dielectric constant, as in GULP the
calculation of Born charges is not implemented for non-polarizable potentials, the presented results
correspond to the predictions given by the polarizable non-reactive force field employed in (Manzano et
al 2009).
2.2.3

Dielectric response

For studying the hypothetical existence of the Boson peak, we have employed an approach different to
the one employed by Quomi et al (Quomi A. J. M. et al. 2015). Instead of inspecting the Vibrational
Density of States (VDOS), we have studied the frequency dependent dielectric function (), as this
magnitude is readily comparable to the THz-domain experimental spectroscopic measurements. I
The dielectric function can be calculated in terms of the oscillator strength  as

(1)
where the oscillator strength tensor for each mode m depends on the Born effective charges (qB) and
the eingenvector (eij) for that mode according to:
𝛺𝛼𝛽 = (∑𝑁
𝑖

𝐵
𝑞𝑖𝛼𝑗
𝑒𝑖𝑗
1/2
𝑚𝑖

) (∑𝑁
𝑖

𝐵
𝑞𝑖𝛽𝑗
𝑒𝑖𝑗
1/2

𝑚𝑖

)

(2)

In this study only the diagonal values of the matrix will be employed to estimate the values of the
dielectric function;,i.e. we will take  () =(exx()+eyy+exx())/3 for the real (1) and imaginary part (2).
2.2.4

Thermal properties

The The Heat Capacity (Cv) can be directly extracted from GULP by its definition 𝑐𝑉 = (𝜕𝑈𝑣 /𝜕𝑇)𝑉 , where
∞
1
𝑈𝑣𝑖𝑏 = ∫0 ℎ𝜔 (𝑛(𝜔) + ) 𝑑𝜔 , just by plugging the computed VDOS , g(), into 𝑛(𝜔) = 𝑔(𝜔)𝑓𝐵𝐸 (𝜔) ,
2

where 𝑓𝐵𝐸 (𝜔) = (𝑒 −ℎ𝜔/𝑘𝐵𝑇 − 1)

−1

is the Bose-Einstein probability distribution.

The thermal conductivity of cementitious materials has been obtained within the framework of lattice
dynamics, where the thermal conductivity reads as shown in equation 3:
1

𝑘 = ∑𝑚𝑜𝑑𝑒𝑠
𝐶𝑖 (𝑇)𝐷𝑖
𝑖
𝑉

(3)

Here V is the cell volume, Ci(T) the heat capacity of the mode i at temperature T and D i the mode
diffusivity. While accurate results obtained by solving the Boltzmann transport equations (BTE) for
phonons will be presented elsewhere (Dolado J.S and van Breugel K., in prep), this work will still resort

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
to the Allen-Feldman (AF) theory (Allen P.B. & J. L. Feldman (1993)), as it provides reasonable good
values at much lower computational cost.. In this model the thermal conductivity is decomposed in two
terms, the contribution of the diffusive modes (diffusons) and propagating modes (propagons). While
the first term (the difussive one) can be computed in its totality, the second contribution (the propagating
contribution) is only computed above a cut-off frequency, being the low frequency contribution
approximated by analytic formulae that describe the quadratic nature of the density of states as it tends
to zero frequency.
As done by Zhou et al (Zhou et al. 2017) and Dolado (Dolado J.S. 2018) an appropriate cut-off frequency
has been taken. For the NASH structure this cut-off was about 2.5 THz, while values around 1.75 THz
were taken for the CSH simulations. Moreover, and to avoid size effects when accounting the low
frequency contributions, big simulations cells have been employed (2x2x1 and 2x2x1 supecells for CSH
and NASH respectively).
3.

RESULTS

The existence of the so-called Boson peak in C-S-H gel was already suggested by Quomi et al (Quomi
a. J.. A. 2015) by inspecting the density of states. Here we have analysed the imaginary dielectric
function (2) of CSH gel, as this variable can be directly compared to the experimental spectroscopic
measurements. In fact, the Boson peak should appears as a peak in the function (Shibata T. et al.
2015). In Figure 1, the imaginary component of the dielectric function. While the data (open small red
points) is a bit noise, the peak is visible. However, for the sake of better guidance to the eye, a smoothing
of the raw data has been carried out (solid black line).
2

Boson peak

1

2

 (TH-1)

1,5

0,5

0
1

2

3

4

5

6

(THz)
Figure 1. Computed normalized imaginary dielectric function (2/) of CSH. Note the presence of
the Boson peak about 1.5THz.
As can be seen, a clear peak is visible in low THz domain (about 1.5 THz). Hence, this simulation
corroborates the suggestion of Quomi et al (Quomi a. J.. A. 2015) about the presence of this peak in
CSH gels and calls for appropriate experiments that can confirm its presence (Goraci G.& Dolado J.S..
in prep).
In the Figure 2, the heat capacities of CSH and NASH structures are plotted as function of the
temperature, together with the experimental values measured over OPC and H-CEMENT cement pastes
respectively. As can be seen, the simulated heat capacities of NASH phase exceed those found for
CSH phase, capturing well the trend observed in the measurements. This result can be explained in
terms of the larger content of water that the NASH structure can host in comparison to the CSH phase.
It is also worth noting that for a better comparison with the experimental values, the effect of the porosity
and the rest of cementitious phases present in the cement pastes should be included in the simulations.
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These effects should give altogether slightly lower heat capacities, giving therefore a closer agreement
with the experimental values.
1,3
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Figure 2. Heat capacities of simulated CSH (red solid circles) and NASH (open circles)
structures together with the experimental values found in OPC cement pastes (solid triangles)
and H-CEMENT cement pastes (open triangles)
While the thermal diffusivity (the measured magnitude) is defined according to the equation 4:

=

𝑘
𝐶

(4)

Here we will define and use  ≡  = k/Cp. This normalized thermal diffusivity (=k/Cp) results
convenient for establishing comparisons with the experiments as all the effects not included in our
simulations for dealing with cement pastes are expected to be more or less cancelled (they appear in k
and Cp respectively).
The so defined thermal diffusivities of CSH and NASH phases are shown in Figure 3. As can be seen,
temperature changes do not affect much the normalized diffusivity, showing a slight decrease as long
as the temperature raises. Moreover, and as expected, the thermal diffusivities of the NASH phase are
lower than those of the CSH gel. As a rule of the thumb, high heat capacities involve low thermal
conductivities and vice versa. When comparing the simulations with respect to the experiments, the
simulated values underestimate the experiments, but they give reasonable values, given the crude
approximation that has been considered.
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Figure 3. Thermal dependence of the normalized thermal diffusivities of OPC and H-CEMENT
cement pastes (solid and open triangles) in comparison to the simulated values for CSH and
NASH structures (solid and open circles respectively)
4.

CONCLUSIONS

In this work we have reported some of our progress on the atomistic description of the thermal properties
of cementitious materials along with some of our concomitant current experimental analysis. The thermal
response of any material depends on the thermal activation of vibrational states. Analytical models, like
the Debye model provide simple descriptions of the vibrations of a solid, though quite satisfactory for
(poly)crystalline materials at the low temperature limit (temperatures much lower than the Debye
Temperature). However, complex amorphous materials like C-S-H gel requires a more accurate
description that is only attainable by atomistic simulations. In fact, a typical hallmark of glassy
amorphous materials is the existence of an excess of vibrational states with respect to the Debye model
in the THz domain. The existence of the so-called Boson peak in C-S-H gel was already suggested by
inspecting the density of states. This work shows that this peak is also evident by inspecting the dielectric
function of C-S-H gel. This has to do with the fact that the imaginary part of the dielectric function can
be directly related to the experimental spectroscopic measurements. Afterwards we have calculated the
heat capacity of CSH and NASH structures in a range of temperatures ranging from room temperature
to 600K. The simulations capture well the trend observed in our experiments over OPC and H-CEMENT
cement pastes. On the one hand, the values increase with the temperature. On the other hand, the
NASH structure seems to be able to absorb more heat than the CSH phase. Finally, we have inspected
the normalized thermal diffusivity. The atomistic simulation reproduce well the slight decrease of this
thermal variable as a function of the temperature. Besides, and contrary to what happened with the heat
capacities, the thermal diffusivities of CSH (and OPC cement pastes) are larger than those found in the
NASH (and H-CEMENT pastes). In spite of the crude approximations that have been undertaken, the
simulations provide a reasonable comparison with the experimental values.
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ABSTRACT
Accurate service life prediction of structures prone to major concrete durability issues such as alkalisilica reaction (ASR) can greatly improve the current condition of civil infrastructure via efficient asset
management and prioritization of maintenance investments and operations. Currently, a major
knowledge gap is a lack of quantitative relationships capable of estimating the service life of structures
susceptible to ASR based on laboratory test results (e.g., ASTM C1293) for given concrete mixtures
and exposure conditions. To begin closing this knowledge gap, the ultimate objective of this study is to
predict ASR expansion under varied, yet realistic, conditions of temperature, pore solution alkalinity,
and aggregate reactivity. This study executes a statistical design of experiments (DOE), using the
central composite design, where ASR expansion is monitored over time for submerged (unlimited
access to moisture) mini-mortar bars containing different reactive aggregates (5 evenly-spaced
reactivity levels from 0.02% – 0.26% ASTM C1293 1-year expansion) with a controlled pore solution
pH (5 evenly-spaced levels 13 – 14) exposed to different temperatures (5 evenly-spaced levels within
4C – 60C). This paper presents the preliminary results from the DOE. The joint effect of pore solution
pH and temperature was found to most significantly influence ASR expansion at a single point in time.
It was concluded that criterion capable of explaining time-dependent ASR expansion (such as rate of
expansion) be utilized for a prediction model. Future work includes establishment of regression
equations that best represent ASR expansion under different combinations of temperature, pore
solution pH, and aggregate reactivity.
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1.

INTRODUCTION

Concrete, the number one building material in the world (Ashby 2013), is plagued by a major durability
issue known as alkali-silica reaction (ASR). Accurate service life prediction of concrete structures prone
to durability issues such as ASR can greatly improve the current condition of civil infrastructure via
efficient asset management and prioritization of maintenance investments and operations. Currently, no
quantitative relationships exist to estimate the service life of structures affected by ASR based on
laboratory test results (e.g., ASTM C1293 results) for given concrete mixtures. To begin closing this
knowledge gap, the objective of this study is to identify the factors (temperature, pore solution alkalinity,
and aggregate reactivity) that most significantly influence ASR expansion. This objective must first be
addressed to achieve the ultimate goal of quantifying these factors in the form of an equation that can
predict ASR expansion of submerged concrete under varied, yet realistic, conditions.
2.

BACKGROUND

ASR is a deleterious reaction that occurs in concrete and mortar due to interaction between metastable
silica (found in many natural aggregates) and hydroxyl and alkali ions (primarily originating from portland
cement) which leads to the formation of an expansive ASR gel that causes failure in the form of cracking.
In order to reliably predict the service life of ASR-prone concrete structures, the expansion behaviour of
ASR versus time must be accurately modelled and the time to reach failure must predicted. For
simplicity, the time to failure is often assumed to be the expansion of 0.0004 m/m (or 0.04% m/m) as
cracking of normal concrete occurs when the tensile strain exceeds 0.0004 m/m.
Fundamentally, ASR is said to have four main prerequisites: 1) reactive form of silica contained in
aggregates, 2) high pH alkaline concrete pore solution (originating from alkalis in cement), 3) moisture
for gel formation and expansion, and 4) a source of calcium to form a gel with deleterious properties
(Rajabipour et al. 2015). Studies have been conducted to attempt to conclude the minimum quantities
of alkalis and calcium needed to produce a deleterious ASR gel (Rajabipour et al. 2015). It has not yet
conclusively been determined what minimum levels of hydroxyl ion concentration, moisture, temperature
and silicate-containing aggregate reactivity will result in deleterious ASR. It has been reported by
Lindgard (2012) that the three key factors deemed to have the greatest influence on the rate and extent
of ASR for a given aggregate type are humidity, temperature, and alkali content. Thus far, it is wellestablished that ASR expansion is highly dependent on time, aggregate reactivity, moisture
accessibility, temperature, and alkalinity of concrete pore solution; it will be assumed that a typical
portland cement system will contain a sufficient quantity of calcium for deleterious behaviour in the
presence of the other prerequisites and required conditions. This study investigates the qualitative
influence of aggregate reactivity, temperature, and pore solution pH on ASR expansion in a submerged
(100% RH) setting. Provided is an overview of studies that have explored the effects of these factors on
ASR.

2.1

Aggregate Reactivity

Aggregate reactivity is typically evaluated using standard laboratory test methods such as ASTM C1293
(the concrete prism test) and ASTM C1260 (accelerated mortar bar test). Based on the expansion
results of laboratory testing, the aggregate is classified as non-reactive, moderately reactive, highly
reactive, or very highly reactive according to AASHTO R80. It should be noted that these laboratory
tests are conducted at constant and (in some cases) extreme temperature and moisture conditions, as
well as artificially-boosted pore solution alkalinities (i.e., for ASTM C1260 temperature=80°C with
simulated pore solution pH=14). There currently does not exist a quantitative relationship to describe
the influence of aggregate reactivity on ASR expansion under realistic temperatures and pore solution
alkalinities without experimental artifacts. For example, in ASTM C1293, there is a significant amount of
alkali-leaching due to condensation on the specimen surface resulting in artificially slowed and often
halted ASR expansion.
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2.2

Temperature

An increase in temperature typically results in a faster rate of ASR in both laboratory and field testing.
Field observations by Fournier et al. that concluded ASR occurs 4 to 5 times faster in warmer climates
(Fournier et al. 2009). However, the quantitative effects of temperature on the initiation and rate of ASR
expansion are not yet known. Maraghechi et al. (2016) measured the dissolution rate of silica glass in
NaOH solution and observed that dissolution rate is highly temperature dependent with activation energy
of 87.5 kJ·mol−1. A study by Diamond (1981) confirmed that the rate of reaction (expansion) is higher at
40°C, but the ultimate expansion and percent of alkalis reacted became higher at later ages at 20°C.
Laboratory testing conducted at unrealistically high temperatures (above field exposure conditions)
results in contradictions to the general trend that increasing temperature results in increased ASR. For
example, a study conducted by Hooton & Golmakani (2015) to improve the reliability of ASTM C1260
found that a decrease in storage temperature from 80°C to 60°C of mortar bars resulted in significantly
increased expansions for some specimens. The authors attributed this to the increased pH of the 60°C
pore solution (compared to 80°C) because ettringite (portland cement hydration product) will decompose
at temperatures above 65°C (Zhou & Glasser 2001), resulting in an increase in sulfate ions and thus a
corresponding decrease in hydroxyl ions in the pore solution (Lindgard et al. 2012, Hooton & Golmakani
2015). Hydroxyl ions are responsible for attacking silica in aggregates and initiating ASR; as such, a
reduced hydroxyl ion concentration generally results in less expansion. Studies are needed to quantify
the joint effects of temperature and hydroxyl ion concentration on ASR expansion. Ultimately, it has
been suggested (Lindgard et al. 2012) that temperature should not be analyzed in isolation as it has
joint effects with other factors such as aggregate reactivity, pore solution alkalinity, and relative humidity.

2.3

Pore Solution Alkalinity

Pore solution alkalinity is the basis for ASR and thus is one of the most influential factors for onset of
ASR because the first sequential reaction of ASR is the dissolution/progressive hydroxyl ion attack of
silica contained in aggregates (Rajabipour et al. 2015). It has been reported that a minimum hydroxyl
ion concentration of 0.2 to 0.25M (pH=13.3 to 13.4) is needed for significant ASR (Rajabipour et al 2015,
Kollek et al. 1986). The solubility and dissolution rate of silica increases with decreasing silica
crystallinity and increasing temperature (Rajabipour et al. 2015, Lindgard et al. 2012). It was determined
by Maraghechi et al. (2016) that the dissolution rate significantly increases as the hydroxyl ion
concentration increases (up to a pH=14). Based on various studies (Rajabipour et al. 2015, Lindgard et
al. 2012), it has been well established that the rate of ASR expansion should increase as pH increases.
However, it has been reported that an increase in pH will result in a decrease in calcium concentration
of the pore solution, causing a reduced amount of calcium for the formation of deleterious ASR gel with
sufficient viscosity, swelling pressure, and yield strength (Lindgard et al. 2012, Gholizadeh-Vayghan et
al. 2016, Gholizadeh-Vayghan et al. 2017). Studies on real cementitious systems (beyond simulated
pore solutions or synthesized gels) are needed to quantify the net effects of concrete pore solution
alkalinity on ASR expansion.
3.

MATERIALS

For the experimentation, 24 different sets (3 bars/set) of ½ inch × ½ inch × 5 ½ inch mini-mortar bars
embedded with 1-inch steel studs (see Figure 1) were made. ASTM C150/C150M-12 Type I/II portland
cement was used with an oxide composition (as mass %) for CaO, SiO 2, Al2O3, Fe2O3, MgO, SO3,
Na2Oeq, and LOI of 62.30, 19.51, 4.76, 3.40, 2.79, 2.93, 0.45, and 3.00, respectively. The mortar was
mixed in accordance with ASTM C305 with mixture proportions abiding by ASTM C1260 in which a
water-to-cement ratio of 0.47 and sand-to-cement ratio of 2.25 was maintained. As per ASTM C1260,
the fine aggregate gradation on a mass basis was 10%, 25%, 25%, 25%, and 15% retained on a No. 8,
No. 16, No. 30, No. 50, and No. 100 sieve, respectively. Each batch of mortar was prepared with one of
the five types of fine aggregate listed in Table 1 with its relevant properties. Each of these aggregates
had a specified level of ASR reactivity in terms of ASTM C1293 1-year expansion (%). Each set (3
specimens) of mini-mortar bars was prepared in such a way as to generate a specified initial (15-day)
pore solution pH ranging from pH 13 to 14 at five equal intervals. Pore solution pH of 13, 13.25 and 13.5
were achieved through the following process: 5 days in a 60°C calcium hydroxide saturated water bath
(to purge alkalis, but maintain portlandite) and then transfer to a 9-day 60°C calcium hydroxide saturated
alkali (sodium hydroxide) bath. A pH of 13.75 and 14 were achieved by boosting the mix water with a
predetermined quantity of sodium hydroxide pellets. The pore solution pH of the mini-mortar bars was
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determined to be within ±0.03 pH units of the target pH via pore solution extraction (high pressure die
operated at a loading rate of 30,000-40,000 lbs/min (133 to 178 kN/min)) and acid titration.

Figure 1. Mini-mortar bars containing fine aggregate of specified reactivity

Table 1. Aggregate properties
ASTM C1293 Reactivity
Designation
1-year Expansion (%)
Non-reactive
0.022

Aggregate
A1

4.

Absorption
(%)
0.63

Specific
Gravity
2.6201

A2

Moderately reactive

0.07

1.05

2.6072

A3

Moderately/Highly reactive

0.12

0.54

2.0182

A4

Highly reactive

0.202

1.65

2.6641

A5

Very highly reactive

0.265

0.70

2.6202

METHODOLOGY

After 15 days of age (having reached pore solution pH stabilization), the mini-mortar bars were
transferred to their respective test storage conditions (Figure 2) of a calcium hydroxide saturated alkali
bath. The pH of the test storage alkali baths was equal to the pore solution pH within the mini-mortar
bars. The baths containing the mini-mortar bars were stored in one of five different temperatures ranging
from 4°C to 60°C. Initial length measurements were made on these pore solution pH-stabilized 15-day
old mini-mortar bars after 12 hours of acclimation in said temperature-controlled alkali baths, and then
again weekly and bi-weekly thereafter for over 450 days. The length change measurements were made
on the 24 different sets of mini-mortar bars (shown in Table 2) using a comparator with accuracy of
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0.0001 inch and in accordance with ASTM C157/C157M-08 as shown in Figure 3. The effects of
aggregate reactivity, pore solution pH, and temperature on ASR expansion was determined with an
analysis of variance (ANOVA) of the length change measurements of the 24 different combinations of
mini-mortar bars (as designed using a statistical design of experiments as discussed in the next section).

Figure 2. Mini-mortar bars in test storage calcium hydroxide sodium hydroxide baths
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Figure 3. Mini-mortar bars during measurement with comparator
5.

STATSTICAL DESIGN OF EXPERIMENTS

The 20 combinations of experiments needed to identify the single and joint effects of aggregate
reactivity, pore solution pH, and temperature on ASR expansion were statistically designed using a
response surface methodology, namely the central composite design as graphically represented in
Figure 4. Additionally, 4 combinations of experiments were added to better identify the minimum
conditions in which ASR would (or would not) occur. Table 2 shows the 20 combinations from the central
composite design of experiment followed by the 4 additional combinations. Note that running a full
factorial design over the same conditions would require 250 experiments. The statistical analysis
includes an analysis of variance (ANOVA) that is able to identify the single linear, single non-linear and
joint factors of temperature, aggregate reactivity, and pore solution alkalinity that significantly influence
ASR, specifically 300-day expansion.
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Figure 4. Visualization of central composite design for experimentation

Table 2. Statistical design of experiments (DOE)

1

Aggregate Reactivity
(1-yr ASTM C1293 % Exp)
0.022

Temperature
(C°)
32

Pore
Solution pH
13.5

2

0.07

18

13.75

3

0.07

46

13.75

4

0.07

46

13.25

5

0.07

18

13.25

6

0.12

32

13.5

7

0.12

32

13.5

8

0.12

32

13.5

9

0.12

32

13.5

10

0.12

4

13.5

11

0.12

32

13.5

12

0.12

60

13.5

13

0.12

32

13.5

14

0.12

32

14

15

0.12

32

13

16

0.202

18

13.25

17

0.202

46

13.25

18

0.202

18

13.75

19

0.202

46

13.75

20

0.265

32

13.5

21

0.265

46

13.50

22

0.265

60

13.25

23

0.265

18

14.00

24

0.265

4

14.00

Combination
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6.

RESULTS

The average ASR expansion for each set of 3 mini-mortar bars from the 24 combinations as a function
of time is shown in Figure 5. The combinations showing the least amount of expansion were
combinations 1 (lowest aggregate reactivity of 0.02%), 12 (lowest test temperature of 4°C), and 15
(lowest pore solution pH of 13), respectively. The 4 additional combinations (specified in Table 3) were
tested to support the notion that there are no minimums in which ASR will not occur and the reaction is
instead dependent on the joint effects of factors. From the original 20 DOE combinations it was observed
that very slow or minimal ASR expansion is occurring for intermediate-low to intermediate pH (13.25
and 13.5) and low to intermediate-low temperature (4°C and 18°C) when matched with intermediate
conditions for the corresponding factors (see DOE combinations 4 through 12 and 16). To support that
ASR will occur even if the pH is intermediate-low to intermediate, or temperature is low to intermediatelow, combination 21 (pore solution pH=13.5), combination 22 (pore solution pH=13.25), combination 23
(temperature of 18°C) and combination 24 (temperature of 4°C) utilized the most reactive aggregate
with corresponding intermediate-high or high values for the third factor (either pH or temperature). Figure
5 shows that combinations 21 through 24 all exhibit notable ASR expansion even at low to intermediatelow temperatures and intermediate-low to intermediate pH. This is attributed to intensified conditions for
the other two corresponding factors. With this, it is expected that the original DOE combinations that
contain intermediate-low to intermediate pH and/or low to intermediate-low temperature will also
undergo ASR expansion, it will just take longer as the combination of factors are milder in the central
composite design compared to that of the 4 additional combinations.

Figure 5. ASR expansion (%) as a function of mini-mortar bar age (days)
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Table 3. Mini-mortar bar 300-day ASR expansion

1

Aggregate Reactivity
(1-yr ASTM C1293 % Exp)
0.022

Temperature
(C°)
32

Pore Solution
pH
13.5

2

0.07

18

13.75

0.012%

3

0.07

46

13.75

0.202%

4

0.07

46

13.25

0.007%

5

0.07

18

13.25

0.008%

6

0.12

32

13.5

0.011%

7

0.12

32

13.5

0.012%

8

0.12

32

13.5

0.010%

9

0.12

32

13.5

0.010%

10

0.12

4

13.5

0.011%

11

0.12

32

13.5

0.010%

12

0.12

60

13.5

0.004%

13

0.12

32

13.5

0.070%

14

0.12

32

14

0.048%

15

0.12

32

13

0.004%

16

0.202

18

13.25

0.011%

17

0.202

46

13.25

0.014%

18

0.202

18

13.75

0.018%

19

0.202

46

13.75

0.287%

20

0.265

32

13.5

0.111%

21

0.265

46

13.50

0.575%

22

0.265

60

13.25

0.098%

23

0.265

18

14.00

0.050%

24

0.265

4

14.00

0.220%

Combination

7.

300-Day Expansion
0.007%

STATISTICAL ANALYSIS (ANOVA)

The factors which most significantly influence the response of 300-day ASR expansion are represented
in Figure 6 using a Pareto chart with associated t-values. The t-value for each of the terms (temp,
temp×temp, temp×pH, etc.) was compared to the t-statistic of 2.228 (value based on 10 error degrees
of freedom and α=0.05). All factors with t-value larger than the t-statistic of 2.228 were deemed
significant. The larger the t-value is compared to the t-statistic, the more influential that factor is on 300day ASR expansion. Table 4 shows the results of the ANOVA in more detail with corresponding Pvalues (factor deemed significant when P-value< significance level of α=0.05). The results of the ANOVA
show that the temperature and pH interaction (Temp×pH) (P-value = 0.005) is the most significant factor
influencing 300-day ASR expansion followed by Temp (P-value=0.006) and pH (P-value=0.0008). At a
significance level of α=0.05, no other factors were deemed to significantly influence 300-day ASR
expansion. It is well known that the aggregate reactivity should influence ASR expansion. The results
of this ANOVA do not suggest that aggregate reactivity does not influence ASR expansion, but instead
suggests that consideration of ASR expansion at a single point in time is not the best criteria to assess
extent of ASR. Consideration of ASR at a single point in time does not portray the complete, holistic
view of ASR that is needed for a service life prediction model. More correctly, ASR expansion should
be characterized by criteria that describes the time-dependent expansion. Such appropriate criteria can
be derived from regression equations that accurately model the time-dependent expansion (e.g., rate of
expansion from linear regression). Further work is currently in progress to correctly identify an equation
that can model the time-dependent ASR expansion over various conditions of temperature, pore solution
pH, and aggregate reactivity. Such a task is challenging considering each of the combinations of
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temperature, pore solution pH, and aggregate reactivity exhibit different trends for ASR expansion as a
function of time (see Figure 5). The trends observed for the experimental combinations range from
exponential to linear to S-shaped. Further work is currently in progress to develop regression equations
that are capable of accurately modeling ASR expansion as a function of time for varying conditions of
temperature, pore solution pH, and aggregate reactivity.

Figure 6. Pareto chart of the standardized effects for 300-day ASR Expansion at α=0.05

Table 4. Analysis of Variance (ANOVA) for 300-day ASR Expansion
Degrees of
Freedom

Sums of
Squares (SS)

Mean Square
(MS)

F-Value

P-Value

pH
Temp
Agg
Single Quadratic Effects
pH×pH
Temp×Temp

1
1
1

0.022
0.024
0.008

0.022
0.024
0.008

10.96
11.74
4

0.008
0.006
0.073

1
1

0.001
0.002

0.001
0.002

0.59
1.16

0.459
0.307

Agg×Agg
2-Way Interactions
pH×Temp
pH×Agg
Temp×Agg
Error

1

0.005

0.005

2.44

0.149

1
1
1
10

0.026
0.002
0.002
0.020

0.026
0.002
0.002
0.002

13.01
0.96
0.88

0.005
0.35
0.37

Total

19

0.107

Source
Single Linear Effects

8.

CONCLUSIONS

This study implemented a statistical design of experiments to identify the factors that most significantly
influence ASR expansion. The experimentation was conducted under varied, yet realistic, conditions of
temperature (4°C – 60°C) with controlled pore solution alkalinity (13 – 14) and different reactive
aggregates (ASTM C1293 1-year expansion 0.02% – 0.26%) in a submerged setting. This study
revealed in a submerged setting over the range of conditions tested, ASR will occur and there are no
such minimums in which ASR will not occur. More correctly, ASR is significantly slowed when more than
one of the exposure conditions is extremely low (e.g., pH=13 or temperature=4°C). As the ANOVA
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supports, the joint effects of pore solution pH and temperature most significantly influence ASR
expansion followed by temperature and then pH. The ANOVA only considers a single point in time, 300day ASR expansion, which does not adequately explain the time-dependent behavior of ASR and thus
is not an appropriate criterion for a service life prediction model. Instead it is suggested that a criterion
capable of explaining the time-dependent ASR expansion (such as rate of expansion) be utilized for a
prediction model. Current work is in progress to establish regression equations that best model ASR
expansion under different combinations of temperature, pore solution pH, and aggregate reactivity.
9.
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ABSTRACT
Several concrete structures throughout the world are damaged by diseases involving aggregates such
as the alkali-aggregate reaction or attack by sulfates derived from oxidation of the sulfide minerals, but
cases of combined attacks involving aggregates are not common. Alkali-Aggregate Reaction (AAR)
and Delayed Ettringite Formation (DEF) are both internal swelling processes that can affect concrete.
This paper presents a research on the combined occurrence of these two reactions in concrete cores
drilled from a two concrete dams constructed more than four decades ago. Initially, a field inspection of
concrete dam was carried out with subsequent concrete cores drilling for investigation. The study
includes (a) Evaluation of aggregates (taken out from concrete core) using Petrographic Analysis
including morphological microstructural and Mineralogical analysis of samples as per IS: 2386 Part VIII
(b) Detailed Mineralogical analysis covering the absence/presence of reactive aggregates prone to
Alkali-Silica reaction (c) Evaluation of concrete using Petrographic Analysis including study of pore
structure and presence of micro cracks and abnormal reactive products (d) Surface Morphology study
of concrete samples by Scanning Electron Microscopic (SEM) method including detection of ettringite
presence and fracture pattern besides residual expansion and mechanical tests performed on cores
samples extracted from the two dams. Investigation and findings confirmed the simultaneous
occurrence of Alkali-Silica Reaction and Internal Sulfate Attack in one dam out of two investigated.
This paper is aimed to point out the common features and the differences between AAR and DEF.
Key Words: Alkali Aggregate Reaction, Ettringite Formation, Arch Dam and Gravity Dam

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.0

INTRODUCTION

Dams are built to serve for a long time of reliable and safe operation. The ‘old dam’ can be
characterized with an increase of structural deterioration with an impaired structural safety and a
remaining life expectancy for many years. The two important chemical reactions which have a capability
to cause swelling in concrete dams are Alkali Aggregate Reaction (AAR) and Ettringite Formation (EF)
(LS Dent et.al. 1981, D Heinz et.al. 1997, HFW Taylor et.al. 2001, BG Wigum et.al. 2006, A Sellier
2009, RP Martin 2010 & VV Arora et.al. 2011). Ettringite Formation due to the sulphate attack can be
caused by external or internal sources. The Internal Sulphate Attack (ISA) occurs in a sulphate-free
environment when the sulphate source is inside the concrete. Three forms of ISA have been described: a)
due to the presence of minerals containing sulphides and sulphates in the aggregates; b) due to an over
sulphate content of the cement; and c) by the early rise of the concrete temperature during the curing
(Delayed Ettringite Formation [DEF]). Specifically with regard to the ISA derived from the oxidation of
sulphide minerals in the aggregates, the study of this disease has been gaining increasing attention of the
technical community due to several reports of this type of concrete deterioration. They lead to an
expansion of the material and induce generally cracking and degradation of the mechanical properties.
This implies problems in terms of serviceability, structural integrity (S Malla et.al. 1996, JF Seignol et.al.
2009 & P Rivard et.al. 2010) and durability since cracking causes the ingress of external species prone to
initiate other degradations (PK Mehta 1986, Neville 1986 & MK Hoowlader 2012). To deal with the
affected structures, it is thus necessary to precisely understand the chemo-mechanical effects of each
reaction. This paper presents a research on the occurrence of these two reactions in concrete cores
extracted from an arch and gravity concrete dams constructed more than four decades ago in India. The
paper covers investigations on the expansion issues which includes petrographic analysis, detailed
mineralogical analysis covering the absence / presence of reactive aggregates prone to alkali aggregate
reaction and surface morphology study by Scanning Electron Microscopy (SEM) method including
detection of ettringite presence (internal sulphate attack) and fracture pattern. In case of arch dam, the
cracks were noticed in Gallery-3 on both upstream and downstream faces. These cracks were dispersed
mainly in horizontal direction as shown in Figure 1. The width of cracks inside Gallery-3 on downstream
face near rock and dam joint i.e. near abutment was more as compared to middle portion of Gallery- 3.
The crack width near abutment was around 0.45 mm and near central part of Gallery-3 was around 0.25
mm. The width of cracks in case of upstream part inside Gallery-3 was around 0.2 mm and was visible
only in few portions. However, no distress was visually seen in case of gravity dam.

Figure-1 Crack width measurement using Crackoscope in Arch Dam
2.0

SAMPLE COLLECTION AND TESTS PERFORMED

Total sixty concrete core samples of 150 mm and 100 mm diameter were extracted from the
accessible portions of the arch dam and gravity dam covering the entire structure. The samples were
investigated for Alkali Aggregate Reaction (AAR) and Ettringite Formation (EF). These tests mainly
included (a) Evaluation of aggregates (taken out from concrete core) using petrographic analysis
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including morphological microstructural and mineralogical analysis as per IS: 2386 Part VIII (1963) (b)
Detailed mineralogical analysis covering the absence/presence of reactive aggregates prone to alkali-silica
reaction (c) Evaluation of concrete using petrographic analysis including study of pore structure and
presence of micro cracks and abnormal reactive products. (d) Surface morphology study of concrete
samples by SEM method including detection of ettringite presence and fracture pattern.
3.0

SUMMARY OF TEST RESULTS OF MECHANICAL PARAMETERS STUDIED

Based on the field investigations done, it was seen that there is no carbonation and corrosion
activity taking place inside both arch and gravity dam. The overall quality of concrete by Ultrasonic Pulse
Velocity test is good to excellent. The test results of resistivity test and humidity meter indicate that
moisture content in U/S side is higher than D/S side. The experimental test results of compressive
strength, modulus of elasticity, poisson’s ratio and split tensile strength are discussed below:
3.1
Arch Dam: The comparison of compressive strength, modulus of elasticity, Poisson’s ratio and
split tensile Strength of concrete with 28 days field test results during construction is presented here with
the test results of these parameters obtained after 40 years age during investigation. The results are given
in Table-1. The studies done at the time of execution of the arch dam indicated that the gain in strength
from 28 to 365 days will be 1.50 times the strength at 28 days for cylinder of 150 mm diameter and 300
mm length where maximum size of aggregate used in concrete was 150 mm. The test results of
compressive strength, modulus of elasticity, poisson’s ratio and split tensile strength are in similar range
to the designed values considered in the design. The percentage of 28 days average split tensile strength to
28 days average compressive strength obtained during construction was 8.80 %. In present study, average
split tensile strength to average compressive strength obtained at about 40 years age is 7.64%.
Table 1
Comparison of Compressive Strength, Modulus of Elasticity, Poisson’s Ratio and Split Tensile
Strength of concrete with field test results at 28 days age
Sl.
Parameters Tested
at 28 days Age at the time
at 40 years age under
No.
of Construction
present investigation
1
Compressive Strength (N/mm2)
26.92
39.09
2
2
Split Tensile Strength (N/mm )
2.37
2.99
3
Modulus of Elasticity (N/mm2)
20685
30658
4
Poisson’s Ratio
0.21
0.25
3.2
Gravity Dam: The comparison of designed concrete strength for type A (3 ft. thick concrete on
surroundings of galleries), B (Mass Concrete) and C (6 ft. thick concrete on upstream face) concrete
used in dam and experimentally obtained equivalent cube compressive strength under present
investigation is given below in Table-2:
Table 2
Comparison of Compressive Strength
Equivalent Cube Compressive Strength (N/mm2)
Sl.
Designed Concrete
Concrete Type
2
No.
Strength (N/mm )
Range
Average
1.
A
17.25
16.29 to 24.72
22.04
2.
B
15.85
18.32 to 35.98
27.44
3.
C
20.70
23.62 to 29.89
26.31
For Concrete Type A: Poisson’s Ratio: 0.21, Modulus of Elasticity (M.O.E): 25265 N/mm2 &
Split Tensile Strength: 2.04 N/mm2, Type B: Poisson’s Ratio: 0.20, M.O.E: 25955 N/mm2 & Split Tensile
Strength: 3.39 N/mm2 and Type C: Poisson’s Ratio: 0.20, M.O.E: 27691 N/mm2 & Split Tensile Strength:
2.52 N/mm2. The average coefficient of permeability values for Type-A, B and C Concrete are 3.07 X 1011
, 3.10 X 10-11 and 4.54 X 10-11 respectively.
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4.0

MINERALOGICAL PROPERTIES INCLUDING ALKALI SILICA REACTION &
ETTRINGITE FORMATION:

The chloride, sulphate, pH and other chemical parameters are within the permissible limit given
in IS: 456 (2000) for both dams. No adverse chemical presence in concrete and water samples in general
is seen. The data on cement (content, SO3 and Na2O equivalent) was not available in case of both dams.
However, the SO3 content calculated from chemical analysis of concrete core samples in case of arch dam
varied from 0.30 to 0.50 % per m3 of concrete and Na2O equivalent (water soluble acid method) in
concrete of arch dam varied from 0.16 to 0.30 per m3 of concrete. The SO3 content calculated from
chemical analysis of concrete core samples in case of gravity dam varied from 0.12 to 0.34 % per m3 of
concrete and Na2O equivalent (water soluble acid method) in concrete of gravity dam varied from 0.86 to
1.10 per m3 of concrete. The detailed mineralogical investigation such petrographic studies of aggregate
and concrete, presence of any reactive or abnormal products and Alkali Aggregate Reactivity (AAR)
attack or sulphate attack are crucial from detecting the cause of distress if any in the aged concrete.
4.1
Mineralogical Studies in Arch Dam: The petrographic study of aggregate taken from concrete
core samples extracted randomly from entire dam indicated aggregate type as Hypersthene-Granite
(Figure-2). The major mineral constituents were orthoclase-feldspar, quartz, hypersthene and plagioclasefeldspar. Accessory minerals were pyrite, microcline-feldspar & iron oxide. Grain size of quartz varied
from 18µm to 478µm with an average of 264µm. Majority of quartz grains were in the size range of 200
µm to 260 µm. The strained quartz percentage is about 16% and their undulatory extinction angle (UEA)
varied from 190 to 210. Lath shaped hypersthene grains were partially altered. The modal composition
obtained was: (a) Trade Group: Granite (Igneous Rock), (b) Petrological name: Hypersthene-Granite, (c)
Particle shape: Irregular and (d) Surface texture: Crystalline. Based on petrographic studies, it was also
observed that, orthoclase grains present in coarse aggregate were affected more than other feldspar.
However, alterations of minerals were not very common hence petrographically it is concluded that
aggregates were partially affected by hydration reactions and their hydration products. The petrography
analysis of concrete samples indicated presence of onset of Alkali Silica reaction (preliminary stage) and
examination of ASR rims indicated that the infection were due to presence of orthoclase.

Figure-2 Optical microscopic images of Aggregates (0.5 mm)
The detection of Alkali Silica Reaction swelling in concrete by staining method (colour test) was
done based on method proposed by GD Guthrie et.al. 1997. The study included the sequential application
of solutions of each of two water soluble compounds. Concentrated solutions of sodium cobaltinitrite and
rhodamine B in water are prepared. The concrete surface to be examined was treated by pre-rinsing with
water and subsequently applying each solution to the surface. After 30-60 seconds, the concrete was
rinsed thoroughly with water. The treated surface will show yellow and pink regions where ASR gel is
present, yellow regions indicate the presence of K-rich, Na-K- Ca-Si gels. While pink regions indicate
alkali-poor gels. The final rinse step was required, since the yellow sodium cobaltinitrite solution will
coat the entire concrete surface as will the pink rhodamine B solution, thereby obscuring the stained gel
regions. Best results were obtained when the sample is treated first with the sodium cobaltinitrite solution;
however, the application of the rhodamine B solution first gave adequate results. The slice of concrete
core samples were rinsed with water and rinsed surfaces were searched for regions of yellow staining and
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regions of pink staining whereby K-rich i.e. Na-K-Ca-Si gels generated from ASR were identified by
yellow staining and alkali poor, Ca-Si generated from ASR were identified by pink staining. The test
results indicated light to dark pinkish colour (Figure-3) in all cases indicating presence of ASR.

(Before Treating)
(After Treating)
Figure-3 Colour Test- Method for Identifying Concrete Gels form by Alkali Silica Reaction
The concrete core samples were also examined under Scanning Electron Microscopy (SEM) and
based on study carried out it was seen that numerous microcracks were observed at the interfacial zone
and in the paste (Figure-4). Ettringite formation of size ranging less than 2 microns to 60 microns was
observed in most of the samples. Pyrite (FeS2) crystals were present as minor constituents in Hypersthene
granite (upto 1-4%). Microscopic studies revealed that pyrite was mainly outsourcing sulphur for
formation of ettringite which was randomly distributed in the coarse aggregate. To ascertain the ettringite
formation in terms of percentage, ten samples from each concrete core were taken under observation. The
studies were carried out with 1000 counts from each core. The percentages of ettringite formation vary
from less than 1 % to 3 % with respect to 5 % to 8 % of open air voids present in the concrete. The
ettringite formation of order 1 % to 3 % is not likely to cause any expansion. When pores were studied
under microscope, it was observed that ettringite formation had taken place with three types i.e.
crystalline, semi-crystalline and gel (Figure-5). Due to the ageing effect on concrete, the three types of
feldspars and pyrite present in the coarse aggregate may lead to disintegration and transformation into
either in other mineral or by-product. However, this disintegration would most likely get deposited insitu. Under conditions of extreme deterioration and repeated wetting & drying, ettringite crystals can
appear to completely fill voids or cracks. However, ettringite, found in this benign state as large needlelike crystals, should not be interpreted as causing the expansion of deteriorating concrete (PCA R&D
2002).

Figure-4 SEM Images indicating Ettringite in Concrete samples

Figure-5 Optical microscopic images of Concrete Samples
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The X-Ray Diffraction (XRD) analysis was conducted on powder obtained from concrete cores
and based on test results, it is seen that there is no significant unhydrated part left in the samples and no
extraordinary phases are identified. The sulphate was found in the form of either Pyrite or Chalcopyrite.
Minor ettringite formation is also detected. The details of sample studied are given in Table-3.
Table-3
X-Ray Diffraction (XRD) Analysis of Concrete Sample
Sl. No.
Location
Findings from X-Ray Diffraction (XRD) Analysis
1
Downstream Minor Sulphates in the form of Chalcopyrites and Pyrites. Major
Portlandite and Minor Calcite. Minor Ettringite
Minor Sulphates in the form of pyrites and Chalcopyrites. Major
Upstream
2
Portlandite and Minor Calcite (CaCO3). No significant unhydrated part
left and no extraordinary phases are identified. Minor Ettringite
Minor Portlandite and Sulphates in the form of pyrite and Chalcopyrite.
3
Minor Ettringite and Minor Calcite. No significant unhydrated part left in
Gallery-3
the sample and no extraordinary phases are identified
ASR and Thaumasite were also identified in the few samples under SEM study. ASR rims were
also checked for Alkali Silica Reaction products. The results obtained revealed that initial stage of ASR
was observed on the boundaries between coarse aggregate and cement mortar. Aggravated ASR reactions
were more on the boundaries between partially altered coarse aggregate used and mortar part. The
thickness of ASR rims varies from few microns to 50 microns in size. In few instances, the pores
containing crystalline mass were observed on the boundaries of ASR rims. Microcline grains were also
partially affected by ASR but effect of ASR on Microcline was less aggressive than orthoclase. In few
instances, some plagioclase grains had also shown effect of ASR on the grain boundaries.
Accelerated mortar bar test as per ASTM C-1260 (2014) for evaluating residual expansion of
coarse aggregate was carried out on coarse aggregate samples taken from concrete cores. For this
purpose, the aggregates removed from the concrete cores were fragmented to artificial sand to obtain the
necessary fractions to cast mortar bars measuring 25 mm x 25 mm x 285 mm with a standard cement by
proportioning one part of cement to 2.25 parts of graded aggregates by mass, a fixed w/c ratio of 0.47.
The sample after 24-hours was de-moulded and then cured in hot water at 80ºC for 24-hours. Finally, the
specimen is stored in 1N NaOH solutions at 80ºC for 14 days. The length change observations were taken
in hot condition (within 20 seconds after taking out from the solution). The samples were stored in plastic
containers and the use of glass or metal container for this purpose was not recommended as the same get
corroded by NaOH solution. As per ASTM criteria, the aggregate showing 14 days expansion less than
0.10 % are classified as innocuous (non-reactive), whereas the aggregates showing more than 0.20 %
expansion are classified as potentially reactive. For aggregates showing expansion between 0.10 % and
0.20 %, the aggregates reactivity is classified as inconclusive and the results are to be supported by other
test. The test results of accelerated Mortar Bar Test as per ASTM C-1260 (2014) indicated that the net
expansion in coarse aggregate sample is 0.04 %. However, since the coarse aggregate seems to be nonreactive, there is possibility of fine aggregate being reactive.
The 14 days test results of accelerated Mortar Bar Test conducted on concrete core of 150 mm
diameter and 280 mm length in similar lines to ASTM C-1260 (2014) for determining residual expansion
indicated the residual expansion of 0.17 %. As the residual expansion of concrete samples even after the
age of 40 years are between 0.10 to 0.20 there is possibility of aggregate being slow reactive though not
under potentially reactive category. To cross-check this, the concrete core specimens from both wet and
dry portions of dam were selected for residual expansion testing in similar line to procedure in ASTM C
1293 (2018) to determine the susceptibility of a concrete to the alkali-silica reaction. The concrete core
were tested with deviation that temperature was changed from 38 ˚C to 60 ˚C. The change in temperature
was done from 38 ˚C to 60 ˚C because it was seen in the past studies done by NCB that the slow reactive
aggregate gives expansion at 60o C. The higher temperature has been also recommended in IS: 2386 Part
VII (1963) and IS: 383 (2016) also. The reading was taken upto one year. An average expansion was
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calculated from measurements on three replicate specimens. If the average expansion of the three
concrete bars is equal to or greater than 0.04 % at an age of one year, then the aggregate is considered to
be potentially reactive. The humidity level of 100 percent was maintained during testing. The average
residual expansion of concrete cores in case of arch dam varied from 0.0392 to 0.0396 % (Figure-6). This
average residual expansion at more than 40 years age is significant keeping in view that the limit of 0.04
% at the age of one year is for one year old concrete and this indicates that there may be the chance of
slow Alkali Silica Reaction. The same was also indicated in preliminary stage by SEM and Petrography
studies.

Figure 6: Residual expansion of concrete cores by ASTM C1293 (2018) method
The study on expansion potential of aggregates expansion indicates that the aggregate may not be
under potentially reactive category and the typical pattern cracking due to ASR will not occur but length
change can be caused even by small amount of ASR expansion. With the end restraints in case of arch
dam, this small expansion has contributed to the movement of mid-point of dam towards upstream side.
Keeping in view the support conditions and shape of dam structure there is need to review the limits of
ASR test value of aggregate to be used in Arch dam.
4.2

Mineralogical Studies in Gravity Dam:

Muscovite

MicroclineFeldspar

Calcite

Hornblende

Tourmaline

Garnet

Pyrite

Iron Oxide

91
65
88
87
82

Biotite

Quartzite
Feldspathic Sandstone
Sandstone
Calcareous Sandstone
Micaceous Sandstone

PlagioclaseFeldspar

1.
2.
3.
4.
5.

OrthoclaseFeldspar

Quartz

The petrographic studies of rock types present in the concrete cores extracted from the dam were
carried out and the details of petrography analysis is discussed below. The petrographic analysis of coarse
aggregate indicates major aggregate type as sedimentary (quartzite & sandstone). The Petrography
analysis of concrete samples indicates there is no Alkali Silica Reaction in the concrete. From the
petrography study, five different major rock types and one minor rock type (Granite) were found. For
estimating the percentages of different types of coarse aggregates, samples were taken out from concrete
cores representing different locations. Total weight of the coarse aggregates in overall concrete separated
based on petrographic examination was approximately 90 Kg. In the petrographic analysis, various rock
types namely Quartzite, Feldspathic sand stone, Sand stone, Calcareous sand stone, Micaceous sand stone
and Granite were observed. The modal compositions of the rock types are given below:
Modal Composition of Coarse Aggregates (Results in %)
Rock Type
MINERALS

12
4
2
4

7
3
-

2
1
4
1
11

1
1
1
1
2

10
-

4
-

-

-

-

4
3
2
1
-

2
1
1
1
1
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6. Granite
37
16
14
13
3
8
3
2
1
2
2
The percent distribution of these different rocks types in the total weight of the coarse aggregate
was calculated and the percentage of the rocks are as follows: Quartzite-25.33%, Feldspathic sand stone–
23.32%, Sand stone-23.13%, Calcareous sand stone- 12.48%, Micaceous sand stone-11.13%, and granite
rocks- 4.59%. Similar exercise were repeated for calculating the percent distribution of various rock types
in the coarse aggregates of rich concrete and mass concrete. The percent distribution of various rocks
types present in rich concrete A and C were analyzed. In the petrographic analysis, various rock types
namely Quartzite, Feldspathic sand stone, Calcareous sand stone and Granite were observed. The percent
distribution of these different rocks types in the total weight of the coarse aggregate was calculated and
the percentage of the rocks are as follows: Quartzite-30.99 %, Feldspathic sand stone–13.20%, Calcareous
sand stone- 30.60% and Granite- 25.10%. The distribution of aggregates types in mass concrete (B) were
analyzed and various rock types namely Quartzite, Feldspathic sand stone, Sand stone, Calcareous sand
stone, Micaceous sand stone and Granite were observed. The percent distribution of different rock types
in the total weight of the coarse aggregate was calculated and the percentage of the rocks are as follows:
Quartzite-30.20%, Feldspathic sand stone–13.50%, Sand stone-28.90%, Calcareous sand stone- 14.40%,
Micaceous sand stone- 8.60%, and Granite- 4.10%. However overall percentage of the rocks in this
category may also vary when total mass of the rocks used in the mass concrete of the Dam is considered.
The petrographic analysis results indicate presence of Pyrite (FeS2) in variable percentage (1-4%).
The concrete core samples were also tested for Scanning Electron Microscope (SEM) Study. The
concrete core samples were divided in three categories namely Upstream, gallery and Downstream. The
numerous open air voids of various shapes and sizes with smooth margins are uniformly distributed in the
concrete. Growth of perfect ettringite crystal mostly in radiating needle form are observed. The ettringite
crystals are mainly developed in small size open air voids. Few voids are completely filled with radiating
needle shaped ettringite micro crystals (Figure-7). Growth of both convergent and divergent type radiating
micro crystals of ettringite are noticed within the voids. In few instances the micro crystalline ettringite
grains (Figure-8) are spreaded outside the voids. Formation of more ettringite crystals was in progress
within the voids. Twinned crystals of ettringite are also observed in few clusters. The ettringite crystals
are tightly packed. These ettringite may further grow into bigger size crystals. No Alkali-Silica-Reaction
rims are observed between coarse aggregates and mortar in these concrete cores.

Figure-7 Growth of complex structured ettringite crystals in cluster form in the Air Void
The sulphate in the form of pyrite was found in the aggregates from petrographic, SEM and XRD
studies and this is the reason for crystalline ettringite formation. Ettringite percentage in open air voids is
maximum in upstream samples (3 to 4% of open air voids) and minimum in gallery and downstream
samples (1 to 2% of open air voids). Percentage of crystalline ettringite present in open air voids is about
2% of open air voids in mass concrete. The percentage of crystalline ettringite in mass concrete of
upstream, gallery and downstream samples varies from 0.01 to 0.03 %. The ettringite formation of such a
small magnitude is not likely to cause any expansion. However, it was recommended to conduct periodic
inspections on selected samples after five years to understand the growth rate of ettringite formation in
future. The X-Ray Diffraction (XRD) analysis of the samples collected from the upstream, galleries and
downstream concrete core samples show the minor peaks of Ettringite, Portlandite, Akermanite and
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Larnite. Intensity of Ettringite peaks in all these samples is low, which clearly indicates that these
concrete samples have low concentration of ettringite crystals. Minor percentage of unconsumed Larnite
was still present in the concrete of higher elevation, which may hydrate in the later stage. Portlandite and
Akermanite peaks indicate the hydration products of the cement used. It is seen that there is no significant
unhydrated part left in the samples and no extraordinary phases are identified. Minor ettringite formation
is also detected. In XRD results, no symptom of Alkali-Silica-Reaction is observed.

Figure-8 Scanning Electron Microscope images of ettringite in air Void of concrete sample
The concrete core samples were selected keeping in view the total representation of upstream and
downstream for presence of ASR using colour method. The treated samples were searched for regions of
yellow staining (K-rich i.e. Na-K-Ca-Si gels generated from ASR) or regions of pink staining (alkali poor
i.e. Ca-Si generated from ASR). The colour test results indicate that the concrete core samples are free
from Alkali Silica Reaction. However, detailed analysis of the samples after colour test was done both in
optical microscope and scanning electron microscope and no major signs of Alkali Silica Reaction was
seen. The 14 days results of accelerated Mortar Bar Test as per ASTM C-1260 (2014) for coarse
aggregate taken from concrete cores and measured using mortar bars of 25 mm x 25 mm x 285 mm
indicated that the net expansion in coarse aggregate sample is 0.08 %. The test results of accelerated
Mortar Bar Test conducted on concrete core in similar lines to ASTM C-1260 (2014) for determining
residual expansion indicated the net expansion 0.04 %. As the residual net expansion of concrete samples
is less than 0.1 % the aggregates were not under potentially reactive category and there is no potential
ASR in concrete.
The concrete core specimens from both wet and dry portions of dam were selected for residual
expansion testing in similar line to procedure in ASTM C 1293 (2018) to determine the susceptibility of a
concrete to the alkali-silica reaction. The concrete core were tested with deviation that temperature was
changed from 38 ˚C to 60 ˚C. The change in temperature was done from 38 ˚C to 60 ˚C because it was
seen in the past studies done by NCB that the slow reactive aggregate gives expansion at 60o C. The
higher temperature has been also recommended in IS: 2386 Part VII and IS: 383-2016 also. The average
residual expansion of concrete cores in case of gravity dam varied from 0.0231 to 0.0271 % (Figure-9).
This average residual expansion after more than 50 years age is not significant keeping in view that the
limit is 0.04 % at the age of one year and thus, it indicates no potential of Alkali Silica Reaction.

Figure 9: Residual expansion of concrete cores by ASTM C1293 (2018) method
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The in-situ properties of concrete obtained from the investigation was used in the advanced FEM
modeling of dam wherein basic objective was to get reliable model output about the realistic
deformations, stresses, inclination etc.
5.0

CONCLUSIONS

Based on the detailed investigations done for both arch & gravity dam and literature studied, it
can be concluded that:
Arch Dam: The petrographic analysis of coarse aggregate indicates presence of onset of Alkali Silica
reaction (preliminary stage) and aggregate type as Hypersthene-Granite. Petrographic, SEM and XRD
studies indicated ettringite formation in large number of voids. The percentages of ettringite formation
vary from less than 1-3 % with respect to 5-8 % of open air voids present in the concrete and ettringite
formation of order 1-3 % is not likely to cause any expansion. The results of Accelerated Mortar Bar Test
conducted on cores in similar lines to ASTM C-1260 (2014) for determining residual expansion indicated
the net expansion 0.17 %. The average residual expansion of concrete cores in similar to procedure of
ASTM C-1293 (2018) varied from 0.0392 to 0.0396 %. This average residual expansion at more than 40
years is significant keeping in view that the limit is 0.04 % at the age of one year for one year old
concrete and this indicates that there may be the chance of slow Alkali Silica Reaction. The expansion
study indicates that though the aggregate is not under potentially reactive category and the typical pattern
cracking due to ASR will not occur but length change can be caused even by small amount of ASR
expansion. With the end restraints in case of arch dam, this small expansion may also add to the
movement of mid-point towards upstream side. Therefore, one of the main cause of displacement and
cracking in arch concrete dam were identified as Alkali Silica Reaction apart from thermal stresses and
differential drying shrinkage. The further analysis was recommended using finite element analysis to
predict the dam behaviour and immediate precautions to minimize the thermal stress was also
recommended.
Gravity dam: The petrographic analysis of coarse aggregate indicates no Alkali Silica Reaction in the
concrete and major aggregate type as sedimentary (quartzite & sandstone). The sulphate in the form of
pyrite was found in the aggregates from petrographic, SEM and XRD studies and this is the reason for
crystalline ettringite formation. Ettringite percentage in open air voids is maximum in upstream (3-4% of
open air voids) and minimum in gallery and downstream (1-2% of open air voids). Percentage of
crystalline ettringite present in open air voids is about 2% of open air voids in mass concrete. The
percentage of crystalline ettringite in mass concrete of upstream, gallery and downstream samples varies
from 0.01 to 0.03 %. The ettringite formation of such a small magnitude in large voids does not cause any
expansion. The results of Accelerated Mortar Bar Test conducted on concrete cores in similar lines to
ASTM C-1260 (2014) for determining residual expansion indicated the net expansion 0.04 %. The
average residual expansion of cores in similar to procedure of ASTM C-1293 (2018) varied from 0.0231
to 0.0271 %. This average residual expansion after more than 50 years is not significant keeping in view
that the limit is 0.04 % at the age of one year and thus, it indicates no Alkali Silica Reaction. However, it
was recommended to conduct periodic inspections on selected concrete after every five years interval to
understand the growth rate of ettringite formation in future. The results of petrography studies, SEM
studies, colour test and accelerated test on cores indicates there is no Alkali Silica Reaction in concrete.
The in-situ properties of concrete obtained was used in the advanced FEM modeling wherein basic
objective remains to get reliable model output about the realistic deformations, stresses, inclination etc.
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ABSTRACT
The anaerobic digestion process allows the treatment of organic wastes into biogas, used as a green
energy. In these structures, concrete is the most commonly used construction material because of its
economic interest, its airtightness and thermal properties. It faces very aggressive and complex media
due to the initial composition of wastes and the biological activities allowing the conversion of organic
matter into biogas. Few studies focus on these multicomponent and multiphase phenomena
characterized by a variability of composition in time and space. In order to ensure the sustainable
development of this industry, this study intends to provide thorough knowledge of the alteration
mechanisms in the anaerobic digestion media by comparing three cementitious materials presenting
varied surface compositions (pastes of CEM I, CAC and CEM I treated with oxalic acid). They were
immersed in the liquid phase in laboratory bioreactors. Altered depths were deduced from the
microstructure analysis of the pastes and showed the lower degradation of the CAC paste. After 10
weeks of immersion, all the materials were covered by biofilm. However, the chemical treatment with
oxalic acid showed a time-limited protective effect and CAC samples presented a lower coverage.
Chemical and mineralogical analysis highlighted leaching and carbonation phenomena.
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1.

INTRODUCTION

The breakdown of organic matter in the absence of oxygen, called anaerobic digestion, produces
biogas, a sustainable form of energy containing mainly methane and carbon dioxide (about 65%-35%).
Biogas is the final product of the four consecutive degradation reactions that make up the anaerobic
process: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Cole & Frank, 1988; Evans &
Furlong, 2003). Anaerobic digestion ensures the treatment of waste at the source while producing green
energy, biogas. In addition, it leads to a reduction of greenhouse gas emissions and helps to increase
the incomes of the farmers who practise it. For these reasons, this means of energy production is
strongly encouraged by European policies and its development has become global, using many sources
of organic waste.
As in agricultural and agro-industrial buildings, concrete is the material most used for the construction
of biogas plants. This is explained not only by its low cost and its ease of implementation but also by its
air- and water-tightness and its good thermal inertia (Bertron, 2014; Bertron et al., 2017). However,
structural concrete is in contact with biowaste and undergoes deterioration due to both chemical and
biological agents at every stage of the anaerobic digestion, as reported by Koenig and Dehn (2016) in
their study about the biogenic acid attack on concretes in biogas plants. As highlighted by the study of
Voegel et al. (2016) about the mechanisms of cementitious material deterioration in biogas digester, the
degradation is notably caused by some chemical compounds excreted by the microorganisms or initially
contained in the waste (volatile fatty acids, NH4+, CO2, etc. (Bertron et al., 2017)) and also by the
microorganisms themselves, which, in the form of biofilm on the concrete surface, induce very high local
concentrations of aggressive agents and seem to accentuate the deterioration (Magniont et al., 2011).
Damage to the structures may have important economic and environmental impacts.
In view of the considerable development of the biogas sector and the risks of deterioration and leakage
mentioned above, a thorough analysis of the deterioration mechanisms and identification of sustainable
materials for the anaerobic digestion environment are necessary.
This study aims to evaluate the performances and mechanisms of alteration of different binders by
comparing the degraded depths in time, the biofilm coverage of the surface (SEM observations), and
the chemical and mineralogical changes (analysed by EPMA and XRD). Three cementitious materials
were immersed in the liquid-solid phase of a laboratory digester: pastes of CEM I, CAC and CEM I
surface-treated with oxalic acid. The impact of the oxalic acid treatment, the type of binder and the
biofilm coverage on the material durability are discussed.
2.
2.1

MATERIALS AND METHODS
Materials

Three types of materials were used for this study: (i) cement pastes made of ordinary Portland cement
CEM I 52.5 R (noted CEM I), (ii) cement pastes made of calcium aluminate cement Secar 51 (CAC) and
(iii) CEM I pastes in which the surface was treated with oxalic acid (noted CEM I-Ox) (Voegel, et al.
2015). CEM I paste was considered as the reference material and CAC and CEM I-Ox were chosen
because of their good behaviour in acidic environments (Bertron, 2004; Larreur-Cayol et al., 2011;
Voegel et al., 2015).
The CEM I and CAC paste specimens were made with a water/binder ratio of 0.4. This ratio was chosen
in order to optimize the effects of the oxalic acid treatment (Voegel et al., 2015). The pastes were mixed
according to the French standard NF EN 196-3 (AFNOR, 2017) and cast in cylindrical moulds 75 mm
high and 25 mm in diameter. The pastes were removed from their moulds 24 h after pouring. Then, each
specimen underwent an exogenous cure under water at 20 °C for 27 more days, in order to continue
the hydration with external water supply. At the end of the curing period, 5 mm thick slices were sawn
in some cylinders and used for biofilm growth assessment. In addition, some CEM I paste cylinders and
slices were immersed in a 0.28 M oxalic acid solution (C 2H2O4) for 7 days (the other specimens were
kept in sealed bags). Microscopic observations (with an SEM) and mineralogical analysis (XRD) were
performed on the surface of treated specimens. They showed an adherent, continuous layer of
precipitate of whewellite (calcium oxalate hydrate) covering the whole specimen. This layer was formed
over a thickness of 100 to 200 µm and clogged the porosity locally (Larreur-Cayol et al., 2011; Voegel
et al., 2015). Table 1 shows the main mineralogical phases identified on the surface of the different
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specimens (XRD analyses). The initial porosities of the paste specimens, measured by water intrusion
porosimetry (AFNOR, 2010), were 40±1 % and 27±1% for CEM I and CAC respectively.
Table 1. Main mineralogical phases of cement paste specimens

2.2

Cement paste

Main mineralogical phases of surfaces of sound specimens

CEM I

C-S-H, Ca(OH)2, ettringite, CxAHy, C3S, C2S

CAC

C3AH6, AH3, C2AS, CA, C12A7, C2AH8, C4AF

CEM I-Ox

Calcium oxalate hydrate (whewellite)

Immersion of cement pastes in the synthetic biowaste

The substrate used in this study was a bio-waste reconstituted in the laboratory to be representative of
the organic domestic waste currently produced in France according to the CIRSEE (International
Research Center On Water and Environment). The composition of the synthetic biowaste was provided
by IRSTEA of Antony (France) and is given in Voegel et al. (2016). All the components were mixed
together for 10 min at 20 °C in order to homogenize the biowaste. Inoculum was added to induce the
anaerobic digestion process (Neves, Oliveira, & Alves, 2004). A sludge sampled from a municipal
wastewater treatment plant in Toulouse (France) was used for this purpose. The inoculation was
operated with a Vinoculum/Vsubstrate ratio of 2.5, which corresponded to an optimal ratio of 1 g COD inoculum/
g CODsubstrate, (with COD the chemical oxygen demand) as already reported in a previous work (Voegel
et al., 2015; 2016). Cement pastes were totally immersed in the solid-liquid phase of the biowaste in
anaerobic bioreactors with a solid/liquid ratio (cement paste surface area/inoculated biowaste volume)
of approximately 224 cm2 L-1. The bioreactors were kept in an oven at 37° C throughout the experiment.
The reaction medium, with an initial volume of 525 mL, was continuously stirred by a magnetic stirring
system. Biowaste was renewed at the end of each 5-week digestion cycle. The liquid phase composition
was monitored in time by analysing the nature and concentrations of the volatile fatty acids, the
concentration of ammonium and the pH. During the first digestion cycle, the total acids concentration
reached a maximum concentration of 50 mmol.L-1 and the pH stabilized between 7 and 8. After 4 weeks
of digestion, the ammonium concentration reached 800 mg.L-1 (Voegel et al., 2016).
2.3

Observation of biofilm

Cement paste slices were sawn carefully in order to preserve the biofilm on their surfaces. Before the
observations, the biofilms were first chemically fixed and then dehydrated according to the method of
Voegel et al. (2015, 2016). The biofilm was observed by SEM-FEG (JEOL 7100F TTLS combined with
EDX XMax, 5 kW) after 5 weeks (CEM I, CEM I-Ox, CAC) and 10 weeks (CEM I-Ox).
2.4

Microscopic observations and analysis of chemical and mineralogical changes in
cementitious materials

The cylindrical cement paste specimens were removed from the biowaste after 5 and 10 weeks of
immersion and 5 mm slices were sawn perpendicularly to their longitudinal axis with a thin diamond
saw. A part of a slice was then embedded in an epoxy resin (Mecaprex MA2+ by Presi) and dry-polished
using silicon carbide polishing disks (Presi) according to the procedure of Bertron et al. (2009). The
polished surfaces were coated with carbon before being analysed. Cement paste observations were
made by Scanning Electron Microscopy (JEOL JSM 6380LV). The chemical analyses were performed
using energy dispersive X-ray spectrometry (Brucker Xflash 6/30 - SDD) and electron-probe microanalysis (Cameca SXFive, 15 kV, 20 nA, scanning area of the beam 2 x 2 µm 2) and mineralogical
changes were analysed by X-ray diffraction (Siemens D5000, Co cathode, 40 kV, 30 nA). The protocols
are detailed in a previous work (Voegel et al., 2016) and the methodology is summarized in Figure 1.
Degraded depths were highlighted based on the microstructural analysis of the binder pastes according
to the depth in the material.
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Figure 1. Methodology for the determination of kinetics and degradation mechanisms of the
cement pastes immersed in the inoculated biowaste
3.
3.1

RESULTS
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Figure 2. Altered depths of the cement pastes after 5 weeks (one cycle) and 10 weeks (2 cycles)
of immersion in the inoculated biowaste
Figure 2 shows the altered depths of the cement pastes after 5 weeks (one digestion cycle) and 10
weeks (2 cycles) of immersion in the anaerobic digestion medium.
After 5 weeks of experiment, the CEM I-Ox sample had the smallest degraded depth (156 µm) whereas
CEM I and CAC pastes had similar altered depths, of around 200 µm. After 10 weeks, the degraded
depth of the CAC paste had increased slightly, reaching a value of 210 µm, whereas both CEM I and
CEM I-Ox reached a degraded depth of about 315 µm.
During the first cycle (< 5 weeks), the protective properties of the calcium oxalate seemed to be efficient
as the CEM I-Ox degraded depth was 1.3 times less than that of CEM I paste. After the second cycle
(10 weeks), the degraded depths of CEM I and CEMI-Ox were similar and the calcium oxalate treatment
no longer seemed to be effective.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
The CAC paste showed good performance as its degraded depth, initially smaller than that of CEM I,
increased by only 4.5% between the 5th and the 10th week, while the degraded depth of CEM I increased
by 54%.
3.2

Microscopic observation of biofilms

Figure 3 presents the surface of CEM I and CEM-Ox pastes after 5 weeks (CEM I and CEM I-Ox) and
10 weeks (CEM I-Ox) of immersion. The CEM I paste surface was observed to be covered by a uniform,
dense biofilm. In contrast, microbial colonization was not observed on the surface of the CEM I-Ox slice
after 5 weeks of anaerobic digestion and calcium oxalate precipitates were not degraded. At this time,
biofilm was observed on the surface of the CAC paste but was less dense, with few microorganisms.
After 10 weeks of immersion, the entire surface of the CEM I-Ox paste was covered by a biofilm and
calcium oxalate precipitates were no longer observed.

Figure 3. SEM observations of biofilms on CEM I and CEM I-Ox pastes after 5 weeks and 10
weeks of immersion in the biowaste
3.3

Chemical and mineralogical analysis of the cement pastes

3.3.1 CEM I paste
The chemical composition profiles of the CEM I paste according to the distance to the surface and the
observations of the same specimen by SEM are presented in Figure 4. A chemical (Figure 4) and
mineralogical (data not shown) zonation was identified. The biodeterioration of the CEM I paste exposed
to the biowaste mainly led to calcium leaching and carbonation of the outer layer of the specimen. More
specifically, several phenomena were highlighted, from the surface to the core: dissolution of the
cementitious hydrates and anhydrous grains leading to the formation of an Si-Al gel on the surface (Zone
5); surface decalcification (Zones 5 to 3); an enrichment in phosphorus in Zone 4; the precipitation of
calcium carbonates CaCO3 (Zones 4 and 3) and an enrichment in sulphur in Zone 2, correlated with the
precipitation of secondary ettringite. These results are in accordance with (Voegel et al., 2016).
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Figure 4. Chemical composition of the CEM I paste after 5 weeks of immersion according to the
distance to the surface (EPMA)
3.3.2 CEM I-Ox paste
Figure 5 shows the chemical composition profiles of the CEM I-Ox paste after 5 and 10 weeks. Figure
6 presents the mineralogical patterns of the surface layer of the CEM I-Ox paste after 5 and 10 weeks
of immersion. After 5 weeks, the zonation was as follows:






Zone 1 corresponded to the sound zone. It was mainly composed of anhydrous phases (C3S,
C2S, brownmillerite C4AF) and hydrated phases (portlandite, ettringite and C-S-H)
Zone 2 showed a slight decalcification with an increase of the sulphur oxide content. From
a mineralogical point of view, portlandite peaks were reduced whereas ettringite peaks were
intensified, which could be correlated with the increase of sulphur oxides.
Zone 3 contained mainly calcium in the form of calcite and showed a sulphur enrichment.
CaO quantity had decreased slightly in Zone 4 and calcite and vaterite were the only
crystallized phases of the zone.
Zone 5 showed large quantities of calcium and phosphorus. The CaO content came from
the presence of the calcium oxalate salt (whewellite), preserved on the surface.

After 10 weeks, the surface layer showed a marked decrease in the oxides content together with strong
decalcification. The mineralogical pattern of this zone was very different from its composition after 5
weeks. No peak of Ca-Oxalate was observed and the zone was mainly amorphous and likely to be
composed of a Si-Al gel.
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Figure 5. Chemical composition the CEM I-Ox paste after 10 weeks of immersion and chemical
composition of Zone 4 of the CEM I-Ox paste after 5 weeks of immersion according to the
distance to the surface (EPMA)

Figure 6. Mineralogical analysis by XRD of the surface layer of the CEM I-Ox paste immersed
for 10 weeks and 5 weeks
3.3.3 CAC paste
According to the chemical and mineralogical analyses of the CAC paste after 10 weeks of immersion
(data not shown), three zones were distinguished:




The chemical composition of Zone 1 was similar to that of a sound specimen, mainly
aluminium and calcium. This zone was made of anhydrous crystalline phases (calcium
aluminium oxides (CA), mayenite (C12A7), brownmillerite (C4AF), gehlenite (C2AS)) and
hydrated phases (C3AH6, gibbsite (AH3), C2AH8) of the aluminate cements.
Zone 2 showed an enrichment in phosphorus with slight decalcification, so the alumina
content increased in the zone. The mineralogical analyses between the core and the surface
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4.

showed the presence of the same phases as in Zone 1. However, a few differences could
be noted: the peaks of the anhydrous phases, CA and gehlenite were less intense when
approaching the surface; in contrast, the intensity of gibbsite (AH3) peaks increased. Calcium
carbonates were detected (Aragonite).
Zone 3 showed intense decalcification and a decrease in the aluminium content. The total
oxides content decreased from 65 to 50%. The mineralogical analysis showed intense peaks
of AH3 whose broad bases characterized the poorly crystallized nature of the gibbsite.

DISCUSSION

The composition of the liquid fraction of the fermenting biowaste was monitored during the whole
experiment. The main results (Voegel et al., 2016) are recalled here. Considering its stable pH of 7.0 8.0 and according to the French document FD P 18-011 (AFNOR, 2016), the anaerobic digestion
medium should not be considered as an aggressive environment for cement based materials, since the
upper limit of the classification is 6.5. Nevertheless, the ammonium and CO 2 concentrations are
considered to be highly aggressive for cement based materials. In particular, the concentrations of
ammonium were about seven times the upper limit of the maximum range considered for chemical
attacks on concrete as defined by EN NF 206 (AFNOR, 2014) and FD P18-011 (AFNOR, 2016), (XA3:
60-100 mg.L-1). It should also be noted that none of these standards consider the specific case of organic
acids (Bertron, 2014; Larreur-Cayol et al., 2011) or the biological effect.
4.1

Performances of tested materials

The CEM I paste showed the worst performances in the different tests, with the greatest degraded
depths after 5 and 10 weeks and complete biofilm coverage from 5 weeks.
The oxalic acid treatment presented interesting results after 5 weeks: the smallest degraded depth, a
chemical composition close to that of a sound sample and no biofilm coverage. However, after 10 weeks
of immersion, the salt was no longer observed and the sample was covered by biofilm. The CEM I-Ox
paste then showed the same degradation mechanisms as the CEM I paste with a large degraded depth.
Thus, the treatment seemed to have a protective effect for a limited time only: it allowed degradation to
be delayed by delaying the biofilm formation. The oxalic acid treatment probably had two protective
effects: the delay of biofilm formation and the presence of a layer of calcium oxalate, which was initially
stable against acid attacks but dissolved in the short term.
The CAC paste showed the best performance, with the smallest degraded depths after 10 weeks and a
non-uniform surface coverage by the biofilm. The anhydrous phases of the CAC paste were the best
preserved and the aluminate cement showed a non-amorphous surface layer.
4.2

Biodeterioration mechanisms

Figure 7 summarizes the main chemical and mineralogical changes in the CEM I and CAC pastes
exposed to the anaerobic medium for two cycles.
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Figure 7. Chemical and mineralogical changes in CEM I and CAC pastes exposed to the liquidsolid phase of an anaerobic digestion bioreactor after 10 weeks of immersion
4.2.1 CEM I paste
Voegel et al. (2016) showed alteration mechanisms corresponding to a combination of leaching and
carbonation for the ordinary Portland cement, with a sulphur enrichment in depth and a peak of
phosphorus in Zone 4. Unlike the CAC paste, the CEM I paste underwent a significant effect of biofilm
formation, leading to an external zone that was totally decalcified: anhydrous grains were completely
dissolved after only 5 weeks of immersion, from Zone 5 to Zone 3.
4.2.2 CAC paste
In contact with biowaste, the CAC paste underwent chemical and mineralogical modifications. Several
phenomena have been identified, such as surface decalcification, (incomplete) dissolution of the
anhydrous grains and the hydrates on the surface, precipitation of calcium carbonates at depth and a
phosphorous peak in the intermediate zone. It could also be noted that the peripheral zone maintained
a high density. The best performances of the CAC paste could be linked to less colonization of the CAC
pastes compared to other binders (Dalod et al., 2014; Govin et al., 2014). Herisson et al. (2014)
explained this by the bacteriostatic effect of aluminium, present in large amounts in the CAC cements.
However, this was contradicted by the work of Buvignier et al. (2017) where the authors showed the
bacterial adaptation, even for high concentrations of aluminium. According to the literature, the formation
of an aluminium gel (AH3) on the surface leads to better durability, since this gel is known to be stable
at moderately acidic pH (Fryda et al., 2008). The superior behaviour of the CAC pastes could also be
due to aluminate cements having a lower neutralization capacity than OPC for pH from 6.5 to 3 (Herisson
et al., 2014; Lors, Hondjuila Miokono, & Damidot, 2017).
5.

CONCLUSION

In this study, cement paste specimens were exposed to the anaerobic digestion liquid phase of
laboratory reactors for 10 weeks. At the end of the experiment, all the cementitious materials tested:
made of CEM I (ordinary Portland cement), CAC (calcium aluminate cement) and CEM I-Ox (CEM I
treated with oxalic acid) were covered by biofilm and presented biodeterioration. The pastes underwent
alteration mechanisms including leaching, carbonation and phosphorus enrichment. However, it should
be noted that differences of behaviour were highlighted according to the material. The treatment with
oxalic acid seemed to protect the specimen from biodeterioration by preventing the formation of biofilm
during the first 5 weeks. Calcium oxalate therefore seems to have a proliferation inhibiting effect, at least
in the short term. After this period, CEM I and CEM I-Ox followed the same degradation kinetics and
mechanisms. CAC paste showed the best durability performances and small degraded depth in the long
term. Moreover, the anhydrous phases of the CAC paste were the best preserved and some of them
were still present in the surface layer. This good durability could be linked to a less dense coverage by
the biofilm.
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ABSTRACT
Geochemical interactions, mineral dissolution and precipitation processes naturally take place in rock
and its pore water. Several research tools are available for the prediction of human induced intensified
reactions in geological systems. These are numerical geochemical modeling, laboratory batch
experiments with sensitive solution and mineral composition detection, and some kind of in-situ study.
Despite of the general scientific interest in interactions between host rock and cement at radioactive
waste disposal sites, the number of such studies with geochemical perspective, which relates to
existing or planned Hungarian repositories, is limited. These are primarily thermodynamic models and
unpublished laboratory experimental data. The in-situ study of rock-concrete reactions, which
represents the third level of research tools, is aimed to be covered in present work. For the study,
eleven unique core samples are available from the National Radioactive Waste Repository at
Bátaapáti, Hungary, which cross the granite-concrete interface. The samples have been cored from
275 m depth before 2015, 1-15 months after concrete injection. Preliminary results from the SEM-EDS
study of one of the core samples are summarized in this work. Carbonates precipitate at the contact
zone and the chemical composition of the concrete matrix also changes with the distance (primarily
the Ca/Si ratio decreases). By the novel results expected from this study, it contributes to the better
prediction of long-term performance of the repository.
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1.

INTRODUCTION

Cement and concrete are structural materials used in radioactive waste repositories. In some designs,
these materials are also responsible for limiting fluid migration out of the complex and therefore,
minimize the mobilization of radionuclides. This requires concrete to keep its physical and chemical
integrity for as long as possible in the given geological conditions. The typical time for which the
disposal of radioactive wastes is designed falls in the order of magnitude of 100 000 years. Such a
timescale can only be studied by in-situ and laboratory experiments validated geochemical models,
which simulate the mineralogical transformations of cement.
Several works have been published about the interaction of cement with clay/bentonite (e.g. the
review of Gaucher and Blanc, 2006 and references therein). However, long-term transformations of
concrete in contact with a complex host rock composition is considered in fewer scientific papers (e.g.
Liu et al., 2014; Savage et al., 2011; De Windt et al., 2008) and only two geochemical perspective
international studies were found focusing on granitic rocks (interaction of bentonite and granite, Buil et
al., 2010; and cement and granite, Soler and Mäder, 2010). Furthermore, none of the few papers
presenting in-situ results of rock–concrete interface samples (e.g. Lerouge et al., 2017; Lalan et al.,
2016; Jenni et al., 2014 and 2017; Alonso et al., 2017) were from granitic areas so far.
One of the radioactive waste storage complexes in Hungary, which applies concrete containers, is the
National Radioactive Waste Repository in Bátaapáti. The repository is built in the Mórágy Granite
Formation in an about 250 meter depth and accepts low and intermediate level wastes since 2012.
Focusing on the effect of granitic pore water on the concretes used at the site, there were unpublished
experimental and independent modeling studies (Benő and Molnár, 2010; Fintor and Nagy, 2015)
performed. The thermodynamic geochemical model reported by Benő and Molnár (2010), up to date
when prepared, allowed to conclude that the degradation of cementitious materials in the repository
completes in 8 500 - 28 000 years, after which other barriers should stop mobilization of radionuclides.
Present work revisits the reactivity of concrete in the National Radioactive Waste Repository, Hungary
by studying 11 granite–concrete interface core samples available, first of their kind. Based on their
results, later a coupled thermodynamic-kinetic geochemical model is planned to set up for the site
following the pure thermodynamic model of Benő and Molnár (2010) and the kinetic concepts of newer
cement modeling studies, e.g. Chaparro et al. (2017) and Watson et al. (2016 and 2018). In this
paper, preliminary results of the first core sample studied are summarized.
2.

SAMPLE

The first core sample studied in details was cored from about 275 meter depth, in the beginning of
2015, after about 2 months of the injection of concrete. Since the sample was not originally taken for
the aims of this study, it was simply kept in ambient air and temperature until its study. The
macroscopic image of the core’s cross-section (Figure 1.) shows that there is a thick calcite
precipitation (Szabó et al., 2018) along a part of the granite–concrete interface. A conventional thin
section was prepared of this contact zone of the two materials.
3.

METHOD

The thin section was investigated by optical and scanning electron microcopy (SEM, Amray 1830 I/T6)
primarily in backscattered electron (BSE) mode. The SEM analysis was furthermore coupled with
energy-dispersive X-ray spectroscopy (EDS, EDAX PV 9800) which, besides the identification of
individual mineral grains, focused on the elemental composition of the concrete matrix in different
distances from the contact with the calcite precipitation and the granite (Figure 2.).
4.

PRELIMINARY RESULTS AND DISCUSSION

Along the investigated length of the calcite, the calcium content is increased in a 100 µm thick zone of
the concrete, as already described by the authors (Szabó et al., 2018). Now, this previous observation
is checked at another part of the sample where the different grey zones are also visible (Figure 2.).
Here, EDS data are collected from 17 measurement points (Figure 2.), which are partially presented
on Figure 3.
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Figure 1. Photo of the freshly cut cross-sections of the studied core from the National
Radioactive Waste Repository, Hungary. The sample crosses the granite–concrete interface
partially along which calcite precipitation (Szabó et al., 2018) is visible.

Figure 2. SEM-BSE image of the granite–calcite contact in the thin section of the studied core
(Figure 1.). The calcite precipitation was partially damaged during sample preparation leaving
an empty space behind. In the concrete matrix two, lighter and darker grey zones can be
distinguished which separate around at 100 μm distance from the original calcite contact. The
chemical variability of these zones are measured by EDS in 17 points with different distances
from the calcite. These results are presented in Figure 3.
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Figure 3. Semiquantitative EDS measurement results in the concrete matrix for the elements
changing their concentrations with the distance from the calcite interface. The data are from
the area presented in Figure 2. and the markers cover their statistical uncertainties.
The collected EDS data show that the elemental composition of the concrete matrix changes with the
distance from the calcite, and like that, the granite contact (Figure 3.). Primarily the Ca/Si ratio of the
material is decreasing from about 3 to 0.8 as getting further from the interface. This might also reflect
in the composition (Ca/Si ratio) of calcium silicate hydrates (CSH) which phase provides the strength
of the concrete. Besides the Ca/Si ratio, the K-content also decreases with the distance, whereas the
S- and Mg-concertation increases (Figure 3.). The measured Al- and Fe-contents (up to 15% and 3%,
respectively) are not shown on Figure 3. because of their distribution independent on the interaction at
the interface.
5.

FURTHER WORK

This work in progress continues by checking if above observations can be reproduced in other core
samples available from the National Radioactive Waste Repository and what other signs of
interactions between concrete and granite exist in them. In parallel, an improved numerical
geochemical model is aimed to set up which can be compared to the expected analytical data for its
validation.
5.1

Other core samples and their preparation

The other, 10 core samples were taken from about the same, 275 meter depth but from different
locations and two different waste storage chambers. The duration the concrete spent in contact with
the granite in the depth varies between 20 days and 1,25 years. The cores were all sampled before
the end of 2015. In some of them the concrete and granite have grown together by the time of coring,
whereas in others the two materials separated. From the concrete, granite and the contact
precipitations, powder samples are taken for phase analytics. Also, conventional thin sections are
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prepared from all cores and from 5 of them, dry cut and dry polished specimens are also made for
investigation by different imaging techniques.
5.2

Phase analytics and further imaging of the interface

The powder samples taken from the cores are analyzed by X-Ray Diffraction (XRD), Attenuated Total
Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR) and Thermal Analysis (TA). The bulk
chemistry of some of the samples is also investigated. The new thin sections and specimens are also
analyzed by optical microscopy and SEM-EDS.
5.3

Planned numerical geochemical modelling

The models of the granite–concrete system will be built up in PHREEQC code in which a coupled
thermodynamic–kinetic approach is planned to be used for reactive transport simulations. Fine-tuning
of the model can be done by comparing the results to the experimental data from core samples. Main
difficulties in modeling include the parameter selection of slag and other additives of cement.
6.

CONCLUSIONS

In this ongoing study of the reactivity between granite and concrete in the National Radioactive Waste
Repository, Hungary, the presented results indicate a significant effect of the interfacial interaction on
the chemical composition of the concrete matrix. With the distance from the contact with the granite,
the Ca- and the K-content of the material is decreasing whereas, its Si-, S- and Mg-content increases.
These observations are planned to be confirmed by the study of numerous other core samples and
setting up an improved, kinetic reactive transport model for the cementitious materials of the
repository.
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ABSTRACT
In this study, an innovative self-healing agent that can bond with the aggressive chloride ions and
simultaneously, form expansive reaction products to prevent the ingression of ions was developed. For
self-healing of cracks in specimens with self-healing aggregates, reaction products Freidel’s salt, C-SH, Ca(OH)2, CaCO3 and Mg(OH)2 were detected to form in cracks. Inside the broken self-healing
aggregates, large quantity of C-S-H and Friedel’s salt were found. For cracks with a width ranging 350450 µm, the average healing ratio in specimens with aggregates in the first 12 hours reaches 44.65%,
about 3 times that of the specimens without aggregates. Therefore, the self-healing aggregates
developed in this study not only chemically bond chloride ions in cracks, but also promote the
efficiency of self-healing of cracks.
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1.

INTRODUCTION

Concrete is a brittle material and easily fractures under bending or tensile loads. In addition,
microcracks can occur due to temperature-induced strain and drying shrinkage during construction or
application of concrete structure. Cracks provide pathways for ingression of aggressive ions such as
chloride, sulfate and magnesium ions, which are not only harmful to the matrix but also undermine
deactivatived film of reinforced bar and cause corrosion. As a result, cracks can shorten the service
life of concrete structures seriously.
Fortunately, it was found that cementitous material is able to heal its cracks autogeonously. This
property of cementitious material has attracted much attention in recent years. According to the
literature (Hearn N. 1998, Edvardsen C. 1999, Huang H, 2014), autogeneous healing is considered to
be the result of continual hydration of unhydrated cement particles, reprecipitation of portlandite and
formation of calcite. Ferrara explored the improvement of mechanical properties of concrete due to
autogenous self-healing (L. Ferrara et al. 2014). It is known that autogeneous healing of cementitious
materials only allows micro-cracks to be healed (Yang Y et al. 2009, Palin D et al. 2015).
To promote the process of self-healing in cementitious materials, self-healing agents were added
into the mixture. For concrete under water or in wet environment, when cracks appear the healing
agents are exposed to the crack surfaces and interact with water or CO 2 from environment.
Subsequently the reaction products form and fill the cracks gradually. Kim et al. chose ureolytic
bacteria immobilized in silica gel as self-healing agent. From the TGA analysis on the healing product,
bacteria were able to promote the precipitation of CaCO3 crystal in the cracks and enhance selfhealing capacity of concrete (Kim et al. 2010). Most recently, it was reported that a maximum crack of
a width up to 970 µm can be healed with help of microbiology (Wang J Y. 2014). Jiang et al.
conducted water permeability tests to study the effect of mineral admixtures, such as silica-based
materials, chemical expansive agents, swelling minerals and crystalline components, on self-healing
of cementitious materials. The result showed a rapid drop of permeability within the first 10 days after
the pre-cracked mortars were recured in the water. The cracks with a width of 300 µm could be healed
completely (Jiang Z. 2015)
According to the literature, for healing agents, such as bacteria and mineral additives, it usually
takes several weeks to completely heal cracks wider than 400 µm. For reinforced concrete exposed to
severe environment i.e. marine environment, aggressive ions invade concrete matrix once it cracks.
During the long self-healing period, the corrosion of reinforcement bars and concrete matrix may
happen before the cracks were completely healed. As a result, the extension of service life of
reinforced concrete structures contributed by self-healing of cracks is limited.
In this study, an innovative self-healing agent that can bond with the aggressive chloride ions and
simultaneously, form expansive reaction products to block the ingression of ions was developed. To
evaluate its bonding effect, self-healing agent reacted with synthesis sea water for specific period.
XRD, FTIR and TG were used to characterize the reaction products. The solution after different
reaction period was tested to quantify chloride ion concentrations via Ion Chromatography (IC). The
self-healing efficiency in cement paste specimens with self-healing agent was evaluated by monitoring
the decrease of the surface crack width in the healing process. In addition, mineralogy of healing
products formed in cracks were determined with XRD, FTIR and TG.
2.
2.1

MATERIALS AND EXPERIMENTS
Mixture of self-healing agent

It is well known that the formation of Friedel’s salt can chemically bonds chloride. According to
(1)，lime (49.69wt%), metakaolin (46.80%) and aluminate cement (3.52wt%) were used in this study
as healing agents.
2Cl- + 4Ca2+ + 4OH- + 2Al(OH)4- + 4H2O ↔ 3CaO·Al2O3·CaCl2·10H2O
2.2

(1)

Preparation of Self-healing aggregates

Artificial aggregates were prepared by compressing the healing agents powders into tablets coated
with Polymethyl methacrylate (PMMA). By doing this, reactions of healing agents with water during
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mixing can be prevented. In order to guarantee the self-healing reactions to be triggered, the
aggregates can be broken once the concrete matrix cracks. In this study, the coating surfaces of the
aggregates were treated with cement clinker so that the aggregates can bond with the matrix well.
2.3

Specimen preparation

Paste with a water to cement ratio of 0.4 was made with ordinary Portland cement ( PⅡ 42.5), of
which the chemical composites are shown in Table 1. The volume percentage of self-healing
aggregates added into the specimens was 5%. The fresh paste was then cast into the cubic molds of
40 mm × 40 mm × 40 mm with a sharp groove on the upper surface as shown in figure 1 (a). After
casting, the prisms were demoulded after 24 h. Subsequently, they were sealed in plastics bags and
cured at room temperature (20±2℃) until the age of 28 days. As shown in figure 1, cracks were
generated via three steps. First, the specimens were split into two pieces with a steel cylinder above
via compressive strength test. Then, layers of narrow scotch tape were stuck on the four corners of a
crack surface. Crack width was controlled by the number of layers. In this study, crack width applied
was controlled to range between 350 μm to 450 μm. After the two pieces of specimen were tightly
fixed together by wrapping them with wide scotch tape, the specimens were sealed with epoxy except
the region adjacent to the crack.
Table 1. Chemical compositions of Portland cement (PⅡ 42.5)

Raw material
Portland cement
(PⅡ 42.5)

Mass fraction w/%
CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

K2O

CO3

Total

60.21

19.15

6.43

3.55

0.95

2.35

0.69

3.03

99.36

narrow
scotch
tape

(a) casting

(b) fracture

(c) stick tapes

(d) wrap tapes

Figure 1. Schematic diagram for generation of cracks with different width in prism specimens
2.4

Conditions of self-healing

For self-healing, specimens were continuously immersed in synthesis sea water which was
prepared by using the components listed in Table 2. The volume ratio of sea water to cement paste is
5 for the immersion. The water was exposed to the air during the healing period. The environment
temperature was controlled at 20±2℃.
Table 2. Components of synthesis sea water
Compound

Amount [g/L]

NaHCO3

0.19

CaCl2·2H2O

1.47

MgCl2·6H2O

10.57

Na2SO4·10H2O

9.02

KCl

0.75

NaCl

24.08
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2.5

Evaluation on the capacity of self-healing and aggressive-ion bonding

2.5.1 Aggressive-ion bonding capacity of healing agents
In order to guarantee that the chloride ions inside cracks can be chemically bonded during the
healing process, the bonding capacity of self-healing agents was evaluated before they were used to
prepared artificial aggregates. To do so, the self-healing agents were mixed with sea water for
chemical reactions. The chemical reactions of self-healing agent in synthesis water were terminated at
the age of 12 hours, 1 day, 3 days 7 days, respectively. Subsequently, the mixtures were centrifuged
to obtain reaction products. Solutions centrifuged from reaction products were tested for quantifying
chloride ion concentrations via Ion Chromatography (IC). Reaction products were dried by means of
freeze drying method and then characterized by means of XRD, FTIR, Raman and TG.
2.5.2 Characterization of reaction products of self-healing
After healing for 12 hours, 1 day, 3 days and 5 days, respectively, two pieces of each specimen was
separated again along the crack. Consequently, the crack surfaces were exposed. XRD, FTIR and TG
were used to characterize the self-healing products on the crack surfaces and inside the broken
artificial aggregates. Percentages of some minerals in reaction products of self-healing were quantified
by means of TG. The samples for the tests above were prepared by grinding the healing products
collected from crack surfaces and passing 200-mesh sieve.
2.5.3 Quantification of crack closure during the self-healing process
The healed cracks were observed with stereomicroscopy and photographed under a magnification
of 50x. Closure of crack during the self-healing process was calculated according to:

=

wi − wt
wi

(2)

where W i is the initial crack width and W t is the width measured at certain time t.
3.

RESULT

3.1

Evaluation on the chloride ion bonding capacity of healing agents

3.1.1 Concentration of chloride ions in sea water after reaction with self-healing agents
After termination of reaction, solid phases were separated from the solution via centrifugation. The
concentration of chloride ions after reactions with self-healing agents were tested by IC. As shown in
Figure 2, the concentration of chloride ion presents a rapid drop within the first 3 days of reaction.
After reacting for 7 days, the concentration of chloride ions decreases from 19.36 g/mL to 12.71 g/mL.

Figure 2. Concentration of chloride ions in sea water after reaction with self-healing agents
3.1.2 Mineralogy of reaction products of self-healing agents in sea water
Figure 3 presents the XRD profiles of the products at different reaction times. For a reaction time of
12 hours and 1 day, portlandite (CH), Friedel’s salt (FS), calcite (C) and ettringite (E) were found in the
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reaction products. However, diffraction peaks of Friedel’s salt and ettringite are not obvious, while
those of portlandite are sharp. As reactions proceed, diffraction peaks of Friedel’s salt become much
sharper. For a reaction time of 3 days and 7 days, they are so sharp that cover diffraction peaks of
other components. It is worth noting that from the reaction time of 12 hours to 3 days, diffraction peak
at 26.6° corresponding to SiO2 present in the pattern of reaction products. This can be related to the
existence of metakaolin, which contains amorphous SiO 2. The diffraction peaks of SiO2 becomes
weaker at the reaction time of 3 days and disappears at 7 days. Which indicates that metakaolin
almost consumed after reacting for 7 days.

Figure 3. XRD patterns of reaction products of self-healing agents in sea water
FTIR tests were performed to get more detailed information about the components of reaction
products. It can be seen in Figure 4 that all spectral have a band at 786 cm -1, corresponding to the AlOH bending mode (Bensted J et al. 1974), which indicates the formation of Friedel’s salt and ettringite
in reaction products. The band near 1640 cm -1 corresponds to an H-O-H vibration (n2H2O) of interlayer
water of Friedel’s salt and ettringite (V.C. Farmer. 1964) The broad band near 3495 cm -1 correspond
to the vibration of OH- ions, (ʋOH) in structural water (Yu P et al. 1999). Besides, the bands from 1085
cm-1 to 1420 cm-1 are related to the formation of calcite (Yu P et al. 1999). However, for the reaction
time of 3 days and 7days, the band near 952 cm -1 due to formation of C-S-H are not consistent with
the XRD result. This may be attributed to poor crystallinity of C-S-H. In addition, the band at 3640 cm -1,
corresponding to the formation of portlandite (Yu P et al. 1999), disappears at a reaction time of 3
days and 7 days. This may be the result of consumption of portlandite into C-S-H, Friedel’s salt and
ettringite. Chloride does not absorb in the range from 400 cm -1 to 4000 cm-1 (Bensted J et al. 1974). As
discussed above, the FTIR combined with XRD results indicate that C-S-H, Ca(OH)2, CaCO3, Friedel’s
salt and ettringite are components of the reaction products.
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Figure 4. FTIR result of reaction products of self-healing agents in sea water
Figure 5 shows the TG curves of reaction products at different reaction periods. The mass loss of
the reaction products of self-healing at the temperatures ranging from 50 to 200℃ can be related to
the removal of the water molecules in Friedel’s salt (Yue Y et al. 2018),and the C-S-H (Wu B et al.
2015), also to the volatilization of physically absorbed water at the surfaces of the gel solid. The mass
loss of the reaction products at the temperature of around 350℃ is cause by the the dehydroxylation of
part of structual water in Friedel’s salt (Yue Y et al. 2018), leading to a poor structure.In these two
temperature ranges, the mass loss of reaction products at 3 days and 7 days are much larger than
that of at 12 hours and 1day. Correspondingly, there is a sharp peak in DTG curve at the reaction time
of 3 days and 7days. Combining with the results of IC and XRD, this is caused by the increasing
amount of Friedel’s salt and present of C-S-H in the reaction products at the time of 3 days and 7 days.
In addition, at the reaction time of 12 hours and 1 day, there is a remarkable weight loss when the
temperature ranges from 400 to 500℃ which is caused by the decomposition of Ca(OH) 2 ( Kang S P
et al. 2017) The mass loss that happens between 600-900℃ can be attributed to the decomposition of
CaCO3 (Stepkowska E T et al. 2007).

Figure 5. TG/DTG curves of reaction products of self-healing agents in sea water
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3.2

Mineralogy of reaction products of self-healing formed in cracks

Figure 6 shows XRD patterns of healing products from different samples. For the healing products
from the specimens with/without self-healing aggregates, brucite and protlandite both present
significant peaks. The most prominent peak of portlandite at 18.006° is corresponds to the (001)
crystal face, which can be interpreted that the growth of protlandite has preferred orientation effects in
the (001) crystal face (Feng Q L et al. 2000). Besides, calcite also appears. Friedel’s salt is detected in
the healing products of specimen with self-healing aggregates. To get more information about
chemical environment inside the aggregates, contents inside aggregates were dig out after selfhealing of cracks to do further research. As seen in the XRD pattern, peaks of Friedel’s salt are
prominent in the contents inside aggregates, while those of brucite and protlandite are weak. Peak at
26.6°corresponds to SiO2 which related to the existence of unreacted metakaolin. The XRD patterns of
contents inside aggregates is consistent with those of reaction products of self-healing agent reacted
with synthesis sea water at time of 7 days. Except for the present of brucite, which may be caused by
the introduction from the healing products on crack surfaces accidentally when digging out the
contents inside aggregates or the chemical environment in cement paste varying from that of selfhealing agents reactions with synthesis sea water.

Figure 6. XRD patterns of reaction products of self-healing formed in cracks
As figure 7 shown, FTIR results of healing products in cement specimens are similar to the result of
reaction products of self-healing agents reacted with synthesis sea water. Calcite (bands at 868 cm -1,
1088 cm-1 and 1416 cm -1) and C-S-H (bands near 955 cm -1) (Yu P et al. 1999) are found. In addition,
the broad band at 3000 cm-1 to 3700 cm-1 is due to stretching vibrations of O-H groups in H2O or
hydroxyls with a wide range of hydrogen-bond strengths (Yu P et al. 1999). It can be seen that all
spectra have a band at 3692 cm -1, which corresponds to the Mg-OH stretch vibration of brucite (Palin
D et al. 2015). However, this band is weak in the spectra of contents inside aggregates, which is
consistent to the XRD result above. Band at 786 cm -1 also appears in contents inside aggregates,
corresponding to the formation of Friedel’s salt (V.C. Farmer. 1964). As discussed above, the FTIR
combined with XRD results indicate that C-S-H, Ca(OH)2, CaCO3, Mg(OH)2 and Friedel’s salt are
components of the healing products of specimens with self-healing aggregates. The specimens
without self-healing aggregates are consist of C-S-H, Ca(OH)2, CaCO3, Mg(OH)2. Contents inside
aggregates after self-healing of cracks are C-S-H, Ca(OH)2, CaCO3, Mg(OH)2, Friedel’s salt and
unreacted metakaolin.
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Figure 7. FTIR result of reaction products of self-healing formed in cracks
Figure 8 shows the TG curves of self-healing products. For the healing products of specimens
with/without self-healing aggregates, the mass loss of the reaction products at the temperature in the
range of 300℃ to 400℃ is prominent. This is related to the decomposition of Mg(OH)2. For the
specimens without self-healing aggregates, the mass loss of healing products at the temperature
around 440℃ corresponding to the decomposition of Ca(OH) 2 (Kang S P et al. 2017) is obvious. While
that of specimen with self-healing aggregates is weak. For the aggregate contents after self-healing of
cracks, the mass loss that happens before 200℃ (removal of water molecules in C-S-H (Wu B et al.
2015) and Friedel’s salt (Yue Y et al. 2018)) is much more larger than that of self-healing products.
This is because contents from aggregates contain much more Friedel’s salt and C-S-H than other selfhealing products. The mass loss that happens between 600-900℃ can be attributed to the
decomposition of CaCO3 (Stepkowska E T et al. 2007). From the TG results, the mass percentages of
each component in the reaction products are presented in figure 9 (Others may include C-S-H, and
Friedel’s salt ).

Figure 8. TG/DTG curves of reaction products of self-healing formed in cracks
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Figure 9. Mass percentages of each component in the self-healing products formed in cracks
3.3

Quantification of crack closure by self-healing

Figure 10 shows the width and healing ratio of cracks in different healing periods. For specimens
with self-healing aggregates, some section of the cracks were totally healed within the first 12 hours.
The average cracks healing ratio of specimens with aggregates in the first 12 hours reaches 45%
while that of the specimens without aggregates can only reach 14%. At the healing time of 7 days, the
healing ratio of specimens with self-healing aggregates increases to 65%. In general, the healing ratio
of specimens with self-healing aggregates is evidently higher than that of without aggregates. The
self-healing aggregates not only chemically bond chloride ions in cracks, but also promote the
efficiency of self-healing of cracks.

Figure 10. width and healing ratio of cracks in different healing periods
4.
4.1

DISCUSSION
Reaction activity and chloride bonding capacity of healing agents

As XRD and TG results shown, at the first 12 hours and 1day, portlandite is the major component of
the reaction products. This is because at the beginning of reactions of self-healing agents with the
synthesis sea water, CaO rapidly hydrates into CH. At the reaction time of 3 days, combined the result
of IC, the content of Friedel’s salt increase remarkably, while that of portlandite decreases and the
diffraction peaks of metakaolin weaken. It can be explained that with the increasing amount of CH
formed in the first place, metakaolin is activated, reacts with CH and simultaneously bonds with
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chloride ions to form C-S-H and Friedel’s salt. The consumption of CH into C-S-H and Friedel’s salt
leads to the reduction content of portlandite and the increase content of Friedel’s salt. For the reaction
time of 7 days, the consumption of CH and the reduction of concentration of chloride ions in solution
slow down. The amount of Friedel’s salt and C-S-H basically remain unchanged. It can be deduced
that Friedel’s salt and C-S-H form around the particles of portlandite and metakaolin. This in-suitgrowing Friedel’s salt and C-S-H form a layer of reaction products on the surface of unreacted
particles and hamper the reaction process.
4.2

Kinetics of self-healing of cracks promoted by self-healing agents

It can be seen that the results of XRD and TG of contents inside aggregates after self-healing of
cracks are consistent with those of healing agents reactions at the time of 7 days. Thus, it is
reasonable to believe that the reactions process near aggregates in cracks are basically consistent
with that of healing agents with the synthesis sea water. It is believed that in the specimens with selfhealing aggregates, CaO rapidly hydrates into CH near the aggregates at the beginning of self-healing.
It is known that CH is of high solubility. CH are subsequently dissolve and immigrate into craks. Thus,
the rapid formation of CH results in a high concentration of Ca2+ and OH- in cracks. Afterwards, when
Mg2+ from the sea water penetrate into cracks, Mg2+ binds with OH- to form brucite. In the meanwhile,
Ca2+ can also react with CO2 dissolved into sea water to form calcite. In comparison, for the
specimens without self-healing aggregates, CH in cracks are mainly derived from further hydration of
unhydrated cement adjacent to crack surface as well as recrystallization of portlandite leached from
the bulk paste. These processes are both slower than the formation of CH from the self-healing
aggregates. Simultaneously, the formation of brucite in the cracks of specimens without aggregates is
slower than that with aggregates. It is believed that the formations of portlandite and brucite are
attribute to the closure of cracks. This is the reason why the healing ratio of specimens with selfhealing aggregates is evidently higher than that of without aggregates. As mentioned above,
metakaolin is then activated by Ca2+, reacts with CH and bonds with chloride ions to form C-S-H and
Friedel’s salt adjacent to the self-healing aggregates. For the reason that C-S-H and Friedel’s salt are
both of low solubility, they are hardly to immigration into cracks and do limited contribution to block the
cracks.
5.

CONCLUSION

In this paper, an innovative self-healing agent that can bond with the aggressive ions was
developed. To evaluate its bonding effect, the reaction products of self-healing agents reacted with
synthesis sea water were characterized by means of XRD, FTIR, and TG. It can be concluded that a
large amount of portlandite formed rapidly in the first 1 day. Subsequently, metakaolin was activated
by portlandite. As a result, portlandited was consumed and C-S-H and Friedel’s salt bonding with the
chloride ions were formed.
For self-healing of cracks in specimens with self-healing aggregates, reaction products Freidel’s salt,
C-S-H, Ca(OH)2, CaCO3 and Mg(OH)2 were detected to form in cracks. Inside the broken self-healing
aggregates, large quantity of C-S-H and Friedel’s salt were found, with seldom Ca(OH)2, CaCO3,
Mg(OH)2 and unreacted metakaolin. It is believed that the rapid hydration of CaO from self-healing
aggregates accelerate the formation of brucite, which contribute to the cracks closure. Therefore, the
self-healing aggregates developed in this study not only chemically bond chloride ions in cracks, but
also promote the efficiency of self-healing of cracks.
6.
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ABSTRACT
In the past few decades, concrete structures have shown signs of distress which may be because of
the attack by external agents like chlorides, carbon dioxide or other deleterious substances. To resolve
this issue, extensive research has been carried out worldwide to study the durability aspect of concrete
made with SCM's as a part replacement of cement, aimed with longer service life. It has been seen
that whereas with addition of SCM’s, resistance to chloride ingress increases, the rate of carbonation
also increases.
In our present study, research has been carried out in order to develop durability coefficients based
upon accelerated test methods / techniques which can be used as a tool for the service life design of
RC structures when subjected to carbonation. In this study three types of cement, one non-blended
cement (OPC) and other two cements blended with slag and fly ash were used. Conventional
accelerated durability test like accelerated carbonation test as per ISO 1920 Part 12 which is a long
duration test and short term accelerated methods/ technique like RCPT, air permeability and electrical
resistivity were conducted, curves were plotted in order to envisage the behavior of different types of
cements for various accelerated test methods at six w/c ratios. The purpose of formulating these
rationalized curves was to develop a performance based durability design guideline for RC structures
prone to carbonation deterioration mechanism. The result obtained through laboratory studies have
been validated from the available field data.
Keywords: RCPT, Electrical Resistivity and Air permeability
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NTRODUCTION

Irrational approach towards design of Reinforced concrete (RC) structures has led to the major
durability concerns in terms of reinforcement corrosion (Dong hui et al.2017). In the past few decades,
insensibility towards this issue has led to premature deterioration of RC structures and has resulted
costly repair and maintenance activities. In order to overcome this situation, prerequisite measures
should be taken and for the same performance based design approach must be assimilated.
Performance based design guidelines generally focuses on concrete and its properties which is
considered to be an intrinsic component of a deterioration models. To develop durable RC structure,
quality of concrete should be of prime concern and prior measures must be taken to produce an
impermeable concrete that can resist attack from external deleterious agents like chloride and carbon
dioxide. Various researchers through their work has showed improved behavior of concrete made with
fly and slag compared to conventional concrete made with Ordinary Portland cement in aggressive
environments (VV Arora et al. 2014 & R E Melchers et al. 2009). As mentioned above, for a
sustainable RC structures, protection of reinforcement against corrosion either due chloride induced
corrosion or carbonation induced corrosion needs to be dealt within pragmatic way .Thus it becomes
evident to know about environmental conditions before taking up service life design.
Issue of carbonation induced corrosion is one of the predominant phenomenon of reinforcement
corrosion for the structures located in hot to semi arid environment with humidity level ranging in
between 40 to 80 % (VV Arora et al. 2017). Effect of carbonation in RC structures is measured in
terms of depth of carbonation by using 1% phenolphthalein solution. Conventionally, laboratory
methods are used to determine carbonation resistance of concrete which are time consuming and
laborious (VV Arora et al. 2014). Therefore, short term accelerated tests becomes need of the hour.
Now days, several researchers are using Non Destructive techniques to quantify the quality of
concrete and for the assessment of service life. Frank et al. (2007) studied the practical applicability
aspect of torrent air permeability tester for the quality assessment of cover concrete, carried out as per
swiss standard SIA 262/1 annex E. Their investigations were carried out in laboratory as well as on
field structural ((5 years old (Nos=60), 20-40 year old (Nos=30)). Field results indicate large scale
variation in the measured values, even for a single structural member which is may be due to the
defects like micro cracks, concrete inhomogeneity etc, When tested on structure with an age less than
5 years, the air permeability test value found in the range of 0.02-2x10-16 m2 .In laboratory, effect of
water-cement ratio and strength with air permeability test value was studied and again high scatter air
permeability test values were obtained at the same w/c ratio. They concluded that factors like cement
type, Pozzolanic additions, curing, and compaction had a significant effect on the air permeability test
value and cannot be neglected at the time of measurement. Even the carbonation test conducted on
the field structures has resulted into a loose relationship between the air permeability value and depth
of carbonation. However, Torrent air permeability test when conducted under controlled conditions or
concrete not in contact with water or moisture for more than 14 days, R. Neves et al. (2015) study
shows that such approach will yield better results and proposed relationship can be used for the
service life design. Basheer et al. (1999) had tried to investigate the role of mix parameters for the
service life design of concrete structures subjected to carbonation. Their study shows that the rate of
carbonation for concrete made with OPC is primarily driven by w/c ratio and others factors like amount
of fine and coarse aggregate etc in concrete mixes have a nominal effect. However, for a given w/c
ratio, an increase in aggregate-cement ratio resulted into decrease in cement content which in turn
decreases rate of carbonation. The rate of carbonation for the design model can be calculated from
auto clam air permeability system and Sorptivity test. However, effect of conditioning and mix
parameters on the permeability properties should be taken into considerations at design stage.
Ronaldo et al. (2018) studied the impact of accelerated carbonation on electrical resistivity and
Sorptivity test. The result indicates high correlation between accelerated carbonation depth and
electrical resistivity and Sorptivity test conducted on carbonated concrete sample for water-cement
ratio of 0.4, 0.5 and 0.6 with carbonation depth of 7.6, 10.5 and 13.4mm respectively for exposure
period of 45 days. Even Franasco et al. (2016) & C. Andrade (2018) studied the relationship of
concrete electrical resistivity with non steady state chloride diffusion coefficient. The relationships
developed by them found to be dependant on parameters like mix constituents and age etc. C
Andrade (2018) has developed service life prediction model based on electrical resistance value of the
concrete.
The present investigation exemplify the research work in the following domain

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019


Effect of cement on concrete carbonation



Development of relationship between conventional accelerated durability test like
accelerated carbonation test as per ISO 1920 Part 12 which is a long duration test and
short term accelerated durability methods/ technique like RCPT, air permeability and
electrical resistivity.



Validation of carbonation model through field data.



Development of performance based design guideline for RC structures subjected to
Carbonation.

2. EXPERIMENTAL PROGRAM
2.1 Cement
The cements used were Ordinary Portland cement (OPC-43, confirming to IS 269), Portland
Pozzolana cement- fly ash based (PPC, confirming to IS 1489 with fly ash content 30% ) and Portland
Slag cement (PSC, confirming to IS 455, with slag content 45 %).
2.2 Aggregates
The coarse aggregates (20 mm and 10 mm) and the fine aggregate (Zone II), confirming to IS 383 had
been used in all mix design. The water absorption test value of coarse aggregate and fine aggregate
is 0.40 % and 0.80% respectively whereas specific gravity of coarse aggregate and fine aggregate is
2.83 and 2.61 respectively.
2.3 Admixture
Super plasticizer normal type confirming to IS 9103 was used in concrete mix design.
2.4 Concrete mix composition
The study had been conducted on six water/ cement ratios (0.36, 0.40, 0.45, 0.50, 0.55, and 0.60) with
three different type of cement had been used i.e. OPC-43, PPC and PSC, correspondingly resulting
into 18 concrete mixes with dose of admixture (% by wt of cement) varying from 0.2 to 1.The concrete
mix proportion along with their compressive strength test value had been described in table 2
Table 2 Concrete Mix proportion
Sr
no

w/c
ratio

Type of
cement

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0.36

OPC-43
PPC
PSC
OPC-43
PPC
PSC
OPC-43
PPC
PSC
OPC-43
PPC
PSC
OPC-43
PPC
PSC
OPC-43

0.4

0.45

0.5

0.55

0.6

Cement
(Kg/m3)
444
444
444
400
400
400
356
356
356
320
320
320
300
300
300
280

Mix Constituents
Sand
Coarse aggregate
(Kg/m3)
(Kg/m3)
736
701
728
770
727
762
805
764
799
837
803
831
849
788
863
863

1161
1152
1147
1165
1170
1153
1169
1170
1160
1167
1179
1158
1160
1178
1131
1155

Water
(Kg/m3)
160
160
160
160
160
160
160
160
160
160
160
160
165
165
165
168

28 days
compressive
strength
(MPa)
52.63
59.02
48.64
45.97
53.65
47.57
42.33
43.72
34.71
38.26
37.79
33.48
33.65
35.16
30.67
28.06
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PPC
PSC

300
280

801
877

1130
1127

180
168

33.7
28.48

For each concrete mix, a number of concrete beam specimens (100x100x500 mm), concrete cylinders
(100 mm dia, 200 mm height) and concrete slabs (300x300x100mm) were cast. After 24 hours, the
concrete specimens demoulded and water cured for 28 days. After 28 days of water curing, all the
concrete specimens either beams, cylinders, slabs were shifted to controlled laboratory environment of
RH= 65 ± 5 % and temp = 27 ± 2 °C till the age of testing. Concrete beams specimens were used for
carbonation testing, Concrete cylinders were used for rapid chloride penetration test (RCPT) whereas
concrete slabs were used for determination of electrical resistivity and coefficient of air permeability.
2.5 Accelerated Carbonation Test (ISO 1920 part 12)
The test is conducted on concrete beam specimen with dimension 100x100x500 mm (No’s=2). After
28 days of water curing, the concrete specimens shifted to laboratory environment (temperature = 27+
2oC and Relative humidity = 65+5%) for 62 days. After 62 days of laboratory conditioning, top and
bottom longitudinal faces and two end faces of the beam were sealed using paraffin wax and
carbonation was allowed on two cast longitudinal faces, in order to prevent multi-directional
carbonation. After the sealing, the concrete beam specimens were shifted to the carbonation chamber
((CO2 conc =4+0.5 % by volume), temperature = 27+ 2oC and relative humidity (65+5%).The
carbonation depth was measured by approximately cutting a slice of 50 mm thick from the concrete
beam specimen and exposing the cut surface to 1% phenolphthalein solution. The concrete beam
specimens were exposed to carbon dioxide for the exposure periods of 70 days. However, the same
sets of specimens were placed back into the carbonation chamber for an extended exposure period of
210 days because of the presence of blended cement.
2.6

Rapid chloride penetration test (RCPT, ASTM C1202)

In this test method, a steady external electrical potential of 60 volts d.c potential was applied to the
concrete specimen of 50 mm thick and 100 mm diameter for period of 6 hours. The anode and
cathode were filled with 0.30 N sodium hydroxide and 3.0% sodium chloride solutions respectively.
The total charge passed during the 6 hour test was recorded and used as a measure to chloride ion
penetration in concrete. The test was conducted on concrete specimen at an age of 56 days which
includes 28 days water followed by 28 days air curing under controlled laboratory environment.
2.7

Electrical Resistivity

Electrical resistivity of concrete is a geometry independent property that is used to describe
the resistance of concrete against the flow of ions (RILEM, 2000). Four point Wenner probe technique
is used to measure the surface resistivity of the concrete slabs (300x300x100mm, Nos =3) at the age
of 28 days and 56 days.
2.8

Air permeability

The Torrent permeability tester is an instrument used for determining the air permeability of concrete
specimen. Vacuum is created inside the two-chamber vacuum cell which is sealed on the concrete
surface by means of a pair of concentric soft rings, creating two separate chambers. This test was
conducted on the concrete slabs (size = 300x300x100 mm, Nos =3) after 28 days of water curing
followed by air curing under controlled laboratory environment for 28 days which includes 3 days pre
conditioning in an environmental chamber under a controlled temperature and RH of 50 °C and 80 %,
respectively followed by 10 days storage in sealed container at 27 ± 2 ºC. Pre- conditioning of the
concrete specimen was required as the air permeability coefficient values were sensitive to moisture
conditions. So in order to minimize the effect of moisture, concrete specimens were pre-conditioned.
The test was conducted on concrete specimen at the age of 56 days.
3.0

RESULTS AND DISCUSSIONS

3.1

w/c and Carbonation depth

Effect of w/c ratio on carbonation depth for different exposure periods of 70 days and 210 days are
shown in Figure 1- 2.
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On perusal of results, it was seen that the depth of carbonation increases with increase in w/c ratio for
all types of concrete. This is mainly because of increase in connected porosity with increase in w/c
ratio. However, Concrete made with PPC (fly ash blended cement) shows higher depth of carbonation
in comparison to conventional concrete (made with ordinary Portland cement) and PSC concrete at
same w/c ratios. It was also seen that the difference in carbonation depth reduces with the age
especially in concrete made at higher w/c ratio.
3.2

Air permeability and depth of carbonation

Air permeability coefficient of concrete generally reflects internal pore structure of a concrete specimen
and could be used as a durability indicator. Ingress of carbon dioxide into concrete during the
accelerated carbonation test and ingress of air into the concrete at the time of determination of air
permeability coefficient through Torrent air permeability tester both systems involves movement of gas
into the concrete matrix. So, it becomes evident to utilize such type of technique for the assessment of
concrete resistance property against carbonation. The test results of Air permeability testing ref Figure
3 indicates that this method of testing is more apt for conventional concrete made with OPC as wide
range of data were made available which could help in specifying range of air permeability coefficient
for different carbonation depth requirements for service life of concrete structures. In case of concrete
made with PPC and PSC, variation in air permeability coefficient test values is less in comparison to
OPC concrete. Air permeability coefficient values were significantly affected by the type of cement
used in concrete mix. PPC and PSC concrete even though having air permeability coefficient value on
lower side in comparison to OPC concrete had shown greater depth of carbonation.
3.3

Electrical Resistivity and depth of carbonation

In Figure 4- 6, electrical resistivity values determined at the age of 56 days which includes 28 days
water curing followed by 28 days of laboratory conditioning is correlated with depth of carbonation
obtained for different exposure period or ages.
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Presence of fly ash and slag has led to densification of the pore matrix which is attributed towards the
continuous hydration process in case of concrete made with blended cement i.e. PPC and PSC. Such
phenomenon in the reduction of pore geometry (i.e. pore size and pore distribution) was found to be
absent in case of conventional concrete made with OPC-43. Since, Pozzolanic reactions are slow in
nature. Therefore, a considerable amount of duration is required so as to complete the process of
hydration in blended concrete i.e. electrical resistivity test is conducted at an age of 56 days.
3.4

RCPT and depth of carbonation

The correlation developed between the RCPT test values and accelerated carbonation depth found to
be not satisfactory. Therefore, RCPT test is not recommended for the determination of Carbonation
coefficient. Moreover, RCPT test is more related with penetration of chlorides ion rather than with CO2
ingress.
3.5

14

Design Model on carbonation

According to ISO 16204 as well as various literatures (Thomas et al. 2015 &M Thiery et al .2007), rate
of carbonation is defined as the function of t0.5, where t is referred as design service life. From the
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study conducted at NCB, it has been seen that the reliability of carbonation depth as the function of t 0.5
does not hold good with respect to supplementary cementitious material used in concrete as a part
replacement to the Ordinary Portland cement but it actually varies depending upon binder type, This
effect of different type of binders found to be evident when concrete specimens were exposed to
longer duration of Carbon dioxide environment.
On analyzing the laboratory results with the field data in relation to carbonation deterioration
phenomenon, following model have been proposed by VV Arora et al. (2014) for the service life design
of concrete structures exposed to CO2 environment.
C= Kt0.6

(concrete made with OPC)

Here,
C= depth of carbonation (in mm);
K= carbonation coefficient;
t = exposure period (in years)
The concrete model made with OPC obtained from laboratory study see Figure 8 holds fairly well even
in field conditions as shown in Figure 7 where laboratory results are validated through the field data for
the structures located in northern part of India with low to medium humidity.

OPC

3.5

OPC Field study

3

35

Depth of Carbonation ( in mm)

Carbonation coefficient using C=Kt

0.6

4

OPC Lab study

2.5
2
1.5
1
0.5

30
25
20
15
10
5
0

0
28

33

38

42

70 d

45

Actual value (w/c=0.60)
w/c=0.60 ,t^0.30
Actual value ( w/c=0.40)
w/c=0.40,t^0.40

PPC

35
30
25
20
15
10
5
0

210d

Figure 8. Exposure period vs depth of
carbonation depth (Concrete made with OPC)

PSC
35

Depth of Carbonation ( in mm)

Figure 7, Correlation between carbonation
coefficient obtained from lab and field study
against proposed model

140d
Expsoure Period (in days)

Eq cube strength of cores/ cube strength

Depth of Carbonation ( in mm)

Actual value(w/c=0.60)
w/c=0.60,t^0.60
Actual value (w/c=0.40)
w/c=0.40, t^(0.50)

30

Actual value (w/c =0.6)
w/c =0.60 ,t^0.35
Actual value (w/c=0.40)
w/c=0.40, t^.45

25
20
15
10
5
0

70 d

140d

210d

Expsoure period ( in days)

Figure 9.Exposure period vs depth of
carbonation depth (Concrete made with PPC)

70 d

140d
210d
Exposure period ( in days)

Figure 10. Exposure period vs depth of
carbonation depth (Concrete made with PSC)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Similarly, computation of design model for carbonation was developed for concrete with PPC and PSC
on the basis of laboratory data shown in Figure 9 and Figure 10 respectively. Initial investigation of
laboratory results indicates that in case of concrete made with PPC: rate of carbonation is the function
of t0.30to 0.40 whereas in case of concrete made with PSC; rate of carbonation is the function of t 0.35to 0.45.
To validate the test results, concrete made with blend of OPC and fly ash (up to 35 % maximum
permitted in Indian Standard (IS 1489 Part1)) was exposed to CO2 and it was seen that the rate of
carbonation found to be proportional to t 0.45 .
On analyzing the laboratory results of the concrete made with OPC, it is seen that the rate of
carbonation is the function of t0.50to 0.60 whereas model generated through the limited field data indicates
it as a function of t0.60. The anomaly in carbonation model generated from the laboratory results and
field results arises because of non-inclusion of weather coefficient value. From safety point of view,
higher value of x must be taken in the design model particularly in case of concrete made with PPC
because of the variability issue with respect to the quality of fly ash been used. Therefore, model for
designing concrete structures prone to carbonation to be adopted by design engineer should be as
follows.
C= W.K.t0.6 ( Concrete made with OPC)
C= W.K.t0.45( Concrete made with PPC)
C= W.K.t0.45( Concrete made with PSC)
3.6

Recommended short term durability test methods / technique for determination of
carbonation coefficient for the service life prediction

Based on the test results as per 3.2 and 3.3, Table 7 represents the recommended short
recommended short term durability test methods/ techniques that could be used for the determination
of carbonation coefficient for the service life prediction of RC structures
Table 7
Type of Accelerated test
method

Type of Binder
Remarks
OPC PPC PSC

Air Permeability







Sample needs to be dried

Electrical Resistivity







Sample needs to be saturated

4.

PERFORMANCE BASED DESIGN OF CONCRETE STRUCTURES SUBJECTED TO
CARBONATION FOR DESIRED SERVICE LIFE USING ACCELERATED METHODS

The service life model as per FIB model code 2006 consists of two periods, they are as follows



Initiation period - The steel remains in a passive state till carbonation reaches to steel.



Propagation period-The reinforcing steel being lost, corrosion proceeds and a
decrease of the cross-sectional area occurs while the corrosion products accumulate
around the bar.

For the initiation period, following model may be used by the civil engineers for designing concrete
structure for a desirable service life against the phenomenon of carbonation

C (t )  W . K . t X
Where

(1)
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X value depends upon type of binder and weather conditions
X value in case of
Concrete made with OPC =0.60.
Concrete made with PPC =0.45
Concrete made with PSC =0.45.
K represents carbonation coefficient which is a factor reflecting the basic resistance of the chosen
concrete mix under reference conditions and the influence of the basic environment conditions (like
mean relative humidity and CO2 concentration) on ingress of carbonation.
Based upon the correlation developed in 3.2 Figure 3 and 3.3 Figure 4- 6 for quick assessment of
Service life, the value of carbonation depth and corresponding carbonation coefficient, K can be
determined with the help of accelerated testing techniques like air permeability and electrical
resistivity. To be on safer side, higher value of carbonation depth out of the two values obtained from
the accelerated testing techniques are to be taken up for service life design. However, these values
are valid for the concrete mixes made with fly ash content 30% and slag content 50%.
And W represents weather coefficient that takes into account the varying meso-climatic conditions for
the specific concrete member during the design. On the basis of correlation developed between
laboratory and field data as shown in Figure 7, this value worked out to be 1.0 to 1.3 for different
strength values for tropical environment of low to medium humidity i.e. Northern Indian environment
However, for assessment with greater confidence, suitable factor of safety needs to be considered.
For the propagation period, corrosion rate model needs to be generated. Alternatively, this part can be
taken as factor of safety. However, if Phase II i.e. propagation period is considered as factor of safety
suitably reduced factor of safety can be considered for the initiation phase.
5. CONCLUSION
1) For a given grade of concrete and a given duration of curing, the depth of carbonation not only
increase with the increase in the exposure period to CO 2 .it is found to be on higher side with
concrete made up of PPC as compared to OPC irrespective of the exposure period.
2) Reduction in rate of carbonation with time in concrete made with PPC and PSC was
somewhat more in comparison to concrete made with OPC. However, the depth of
carbonation is still higher in concrete made with blended cement even after 210 days of
accelerated carbonation.
3) After analyzing the available laboratory data and limited field data, the generated model for
initiation period i.e. C= W.K.tX , where x varies from 0.45 to 0.60 depending upon type of
cement ( for details refer to clause 3.2) can be used for designing the concrete structures
exposed to carbonation . Based upon the correlation developed for quick determination of
Service life design, the value of carbonation depth and corresponding carbonation coefficient,
K can be determined with the help of accelerated testing techniques like air permeability and
electrical resistivity. However, for assessment with greater confidence, suitable factor of safety
needs to be considered.
4) There is good correlation between w/c and carbonation depth for a given of type of cement.
5) Techniques like air permeability and electrical resistivity have huge potential as a replacement
to accelerated carbonation test method but everything comes with an element of caution, as
these techniques are sensitive towards conditioning requirement.
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ABSTRACT
Nuclear power production generates radioactive waste, the management of which is an important
industrial and environmental issue. Thus, low – or intermediate – level radioactive aqueous waste
streams can be concentrated by evaporation, stabilized and solidified with an hydraulic binder, before
being sent to disposal.
The formation of a gel-like product has been recently observed at the surface of cemented drums of
evaporator concentrates. It may result from a reaction between silica from the aggregates and the very
alkaline interstitial solution of the cementitious matrix. Its properties differ however from those reported
for alkali-silica gels in civil engineering. This work investigates the relationship between the gel
composition, its structure and its rheological and swelling properties.
Synthetic gels with compositions close to those measured in cemented waste packages were first
produced by mixing concentrated ionic solutions with an aqueous sodium silicate solution. The water
content was then adjusted by evaporation under vacuum. A dissolution protocole, easily
implementable under radioactive environment, was established using a synthetic product.
The gels exhibited strong efflorescent and hygroscopic behaviors. Investigations using dynamic mode
rheometry and flow measurements showed that the product is not a gel from a rheological point of
view, but rather a viscous Newtonian fluid. Structural information, obtained by XRD, SAXS and PDF,
pointed out an amorphous structure with a possible supramolecular arrangement.
Finally, concrete plugs designed to trigger ASR highlighted the importance of temperature in ASR
kinetics and gel exudation.
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1.

INTRODUCTION

Nuclear power production generates radioactive wastes, the management of which is an important
industrial and environmental issue. Thus, low - or intermediate - level radioactive aqueous waste
streams can be concentrated by evaporation, stabilized and immobilized with a hydraulic binder, usually
a Portland cement or a blast furnace slag cement, before being sent to disposal. Interactions can
however occur between some waste components and the cement phases or aggregates, and decrease
the stability of the final waste forms. Aqueous waste streams, produced by Doel nuclear power plant in
Belgium, were concentrated by evaporation, leading to concentrates with a high variety of chemical
species. The presence of boron and the acidic pH of the waste led to the addition of caustic soda in
order to maintain the workability of the fresh concrete and avoid a too long setting time. The concentrate
was then stored in tanks at 80°C to avoid borate crystallization, until the cementation step. This latter
consisted in an in-drum mixing process, in which the raw materials were introduced according to the
proportions detailed in Table 1, and in the order detailed hereinafter. Firstly, aggregates (gravels and
sand) were introduced into the empty drum. Afterwards, the warm concentrate was incorporated. Lastly,
the cement was added to the mixture. The formation of a gel-like product has been observed in 2013,
at the surface of some of these waste packages cemented between 1983 and 2012, leading in some
cases to cracks in the stabilization matrix and to the leaking of some canisters (ONDRAF 2014).
Table 1. Concrete composition
Masses [kg/m3concrete]
Cement

410

Sand

660

Gravel

110

Concentrate

299.3

This product may result from a reaction between silica from the aggregates and the very alkaline
interstitial solution of the cement matrix (Rajabipour et al. 2015, Maraghechi et al. 2016). Its properties
differ however from those commonly reported for alkali-silica gels in civil engineering
(Godart & Leroux 2008) by:





a much lower calcium concentration;
the presence of zinc (coming from the dissolution of the protective layer on the canister lid),
chloride, sulfate and borate ions;
a higher formation rate;
rather limited damage of the cementitious matrix considering the amount of gel produced.

This work aims at investigating the relationship between the gel composition, its rheological and swelling
properties and at pointing out the necessary parameters for the gel formation.
Gels with compositions close to those measured in cemented waste packages were synthesized and
concrete samples representative of the cemented waste were produced in order to trigger alkali-silica
reaction (ASR) and characterize the products formed. Their behavior regarding water (deliquescence,
efflorescence, carbonation) was studied and their rheological properties were investigated using
dynamic mode rheometry and flow measurements.
2.

MATERIALS AND METHODS

Synthetic gels were produced in the laboratory by mixing several concentrated ionic solutions made
from ultra-pure water with an industrial sodium silicate solution (Woellner GmbH, Germany), under
vigorous stirring (~ 700 rpm). Water was then evaporated under moderate heat and vacuum to reach
the average water content measured in real gels. The volume of each solution was calculated to get a
synthetic gel with a chemical composition close to the average composition of the real gel (Table 2).
The final product was then stored under nitrogen to avoid carbonation.
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Table 2. Average composition of the gel-like products recovered in the drums, in mmol/kg
Species

Concentration

Species

Concentration

Cl

146.9

Ca

5.7

SO4

48.8

Fa

3.3

NO3

6.8

Zn

32.4

F

3.3

B

20.1

PO4

7.0

Na

5927

NO2

1.2

SiO2

5788

Al

22.3

-

-

wt.%H2O

41%

Dissolution of the gel was achieved by adding 30 mL of ultra-pure water to 0.5 g of gel and by stirring
vigorously the medium (~ 700 rpm) for 15 minutes at ambient temperature. The elemental composition
of the solution was then determined by ICP-AES (Al ; B ; Ca ; Fe ; Na ; P ; S ; Si ; Zn) previously
calibrated with matrix reconstitution.
X-Ray Diffraction patterns (XRD) were obtained by using a X’pert Pro diffractometer (Malvern
Panalytical) equipped with a 1800 W generator (45 kV and 40 mA), employing the K α1 radiation of a
copper anticathode (λ = 1.54056 Å). The detection is achieved with a linear X’Celerator detector
(122 aligned punctual detectors). The patterns were collected in the 2θ range of 5° to 70°, with 2.868 s
measurement time per 0.017° step.
Small-Angle X-ray Scattering (SAXS) curves were obtained in the SOLEIL synchrotron facility
(Saclay, FR), on the SWING beamline. X-rays with a wavelength λ = 1.03320 Å were generated with a
U20 in-vacuum cryo-cooled undulator and the scattered signal was collected with an Eiger 4M (Dectris)
detector. The distance between the sample and the detector led to an observation window with
momentum transfers Q comprised between 4.5 · 10-3 Å-1 and 3.5 · 10-1 Å-1. The momentum transfer Q
is defined in (1), with θ as the scattering angle and λ as the wavelength of the incident radiation
(Guinier & Fournet 1955).

𝑄=

4𝜋
sin 𝜃
𝜆

(1)

X-ray Pair Distribution Functions (PDF) were obtained in the European Synchrotron Radiation Facility
(Grenoble, FR), on the ID 31 beamline. The X-rays source was a U14 in-vacuum cryo-cooled undulator
with 14.5 mm period, producing photons with a wavelength λ = 0.15895 Å. This analysis focuses on the
entire signals including Bragg peaks and diffuse scattering. PDF represents the distribution of
interatomic distances in a compound, regardless of its crystalline state, determined experimentally by a
Fourier transform of the powder pattern. The reduced PDF, G(r), was obtained by taking a sine Fourier
transform of the measured total scattering function S(Q), as shown in (2), where Q is the momentum
transfer given in (1). This Fourier transformation was achieved by using PDFgetX3 (Juhás 2013), after
subtracting the signal of water.
2

𝑄

𝐺(𝑟) = 𝜋 ∫𝑄 𝑚𝑎𝑥 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟 ) 𝑑𝑄
𝑚𝑖𝑛

(2)

Rheological measurements were carried out on synthetic gels by using a MCR-302 stress-controlled
rheometer (Anton Paar). Measurements were acquired in oscillatory mode with a γ = 1% strain and a
ω = 1 rad/s pulsation while the sample temperature was held at 25°C. During measurements, the gel
sample was confined with a solvent trap to avoid drying, the latter distorting its rheological properties.
The gel was initially submitted to a 2 h time sweep to ensure its rheological stability over time and a
strain sweep was performed afterwards to determine the magnitude of the linear range. These steps
were followed by a frequency sweep and a steady state flow curve.
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Concrete specimens were designed (Table 1) using Portland cement (CEM I 52.5 R SR-3 N/A,
Sulfo 5 R, supplied by Holcim) and siliceous gravels and sand (flint aggregate, North of France), similar
to those used for the embedding of the concentrate regarding their composition, and likely to undergo
ASR. Petrographic investigations have shown that the gravel is solely composed by flint, whereas the
sand is composed of 36% flint and 61% monocrystalline quartz. The particle-size distribution of both
sand and gravel were previously adjusted (Figure 1) to comply with those of samples prepared with
other types of aggregates.

Figure 1. Sand and gravel size distribution curves
The water necessary for cement hydration was provided by a surrogate, which mimicked the evaporator
concentrates (composition given in Table 3). The concrete was then poured in cylindrical cardboard
molds, leading to two sets of plugs, each one containing three different geometries (11 x 22 cm,
11 x 11 cm and 11 x 5 cm). In order to reproduce the thermal past history of the drums (which were
cemented with warm concentrates), the first set of three concrete samples was submitted to a thermal
cycle during 7 days. The plugs were sealed in autoclave bags containing water beakers to ensure a high
relative humidity during the thermal cycle. They were heated to 90°C in 4 h, kept at 90°C for 4 h,
cooled to 50°C in 20 h and finally cooled to ambient temperature in 6 days. After this cycle, samples
were kept in the molds and stored at 20°C and 95% relative humidity. The second set of three plugs
was not exposed to temperature rise and was directly kept at 20°C and 95% relative humidity.
Table 3. Composition of the simulated concentrate

Species

Concentration
[g/kg]

Concentration
[mmol/kg]

Na2SO4

18.03

127

H3BO3

70.25

1133

Na2SiO3

27.45

225

Na3PO4 · 12 H2O

51.68

136

NaNO3

1.11

13

NaCl

7.71

133

NaOH

99.04

2476

Ca(OH)2

20.65

279
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3.
3.1

RESULTS AND DISCUSSION
Gel dissolution

The dissolution of the synthetic gel carried out in water led to a metastable solution, requiring its analysis
within 24 h. The elemental composition of the solution was determined by ICP-AES and made it possible
to assess the experimental composition of the gel (Table 4). The measured concentrations agreed rather
well with the theoretical ones except for Si and Al. The high silicon content may come from the prior
analysis of siliceous samples. The low aluminum content is yet not explained but must come from the
ICP-AES device, as this tendency was observed on several samples. This simple gel dissolution
procedure can be easily applied to radioactive gels and may thus be of interest for ONDRAF to get more
information regarding the composition of the gel observed in the drums.
Table 4. Gel composition based on the formulation and on the ICP-AES analysis of the
dissolved gel, in mmol/kg

3.2

Species

Formulation

ICP–AES

Relative deviation

SO42-

49.0

55.6

13.4%

PO43-

7.0

6.3

-10.2%

Al3+

22.4

4.0

-82.2%

Ca2+

5.7

5.1

-11.0%

Fe3+

3.3

2.8

-14.1%

Zn2+

32.6

31.6

-3.2%

B

20.2

18.9

-6.2%

Na+

5958

5691

-4.5%

SiO2

5819

8068

38.7%

Synthetic gel characterization

Drying and water uptake curves were obtained by placing the gel in a desiccator filled either with silica
gel (%RH = 3%) or water (%RH = 98%) and by monitoring its mass evolution over time. The gel exhibited
an efflorescent behavior in dry environment (-25 wt.% in 30 days) and a strong hygroscopic behavior
under wet conditions (+330 wt.% in 97 days). However, the water uptake phenomenon was
accompanied by carbonation, as a white solid (identified by XRD as trona Na2CO3 · NaHCO3 · 2H2O)
gradually formed, thus disrupting the measurement as no plateau was reached. In order to avoid
carbonation, the mass of the sample was then monitored while exposing it to high relative humidity
(%RH > 95%) in a glovebox under nitrogen atmosphere. The mass reached a plateau after 20 days,
with an increase of 51 %.
The gel was characterized by X-ray diffraction (Figure 2). Its pattern did not contain any diffraction peak
but only broad humps, typical of an amorphous or poorly crystallized structure. The diffraction pattern is
similar to those obtained on calcium-(aluminium)-silicate-hydrate (C-A-S-H) compounds
(Kapeluszna et al. 2017), with humps centered on 8.7° and 30.3° (2θ scale), exhibiting a structure similar
to tobermorite (a mineral with calcium over silicon ratio of 0.83) (Megaw & Kelsey 1956). According to
Bragg’s law, the hump centered on 8.7° might be attributed to an interlayer distance of 10.2 Å. However,
the similarity with C-A-S-H must be carefully taken into account, as the calcium over silicon ratio of the
studied material is very low (Ca/Si = 0.001), compared to those typically observed with C-A-S-H
(Ca/Si ≥ 0.66) (Nonat 2004).
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Figure 2. XRD pattern of the synthetic gel
Small Angle X-rays Scattering experiments did not show a plateau for small momentum transfers Q
(Guinier region), making impossible the fitting of the scattering curves with models. Thus, no information
about precise size, structure, shape and organization of correlation domains could be obtained by this
technique. However, the fact that the plateau is supposed to be reached for values of momentum
transfer below 4.5 · 10-3 Å-1 indicates that the size of correlation domains is greater than 71 nm.
Pair Distribution Function (Figure 3) allowed highlighting the presence of main correlations assigned to
Si – O (1.62 Å), Na – O (2.34 Å), O – O (2.6 Å) and Si – Si (3.1 Å) distances (Benmore & Monteiro 2010,
Jing et al. 2015). The correlation between atoms did not exceed 7 Å, emphasizing the local atomic
organization and amorphous structure of the material.

Figure 3. Pair Distribution Function analysis of the synthetic product
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PDF and SAXS measurements provided information about the local and global structure of the product,
showing molecular arrangement for distances below 7 Å (connected silica tetrahedra with inclusions of
sodium) and a supramolecular organization with correlation domains larger than 71 nm (correlation
between silica chains).
Preliminary rheological measurements carried out on the synthetic gel (38 wt.% water) showed that its
efflorescent behavior distorts the results if the dried area is in contact with the part of the geometry used
for the acquisition. Therefore, a Vane geometry with a solvent trap should be preferred to a plate-plate
geometry to perform the measurement, as shown by the stable viscous and elastic moduli values
obtained during the time sweep. During the strain sweep step, both moduli were strongly constant,
showing the absence of any limit strain. Therefore, a 1% strain was chosen to perform the analyses.
The synthetic gel was then submitted to a shear-rate sweep (Figure 4). Its steady state shear viscosity η
was equal to 36 Pa.s and its shear stress τ varied linearly with the shear rate, highlighting a Newtonian
fluid behavior. The viscosity drop observed at high shear rates 𝛾̇ did not come from shear-thinning
behavior, but from the incorporation of air bubbles in the sample. This steady state shear viscosity had
the same value as the magnitude of the complex viscosity η* determined during the prior time sweep
and strain sweep (3), thus making the gel compliant with Cox-Merz law (4). It is thereby possible to
obtain information regarding steady state shear viscosity in oscillatory mode, without incorporating air
bubbles in the sample and without distorting its rheological properties.

√𝐺 ′2 + 𝐺′′² = 𝜂 ∗ 𝜔 = 𝜂 ∗

(3)

𝜂 ∗ (𝜔) = 𝜂(𝛾̇ )

(4)

Figure 4. Shear rate sweep obtained on the synthetic gel
The magnitude of the complex viscosity was obtained between 15°C and 45°C on a 40 wt.% water gel,
by performing frequency sweeps between 0.1 rad/s and 100 rad/s. The viscosities shown in Figure 5
were obtained at 1 rad/s and calculated with G’ and G”, according to (1).
Viscosities at higher temperatures could not be evaluated, as the evaporation of the water in the sample
started to occur, thus modifying its rheological properties.
The relationship between viscosity η and temperature T could be well modelled by an Arrhenius-like
equation (5) (Macosko 1994), which could be linearized (6):

𝜂 = 𝐴𝑒 𝐸𝜂 /𝑅𝑇
ln 𝜂 = ln 𝐴 +

𝐸𝜂
𝑅

(5)
1

∗𝑇

(6)
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Figure 5. Influence of temperature on the viscosity of a gel containing 40 wt.% water
The fit provided a correlation coefficient R² = 0.99946, a pre-exponential factor A = (5.97 ± 3) · 10-16 Pa.s
and an activation energy Eη = 92.9 ± 1 kJ/mol, representative of the thermal dependency of viscosity.
This relationship may be useful in order to extrapolate the value of the viscosity at higher or lower
temperatures.
3.3

Gel formation

During the thermal cycle, the concrete specimens designed with flint aggregates showed a considerable
gel exudation, as shown in Figure 6, which occurred right after the isothermal step at 90°C, at very short
time (unlike typical timescales used to trigger ASR). Furthermore, the gel production stopped after this
step. The gel exudation did not seem to damage the cementitious matrix, as no cracks were observed
on the surface of the specimen. The set of plugs that was kept at ambient temperature did not exhibit
any gel formation (Figure 7).

Figure 6. Surface of the 11 x 22 cm concrete
specimen exposed to thermal cycle (high RH),
a few hours after the 90°C step

Figure 7. Surface of the 11 x 22 cm concrete
specimen kept at 20°C and 95%RH

Temperature seems to have a significant influence on the gel exudation. Gel exudation may be easier
as the viscosity of the gel decreases, which may explain the quick and all-in-one exudation during the
step at 90°C. Indeed, at this temperature, the gel may have a viscosity of 13.7 mPa.s, according to the
Arrhenius-like equation (3), making it easier to exude. It is a matter of concern to understand if the gel
is produced in both sets of plugs and is only exuded when exposed to temperature e.g. if the gel is
present but not exuded, or if the gel is simply not produced in the plugs kept at 20°C.
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The quantity of gel exuded also depends upon the geometry of the concrete plugs. Indeed, the bigger
the concrete plug is, the more gel is produced, as shown in Figure 8.

Figure 8. Top surface of the concrete specimen right after the 90°C isothermal step
(a) 11 x 5 cm plug (b) 11 x 11 cm plug (c) 11 x 22 cm plug
4.

CONCLUSION

Synthetic alkali-silica reaction products with known composition and water content were produced in
laboratory, by mixing saline solutions and by adjusting the water content by evaporation under vacuum.
The product needed several precautions during its handling, especially regarding ambient relative
humidity and the presence of carbon dioxide, given its efflorescent, deliquescent and sticky properties
and its tendency to undergo carbonation. A simple dissolution of this synthetic gel was achieved in
water, allowing assessing the initial composition of the gel, which may be useful to estimate the
composition of gels produced in real drums.
From a rheological point of view, the product was not a gel but a Newtonian fluid, with an amorphous or
poorly crystalline structure. The use of a solvent trap is mandatory in order to avoid drying as much as
possible, the latter distorting the sample rheological properties of the sample. This material had a
viscosity in the order of magnitude of thick honey, which decreased when the temperature or the water
content increased. Thus, the limited damage of the concrete specimens despite the significant amount
of gel exuded might be due to the temperature rise at early age.
Concrete specimens subjected to the seven-day thermal cycle exhibited considerable ASR gel formation
without damaging the cementitious matrix, right after the isothermal step at 90°C. No further gel
production was later observed during the thermal cycle. The plugs kept at 20°C and 95%RH did not
exhibit the exudation of a jelly-like substance, highlighting the importance of temperature. The exact role
of temperature is still to be determined, in order to understand if this parameter is either allowing the gel
formation and exudation or only permitting the gel exudation.
5.

PROSPECTS

With the aim of acquiring more precise information regarding the relationship between the composition
and the structure of the product, Raman and 29Si, 27Al, 11B NMR characterizations will be carried out on
gels with varying composition and water content.
The influence of temperature on ASR kinetics, gel exudation and concrete damaging will be investigated
by submitting concrete samples to isothermal steps at different temperatures and by observing – or not –
the formation of gel by macroscopic and SEM/EDX observations. Concrete plugs that were cured at
20°C during a certain time will be submitted to temperature rise in order to understand if there is a
possible latent behavior for ASR in this system.
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ABSTRACT
The durability performance of concrete structures is governed by a combination of factors. In coastal
areas, the durability of concrete structures is affected not only by own load but also the effect of freezethaw cycle. This study aims to research the durability performance of concrete under the coupling
effect of pressure load (0, 30% and 50% ultimate compressive stress) and freeze-thaw cycles. To
simulate the situation of concretes under load conditions, a set of loading device is designed. After 150
freeze-thaw cycles, the durability performance of C50 and C30, which are prepared at water-cement
ratios of 0.35 and 0.53, respectively, is assessed by evaluating their mass loss ratios, relative dynamic
elastic modulus, chloride diffusion coefficient and capillary water absorption. Under the coupling effect
conditions, the permeability decreases first and then increases with the increasing of applied pressure
from 0 to 50% ultimate compressive stress. The porosity of concrete has the same performance. The
correlation between permeability and pore structural parameters provides a theoretical basis for the
design and control of the service life of concrete under coastal conditions.
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1.

INTRODUCTION

Reinforced concrete is widely used in construction around the world, mainly due to its low cost, high
mechanical strength and stability. However, deterioration of concrete structures have been reported
both in literature and in practice, particularly when concrete is served in harsh environment, leading to
decline of concrete strength and corrosion of reinforced rebar (Wang et al. 2016). It is thus accepted
that the durability and service life of concrete structures should be considered in future construction
design. In general, the durability and service life of concrete is mainly governed by a series of
environmental factors, e.g. freeze-thaw, carbonation, sulphate attack and chloride penetration etc.
(Glasser et al. 2008). In practice, most concrete structures are exposed to several environmental
actions. In cold coastal area, such as the north area of China, freeze-thaw and chloride penetration are
the main deteriorating processes for reinforced concrete structures (Pigeon and Pleau 2010).
Chloride ions were detrimental ions affecting the service life of reinforced concretes. The presence of
free chloride ions in environments could penetrate concrete and result in corrosion of reinforced bar.
According to Yang et al. (2006), the main transport processes in concrete included capillary absorption,
diffusion, permeation, and convection. As for capillary force or gradient of capillary potential, the water
is absorbed into concrete through pores, while diffusion happened mainly because of a concentration
gradient (Dullien 2012). Penetration is a transport process of water and air into concrete, which is caused
by gravity or pressure gradient; and convection is the process happened in solution such as the transport
of chloride or sulphate ions into concrete. In real construction, it is usually more than one process
occurring at the same time, and each of these mechanisms is influenced by internal microstructure of
concrete and external environment.
The pore structure of concrete has a crucial influence on the process of chloride penetration; and water
is the main transfer medium (Mors and Jonkers 2017). Hence, study on the migration of water in
concrete is important. The frozen of pore solution caused by freeze-thaw process created internal
pressure in pores and led to damage of concrete. The respective effect of chloride penetration and
freeze-thaw cycles on the durability of concrete has been extensively investigated in previous studies
(Zhang et al. 2018). It was reported that the penetration of chloride into concrete was related to the pore
structure and cracks in concrete (Zhang et al. 2017). Costa and Appleton (1999) presented the results
of an experimental study of the two concrete mixes (water/cement ratio = 0.3 and 0.5) in four different
marine exposure conditions (spray zone, tidal zone, atmospheric zone and dockyard zone) for five
years. The results showed that the chloride penetration of concrete (w/c = 0.5) in tidal zone was highest.
The authors speculated that the chloride penetration strongly dependent on both the concrete mixture
and the exposure conditions.
Freeze-thaw cycles accelerate the damage evolution of concrete and reduce the service life of concrete
structures. Cai and Liu (1998) observed the change of electrical conductivity of concrete exposed to a
refrigerator (temperature varied from 0 °C to -20 °C) and concluded that the frozen of pore solution
between 0 °C to -10 °C determined the durability of concrete. Molero et al. (2012) applied ultrasonic
imaging to evaluation the degradation process of normal concrete and air-contained concrete exposed
to freeze-thaw cycles and found that the later showed better frost resistance than the former.
Studies also suggested that the main factor to improve the freeze-thaw resistance relied on the compact
of concrete (Shahrajabian and Behfarnia 2018). Schaefer et al. (2006) explained that mix design of
concrete could inflect its compaction energy, which then significantly affected the freeze-thaw durability
of Portland cement concrete and, to a less extent, reduced compressive strength and split strength and
increased permeability.
Apart single environmental factor, coupling effect of two or more environmental factors is considered
recently. Zhang et al. (2017) used Neutron radiography to study the influence of freeze-thaw cycles on
capillary absorption and chloride penetration concrete. They found that the freeze-thaw cycles increased
the rate of water absorption and chloride penetration. Yang et al. (2006) studied water transport in
concrete after freeze-thaw cycling. They found that both the total water absorption and the initial water
absorption coefficient increased after 500 freeze-thaw cycles due to the frost induced cracks.
In practise, most reinforced concrete structures are used under load. The consideration of load
combined with environmental actions could provide more practical and reliable results when evaluate
the durability and service life of concrete. Sun and Lu (2015) demonstrated that the permeability of
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concrete increased under 60% ultimate load during coupling effect of axially distributed load and
carbonization. Bao and Wang (2017) found that with the increase of compression stress load, the
chloride content decreased firstly and then increased after a critical stress level. Sun et al. (1999) found
that the stress ratio was an important influencing factor on performance of concrete; concrete subjected
to higher stress ratio, presented greater frost damage.
Previous studies demonstrated that load condition had an important effect on the durability of concrete.
The load could expand the existing small cracks (caused by bleeding, shrinkage, temperature gradient,
etc.) or generate new cracks in concrete. As long as these small cracks in concrete interconnect with
each other, the penetration of harmful ions into concrete was greatly accelerated . Most of the existing
studies focused on the coupling effect of load and one environmental factor on the durability of concrete.
Research on the coupling effect of load with multiple environmental factors, however, is limited. With
this consideration, in this study, the durability of concrete was investigated under the coupling effect of
load, freeze-thaw and chloride penetration.
2.

MATERIALS AND METHODS

2.1

Materials

Portland cement Type I was used as the raw material for the concrete. Its specific surface area was
350~370 m2/kg. The average particle size was around 27 μm; and the particles size less than 3 μm and
3-30 μm accounted for about 6.7% and 70%, respectively. River sand with a fitness modulus of 2.7 and
granite gravel with a distribution diameter between 5 mm and 20 mm (obtained from Qingdao, China)
were used as fine aggregate and coarse aggregate, respectively.
Concrete was prepared with by different strength category, i.e. C30 and C50. Table 1 shows the mixture
ratio of each concrete. The water to cement ratio for C30 and C50 was 0.53 and 0.35, respectively. After
mixing, concrete was cast into 100 mm ×100 mm × 100 mm mould as 100 mm cube specimens. After
1 day curing at room temperature, all concrete specimens were demoulded and cured in a curing room
with a relative humidity of 95% and temperature of 20 ± 2 °C.
Table 1. Mix ratio of concrete
Concrete

W/C

Cement

Sand

Aggregate

Water

Superplasticizer

C30

0.53

375

750

1125

200

/

C50

0.35

450

675

1125

156.1

2.0

2.2

Experimental methods

2.2.1 Loading and freeze-thaw cycles
At 28 days, the ultimate compressive strength (fc) of C30 and C50 were measured, i.e. 38.47MPa and
54.95MPa, respectively. In loading test, hydraulic jack was used to supply stress on specimen. Two
different compression stress level, i.e. 0.3fc and 0.5fc were applied on. The exact pressure applied on
concrete specimens can be read from a dial attached to the hydraulic jack. Hydraulic pressure testing
machine which was usually used by normal compression test was also used in this study for comparison.
It was found that the deviation of compressive strength results measured by hydraulic jack and hydraulic
pressure testing machine was less than 2 MPa. During the loading process, the whole loading devices
(including concrete specimens) were immersed in water for 4 days and then exposed to freezing-thawing
test. Every freeze-thaw cycle continued for 3.5 h, with the highest temperature of 18±2 °C and lowest
temperature of -20±2 °C. In total, 150 freezing-thawing cycles were conducted. The sequences of test
flow were compiled in Figure 1.
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Figure 1. Sequence of test flow
2.2.2 Capillary water absorption test and chloride penetration test
After certain freezing-thawing cycles (0, 25, 50, 100 and 150 cycles), the concrete specimens were
unloaded and cut into four pieces. One cube concrete specimen were divided into two sets; each set
includes one inside piece and one outside piece. One set was used for capillary water absorption test
and the other one was used for chloride penetration test. Specimens were designate in the form of “XXCC-i/o” where XX representing applied compression stress level, CC representing frost cycles, and i/o
representing inside piece or outside piece of concrete specimen. After cutting, all pieces were dried in
oven at 60 °C for 24 h and then cooled to ambient temperature for 12 h. To ensure one-dimensional
diffusion of moisture, the other four sides of concrete piece that are perpendicular to the absorbent
surface were sealed with paraffin wax.
3.
3.1

RESULTS AND DISCUSSION
Capillary water absorption of concrete under coupling effect of compressive load and
freeze-thaw cycles

Cpillary water absorption of concrete was regarded as a useful indicator to evaluate the damage under
coupling effect of compressive load and freeze-thaw cycles. Figure 2 shows the amount of absorbed
water of C30 concrete under coupling effect of load and freeze-thawing cycles. It was found that the
amount of absorbed water increased with the immersing time. The amount of absorbed water of
concrete under 30% ultimate load (0.3fc) shows the lowest water absorption content, while the concrete
under 50% ultimate load (0.5fc) shows the highest.
It is known that water absorption content was closely related to the capillary pores in concrete. A certain
compressive stress could compact existing cracks in concrete and hinder the generation of new cracks,
resulting in a lower water absorption content. When the applied load reached 50% ultimate load (0.5fc),
the excessive load induced new cracks in concrete and then water absorption content increased.
As shown in Figure 2, the amount of capillary absorbed water increased with an increase of freeze-thaw
cycles. As the frost cycles increased from 25 to 150, the difference of absorbed water content became
gradually obvious between samples under coupling effect with control samples. It indicates that the frost
damage generated more cracks in concrete with the increase of freeze-thaw cycles. The new cracks
provided more penetration path for water into concrete.
The amount of absorbed water of inside concrete specimen was less than that of the outside specimens.
It means that the damage caused by freeze-thaw cycles initiated from the outside, then developed to
the inside part. It is reported that the freeze-thaw damage on concrete included two aspects (Yang et
al. 2006): first is the peeling off of surface mortar and then generation of internal cracks. In this study, it
is found that the internal damage happened after 50 freeze-thaw cycles, before which the water
absorption content was similar to inside samples.
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Figure 2. Amount of capillary absorbed water of C30 with the coupling effect of frost cy
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Figure 3 shows the amount of capillary absorbed water of C50 concrete under the coupling effect of
load and freeze-thaw cycles. In general, the amount of absorbed water of C50 exhibited similar trend as
C30, while the water absorption content of C50 was about 5 times smaller than that of C30, both before
and after the freeze-thaw cycles. It means that C50 concrete have a better water resistance than C30
concrete under the coupling effect of load and frost cycles.
It is interesting to note that the water absorption content of C50 concrete under 30% ultimate load (0.3fc)
showed close trend to that without loading. Samples under 50% ultimate load (0.5fc) showed a little
higher water absorption content. It means that the applied stress had less influence on C50 concrete
compared to C30 concrete.
Figure 4 summarized the initial capillary absorption water coefficient (Ai) of C30 and C50 as a function
of freeze-thaw cycles. It is clear that Ai exhibits an upward trend with the increase of freeze-thaw cycles.
For C30 concrete, after 50 freeze-thaw cycles, the Ai increased sharply. It means that new cracks
generated in concrete after 50 freeze-thaw cycles. For C50 concrete, the Ai was much smaller than C30
concrete. The coupling effect of compressive load and freeze-thaw cycles was more serious on C30
concrete than on C50 concrete.
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Figure 4. Initial capillary absorption water coefficient of C30 and C50 as function of freeze-thaw
cycles
3.2

Chloride penetration of concrete under compressive load and freeze-thaw cycles

Figure 5 and Figure 6 show the chloride ion content of C30 concrete after 7d and 28 d chloride
penetration, respectively. The chloride ion content described with increasing depth. This is because that
chloride ions penetrated into concrete surface by capillary suction and then diffused into deeper zones.
It is obvious that samples with 0.3fc showed the least chloride ion content and samples with 0.5fc showed
the highest. It means that 0.3fc could help hinder the penetration of chloride ion while 0.5fc accelerate
the penetration. This is because that a certain compression stress level compact the pore structure of
concrete. The penetration of chloride ion into concrete was hindered. The penetration depth and the
amount of chloride ion significantly increased with the increase of freeze-thaw cycles. Frost action before
50 freeze-thaw cycles did not apparently influence the penetration of chloride ion, which similar to the
water absorption. The results suggested that a certain compression load was encouraged for concrete
structure in cold coast area. It suggested that a certain of compressive stress should be concerned into
the durability design of reinforcement concrete structure.
It is also found that the chloride ion content of inside concrete specimen was less than that of the outside
part. This is because that the peeling off of the surface of outside part which exposed to freeze-thaw
solution provided new penetration pathway for chloride ion into concrete. It is suggested that a protective
treatment on the surface of concrete could develop to enhance the durability of structure.
From the comparison of Figure 5 and Figure 6, it is obvious that the penetration depth and amount of
chloride ion increased significantly after 28 d chloride penetration. For example, the chloride ion content
of 7 d at 20 mm depth was less than 0.05% of concrete while chloride ion content of 28 d still kept down
trend after 20 mm. Raw material and tap water could carry around 0.05% chloride into concrete. This
means that in this study chloride ion penetrated into deeper depth than 20mm after 28d corrosion.
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Figure 5. Chloride ion content of C30 concrete after 7d chloride corrosion
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Figure 7 and Figure 8 show the chloride ion content of C50 concrete after 7 d and 28 d chloride corrosion.
Similar change trend of chloride ion content occurred between C30 and C50 refer to the influence of
coupling effect of freeze-thaw and stress level. It is noted that the chloride ion content of C50 tended to
smooth at 10 mm while C30 concrete kept downward trend after 20 mm. Chloride penetration rate of
C50 was much lower than C30. This indicated that C50 performs better chloride resistance than C30.
This observation can be explained phenomenologically by the difference of water/ratio. Lower w/c ration
could synthesis more impact concrete and shows higher damage resistance to coupling effect.
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Figure 7. Chloride ion content of C50 concrete after 7d chloride corrosion (a) 25-o, (b) 50-o, (c)
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4.

CONCLUSIONS

From the result presented in this paper, the following conclusions can be drawn:






5.

The amount of capillary absorbed water and chloride ion increased slightly before 50 freezethaw cycles and sharply after 100 and 150 cycles. Freeze thaw shifted the pore size
distribution towards microporous and generate new cracks, which provided new penetration
path for water and chloride ion into concrete.
C50 concrete showed better penetration resistance to water and chloride ion than C30
concrete. The effect of applied load had much less impact on the Cl penetration than C30
concrete. Water/cement ratio is the decisive factor on the durability performance of concrete.
The applied load (0.3fc) had inconspicuous effect on C50 concrete.
For C30 concrete, a certain stress (0.3fc) could help relieve the damage caused by frost and
Cl ingression, while excessive load (0.5fc) could aggravate damage. The influence of load
should be concerned into the durability design of reinforcement concrete structure exposed
to marine environment.
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ABSTRACT
Carbonation induced corrosion is one of the major durability concerns in blended cements due to lower
total alkaline content in them. This study presents a new approach to model the carbonation of
cements containing supplementary cementitious materials to obtain a reliable estimate of carbonation
depth of concrete during the service life of structures. Ordinary Portland cement, fly ash based
Portland pozzolana cement, limestone calcined clay cement and composite cement containing slag
and fly ash were used in the study. In the first step, various physical and chemical characteristics of
hydrated cement, such as compressive strength, porosity, reserve alkalinity and pH are measured and
their relation to carbonation coefficient is studied. An empirical equation is developed to predict
carbonation depth by considering the physical and chemical parameters of the concrete. A numerical
model was also developed that simultaneously solve the equations pertaining to diffusion of carbon
dioxide, drying of concrete and movement of alkalis in concrete along with accounting for the changes
occurring in the microstructure of concrete on carbonation to predict the extent of carbonation. The
modeling results were validated for samples exposed to natural and accelerated conditions. The
models developed predict the carbonation depth with reasonable accuracy for different cements and
for a wide range of environmental conditions.
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1.

INTRODUCTION

The long-term performance of concrete under carbonation is usually predicted by empirical and
numerical modelling. Majority of the models available predicts carbonation depth as a function of
calcium hydroxide (Khunthongkeaw and Tangtermsirikul 2005; Saetta et al. 1993; Talukdar et al.
2012; Zhang 2016). Although thermodynamically, calcium hydroxide has the highest potential to
undergo carbonation, all the other calcium-bearing hydration products also carbonate (Shah et al.
2018; Shi et al. 2016). The amount of calcium hydroxide in blended cements is lower than the
Portland cement due to the pozzolanic reaction of supplementary cementitious materials and
dilution effect. Hence, the carbonation depth predicted for blended cement systems using the
models developed for Portland cement could result in erroneous values.
Hydrated cement on carbonation is known to undergo volumetric changes. The solid volume on
calcium hydroxide increases by 11-14% on carbonation, depending upon the type of polymorph of
calcium carbonate precipitated (Lagerblad 2005; Morandeau et al. 2014). The reduction in overall
porosity of the system and changes in diffusion characteristics of carbon dioxide due to it is
commonly considered in the models. However, not all the hydration products on carbonation lead to
an increase in solid volume and to the same extent (Shah and Bishnoi 2018a). Increase in total
porosity and coarsening of pores on carbonation has been reported, specifically for
blended cements.
In this study, a semi-empirical and a numerical model is developed to predict carbonation depth
in cements containing supplementary cementitious materials at different replacement levels and for
a wide range of environmental conditions. The empirical model developed is based on physical and
chemical characteristics of concrete whereas the numerical model is based on fundamental approach
considering the effect of various processes involved in carbonation of concrete.
2.

SEMI-EMPIRICAL MODEL

The rate of carbonation in concrete is affected by physical, chemical and environmental parameters of
the concrete. An extensive study was carried out to study the influence of different factors on the rate
of carbonation for different cements. The proportion of the raw materials mixed to prepare different
binders and the details of the mix design of the concrete mixes used in the study are given in Table 1
and Table 2 respectively.
Table 1: Blends composition and notations
Notation

Clinker

Gypsum

Fly Ash

Slag

Limestone

Clay 1

Clay 2

U1

0.97

0.03

-

-

-

-

-

B1

0.67

0.03

0.30

-

-

-

-

B2

0.50

0.05

-

0.45

-

-

-

T1

0.50

0.04

-

-

0.15

0.31

-

T2

0.50

0.04

-

-

0.15

-

0.31

T3

0.50

0.04

0.15

0.31

-

-

-
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Table 2: Details of mix design
Blends

U1 (0.35)
B1 (0.35)
B2 (0.35)
T1 (0.35)
T2 (0.35)
T3 (0.35)
U1 (0.45)
B2 (0.45)
T1 (0.45)
T2 (0.45)
T3 (0.45)

Cement
(kg)

Coarse Aggregate (kg)

Fine
Aggregate
(kg)

Admixture
(kg)

Water (kg)

20 mm

10 mm

463

708

472

638

2.31

162

463

688

459

620

1.85

162

463

700

466

630

1.39

162

463

692

461

623

4.17

162

463

691

461

623

5.09

162

463

691

461

623

2.31

162

360

720

480

707

1.44

162

360

705

470

692

1.44

162

360

708

472

696

2.52

162

360

708

472

695

3.24

162

360

707

471

695

1.44

162

The concrete samples were cured for 120 days under water to ensure minimal changes in the
microstructure of concrete due to further hydration. After the end of the curing period and 15 days of
preconditioning at 27 °C temperature and 60% relative humidity, the samples were subjected to
different carbonation exposure conditions. The exposure conditions used are given in Table 3.
Table 3: Exposure conditions for carbonation
CO2 Concentration (%)

Relative Humidity (%)

Temperature (ºC)

0.04, 1 %, 3%

40, 60, 80

27, 45

Carbonation coefficient was calculated from the slope of the curve of the carbonation depth as a
function of square root of time. Figures 1-5 show the relation of carbonation coefficient with different
parameters of the concrete. Please refer to Shah and Bishnoi 2018b form more details.
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Figure 1. Carbonation coefficient of samples exposed to 1% CO 2, 27 °C temperature and 60%
relative humidity plotted against clinker factor of cement

Figure 2. Carbonation coefficient of samples exposed to 40% and 80% relative humidity against
carbonation coefficient of samples exposed to 60% relative humidity (R 2(40%) = 0.932, R2(80%)
= 0.901)

Figure 3. Carbonation coefficient K as a function of compressive strength of concrete for
samples exposed to natural sheltered condition (R 2=0.86)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 4. Carbonation coefficient K as a function of water permeable porosity of concrete for
samples exposed to 1% CO2, 27 °C temperature and 60% relative humidity (R2=0.16)

Figure 5. Carbonation coefficient K as a function of reserve alkalinity of concrete for samples
exposed to 1% CO2, 27 °C temperature and 60% relative humidity (R2=0.90)
The data show that no single parameter can be independently used to relate the rate of carbonation in
different cement systems. By considering various parameters, a semi-empirical equation is proposed
to predict carbonation depth.

(1)

(2)

where : Carbonation depth (m), t: Time (sec), [CO2]: Concentration of CO2 (mol/m3), [CO2Natural]
(0.035%): Concentration of CO2 in atmosphere (mol/m 3), [RA]: Concentration of reserve alkalinity
(mol/m3), CF: Clinker factor, Q (39000 J/mol K): Activation energy for CO2 diffusion in concrete [14],
: Reference temperature (298 K), R: Universal gas constant (8.314 J/mol K), T: actual
temperature, D: Diffusion coefficient (m 2/s), S: Compressive strength of concrete and RH: External
relative humidity. Figures 6 and 7 show the relation between predicted and experimental carbonation
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coefficient of samples. A reasonable agreement with the experimental results for a wide range of
environmental conditions and cement type.

Figure 6. Experimental carbonation coefficient versus estimated carbonation coefficient using
1 for samples exposed to 3% CO2 concentration, 60% relative humidity and 27 °C temperature
(R2=0.85)

Figure 7. Experimental carbonation coefficient versus estimated carbonation coefficient using
1 for samples exposed to natural sheltered conditions (R 2=0.89)
3.

NUMERICAL MODEL

Numerical modeling can play an important role in bridging the gap between accelerated tests and real
conditions. A model is developed to simulate carbonation in concrete, using basic laws of physics and
chemistry and using calibration parameters that can be measured in the laboratory relatively quickly.
In order to account for all the important factors that affect carbonation, the interaction of diffusion of
carbon dioxide, moisture transfer, movement of alkalis and change in microstructure in concrete have
been concurrently considered.
The diffusion of carbon dioxide, movement of alkalis and moisture transfer is described using Fick’s
second law of diffusion.
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(3)

(4)

(5)
where D: Diffusion coefficient of carbon dioxide (m2/s), [Caq]: Concentration of CO2 (mol/m3), S: Sink
term corresponding to the amount of CO2/Alkalis consumed in the carbonation reaction (mol/m3), H:
Relative humidity, Dw: moisture diffusion coefficient (m 2/s), Sh: Water produced during the carbonation
reaction, DA: Diffusion coefficient of alkalis in water (m 2/s), [Aaq]: Concentration of alkalis in the pore
solution (mol/m3)
3.1

Porosity, Saturation, Diffusion Coefficient

Due to limited existing knowledge, it is difficult to calculate the exact volume change occurring on
carbonation of hydration phases. Hence, porosity values obtained experimentally using MIP was used
in the simulation. MIP measurements were done on cement paste samples after 120 days of curing
under water and 60 days of exposure in 3% CO 2 concentration, 60% relative humidity and 27 ºC
temperature. The pore volume corresponding to capillary pores (pore size > 10 nm) was considered
as the porosity of the system. The porosity value measured after the end of the curing period was
considered as the initial porosity whereas the porosity value obtained at the end of the carbonation
exposure period was considered as final. The porosity value was varied linearly between initial and
final values based on the amount of alkalinity consumed in the carbonation reaction.
The value of saturation index of concrete is necessary to compute the volume of air and water filled
porosity of the total porosity available. Saturation index was computed using µic, a microstructural
modeling platform (Bishnoi and Scrivener 2009). The pore size distribution was calculated using the
pixel erosion method included in the µic. On the same microstructure used for calculating pore size
distribution, simulation of the incremental deposition of thin layers of water on the solid boundaries
was carried out. Using Kelvin’s equation (Eq. 6), the relative humidity for each thickness of water
layers added to the microstructure was calculated.

(6)

where : the Surface tension of water, r: Radius of the pore, M: Molecular mass of water, T:
Temperature and R: Universal gas constant. The saturation index can be calculated since the volume
of water added and total volume of pore is known.
Diffusion simulation was carried out in µic using Fick’s first law to understand the influence of various
parameters like particle size distribution, water to cement ratio and degree of hydration of cement on
the diffusion coefficient. The diffusion coefficient was found to be dependent only on porosity and
follow a power relationship (Eq. 7). The diffusion coefficient given in Equations 8 and 9 was used to
simulate the diffusion of carbon dioxide and water in the concrete respectively.

(7)

(8)

(9)
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Forward time central space technique of finite difference method was used to solve the diffusion
differential equations 3 to 5. The steps in which the scheme was implemented is given briefly below:





Simulation of preconditioning period by drying of concrete. Saturation level was considered
to be 100 percent at the beginning of the saturation.
Air-filled porosity and diffusion coefficient at each node was updated based on the
saturation.
Concentration of CO2, reserve alkalinity and relative humidity was computed at subsequent
time step.
Update total porosity at each node based on the amount of reserve alkalinity consumed. All
the steps above were repeated for each time step of the finite difference scheme.

The outline of the different steps involved in the carbonation and simulation process is depicted in the
flowcharts given in Figures 8 and 9 respectively.

Figure 8. The carbonation process and the components involved
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Figure 9. Flowchart describing the steps in the numerical simulation of carbonation
3.1.1
Simulation Results
The carbonation depth estimated using the model is compared with experimental data in figures 10
and 11. Figure 12 shows the simulation of carbonation in natural condition for a duration equivalent to
50 years. The numerical model agrees well with the experimental results for all cement types, water to
cement ratios and exposure conditions. The model can be used to obtain a reliable estimate of
carbonation depth under realistic conditions.

Figure 10. Comparison of modeled and experimental carbonation depth for B1 (0.35) exposed
at 1% CO2, 60% relative humidity and 27 °C temperature
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Figure 11. Comparison of modeled and experimental carbonation depth for T1 (0.45) exposed
at 3% CO2, 60% relative humidity and 27 °C temperature

Figure 12. Long term carbonation depth prediction for mix B1 (0.45) kept under natural
exposure condition
4.

CONCLUSION

An empirical equation that uses various parameters of concrete that affects the rate of carbonation
along with a numerical model using fundamental principles of physics and chemistry was developed.
Both the model gave reliable estimates of carbonation depth for a wide range of environmental
conditions and for many cement types.
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ABSTRACT
The alkali silica reaction(ASR) in concrete evolves at different scales. The chemical reaction happens
on micro scale between the pore solution and reactive aggregate in concrete, and results in expansion
and cracking from cement paste micro to concrete macro scale. However, the present models either
focus on the chemical reaction mechanism or on the physical expansion at different scales. A
comprehensive integrated multiscale model, which will be able to bridge the chemical reaction and the
physical expansion, is urgently needed to better understand and prevent ASR. This paper outlines an
introduction to achieve such a model. Coupling the transportation model (LBM), the proposed model is
able to simulate the whole chemical reaction evolution process of ASR; it starts from the dissolution of
reactive aggregate and cement, to the nucleus formation and to the growth of reaction products.
Mechanical properties of these products can be then determined. Combining the already developed
lattice model, the cracking patterns can be simulated in concrete. Experimental studies or sample data
from present literature can be used to increase the reliability of such a prediction model. Final
integrated model can provide guidelines for engineers on a full scale ASR potential evaluation and
more reliable prevention design of newly built structures.
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1.

GENERAL INTRODUCTION

The alkali-silica reaction (ASR) is widely known as the so-called cancer of concrete since it was first
revealed by Santon (1942). It is a deleterious chemical reaction happened between the pore solution
and reactive siliceous mineral in the aggregate (Wang & Gillott 1991). The expansive reaction product
induces internal stress and results in the expansion and disintegration of concrete. We are now aware
that there are three necessary conditions to trigger ASR：(1) high alkali solution; (2) reactive silica; (3)
high humidity (>80%). Based on these three principles, engineers usually prevent ASR either by
controlling the alkali content of cement or using nonreactive aggregate or sealing the structure against
water ingress. However, external alkalis are usually available in many places which may ingress into
concrete; it is difficult to use nonreactive aggregate due to their limited sources; sealing a whole structure
is apparently not practical. Besides, there are many other factors that influence ASR such as the content
of aggregate or exposure temperature. As a result, ASR is still widely reported in many countries
although preventive measures were taken which costs a great economy loss.
It is still far from applicable to prevent or predict the ASR by design limits or conventional testing
methods, an alternative way is to fully understand the material effects and the damage process in a
long-term by numerical modelling. Generally, ASR models can be possibly divided into two main groups:
(1) material models (Nielsen et al.1993, Poyet et al. 2007) and (2) structural models (Léger et al. 1996,
Farage et al. 2004). Material models aim to simulate the chemical reaction mechanism while structural
models focus on the physical expansion simulation. Unfortunately, a single comprehensive integrated
model is missing; such a model is supposed to completely simulate the time-dependent evolution of
ASR gel formation and damage process. In 2012, Anaç (2012) published an outlook in the 14th ICAAR
conference about the basic principles and methods that would be used to develop such a multiscale
integrated model; more details can be found in (Anaç et al. 2012). However, this project stayed as an
outlook. Indeed, to model the whole chemical and physical process of alkali-silica reaction, a great
number of parameters should be considered according to the state of art theories. Kinetic parameters
such as the silica dissolution rate, products nucleation rates, precipitation rates, not to mention the
related transportation parameters such as pore solution properties, diffusion coefficients in different
phases, and the external conditions. Pressure generation and cracking development involve
thermodynamic concepts and fracture mechanics. What’s more, the multiphase heterogeneous
structure of concrete determines that alkali-silica reaction evolves at different material scales, which
makes the modelling more difficult.
At present, we are continuing this project in Ghent University cooperating with Delft University of
Technology. Based on the previous research of Anaç et al. (2012), this paper will state a more specific
theoretical introduction about how to bridge the gap between the chemical reaction and mechanical
response in the model. However, due to the time limitation, there are no simulation results available at
present.
2.
2.1

MULTISCALE ASR MODELLING INTRODUCTION
The multiphase material definition at different scales

The heterogeneity of concrete manifests itself at different scales. In order to develop an appropriate
multiscale modelling scheme for ASR, it is important to clarify the scale and multiphase materials
involved. A scale hierarchy and materials related is defined and illustrated in Figure 1.
As shown in the figure, micro-scale of a typical length level approximate 10-4 m refers to cement paste,
ITZ and a micro volume of the aggregate. Capillary pores, cement hydration products mainly C-S-H and
CH, un-hydrated cement grains, reactive silica, and unreactive minerals are the composite material in
this scale. At the microscale, pore solution ions diffuse through connected pore space to the micro
surface(outer and inner surface) of aggregate and lead to silica dissolution. Therefore, the microscale
is the minimum continuum length scale. The mesoscale, referring to mortar or concrete, here includes
only one aggregate with a representative volume, ITZ, and cement paste, and it is of the order 10-3 m~
10-2 m. The mesoscale is also a continuum scale on which pore solution transportation and chemical
reaction of ASR can be applied. The macroscale refers to concrete with a length order of 10-2 m ~101m. Aggregates are embedded in cement paste with ITZ in between. Macroscale is often the scale most
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of the structural model focused on. At this scale, ASR normally manifests itself as cracking and ASR gel
filling in the crack.

Figure 1. Diagram of material multiscale definition in the model
2.2

The theoretical basis of the model

To bridge the gap between the fundamental chemical mechanism of ASR and the mechanical response
of concrete, a unified theory is needed.
In 2007, Ichikawa & Miura (2007) proposed a modified model that closely connected the ASR expansion
with its two different products: calcium-alkali-silica gel and ASR gel. According to their model, the
reactive aggregate is firstly attacked by the hydroxide ions. Alkali ions then diffuse into the reactive front
and react with the dissolved silica to form ASR gel as seen in Figure 2b. Calcium ions arrive
subsequently and react with the earlier ASR gel to form the calcium-alkali-silica gel, which is called the
reaction rim in the paper as seen in Figure 2c-d. Once this reaction rim totally covers the aggregate
surface and reaches a certain thickness, it becomes as a semi-permeable membrane that prevents the
extrusion of inside ASR gel out of the reactive site while allows the penetration of the alkaline pore
solution to generate ASR gel between the reaction rim and aggregate as seen in Figure 2d. As a
consequence, ASR gel is accumulated in that region and generates expansive force on the reaction rim
and aggregate. Once this force exceeds the external constraints force, cracking begins to occur as seen
in Figure 2e.

Figure 2. Schematic representation of the ASR mechanism in concrete (Zhen 2017)
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In this model, three hypotheses are proposed: (1) the reaction rim is composed by calcium-alkali-silica
gel; (2) The reaction rim behaves as a semi-permeable membrane; (3) The reaction rim is hard enough
to accumulate the expansive pressure. All of these hypotheses are further supported by Zhen (2017) in
his PhD thesis: the reaction rim was synthesized successfully by the reaction of Ca(OH)2 paste and ASR
gel; no ASR gel and calcium ions were found on both sides of the reaction rim; the elastic modulus of
the reaction rim is at least higher than 4 Gpa.
One has to attend that in this model, the aggregate is a homogenous glass beard in their experiments
and the reaction rim was assumed to cover the beard totally, which is oversimplified and not the case in
practice. In engineering, the reactive silica in most of the reactive aggregates is heterogeneously
distributed. Both of the reactive sites on the outer surface and inner surface (surface of the inner veins)
will react with the pore solution. Zhen (2017) has clarified the application of Ichikawa’s model to the
practical case as shown in Figure 3. He stated that the reaction rim can be formed both on the outer
surface and in the vein to act as a constraint and cause cracks. More details can be found in (Zhen
2017).

Figure 3. Schematic representation of reaction rim formed on
the aggregate surface and in a micro crack of an aggregate (Zhen 2017).
A model which cannot simulate this phenomenon is unable to be translated in the real system. In order
to solve this problem, the real microstructure pattern of aggregate will be obtained firstly by using a CT
scan as introduced in 2.6.1. Both of the real reactive silica and pore distribution will be input into our
model. Coupled with the transportation model (introduced in 2.4), the model is capable of simulating the
dissolution of any exposed reactive silica sites.
2.3

The thermodynamic and kinetics of the model

2.3.1 Thermodynamic data of ASR
The chemical sequences of alkali-silica reaction need to be defined in the beginning for further
simulation. ASR starts from the dissolution of reactive silica contained in the aggregate. The dissolution
process during simulation was simplified as equation (1), which has been adopted in the reference of
Kim (2013).
SiO2 (𝑠) ↔ 𝑆𝑖𝑂2 (𝑎𝑞) (𝐾1 )

(1)

The chemical sequences of the ASR gel formation process mainly involve two process: the formation
of ASR gel and C-A-S-H gel with the existence of portlandite phase. In this model, the ASR gel will be
depicted by the Na-kanemite (NaHSi2O53H2O) or K-kanemite (KHSi2O53H2O). The C-A-S-H gel will be
represented by Na2Ca4Si6H21O27.5 or K2Ca4SiO6H21O27.5. The corresponding equilibrium equations are
demonstrated as equation (2.1-2.2) for ASR gel and equation (3.1-3.2) for C-A-S-H gel.
𝑁𝑎𝐻𝑆𝑖2 𝑂5 ∙ 3𝐻2 O + 𝐻 + ↔ 𝑁𝑎 + + 2𝑆𝑖𝑂2(𝑎𝑞) + 4𝐻2 O(𝐾2 )
𝐾𝐻𝑆𝑖2 𝑂5 ∙ 3𝐻2 O + 𝐻 + ↔ 𝐾 + + 2𝑆𝑖𝑂2(𝑎𝑞) + 4𝐻2 O(𝐾3 )
𝑁𝑎2 𝐶𝑎4 𝑆𝑖6 𝐻21 𝑂27.5 + 10𝐻 + ↔ 2𝑁𝑎 + + 6𝑆𝑖𝑂2(𝑎𝑞) + 4𝐶𝑎2+ + 15.5𝐻2 O(𝐾4 )
𝐾2 𝐶𝑎4 𝑆𝑖6 𝐻21 𝑂27.5 + 10𝐻 + ↔ 2𝐾 + + 6𝑆𝑖𝑂2(𝑎𝑞) + 4𝐶𝑎2+ + 15.5𝐻2 O(𝐾5 )

(2.1)
(2.2)
(3.1)
(3.2)
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The equilibrium constant for silica dissolution 𝐾1 can be directly obtained from the LLNL database which
is developed by the Lawrence Livermore National Laboratory (Johnson 2000). The determination of
𝐾2 , 𝐾3 , 𝐾4 and 𝐾5 is based on the published results in reference Kim (2013).
2.3.2 Kinetics of ASR
In developing this model, we focus on the whole chemical reaction involved in ASR: the dissolution of
reactive silica, nucleation of reaction products and precipitation of reaction products. As a consequence,
the kinetic rates of these three processes need to be determined respectively. Similar to the hydration
of cement particle (Van Breugel 1991), we assumed that there is a transition of the dissolution controlling
mechanism from the interfacial controlled dissolution to the diffusion-controlled dissolution because of
the formation of ASR gel and the reaction rim on the surface of the reactive silica sites.
1. Kinetics of dissolution
Based on the assumption, the dissolution of silica is divided into three stages. In the first stage, the
reaction rim is not thick enough to slow the ion diffusion so that pore solution ions are able to diffuse to
the reactive site freely. In this stage, the dissolution is interface controlled. In the second stage, with the
growth and densification of reaction rim, the diffusion of pore solution through the rim becomes
continuously slower. Once the reaction rim exceeds a transition thickness, the dissolution becomes
diffusion controlled. The reaction rim will stop growing if the equilibrium is reached besides the reaction
rim and the diffusion transfers from unstable to stable so that the dissolution steps into the third stage,
in which the dissolution rate should be a constant.
In geological research, numerous studies have been performed about the chemical kinetics of waterrock interactions, and thanks to the research of Kim (2013), the integrated dissolution rate of reactive
silica considering the influential factors in the first stage is concluded as (1). In the second stage, Fick’s
second law can be used to solve the diffusion equation, and the dissolution rate can be expressed as
(2). In the last stage, Fick’s first law can be used and the kinetic rate is (3).
𝑟1 = (𝐴𝑠 A𝑒 −𝐸𝐴 ⁄𝑅𝑇𝐾 )(𝑎𝑂𝐻 )0.5 (𝐼)0.2 (1 −

𝑟2 =

𝑘2

𝑄
𝐾1

)

√𝑡

𝑟3 = 𝑘3

(𝛿 ≤ 𝛿𝑡𝑟 )

(1)

(𝛿𝑓𝑖 ≥ 𝛿>𝛿𝑡𝑟 )

(2)

(𝛿 = 𝛿𝑓𝑖 )

(3)

𝑟1 , 𝑟2 , 𝑟3 - the kinetic rate in dissolution stage 1, 2 and 3 respectively (mole /s);
𝐴𝑠 - mineral area of the reactive silica (mm 2);
A - pre-exponential factor (mole /mm2 /s);
𝐸𝐴 - activation energy (kJ / mole);
𝑅 - gas constant (8.314J /K / mole);
𝑇𝐾 - absolute temperature (K);
𝑎𝑂𝐻 - the activity of hydroxide ions;
𝐼 - ionic strength;
𝑄 - reaction activity quotient ;
𝐾1 - equilibrium constant of silica dissolution.
𝑡 - time (s);
𝑘2 - the kinetic rate constant in dissolution stage 2 (mole / s1/2), which is related to the diffusivity D of the
reaction rim, the 𝑂𝐻 − concentration gradation ∆C between both sides of the reaction rim, and the surface
area of the reaction rim;
𝑘3 - the kinetic rate constant in dissolution stage 2 (mole /s), which is related to the diffusivity D of the
reaction rim and the 𝑂𝐻 − concentration gradation between both sides of the reaction rim;
𝛿, 𝛿𝑡𝑟 , 𝛿𝑓𝑖 - the thickness, transition thickness and final thickness of the reaction rim respectively.

2. Kinetics of nucleation
In 2010, Jiang & Ter Horst (2010) proposed a novel model for the determination of stationary crystal
nucleation rates in solutions. In their model, the appearance of nuclei is independent and can be
described by the Poisson distribution under a constant supersaturation. According to this model, the
probability 𝑃≥1 that at least 1 nuclei has formed in the time interval 𝑡 can be expressed as :
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𝑃≥1 = 1 − 𝑒𝑥𝑝(−𝑁)

(4)

Where N is the average number of nuclei formed in the time interval, and
𝑁 = 𝐽𝑉𝑡

(5)

Where 𝑉 is the solution volume. 𝐽 is the nucleation rate. According to the classical nucleation theory, the
dependency of 𝐽 on the super saturation ratio and can be described as:
𝐽(𝑠) = 𝐴𝑆exp(−
𝑆=

𝑄𝑖
𝐾𝑖

𝐵
𝑙𝑛2 𝑆

)

(𝑖 = 2,3,4, 5)

(6)
(7)

Where 𝐴 is the kinetic parameter and 𝐵 is the thermodynamic parameter and 𝑆 is the supersaturation
degree of ASR products; 𝑄𝑖 is the activity products of ASR products; 𝐾𝑖 is the equilibrium constant of
ASR products as stated before.
Once we know 𝐴 and 𝐵 of the ASR products, the nucleation rate and localization of these products can
be simulated according to (4),(5) and (6).
3. Kinetics of precipitation
McCabe’s ΔL Law is probably the most significant historical insight into modelling the crystal growth of
a population of particles. Based on this law, the size-dependent growth model or SDG and growth rate
dispersion model or GRD are widely used. SDG is a phenomenon where the growth rate of a crystal
depends on its size, typically with growth rates assumed to increase monotonically with crystal size.
GRD is where the crystal growth rate either fluctuates randomly over time or varies over a population of
crystals. Srisanga (2014) demonstrated that GRD is a real phenomenon and SDG is an artifact. Their
results further showed that under the same supersaturation degree, the crystal growth rate of different
size crystal is a constant and the rate probability distribution is a normal distribution.
Based on their results, for crystal product, the growth rate can be randomly selected according to the
normal distribution but has to be adjusted along the change of the supersaturation degree. For the
amorphous product, the growth rate is constant under the same supersaturation degree. In our
simulation, both of ASR products are considered as amorphous which also corresponds to most of the
present research. So the growth rate can be described as below:
𝑘𝑔 = 𝑘 ∙ 𝑆

(8)

Where 𝑘𝑔 is the growth rate (mol /s). 𝑘 is the growth rate constant (mole /s).
Based on (8) and combining (4)-(6), the quantitative content of ASR products at local location can be
obtained.
2.4

Transportation simulation

When cement hydration begins, alkalis and hydroxide as well as calcium ions are released from cement
mineral and composes the pore solution with water. When these ions penetrate into the outer or inner
surface of aggregate, the reactive silica on these surface comes into contact with the pore solution and
starts to dissolve. At the same time, the dissolved silica ions will diffuse into the cement paste and
influence its equilibrium state. When the concentrations of ions reach the supersaturation level for
precipitation of reaction products, reaction products will be formed. This transport process of ions will
be simulated by the developed Lattice Boltzmann model in Delft; more details see (Zhang 2013).
2.5

Physical response simulation

According to the above statement, we are able to obtain the ASR gel amount, gel localization and
thickness of the reaction rim. For physical crack formation analysis, Delft lattice model (Schlangen 1993)
can be used. Lattice models are capable of simulating fracture mechanism in cement-based materials
under different loading combinations. For ASR, lattice model basically assumes 3 types of expansion
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location in the cement pastes, inside the aggregate and inside the ITZ (Schlangen & Çopuroğlu 2007).
In our model, the gel stress is related to the ASR gel formation. The volume of ASR gel can be calculated
by (9) and the gel stress can be calculated according to the relationship between the volume and
pressure using (10) (Baz̆ant 2000). These calculated stress will be input into the Lattice model, the
cracking pattern from micro to mesoscale to macroscale can be simulated then.
𝑉(𝑃, 𝑇0 ) = 𝑀𝐴𝑆𝑅 𝑔𝑒𝑙 ⁄𝜌𝑔𝑒𝑙
𝑃 = 𝜀 𝑉(𝑃, 𝑇0 )

(9)
(10)

Where 𝑉(𝑃, 𝑇0 ) is the molar volume of ASR gel at pressure 𝑃 and standard temperature 𝑇0 ; 𝑀𝐴𝑆𝑅 𝑔𝑒𝑙 is
the mass of ASR gel; 𝜌𝑔𝑒𝑙 is the mass density of ASR gel; 𝑃 is the volume pressure produced by ASR
gel; 𝜀 is the compressibility of ASR gel, which lies between 10-11 to 10-10 (Ichikawa & Miura 2007).
2.6

Inputs for simulation

2.6.1 Aggregate reactivity
At present, aggregate reactivity level upon ASR is significantly based on the petrography analysis or
rock type classification. These reactivity levels are then used as the guide to mitigate or control ASR.
However, more and more researcher pointed out that it is incorrect to consider rock type as a criterion
for an aggregate’s ASR potential for even the same rock has different reactivity due to its diagenetic
history and instead, the focus should be on the mineral constituents of the rock. Indeed, the ASR
reactivity of silica increases with the degree of the microstructural disorder so that different silica
polymorphs may cause a totally different level of damage. In order to simulate ASR based on the real
reactivity of aggregate, the real 3D microstructure distribution of aggregate will be obtained using a
micro CT scan. Based on the scan results, few representative micro domains considering the reactive
silica type and location will be input to the model as the micro domain of aggregate. The scanned
aggregate will be input into the model as the aggregate domain in meso scale.
2.6.2 Pore solution parameter
ASR is a reaction between the pore solution of concrete and reactive silica occurred at the cementaggregate interface. In the pore solution, 𝐴+ is mainly supplied by the dissolution of sulphate in cement.
𝑂𝐻 − and 𝐶𝑎2+ are supplied by siliceous mineral hydration. The initial concentration of calcium ions in
the pore solution is pretty low because of its low solubility and common ion effect. However, the calcium
ions can be continually supplied by the hydration products CH once it is depleted. Instead of using
cement available hydration model such as HYMOSTRUC3D or doing the ICP experiments, the cement
hydration will be simulated using a new model of TU delft (Chen et al. 2018) in parallel with ASR in our
model to obtain the pore solution properties at any time and any location, which is more close to the real
situation.
2.6.3 Kinetic parameters
As demonstrated, different kinds of kinetic parameters should be input into the model. The accuracy of
these parameters directly determines the accuracy of the mode. The initial method to determine these
parameters are listed in Table 2.
Table 1. Inputs parameter for simulation.
Simulation state

Input parameters

Determining Methods

Dissolution stage 1

𝐴, 𝐸𝑎 , 𝐾1

References and
thermodynamic database

Dissolution stage 2

𝑘2

Experiments

𝛿𝑡𝑟

Experiments

Dissolution stage 3

𝑘3

Experiments

𝛿𝑓𝑖

Experiments

Nucleation

𝐴, B

Experiments

𝐾2 , 𝐾3 , 𝐾4 , 𝐾5

References
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Precipitation

𝑘

Experiments

Physical response

𝜌𝑔𝑒𝑙

References

The thickness evolution of the reaction rim and dissolution related parameters will be determined by
thin-section experiments. Other parameters will be obtained from experiments as possible.
3.

VALIDATION OF THE MODEL

For the validation of the model, the same method will be used as proposed by Anaç (2012). More details
can be found in (Anaç et al. 2012)
4.

CONCLUSION

Even though rare catastrophic structural failures are ascribed directly to ASR, ASR has been a major
durability concern of cement-based materials. Because the cracks caused by ASR provide an
ingressive entrance for the external aggressive species, such as chloride, sulphates and carbon
dioxide. As shown in Figure 4, this paper outlines a multiscale model for ASR which is able to simulate
the whole ASR aspects including ions transport, chemical reaction and the final physical response
from micro to macro scale. Details concerning methods and parameters to be used are listed. With this
research, better insight is gained into the chemo-physical mechanism of ASR. It can help to evaluate
the ASR potential of a concrete structure given its materials properties, mix design and external
conditions. This information about ASR potential is very important for service life prediction of concrete
structure and for preventive measurement optimization, especially for those structures which are
submerged in water. On the other hand, this work will provide a framework of thought for other
degradation process simulation such as sulfate attack in cement-based materials. Different damage
mechanisms are possible interlinked in a comprehensive model towards the goal of integrated
knowledge and prediction methods for durable concrete design. Research work on this model is in
progress now and will be published in the future.
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Figure 4. Flowchart of ASR Simulation Model
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ABSTRACT
In the Bosruck railroad tunnel (Austria), intensive sulphate attack, caused by the formation of
thaumasite, resulted in considerable damage of the concrete and shotcrete (that is sprayed concrete)
structures. Current Austrian regulations (OENORM B 4710-1 & OEVBB-Guideline for Sprayed
Concrete) recommend the use of C3A-free binders in the case of sulphate attack – this also applies to
shotcrete. However, it has been reported that C3A-free cement has no significantly improved
resistance to the thaumasite form of sulphate attack. In the course of tunnel rehabilitation, the primary
objective was to develop a shotcrete mix with increased resistance to thaumasite sulphate attack and
sufficient early strength. In this paper, a novel mix-design and its implementation on the laboratory- to
the tunnel-scale are presented. The mechanical characteristics of the new mixes (e.g. early strength
development) as well as the results of the durability tests (e.g. water permeability, reduced sintering
potential, sulphate attacks) show that a formulation with optimized binder composition can
successfully achieve the high requirements in tunnels. The experience obtained from the practical
implementation in the course of the repair work of the Bosruck railroad tunnel in 2016 is encouraging.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

In 2003, the thaumasite form of sulphate attack (TSA) was first ascertained to have caused
severe damage on shotcrete (also-called sprayed concrete) and concrete structures in the
Bosruck railroad tunnel (referred to as the “Bosrucktunnel”), operated by the OEBB (Federal
Austrian Railways) (Dietzel et al. 2008). Thus, from 2007-2014 and ongoing intense research
was undertaken in the affected tunnel segments, e.g. underneath the railroad tracks (Figure
1. and Figure 2.), at the boundary between host rock, shotcrete and cast-in-place concrete
and in the adjacent drainage systems, in order to describe and to quantify the reaction paths
and environmental controls causing TSA (Mittermayr et al. 2012, Mittermayr et al. 2013,
Mittermayr et al. 2017). It was shown that thaumasite formation [(Ca3SiO3)(SO4,CO3)·15H2O]
progressed via highly complex dissolution-precipitation reactions, involving (i) dissolution of
portlandite [Ca(OH)2], dolomite fillers [(Ca,Mg)(CO3)2] and calcium silicate hydrates [C-S-H:
(Ca3SiO5)·3H2O], (ii) ingress of SO2−
4 ions from the groundwater, (iii) precipitation of ettringite
[(Ca6Al2(SO4)3(OH)12)·26H2O] causing cracking and softening of the cement matrix (and later
re-dissolution) and (iv) complete replacement of the cement paste and (dolomite) aggregates
at the later stages of TSA, with brucite [Mg(OH)2] and calcite [CaCO3] as co-precipitates
(Mittermayr et al. 2017). Although the mechanisms linked to TSA are still under debate, it is
generally accepted that thaumasite replaces cement matrix and the carbonate aggregates,
resulting in a loss of strength (Crammond 2002, Neville 2004, Bellmann 2007). Temperatures
2−
below ~15 °C, high SO2−
4 concentrations (e.g. up to few grams of SO4 /l) generated by the
dissolution of Ca-sulphate bearing host rocks, pH values between 11 and 6, highly porous
matrices with high portlandite content, presence of Cl− and CO2−
3 ions or CO2 (e.g. from the
tunnel atmosphere or from dissolution of carbonate fillers) and absence of dissolved organic
components (e.g. polycarboxylate ether-based superplasticizers) are thought to be beneficial
for TSA (Aguilera et al. 2003, Collett et al. 2004, Bellmann & Stark 2008, Glasser et al. 2008,
Irassar 2009, Schmidt et al. 2009, Blanco-Varela et al. 2012, Skaropoulou et al 2013,
Sotiriadis et al. 2013, Mittermary et al. 2015, Mittermary et al. 2017, Galan et al 2019).
Based on these practical observations, the OEVBB guideline for shotcrete was adapted, now
recommending that shotcrete cannot be applied as a permanent supporting measure at SO2−
4
concentrations higher than 1500 mg/l (OEVBB, 2009). This guideline and circumstances
given by the Bosrucktunnel itself (e.g. local geology, groundwater composition, geometry of
tunnel cross-section) demand further that new shotcrete mixes with high resistance against
TSA should satisfy the following requirements – early strength class: J1+J2; shotcrete class:
SpC III; shotcrete strength class: SpC 30/37 (56); exposure class: XC4/XF3/XAT; consistency class: F59 (spread: 590 mm or more); retardation: 3 h; maximum grain size: GK 8;
cement type: C3A-free, slag and silica fume (as suspension) additives; accelerator: as given
by OEVBB-RL shotcrete (Table 4/5), fines (< 125 µm): no limestone or dolostone. Following
these recommendations, in 2014, intense renovation and modernization measures (shotcrete
and concrete works, installation of waterproofing and drainage systems, electrics) have been
carried out in the Bosrucktunnel. Furthermore, two large-scale testing sites were installed
(~80 m long), which allow for the on-site geotechnical monitoring of the drainage systems.
For the concrete and shotcrete works, standard sulphate-resistant shotcrete and cast-in-situ
concrete based on C3A-free cement were used (herein representing reference mixes). Here,
we report on the development, application and properties of the new shotcrete mixes with
improved resistance against TSA, compared to standard shotcrete and concrete mix-design.
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Figure 1. Damaged concrete underneath
railroad track due to TSA
2.

MATERIALS AND METHODS

2.1

Raw materials and recipes

Figure 2. Disintegrated, mushy concrete
in Bosrucktunnel

The development of shotcrete mix-designs was carried out using lab facilities of the SIKA AG
(Zurich, Switzerland). The herein described constitutive materials, specimens and testing
methods relate mainly to the mix-design developed in the lab, i.e. they are based on smallscale experiments. As such, the composition of the shotcrete that was finally applied to the
Bosrucktunnel can vary from the original one, because seldom different constitutive materials
were used on site (e.g. depending on the processing company and availability of constitutive
materials). However, the original cement used was composed of a mixture of CEM I 42.5R –
SR0, granulated blast-furnace slag (called “AHWZ” according to OENORM B 3309-2) and
silica fume slurry. A polycarboxylate ether-based (PCE) superplasticizer and an alkali-free,
aluminium sulphate setting accelerator were used to ensure a sufficient workability and an
appropriate performance during the shotcreting process. Important properties of the raw
materials as well as the composition of the guide formulation of shotcrete are summarized in
Table 1 and Table 2 (Mittermayr et al. 2018).
Table 1. Properties of cement and additives (manufacturer`s data)

Density [kg/dm³]
Blaine [cm²/g]**
SO3 [M-%]
1 day CS [N/mm²]

CEM I 42,5R – SR0
3.12
4,400
3.20
14

Slag sand (AHWZ)
3.00
4,560
1.46
n.a.

Silica fume slurry
1.40*
15,000-35,000
< 2.00
n.a.

*Solid content: 50 M-%; **Blaine: cement and AHWZ, BET: silica fume; n.a.: not analysed

2.2

Shotcrete system and procedure

The spraying tests were conducted in the SIKA AG labs under controlled conditions. The
mixes were manufactured in a pan mixer, then pumped by a single cylinder pump (special
fabrication of SIKA Aliva) at a delivery rate of 1 m³/h and 4.7 bar pumping pressure (Figure 3.
and Figure 4). The air pressure was fixed at 4-5 bars. The dosage of the setting accelerator
was controlled by means of a peristaltic pump. Specifically, the jet hose was 3 m long, had a
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diameter of 37.5 mm and ended in a 400 mm long nozzle with an inner diameter of 22 mm.
During spraying the distance from the nozzle to the receiving surface was 1.2 m.
The laboratory conditions during shotcreting, curing and storage of the specimens were as
follows – room temperature: constant at app. 10 °C and relative humidity: constant at 85 %;
thus similar to the conditions observed in the Bosrucktunnel (Mittermayr et al. 2013). In total,
two panels were sprayed with the following dimensions: 250 x 250 x 180 mm and 350 x 350
x 150 mm, respectively. The time required for the spraying of a single box was about 2 min.
Three cubes (150 x 150 x 150 mm in size) were produced from this basic mix.
Table 2. Guide mix-design of newly developed shotcrete (Mittermayr et al. 2018)
Cement
Additive 1
Additive 2 (dry mass)
Binder total
Water*
Water/binder
Plasticizer**
Setting accelerator**

CEM I 42,5R – SR0
GBF slag (AHWZ)
Silica fume slurry

K=1
Polycarboxylate ether-based
Alkali-free, Al-sulphate

290 kg/m³
120 kg/m³
15 kg/m³
425 kg/m³
191 kg/m³
0.45
0.8 %
7.0 %

*Inclusive water content of slurry and PCE used; **Related to the total binder content

Figure 3. Pan mixer (left) and peristaltic pump

2.3

Figure 4. Nozzle with hoses
for air and accelerator

Examination of test specimens

Tests on fresh shotcrete were carried out in accordance with Guideline SpC, item 12.3.4
(OEVBB, 2009): temperature, spread, density, air content and early strength were analysed.
Table 3 provides an overview about the tests conducted on hardened shotcrete and includes
further a summary of the durability tests: the resistance against TSA, carbonation and frost,
water penetration depth, reduced sintering potential (German: Reduziertes Versinterungspotential, RV-Test) and sulphate attack as length change were tested. Resistance against
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TSA was evaluated by exposure of the specimens at 5 °C in 2 % Na2 SO4 solution, which also
contained fine powders of gypsum and calcite (in concentrations above their maximum
solubility), to yield concentrations of 6,500 mg/l Na+, 340 mg/l Ca2+ and 13,500 mg/l SO2−
4 in
the parent solution. With increasing time, the pH was adjusted to 8.6 ± 0.1 by the stepwise
addition of diluted H2 SO4 . In accordance with the recommendations of the German SVA-Test
(Breitenbücher et al. 2006), length changes of all specimens were measured after exposure
in 5 % Na2 SO4 (= 34,000 mg/l SO2−
4 ) and in saturated Ca(OH)2 solutions for 91 days at 20 °C.
Table 3. Overview about tests conducted on hardened shotcrete after 56 days and
summary of lab conditions used in the course of the durability tests
Storage/Test
conditions

Dimensio
n
Ø

H

Number
cores

Requirements/Test
methods/Comment
s

Compressive
strength

In water, 20 °C

100

100

3

30/37 (56) Guideline
SpC

Water permeability

In water, 20 °C

150

120

2

XC4: 16 mm
Guideline SpC

In water, 20 °C;
28 & 103 d in 2 % 𝐶𝑂2 ,

Sliced (prismatic) test
specimens

20 °C and 65% RH

(30 x 40 x 100 mm)

Carbonation

Based on CEN/TS
12390-12

Frost resistance

In water, 20 °C

100

250

2 (// inj.
direction)

Guideline SpC XF3;
Exp. to 112 cycles

Reduced sintering
potential (RV-Test)

Wet storage, 20 °C

50

100

2

Guideline SpC

Sulphate thaumasite
(TSA)

2 % 𝑁𝑎2 𝑆𝑂4 + gypsum
+ calcite powder, 5 °C

Sulphate length
change (mod. SVATest)

In water, 20 °C;
Exposed to 5% 𝑁𝑎2 𝑆𝑂4
or sat. 𝐶𝑎(𝑂𝐻)2

Sliced (prismatic) test
specimens
(50 x 30 x 100 mm)

50

140

3

Comparison with
reference mixture*
Max. expansion
after 91 days: 0.05
mm/m; Comp. with
references

*Reference mixture: sulphate-resistant shotcrete, according to OEVBB-RL (OEVBB, 2009), i.e. made
of 420 kg/m³ CEM I SR0, sprayed 2013, drilled from Bosrucktunnel

2.4

Mineralogical study and visual inspection

X-ray diffraction (XRD) analyses were conducted on the reacted samples exposed to Na2 SO4
solutions (both from sulphate thaumasite and test of sulphate length change) using a
Panalytical X`Pert Pro (Co-target tube) operated at 40 kV and 40 mA. The powdered
specimens were examined in the range from 3° to 85° 2θ using 0.04° step propagation (2 θ)
and 40 sec per step counting time. Diffraction patterns were evaluated using the PANalytical
HighScore Plus software. Distinctive signs of sulphate damage of the sample surfaces were
visualized with a Keyence VHX 5000 optical microscope.
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3.
3.1

LABORATORY PART: RESULTS AND DISCUSSION
Fresh shotcrete test, early strength development and compressive strength

Fresh shotcrete testing revealed a spread flow of 580 mm, a density of 2285 kg/m³, a
temperature of 19.9 °C and an air content of 5.4 %. The early strength development was, at
any time, within the upper J2 range (see Figure 10a for a direct comparison with the curves
obtained from large scale shotcrete testing in the Bosrucktunnel). The compressive strength
after 56 days and the bulk density were determined as 64.7 N/mm² and 2.32 kg/dm. The
basic shotcrete displayed a compressive strength and a bulk density, respectively, of app.
77.0 N/mm² and 2.34 kg/dm³.
3.2

Durability tests: permeability, frost, carbonation and reduced sintering potential

The water penetration depth was very low (i.e. ~6 mm). No decrease of modulus of elasticity
was observed over the entire test period of frost testing, notwithstanding the fact that the
number of freeze-thaw cycles was doubled (i.e. 112 cycles were applied): 36.0 ± 0.5 kN were
measured before the frost test and after 25, 56 and 112 cycles, which implies a high frost
resistance. The depth of carbonation was measured on split specimens with a standard
phenolphthalein indicator (Figure 5 and Figure 6). A lower carbonation of the new shotcrete,
in comparison to the reference mix, can be inferred: after 28 and 103 days the carbonation
depths were determined as 0-1 mm vs. 0-4 mm and 1-3 mm vs. 1-5 mm, respectively. It
should be noted that in the reference sample thin layers developed, which displayed full
carbonation already after 28 days. Reasons for this may include a highly porous matrix or an
irregular accelerator dosage during the shotcrete process. However, it is worthy to note that
the reference was taken from the Bosrucktunnel few weeks before the carbonation test has
been started; thus, this sample is older and the related hydration degree probably higher,
compared to the new shotcrete, which could have affected the test results.

Figure 5. Carbonation of the reference
mix after 103 days (size: 30 x 40 mm)

Figure 6. Carbonation of new shotcrete
mix after 103 days (size: 30 x 40 mm)

The test of calcium leachability (RV-Test) yielded a low value of 0.41 kg/to Ca2+ for the newly
developed shotcrete, while the basic mix had a value of 0.43 kg/to Ca2+. For comparison,
reference mixtures made of 450 kg/m³ cement often reveal values around 1.00 kg/to Ca2+
(Thumann et al. 2014, Thumann et al. 2015). Nowadays, a threshold value that is widely
accepted in Austrian construction sites is 0.70 kg/to Ca2+. We suggest that the use of AHWZ
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has caused a densification of the microstructure and that the addition of a silica fume slurry
bound portlandite due to the pozzolanic effect, which in turn resulted in low RV-values. The
latter effects are also beneficial for the sulphate resistance.
3.3

Durability tests: Sulphate thaumasite and sulphate length change

After 11 months of exposure in 2 % Na2 SO4 solution no signs of visual damage were found in
the new shotcrete, while in the reference shotcrete small cracks developed, especially along
the edges of the specimens and in the blowholes. This initial damage is attributable to the
formation of gypsum (and thaumasite). XRD analyses performed on reference samples
exposed in sulphate solution for 13 months clearly revealed thaumasite and minor gypsum
as the principle alteration products. After around 2.5 years, the reference showed massive
decomposition phenomena such as a mushy appearance (Figure 7), in contrast to the new
shotcrete, which still exhibited no visual signs of macroscopic damage (Figure 8).

Figure 7. Severely damaged reference
mix after storage in 2 % 𝐍𝐚𝟐 𝐒𝐎𝟒 for 30
months for 30 months

Figure 8. New shotcrete mix showing
no signs of damage after storage in a
2 % 𝐍𝐚𝟐 𝐒𝐎𝟒 for ~2.5 years

The test results obtained for the sulphate length change confirmed previous results obtained
from the sulphate thaumasite test: the new shotcrete performed superior in highly aggressive
sulphate environments. This can be seen by an expansion significantly below 0.1 mm/m (the
guideline value of the SVA-Test is 0.5 mm/m) after 91 days of exposure to a 5 % Na2 SO4
solution. However, it has to be noted that the geometry of the specimens and the exposure
temperature varied from the SVA-Test requirements, that is, sample size: 20 x 40 x 160 mm
and 20 °C. Thus, direct comparison with this guideline value may be problematic. Therefore,
sulphate-resistant inner shell concrete was manufactured (i.e. C3A-free cement; 22 % AHWZ;
water/binder ratio: 0.53) according to OEVBB (2009) and used as reference mix (<0.1 mm/m
expansion after 91 days) in order to prove the high resistance of the new shotcrete against
sulphate attack.
4.
4.1

PRACTICAL EXPERIENCE: REPAIR WORKS IN THE BOSRUCKTUNNEL
Preliminary investigations

The small-scale spraying tests conducted in the SIKA AG laboratories provided initial insights
into the processability of the new sulphate-resistant shotcrete; however, its workability had to
be evaluated in large-scale shotcrete applications and under site conditions such as those
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found in the Bosrucktunnel. Therefore, preliminary tests with locally available materials and
devices have been carried out: The raw materials cement, AHWZ and silica fume slurry were
identical to those used in the lab tests; 0/2 carbonate-free and 4/8 limestone were used as
aggregates. All additives applied in practice varied from the original recipe, i.e. 1.8 % of a
high performance superplasticizer (PCE-based) and 0.03 % of an air-entraining agent (based
on the total binder content) were used to ensure a proper workability. The open time of the
shotcrete was adjusted to 6-8 hours by adding 0.2 % of a retarder, which also resulted in
improved workability characteristics. The loss in consistency of the basic shotcrete mix over
a period of 8 hours was documented and is reported in Table 4.
Table 4. Evolution of spread for basic mix over time
Time
Consistency

10 min
630 mm

90 min
600 mm

3h
590 mm

6h
570 mm

8h
560 mm

The shotcrete machines Meyco Potenza and Meyco Oruga were used for the repair works.
High dosages of the setting accelerator (i.e. > 7 %, based on the total binder content) caused
a strength loss of the shotcrete (see Figure 10b), compared to the basic mix and shotcrete
produced at lower dosages. Deviations in the accelerator dosage to contents below ~4.5 %
(based on the total binder content) resulted in a poor early strength development. Thus, the
optimal accelerator dosage (based on the total binder content) was set to 4.5-5.0 % (see
Figure 10c). It is important to note that all preliminary tests were made in the outside area of
the Bosrucktunnel at > 25 °C; thus much higher than inside the tunnel (~8 °C).
4.2

Repair works in the Bosrucktunnel

About 2740 m³ of the new shotcrete (type: C30/37(56) III/J2/XC4/XAT/Dmax8/C3A-free) were
applied to the Bosrucktunnel from July 2016 to November 2016 using the shotcrete devices
mentioned above (Figure 9.). Relevant properties of fresh and hardened shotcrete are given
in Table 5 and Table 6. The early strength development of shotcrete sprayed with 5 % of the
setting accelerator (based on the total binder content) is shown in Figure 10d.
The shotcrete works in the Bosrucktunnel 2016 were limited to the invert of the tunnel. Thus,
the dosage of the setting accelerator was kept relatively low (~ 5 %, based on the total binder
content) and the early strength development was allowed to fall below the J2 class. The main
goal of these works was to produce shotcrete with a very dense microstructure. This
specification was fulfilled, as it is indicated by a water penetration depth of 5 ± 1 mm.
Due to the low temperature inside the Bosrucktunnel (~8 °C), the strength development was
slightly slower, in particular between 1 hour and 24 hours, irrespective of the fact that the
same setting accelerator dosage was used, compared to the preliminary tests (Figure 10).
The compressive strength values measured soon after the shotcrete application (< 1 h) and
after 7 days, however, were about the same. The extreme reduction of strength observed in
the preliminary tests (i.e. at a setting accelerator dosage of > 5 %) may be attributable to the
higher temperature found outside the tunnel (~25 °C), because in the laboratory and under
similar conditions (i.e. ~10 °C and 7 % setting accelerator) such negative effects were not
observed. We assume that under beneficial environmental conditions and appropriate curing
no significant loss of strength will be observed, even at higher setting accelerator dosages.
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Table 5. Properties of fresh shotcrete (n = 77)

Average
2σ

Shotcrete
temp. [°C]
20.9
1.7

Air temp.
[°C]
15.7
5.5

Slump
flow [mm]
600
18

Content of
air [%]
2.7
1.2

Density
[kg/m³]
2386
17

Total water
content [kg]
191
3

Table 6. Properties of hardened shotcrete

Average
2σ
n

CS basic mix
28 d [N/mm²]
61.8
5.6
8

CS SpC
7 d [N/mm²]
34.4
1.0
3

CS SpC
56 d [N/mm²]
51.8
1.8
3

Permeability
SpC [mm]
5
1
3

Figure 9. Shotcrete works in the Bosrucktunnel 2016

Figure 10. Early strength development of the new shotcrete applied during repair
works in the Bosrucktunnel 2016, in the SIKA AG laboratories and in preliminary tests
conducted outside the Bosrucktunnel (in accordance with OEVBB, 2009)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
5.

SUMMARY

In the course of repair works in the Bosruck railroad tunnel (Austria) a new, shotcrete mixdesign was developed and successfully tested to yield an early strength development in the
J2 class. The mix comprised of C3A-free cement, 30 % AHWZ (a slag-based product, which
was substituted for cement), silica fume slurry and carbonate-free 0/2 aggregates. The use of
a combination of superplasticizer and long-term retarder resulted in a required processing
time of up to 6-8 h.
In small-scale laboratory tests it was demonstrated that the new shotcrete mix-design easily
reached the early strength class J2 at 10 °C, when applying ~7 % setting accelerator (based
on the total binder content). This basic mix demonstrated a good pumpability and displayed
no visual signs of segregation or early stiffening. Furthermore, in preliminary tests conducted
outside the Bosrucktunnel (> 25 °C) it was evident that high setting accelerator dosages (i.e.
> 7 %, based on the total binder content) caused a significant strength loss of the shotcrete
drill cores relative to the basic mix cubes. The shortfall to < 4.5 % of the setting accelerator
dosage resulted in a poor early strength development. For these reasons, the ideal range of
the setting accelerator dosage was set to 4.5-5.0 %.
Durability tests and examinations conducted on hardened shotcrete demonstrated a superior
performance of the new shotcrete mix: The use of AHWZ and silica fume slurry facilitated the
development of a very dense microstructure, which expressed in a high resistance against
carbonation, calcium leaching and frost and in low water penetration depths. Also, the mix
exhibited a highly increased resistance against sulphate attack (i.e. sulphate length change
and sulphate thaumasite) and is thus ideal to withstand the highly aggressive environmental
conditions typically found in the Bosrucktunnel.
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ABSTRACT
Alkali silica reaction (ASR) is a major concrete durability problem resulting in significant maintenance
and reconstruction costs for concrete infrastructures all over the world. To determine whether an
aggregate is potentially reactive, accelerated concrete tests are used. Aim of this study is the chemical
and microstructural characterization of ASR-products formed under the performance conditions of
motorway pavements and during subsequent tests on the remaining ASR susceptibility.
Samples were taken from concrete motorway pavements. Some of the samples already showed first
indications for beginning damages whereas others showed deteriorations only after applying a
performance testing procedure for the estimation of future risk of ASR damage. In a first step ASRproducts were identified by polarized light microscopy in thin sections. The reaction products where
then analysed by Raman Spectroscopy and finally the chemical composition of the ASR-products was
identified by SEM with EDX.
The results indicate that most reaction products show an increasing Ca/Si-ratio with progressive crack
length. If a ASR-product develops inside an aggregate and moves through the cement paste, it has a
high (Na+K)/Si-ratio at the beginning which decreases with increasing distance from its place of origin.
The Raman spectra of the ASR-products are characterized by two broad bands indicating specific Qspecies of different amorphous gel networks. Within the scope of the analysis distinctions in the microstructure and the chemical composition of the ASR-gels were detected relating to various conditions of
accelerated testing.
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1. INTRODUCTION
As one of the most prominent damage mechanisms on concrete infrastructure alkali-silica reaction
(ASR) is responsible for significant maintenance and repair costs. The formation and swelling of the
ASR-products causes internal stresses in the concrete aggregates. The increasing tension that
develops within the affected aggregates eventually leads to the formation of cracks, which extend with
progressing elongation into the cement paste (Fournier et al. 2000).
The mechanisms leading to the formation and expansion of ASR are still not completely understood but
there are several theories (Diamond 1997, Rajabipour et al. 2015). They all have in common that specific
concrete aggregates which are characterized by poorly crystallized silicate minerals, volcanic glass, or
different silica varieties, are unstable and can be dissolved at high pH of the concrete pore solution thus
resulting in a deleterious reaction known as ASR. The OH-concentration of the pore solution of concrete
is predominantly controlled by its concentration in Na- and K-ions (Diamond, 1997). The main reason
for different theories of damage mechanisms are certainly basic differences in the mineralogical
composition of the aggregates, but also the inadequate characterization of the ASR-products itself is an
obstacle. There are several studies on the chemical composition and evolution of ASR-products
(Thaulow et al. 1996, Peterson et al. 2006, Fernandes et al. 2009, Leemann et al. 2013, Leemann 2017).
Unfortunately, the analysis of the ASR-microstructure is very difficult due to the small volumes of ASRproducts evolving, their mostly amorphous character as well as their local inhomogeneities and
variabilities. As a result, only a few data on the crystalline structure are available (Thaulow et al. 1996,
Marfil et al. 2001, Peterson et al. 2006, Fernandes et al. 2009). A method that could reveal information
about both, the crystalline and amorphous structure is Raman spectroscopy. It has been applied in a
few studies on cement hydration, carbonation and sulfate attack (Bensted et al. 1976, Kirkpatrick et al.
1997, Martinez-Ramirez et al. 2003, Higl et. al. 2016). Raman spectroscopy is a non-destructive and
fast method to detect smallest changes in gel structures (Aguiar et al. 2016). The amorphous ASRproduct is usually present as gel, which forms due to the attack of alkali-ions to different silica structures
contained in many aggregates. Like silicate glasses ASR-gels are composed of a SiO2-network where
large cations (Na, K, Ca) act as network modifiers and induce the depolymerization of the network
(Aguiar et al. 2016). To describe the degree of polymerization the number of bridging oxygens (BO) in
the SiO2-network is indicated as Q-species (Qn), where “n” describes the number of bridging oxygens
(Rossano et al. 2012). The structure of the crystalline ASR-product has been identified recently using
synchrotron-based micro X-ray diffraction (Dähn et al. 2012). As a result, the crystalline ASR-product
consists of a layered framework with wide channels and large interlayer spaces. Hence, the SiO 2tetrahedra are mainly configured as layers of SiO 2-tetrahedra with three bridging oxygens (Q3).
Additionally, a smaller amount of SiO2-tetrahedra is present as chains with two bridging oxygens (Q 2)
surrounding channels and interlayer space. Both channels and interlayers permit the incorporation of
Na, K, Ca and H2O. Consequently, the structure of the ASR-gels should be present in a similar structure
(Hou et al. 2005, Leemann 2017). A study on naturally exuded ASR-gel by 29Si-NMR spectroscopy,
approved that the short-range atomic structure of the ASR-gel was determined as a sodium/potassium–
hydroxide–silicate glass, with a Q3-like dominant silicate connectivity (Tambelli et al. 2006).
Balachandran et al. (2017) used Raman spectroscopy to study the structure of different synthetic ASRgels in more detail. They concluded that with increasing (Na+K)/Si ratio and Ca/Si ratio the
depolymerization of the alkali-silica gel also increases, characterized by the shift of the two broad bands
towards lower wavenumber of high frequencies (800 - 1200 cm-1) and a shift towards higher
wavenumber of low frequencies (400 – 700 cm-1).
There are different strategies in concrete design to prevent deleterious ASR in new structures. The most
effective method is the use of non-reactive or at least very slow reactive aggregates (Swamy 1992,
Lindgard et al. 2012). However, a concrete factory often has no access to such aggregates either due
to regional unavailability or economic reasons. To assess whether an aggregate is potentially reactive,
different aggregate, mortar and concrete tests are used. Because of the significant differences between
the methodologies for the assessment of concrete mixes and the deviations regarding to their behaviour
in real field applications, the necessity to develop suitable performance tests is out of question (Siebel
et al. 2006, Lindgard et al. 2012).
Aim of this research is to study the chemical and microstructural characteristics of ASR-products evolved
from various aggregates known as slow and late reactive. Samples were taken from concrete motorway
pavements were some samples already showed first indications for beginning damages, whereas others
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exhibited deteriorations only after applying a performance testing procedure suitable for estimation of
future risk of ASR damage. The authority responsible for the German highway infrastructure is the
Federal Ministry of Transport. It accepts two alternative test procedures, defined in according rules (ARS
2013). The approach of the exploratory investigations on these samples was to seek for correlations
between microscopical analysis, Raman spectroscopic data and the chemical characteristics of ASRgels analysed by SEM.
2. EXPERIMENTAL
Drilled cores from motorway pavements made with concretes containing rhyolite and quartzite as main
aggregates were tested. Although, rhyolite and quartzite are known as slow and late reactive aggregates
(Rajabipour et al. 2015), some pavements already showed first indications for beginning damages
eventually resulting from ASR at ages between 10 and 20 years. Two cores investigated in this study
featured such attributes (sample A, B). Additionally, two further cores were examined that exhibited
deteriorations only after applying the climate simulation concrete prism test (CS-CPT). Within this test
one core was treated with 3.6 % NaCl-solution (C) and the other with pure H2O (D) as reference.
The CS-CPT usually consists of 12 cycles whereby one cycle runs for 21 days and comprises three
different steps of alternating temperature and moisture conditions: 4 days of drying at 60 °C and ≤10 %
relative humidity (RH) are followed by 14 days of wetting at 45 °C and 100 % RH. Finally, the samples
are subject to 3 days of freezethaw-cycling between -20 °C and +20 °C (Giebson et al. 2017). After the
testing the cores were examined macroscopically for deteriorations caused by ASR. For microscopic
analysis the most affected parts were extracted, dried at 40 °C and embedded in epoxy to prepare thin
sections (60 mm x 90 mm x 30 µm) for the petrological examination. The thin sections were studied with
a conventional light microscope in transmission. The use of polarizing light enables the microscopic
characterization of minerals and rocks (Fernandes et al. 2016). The complete extinction allows the fast
identification of amorphous material like the ASR-products.
To explain the principle for the selection of cracks suitable for the analytical studies, Figure 1 shows an
image of a thin section from one of the investigated samples (sample D). The aggregate consists of
quartzite as the main constituent. The representative thin section exhibits a crack developing in a
concrete - evolving from an aggregate, passing the cementitious matrix and ending in a pore as
described in the literature (Fournier et al. 2000). The crack and the pore itself are partially filled with
amorphous material characterized by its isotropic properties with polarized light (Fernandes et al. 2016).
Raman spectroscopic and SEM measurements are collected at the same spots in numerical order,
starting from the origin of the crack at the aggregate and following the crack to its end, to detect changes
in the chemical composition and thus structural changes of the according ASR-products.

Figure 1. Representative thin section of a sample after the CS-CPT (sample D). The crack,
which is partly filled with ASR-products, starts at a quartzite aggregate, runs through the
cement paste and ends in a pore. The red points indicate the measured points and the
numbers of the consecutive measurements.
The ASR-products were analysed in detail using a Raman spectrometer LabRAM HR 800 (Horiba
Scientific) equipped with a CCD detector and a BX41 microscope (Olympus). The laser (Nd:YAG laser,
λ = 532 nm) is focused by an objective 100x/0.09 (Olympus) at the surface with a spot diameter of about
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1.5 µm and a power of 8 mW. The acquisition time was 20 s with 10 accumulations for each spectrum.
From the Raman spectrum the most representative part (300 – 850 cm -1) was extracted. The modelling
of the background and the peak fit of the Raman spectra was made with the fityk 1.3.1 software (Wojdyr,
2010). To model the different contributions to the main vibrational bands a symmetric Gaussian function
was employed. Finally, a semi-quantitative evaluation of the spectra related to the different Q-species
was performed based on the normalized integrated areas of the different vibrational bands. Additionally,
a scanning electron microscope (SEM) LEO1530 VP (ZEISS) coupled with an energy dispersive X-ray
(EDX) analyser INCAx-act (Oxford Instruments) was used to determine the composition of the ASRproducts at the same positions of the samples where Raman spectra were taken first. Therefore, the
thin sections were coated with carbon and examined with a backscattered detector. EDX analysis were
performed at 15 kV and 2 mA beam current with 100 live seconds counting time. The concentrations
were calculated with ZAF corrections. Natural silicates and oxides were used as standards.
3. RESULTS AND DISCUSSION
Table 1 shows the spectral ranges with the assigned Q-species and their structural counterpart. The
local structure of ASR-gel usually consists of a layered framework with wide channels and large
interlayer spaces. Consequently, the SiO2-tetrahedra are mainly configured as layers with three bridging
oxygens which could be assigned to Q3-species. Additionally, a smaller amount of SiO2-tetrahedra is
present as chains with two bridging oxygens surrounding channels and interlayer space, which could
be assigned to Q2-species and can incorporate K, Na and H2O (Hou et al. 2005, Tambelli et al. 2006,
Leemann 2017, Balachandran et al. 2017, Ling et al. 2018). Q1 is assigned to one bridging oxygen with
the structural counterpart of a dimer which is the connection of two SiO2-tetrahedra (Rossano et al.
2012). Q1 is usually assigned to the preliminary stage of Q 2 and could also be incorporated between
layers (Rossano et al. 2012, Balachandran et al. 2017). The relationship between Q3-, Q2- and Q1species provides information about the evolution of the ASR-gel. The higher the amount of Q3-species,
the further the evolution of the gel has progressed (Balachandran et al. 2017). In contrast, Q4-species
represent a fully polymerized network of three-dimensional connected SiO2-tetrahedra without the
incorporation of Na, K or Ca and can be assigned to a pure silica gel (Rossano et al. 2012). Ca/Si-ratios
higher than 0.8 are usually accounted as C-S-H-phases (Walker et al. 2013). Here, two different Qspecies with a small spectral range could be assigned: Q1-C-SH-species, which is associated with a dimer
connection of the SiO2-tetrahedra indicating a primitive C-S-H structure (Lothenbach et al. 2015) and
Q2-C-S-H species, which are the most prominent structural unit and could be assigned to C-S-H-chains
(Lothenbach et al. 2015).
Table 1. Spectral ranges (cm-1) of the main vibrational bands and there with assigned Qspecies with structural characteristics and the corresponding references.
Spectral range Name of Q(cm-1)
species

Assignment to Structural
Characteristics

References

400 - 450

Q4

three dimensional
connected SiO2 tetrahedra
of pure silica-gel

Rossano et al. (2012)

450 - 600

Q3

layered structure
of ASR gel

Hou et al. 2005, Tambelli et al. 2006,
Leemann 2017, Balachandran et al.
2017, Ling et al. 2018

600 - 650

Q2

chain-like structure
of ASR gel

Hou et al. 2005, Tambelli et al. 2006,
Leemann 2017, Balachandran et al.
2017, Ling et al. 2018

650 - 660

Q2-C-S-H

chain-like structure
of C-S-H-gel

Lothenbach et al. 2015,
Balachandran et al. 2017
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660 - 700

Q1-C-S-H

dimer structure
of C-S-H-gel

Lothenbach et al. 2015,
Balachandran et al. 2017

700 - 750

Q1

dimer structure
of ASR-gel

Rossano et al 2012, Balachandran et
al. 2017

3.1 The structure of natural ASR-products in damaged motorway pavement concrete
To study the structure of natural ASR-products concrete samples from a motorway pavement that show
already indications for beginning damages caused by ASR where taken. Prerequisite for the selection
was that a crack was recognizable and that the beginning and end could be identified. Two thin sections
were chosen with the main aggregates rhyolite (A) and quartzite (B) as source of the gel. The thin section
of sample A reveals a crack that is partly filed with amorphous material. It starts at the rhyolite aggregate
grain boundary continues through the cement paste and ends in a pore. Due to the partly filled crack
only three reliable points could be investigated. Figure 2 show the slight chemical evolution across the
measured distance. From the beginning of the crack towards the pore the Ca/Si-ratio (left) increases
while the (Na+K)/Si-ratio (right) show no significant change. Due to the consistently high Ca/Si-ratio the
reaction product can be completely assigned to C-S-H-phase.

Figure 2. Ca/Si-ratio (left) and (Na+K)/Si-ratio (right) plotted against the distance for every
measured point starting at the rhyolite aggregate of sample A.
Figure 3 displays the integrated peak areas as a function of distance to the origin of the crack. The most
frequent Q-species is Q1-C-S-H. Its amount increases towards the pore due to rising Ca/Si-content,
whereas the amount of Q3- and Q4-species that are assigned to the amount of ASR-product decrease
slightly. The presence of a high amount of Q1-C-S-H-species and a low amount of Q3- and Q4-species
indicate a mixture or a layered deviation of predominantly primitive C-S-H-phase with interlayers of ASRgel and pure silica gel.
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Figure 3. Normalized integrated areas for the present Q-species plotted against the distance
from the origin of the crack in the rhyolite aggregate of sample A.
The analysed section of sample B shows a crack extending from inside of a quartzite aggregate towards
cement paste and ending up by splitting itself in some smaller cracks. Due to the morphology, the
starting point of the crack was not clearly identifiable. The analyses of the chemical composition helped
to identify the starting point which was identified as the split side because of the low Ca/Si ratio. Figure
4 shows the Ca/Si- and (Na+K)/Si-ratio plotted against the distance of the measured points from the
origin of the crack. While the Ca/Si-ratio increase with progressive crack length the (Na+K)/Si ratio
shows no clear trend. Due to the low Ca/Si-ratio the reaction product is attributed to an ASR-gel.

Figure 4. Ca/Si-ratio(left) and (Na+K)/Si-ratio (right) as a function of distance for every
measured point from the origin of the measurement at a quartzite aggregate of sample B.
Figure 5 displays the integrated peak area of the different Q-species that are present as a function of
the distance from the starting point. The Q2-species is the dominant vibrational band of the first
measured and could be assigned to an ASR-gel which corresponds to its low Ca/Si-ratio. With
progressive crack length Q2- and Q2-C-S-H-species evolve diametrically, which indicate the transformation
from an ASR-gel to a C-S-H-phase. The increase of Q3-species and the decrease of Q2-species indicate
the evolution of the ASR-gel from a chain-like to a layered structure. The small amount of Q4-species
indicates areas or interlayers of pure silica gel.
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Figure 5. Normalized integrated areas for the present Q-species plotted against the distance
from the origin of the crack in the quartzite aggregate of sample B.
3.2 The influence of the performance test with alkali supply on the structure of the ASR-Product
To study the influence of the CS-CPT with additional alkali supply on the structure of ASR-gel, samples
were used that originally did not show any indications for beginning damages. After the performance
test the damaged samples were scanned for recognizable cracks starting from both main aggregates
rhyolite and quartzite. Only one sample showed a recognizable crack were the beginning and the end
of the crack could be identified in the thin section. The analysed thin section of sample C represents a
rhyolite which developed a crack inside the aggregate, which runs through the cement paste and ends
in a pore. The last measured point was on the outer rim of the pore. The crack and the pore are partly
filled with an amorphous material which exhibits a strong chemical evolution during its development for
the Ca/Si-ratio (Figure 6, left) but only a slight chemical evolution for the (Na+K)/Si-ratio (Figure 6, right).
At the beginning of the crack the gel can be attributed to an ASR-products because of the low Ca/Siratio, but at the end towards the pore it becomes a gel more associated with a C-S-H-phases. Here the
Ca/Si-ratio exceeds the 0.8. The reaction product of this sample is the only within the study for which a
strong chemical evolution can be observed. The gel develops from an ASR-gel to a C-S-H-phase. Due
to the high temperature combined with the NaCl-solution during the performance test, more Ca gets
dissolved from the cementitious material and is incorporated by the ASR-developing mechanism.
Furthermore, the crack ends in a pore surrounded by cement paste which provides an additional higher
Ca-concentration towards the crack than inside the rhyolite aggregate at the beginning of the crack.

Figure 6. Ca/Si-ratio (left) and (Na+K)/Si-ratio (right) rates plotted against the distance for every
measured point, starting at a crack in the rhyolite aggregate of sample C.
Figure 7 displays the integrated peak areas as a function of distance from the origin of the crack. The
most dominant Q-species are Q2 at the beginning of the crack. In the first part of the crack Q 2- and Q3species evolve diametrically, which indicate the evolution of the ASR-gel from a chain-like structure to
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a layered structure. With increasing Ca/Si-ratio Q2-C-S-H- and Q2-species evolve diametrically, which
indicates the transition from a chain-like ASR-gel to a chain-like C-S-H-phase around 600 µm distance
from the origin of the crack. The evolution of Q2-C-S-H-species corresponds well to a Ca/Si-ratio of 0.8 and
confirms the chemical evolution. Additionally, Q4-species are present that can be interpreted as
interlayers of pure silica gel.

Figure 7. Normalized integrated areas for the present Q-species plotted against the distance
from the origin of the crack in the rhyolite aggregate of sample C.
3.3 The structure of the synthetic ASR-product after the reference performance test with water
As reference within the CS-CPT the experimental setup is in addition to the salt bearing water supplying
the alkali performed with pure water. Also, for this test concrete cores were used that originally did not
show any indications for beginning damages. After application of the performance test, which did not
indicate any critical expansion, the samples were scanned for recognizable cracks. Only one sample
could be identified allowing the selection of cracks for the analytical study via thin section microscopy
(sample D). The investigated crack is displayed in Figure 1. The crack is partly filled with amorphous
material, starts at a quartzite aggregate, runs through the cement paste and ends in a pore. Figure 8
reveals that the ratios of Ca/Si and (Na+K)/Si show no distinct trends and no significant indication of a
chemical evolution along the crack development. Due to the elevated temperature (up to 60 °C)
combined with water during the performance test, enough Ca gets dissolved from the cementitious
material and enables incorporation in C-S-H-gel. Furthermore, the cracks end in a pore surrounded by
cement paste which provide an additional higher Ca-concentration towards the pore.

Figure 8. Ca/Si-ratio (left) and (Na+K)/Si-ratio (right) plotted against the distance for every
measured point starting at a quartzite aggregate of sample D.
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Figure 9 shows the integrated peak areas for the Q-species that are present as a function of distance
from the origin of the crack. The most common Q-species is Q1-C-S-H which is accounted to a primitive
C-S-H-phase with a chain-like structure. A small amount of Q2-, Q3- and Q4-species is detected and
could be accounted to some interlayers of the ASR-gel or some impurities. Towards the end of the crack
and inside the pore, the content of Q1-C-S-H-species even increases while Q3-, Q4- and Q1-species
evolving accordingly to each other and evolving diametrically to Q1-C-S-H-species.

Figure 9. Normalized integrated areas for the present Q-species plotted against the distance
from the origin of the crack the quartzite aggregate of sample D.
4. CONCLUSION
The exemplary results of this study show that the application of Raman spectroscopy establishes a
valuable approach for characterizing the chemical and structural composition of ASR-products. The
results prove the potential to trace these kinds of reaction products, which develop depending on the
aggregate and to follow their local alteration from the origin of the gel to the end. Also, the influence of
the testing procedure and the environment in which the gel develops seems to be reflected in the
analysis of the reaction products.
In general, most reaction products show an increasing Ca/Si-ratio with progressive crack length. An
ASR-product originating from an aggregate and running through the cement paste is characterized by
a high initial (Na+K)/Si-ratio which decreases with increasing distance from the origin. This supports the
hypothesis that with distance and probably time, more Ca gets incorporated from the surrounding
cement paste (Hou et al. 2004, Hou et al. 2005, Leemann et al. 2013, Leemann 2017, Ling et al. 2018).
The reaction product with a high (Na+K)/Si-ratio is more likely to be in a swellable state and may develop
into a less- or non-swellable state with progressive crack length (Rajabipour et al. 2015). The increase
of the Ca/Si-ratio leads to a distinct depolymerization of the gel and thus conversion of the structure,
which is manifested as an increase of Q-species that account to C-S-H-phases (Balachandran et al.
2017). The reaction products with the low Ca/Si ratio can be allocated to initial products formed inside
aggregates, whereas the high Ca/Si-ratio develops mostly outside the aggregate in the cement matrix.
The starting point and motivation of this study was primarily focused on understanding the effect of
different treatment conditions within performance tests on the ASR-mechanism itself. This included in a
first stage the performance test procedures currently prescribed by German authorities, regarding the
approval of aggregates to produce concrete pavements. The results need to be extended to enable a
systematical classification of the changes in the ASR-gel and its dependence from the environmental
conditions and to establish relationships to the results from other, more conventional, investigation
approaches. The target of ongoing research is to support the deduction of principle criteria which can
help to evaluate limits of validity and conclusiveness of accelerated test approaches. The results
encourage future investigations employing Raman spectroscopy on different concretes at different
stages of aging and/or after different environmental stresses.
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Furthermore, the method looks promising to find answers on several questions permanently occupying
the ASR research community. Investigating the gel structure with Raman spectroscopy may help to
further develop current hypotheses on the very complex relationships, resulting from the multitude of
influencing factors, as there are the concrete constituents, including their petrography, chemistry and
granulometry, the microstructure of the concrete and the history of loading and stresses during operating
live.
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ABSTRACT
Carbonation poses an important risk to structures made using low clinker cement. Various waterproofing compounds including integral and non-integral treatments on mortar along with protective
renderings of lime and cementitious compounds were studied. The comparative investigation of these
waterproofing compounds was done on mortar made with two blended types of cement having clinker
factor 0.5 (composite cement and Limestone - calcined clay cement) with OPC. The various samples
are placed under accelerated carbonation chamber with 3% CO2 at 65% RH after 28 days of curing in
a water bath at 27°C. Results show that the integral compounds help in reduction of capillary pores,
which in turn arrests the inflow of water. However, there is little influence on the depth of carbonation.
Other investigation results show simple solutions like lime renderings; lime to sand ratio (1:3) can be
effective against the threat of carbonation when applied as a thin layer of plaster on mortars.
Carbonation study conducted on lime rendering with and without the addition of SCMs, show
carbonation of Ca(OH)2 is a self-controlling reaction as formation of CaCO3 around the Ca(OH)2
stops the reaction going forward but with the addition of SCMs the C-S-H formed to continue to get
carbonated and pH drops below 9. Additional tests were conducted to see the adhesion property of
lime render. The experimental results show the effectiveness of mitigation measures depends on the
climatic conditions and the water to lime ratio used.
Keywords: quicklime coat, carbonation, integral waterproofing chemicals
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1.

INTRODUCTION

Lime as a binding material has been used in mortar for masonry structures, in plasters and renders to
protect against water and impacts, and as an adhesive material for ceramic tiles [Veiga 2017]. Various
forms of lime such as CaO, CaCO3, Ca(OH)2 are found in nature. The overall conversion of lime form
can be easily represented as a lime cycle as shown in Figure 1 [Veiga 2017, Valek et al 2012 and Zhang
et al 2018].

Figure 1. Representation of the lime cycle [Veiga 2017]
Carbonation is a deterioration process in concrete and increases corrosion risk in the structure. The
ingress of CO2 reduces the alkalinity which leads to a reduction in pH and makes the structure vulnerable
to corrosion [Shah et al 2018]. We aim to use the inherent carbonation property of lime as a sacrificial
layer by applying a lime coat over the concrete surface to prevent carbonation in structure (Figure 2).

Figure 2. Representation of the carbonation process and proposed solutions (lime mortar
coating and integral waterproofing admixture)
The objective of this study is to develop a durable lime mortar mix possessing three desirable
characteristics - a) resistance against carbonation b) sufficient compressive strength and c) adequate
adhesive property to attach on a concrete specimen.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
An alternative solution was also seen in the addition of integral waterproofing admixtures (IWA) in the
concrete structure. The integral admixtures create crystalline products by reacting with Ca(OH) 2 a byproduct of hydration of cement that reduce the overall porosity of the microstructure [Bertolini 2013, Pan
X et al 2013]. In this study, the effect of locally available integral waterproofing admixtures on
carbonation is done. The study takes into consideration the effect of IWA on carbonation of concrete.
2.
2.1

MATERIAL AND METHOD
Materials

The materials used in the study are oxides form of calcium – CaO (quick lime), Ca(OH)2, the addition of
pozzolanic binder - fly ash (FA), calcined clay and slag (GGBS). To maintain consistency in research, a
chemical grade for all forms of calcium oxides are used. The Indian standard sand IS: 650-1990 was
procured from Tamil Nadu for preparation of mortar specimen.
Various mortar mixes (1:3 lime: SS) combination was made using Ca(OH)2, CaO with replacement by
different SCMs. For the present study lime (Ca(OH)2 and CaO), partially replaced with Pozzolanic
materials such as slag and fly ash, was mixed with water where the percentage replacements and the
water-binder ratio were varied depending on the workability of the trial mixes. For example, the mix
‘LS08’ denotes mix of 80% lime (Ca(OH)2) with 20% slag and added water to create a 0.8 mix ratio. The
trial mixes were prepared to ensure minimum porosity while maintaining appropriate workability. Further
for trials with CaO, the water-binder ratio was fixed at 0.5 as workability is directly affected by the
evaporation of water due to the exothermic reaction of quicklime (CaO). It had been observed that many
of the mixes of CaO + Slag/Fly Ash had a flash set soon after the addition of water to the dry mix. In
these trials addition of citric acid (CA) was attempted to retard the exothermic reaction aiming at better
workability. The results have been presented further.
Table 1. Lime mortar mix trials
Oxides of Calcium

Pozzolanic Binder

Mix ID

Water/
mix ratio

Observation after mixing

Name

% addition

Name

% replacement

LS08

Ca(OH)2

80

Slag

20

0.8

LS06

Ca(OH)2

Slag

20

0.6

LC08

Ca(OH)2

Calcined
Clay

20

0.8

LS005

CaO

nil

nil

0.5

Very little expansion and
flash setting

LS205

CaO

Slag

20

0.5

Expansion cracks
appeared on the surface

LS405

CaO

60

Slag

40

0.5

LS605

CaO

40

Slag

60

0.5

LS805

CaO

20

Slag

80

0.5

LF105

CaO

90

Fly Ash

10

0.5

LF205

CaO

80

Fly Ash

20

0.5

LF405

CaO

60

Fly Ash

40

0.5

80

80
100
80

Addition of a retarding
admixture 0.5% of mix, to
attain better workability

The instant setting was
observed within minutes
of casting,
limited workable time

Various cement mortar blends were prepared, the details of the same are provided in Table 2. The
different types of integral waterproofing chemicals procured from companies have been described in
Table 3, along with the recommended dosage of the chemical and percentage weight of active matter
(solid content). Most IWA is silicate based and the dosages used are added on an as‐received basis.
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Table 2: Composition of various blends (OPC and two ternary blends)
Cement

Clinker

Calcined clay

Limestone

Fly ash

Slag

OPC

97

0

0

0

0

CC

55

0

0

30

15

LC3

55

30

15

0

0

Table 3: Details of various integral waterproofing admixtures used in the cement mortar mix
% by wt. of
cement

% (w/w)
active matter

Symbol

Description

Base

No waterproofing admixture

nil

b1c

Crystallising agent [silicate of earth metal] (liquid)

2.0%

10-12%

b1cp

Crystalline integral waterproofing compound [powder)

1.0%

90%

b1h

Hydrophobic admixture [alkali metal salt of fatty acid)
(liquid)

0.4%

10-12%

b2c

Crystalline admixture (silicate based) (liquid)

0.4%

40-50%

b2c2

Crystalline admixture (soda ash based) (liquid)

0.4%

40-50%

b2cp

Crystalline admixture powder

1.0%

Not
available

2.2

nil

Experimental Methods

The aim for the specimen to go under the set of following experimental methods is to determine transport
properties of mortar influenced by integral waterproofing admixture and to obtain information regarding
their contribution toward attaining a durable protective rendering for concrete. Below follows the list of
experimental tests undertaken on the lime mortar and cement mortar mixes.
Setting time: For selected lime mortars, setting time study with the help of Vicat apparatus in accordance
with IS: 6932 (part 11) 1983 was conducted. Mixes with 0.1% citric acid (as a retarder) were mainly
considered for the test.
Compressive strength test: Test on mortar cubes was performed using 50 kN capacity CTM in
accordance with IS: 6932 (part V) -1973. Cubes size of 50 X 50 mm and 70 X 70 mm were cast for each
lime mortar mix and cement mortar mix.
Accelerated carbonation test: The samples of rectangular prisms of size 40 X 40 X 160 mm were
prepared for each lime mortar mix for accelerated carbonation test. The specimens were placed inside
the accelerated carbonation chamber at constant 3% CO2, 65% RH, and 27°C. Beams were sliced into
a piece of 20 mm with the help of mechanical slicer to study carbonation depth with help of
phenolphthalein indicator (0.5%). Epoxy was used to coat two cross-section faces of beams to allow
two-dimensional diffusion CO2 inside the beams.
The lime and cement mortar samples produced from various combination were cured with a wet
membrane inside an environmentally controlled chamber at 27°C for various curing ages. Lime mixes
were then subjected to compressive strength test at (3, 7 and 28 days). The prisms were kept inside the
carbonation chamber to be subjected for the process of accelerated carbonation.
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3.

RESULTS AND DISCUSSION

Setting time: It was observed that many of the mortar mixes had undergone flash set in a few minutes
after the addition of water. To have ample time to work with paste, trials were conducted with the addition
of retarder, that is, citric acid. Trails with 0.1%, 0.3%, 1% and 3% of citric acid (CA) were carried out to
study setting time of those mortar mixes which showed better resistance against carbonation up to 28
days. Initial setting time was increased by 2 hours with the addition of CA in fly ash based mixes as CA
retard the exothermic reaction. It was observed that mixes had 5 to 10 minutes difference between both
the initial and final setting time. The optimum dose of CA found out to be 0.1%. Further increase in the
dose of CA does not lead to an increase in the setting time of mortar. On increasing the dose of CA to
0.3%, led to excessive cracks probably due to the delayed expansion of the sample, and mortar did not
hold together and crumbled as seen in Figure 3 after 24 hours.

Figure 3. Trials of 0.1% and 0.3% citric acid at the time of cast and after 24 hours
Carbonation: Ca(OH)2 mortar mixes - prepared by Ca(OH)2 along with slag or calcined clay showed a
high rate of carbonation. Samples with w/b ratio (0.8) got fully carbonated within 7 days of accelerated
carbonation process as shown in Figure 4 when compared with samples with w/b ratio 0.6. The result
suggests that mortars mixes cast at this w/b ratio lead to high porosity in the mix which allows a faster
diffusion of CO2.

Figure 4. Ca(OH)2 mortar mix: Carbonation depth results on 3 and 7 days
CaO mortar mixes – The images of carbonation depth in Figure 5 shows specimens made with
CaO+slag had undergone carbonation. It is observed that the replacement of lime with slag increases
more is the carbonation depth. All the samples got carbonated by the 28th day, except mortar with 100%
CaO. The lime mortar without any pozzolanic material showed no carbonation up to 120 days as shown
in Figure 5. 100% lime mortar has high reserve alkalinity in terms of calcium hydroxide which on
carbonation converts to calcium carbonate, leading to decrease in the porosity of mortar.
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Figure 5 CaO mortar mix: Carbonation depth results for lime + Slag mortar at various ages
Figure 6 shows CaO+fly ash mortar had low carbonation rate as no samples were fully carbonated till
the 28th day. Fly ash mortar with a high content of FA shows a high rate of carbonation which is clearly
seen in Figure 6. Fly ash generally have low reactivity as compared to slag, due to which consumption
of CH was faster in slag mixes than FA based mixes, further leading to a faster rate of carbonation in
CaO + Slag mortar. An interesting observation was recorded in CaO + Fly Ash mortar which is referred
to as Liesegang Patterns, generally seen as rings or bands [Rodriguez-Navarro et al. 2002]. These
patterns are generated due to the nonlinear reaction-diffusion process. The rings observed in our
specimens are probably caused by the dissolution and movement of CH from the center to the outer
side of mortar along with moisture due to uneven drying rate of the sample. Mortar with 40% fly ash has
shown carbonation at the center not on sides, which suggest CO2 gas has easily passed through the
lime mortar mix due to high porosity in the specimen. Diffusion of CH towards outer side leads to form
an area of high reserve alkalinity around the edges and carbonation products lead to the formation of a
barrier to prevent the ingress of CO2. Mortar with lower fly ash content shows a slow rate of carbonation
due to the presence of more unreacted CH. More CH presence leads to the consumption of more water
present inside the sample. This creates a gentle moisture gradient which causes slow diffusion of CH
along with moisture.

Figure 6 CaO mortar mix: Carbonation depth results for lime + fly ash mortar (typically shown
for LF405)
Cement mortar with integral waterproofing admixture: Greater carbonation in LC3 and CC is attributed
to the lesser amount of portlandite, Ca(OH)2, present in a hydrated paste of cement with SCMs due to
the secondary pozzolanic reaction as represented in Figure 7. A part of portlandite is consumed by the
reaction with SCMs which further lead to the formation of additional C-S-H. There is also a progressive
increase in carbonation due to shifting of porosity toward larger pore radii in blended cement as
observed in porosity. The comparative results of carbonation depth of all cement blends added with IWA
are shown in Figure 8. The results of carbonation study show IWA with mineral silicates do not have a
significant effect on the carbonation process. The ineffectiveness of silicate-based IWA can be attributed
to a significantly low amount of portlandite present in our ternary blends.
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Figure 7 Carbonation profile of control base specimen

Figure 8 Carbonation depth of mortar samples measured by phenolphthalein (Limestone
calcined clay cement)

Compressive Strength: Mortar with CH showed an increase in strength over time and that the specimens
with higher w/b ratio had less strength as compared with lower w/b, results are presented in Figure 9.
100% hot lime mortar shows considerable strength increase at 28 days. Addition of SCMs like slag and
fly ash lead to an increase in compressive strength for the mix shown in Figure 10. Hydration of CaO
leads to a quick exothermic reaction which results in the hardening of mortar. CA acts as retarder
interfere in the reaction between the CaO and water which delays the hydration. This is due to the
absorption of CA onto the CaO surface.

Figure 9 Compressive strength of CH mortar at various ages
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Figure 10 Compressive strength of CaO+slag mortar at various ages
CaO+fly ash shows less strength as compared to slag mortar. LF405 mix shows less strength as
compared to LS405 mix which concludes slow reactivity of fly ash. Addition of citric acid leads to a
decrease in strength as by retarding the hydration of fly ash mortar by absorbing on to the surfaces of
binder grain. CA acid addition in 100% lime mortar also shows low strength by a similar mechanism as
discussed above.
Adhesion Test: Mortar was applied on the surface of concrete cubes, prepared with OPC. The mortar
which did not show carbonation up to 28 days were selected for the adhesion test. Mortar does not show
any signs of adhesion and peel off as an independent layer from the surface of the concrete. Due to the
fast setting behavior of lime mortar, water is consumed in the mix itself, resulting in no excess water
which could help in making a bond with the concrete surface. The adhesion between the lime coat and
concrete surface thus develop cracks and eventually gets separated as shown in Figure 11. To make
sure we get some adhesive property into the lime mixes, trials were conducted with higher water binder
ratio (>1.5), and an application of cement slurry to ensure better adhesive property. To achieve some
adhesive strength in the mortar mix, a layer of cement slurry was applied as a primer.

Figure 11 Lime mortar layer peeling off after 24 hours of mortar application (a), (b) (precast
moulds) and (c) and (d) (slapping).
It was seen that although no carbonation occurs in pure lime mortars, their adhesion to concrete is
negligible and requires more work. However, it was seen that the addition of fly ash, slag, etc. to the
lime significantly reduced its carbonation resistance. It was seen that while some of the waterproofing
compounds were able to reduce carbonation depth, others insignificantly affected carbonation
resistance in cement mortar samples. A more detailed study into the chemistry of waterproofing
compounds in low clinker cement and their influence on carbonation is being carried out.
4.

CONCLUSION

The following key conclusions were drawn from this study:
1. Mortar with quicklime has a very early set time. The addition of SCMs does not increase the
setting time much, but the extent of carbonation is increased. Citric acid can be used to increase
setting time.
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2. Rich lime mortar (pure CaO) shows excellent resistant against carbonation. Addition of SCMs
to lime mortar provide high compressive strength as compared to a pure lime mortar. Because
of the formation of C-S-H gel which imparts strength in the mortar mixes. CaO+slag mortar
mixes show good compressive strength but had a greater rate of carbonation when compared
with CaO+FA because of the high reactivity of slag compared with FA.
3. Lime mortar mix (pure CaO + water) at lower w/b ratio (0.5) have decent compressive strength
and are found to have excellent carbonation resistance, but they do not have any adhesion
property with the concrete substrate. Rich lime mortar does not show adhesion toward cement
mortar surface due to the high content of lime and exothermic reaction of CaO which leads to
drying of cement mortar surface. Cement wash as a primer in the concrete surface is needed
to improve adhesion property.
4. It is quite difficult to have a lime mix which has the following properties all together: a less porous
microstructure, have good compressive strength and poses adhesion characteristics.
5. It is concluded that waterproofing admixtures although may reduce porosity slightly, they are
not able to reduce carbonation significantly.
6. Lime renderings appear to offer a more promising solution to reduce carbonation than
waterproofing agents.
5.
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ABSTRACT
Micromechanical models have been traditionally used to simulate the influence of the composite nature
of concrete on its mechanical properties. However, most available models are unable to take into
account complexities of the microstructure of concrete such as the interfacial transition zone, the
difference in the properties of aggregates and the varied particle size distribution of the aggregates. A
new model that can explicitly simulate these features, with the help of data obtained from a
microstructural model, has been developed and mechanical properties of concrete have been
predicted using this approach. The predicted values are in good agreement with experimental values.
Additionally, an analogous approach to this has been used to simulate the transport properties through
the interfacial transition zone. The present study showed that this approach can capture the influence
of aggregates and the interfacial transition zone on transport properties. A multi-scale approach, from
the microscale of the cement paste matrix to the macroscale of concrete, was then used to predict the
effective diffusion coefficient through concrete and the modelled results were compared with the
experimental ones. While the results demonstrate that the concrete microstructure is extremely
complex, the present model, in a relatively simple manner, capture the influence of these complex
features on mechanical and transport properties.
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1. INTRODUCTION
Transport of water, gases and ions through cement based materials deteriorate the concrete structures
(Glass 2000, Neville 2004, Shah & Bishnoi 2018). The presence of water inside concrete or its transport
from outside is not deleterious except in cold countries. However, it plays an important role in transport,
dissolution and reaction of deleterious ions in concrete causing chemical attacks such as sulphate
attack, carbonation and chloride attack etc. The transport of ions through concrete is characterized by
diffusion coefficient and, similar to moisture transport, it represents the connected porosity of concrete.
In the present work, the transport properties of concrete is studied in terms of diffusion of ions through
concrete. Corrosion of steel due to chloride ion attack is one of the main causes of deterioration of
concrete structures. Thus, it is important to study the chloride diffusion coefficient of concrete.
Concrete is generally modelled as two-phase composite material made of aggregates and cement
paste, however, it consists different heterogeneities at different scales. These heterogeneities
influences the mechanical and transport properties of concrete (Sun et al. 2007 & Sun et al. 2011). At
macroscale, aggregate type (porous and non-porous), aggregate size and volume fraction, and
entrapped air voids influence the chloride diffusivity of concrete. At microscale, capillary pores and CSH
gel volume fraction influences the chloride diffusion coefficient. Not only the presence of
heterogeneities, their distribution is also not uniform in the cement paste region of mortar and concrete
which further increases the heterogeneity of concrete. The pore size distribution of normal cement paste
and cement paste in mortars and concrete is observed different due to the presence of interfacial
transition zone around aggregates (Scrivener et al. 2004). The wall effect of aggregates disturbs the
packing of cement around aggregates which increases the water to cement ratio (w/c) in the ITZ. Thus,
ITZ is observed to increase the volume of large size capillary pores in mortar and concrete (Sun et al.
2011). The microstructure of ITZ, having large sized capillary pores and high porosity, influences the
diffusion coefficient of concrete. At nanoscale, inner and outer CSH contributes to the heterogeneity of
CSH matrix. These heterogeneities, present at different scales, should be incorporated for predicting
the transport properties of concrete. A multiscale homogenization model is a promising tool to
incorporate all the heterogeneities of concrete (Bernard et al. 2003).
The present work focuses on predicting the chloride diffusion coefficient of concrete by incorporating
the heterogeneities present at different scales of concrete. A multiscale homogenization model is
proposed which starts from the scale of cement paste to the scale of concrete. The model is capable of
considering different heterogeneities of concrete such as the interfacial transition zone, the difference
in the properties of aggregates and the varied particle size distribution of the aggregates. The
microstructure of ITZ and BCP is simulated using a microstructural cement hydration model ‘µic’
(Bishnoi & Scrivener 2009). The gradations in ITZ microstructural properties are taken into account to
homogenize the mortar and concrete. The predictions are then compared with experimental results
(Caré & Hervé 2004).
2. MULTISCALE MICROSTRUCTURE OF CONCRETE
The complexity of concrete’s microstructure at various scales are shown in Figure 1. In the present
work, heterogeneous nature of concrete is considered at three scales ranging from microscale to
macroscale.
The microscale (10-6 to 10-4 m) corresponds to hardened cement paste having capillary pores,
unhydrated cement, Portlandite, CSH gel, and other hydration products. Capillary pores and gel pores
of CSH contribute to the diffusion coefficient of cement paste. The effective diffusion coefficient 𝐷𝑒𝑓𝑓 of
chloride ion in cement paste can be calculated similar to porous solids as follows:
𝐷𝑒𝑓𝑓 = 𝑓(𝐷𝑜 , 𝑣𝑃 , 𝜏, 𝛿)

(1)

where, 𝐷𝑜 is diffusivity of chloride ion in water, 𝑣𝑃 is total porosity of cement paste and 𝜏 and 𝛿 are
tortuosity and constrictivity factors, respectively.
The mesoscale (10-3 to 10-2 m) corresponds to mortar wherein fine aggregates coated with ITZ are
embedded in matrix of bulk cement paste (BCP). The microstructure of ITZ is not uniform and has
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gradient of phases such as pore, CH and CSH. The effective diffusion coefficient of mortar can be given
as follows:
𝐷𝑒𝑓𝑓 = 𝑓(𝐷𝑓𝑎 , 𝐷𝐵𝐶𝑃 , 𝐷𝐼𝑇𝑍 , 𝑣𝐵𝐶𝑃 , 𝑣𝐼𝑇𝑍 , 𝑣𝑓𝑎 )

(2)

where, 𝐷𝑓𝑎 , 𝐷𝐵𝐶𝑃 and 𝐷𝐼𝑇𝑍 are diffusivity of chloride ions through fine aggregates, bulk cement paste
and ITZ, respectively. 𝑣𝑓𝑎 , 𝑣𝐵𝐶𝑃 and 𝑣𝐼𝑇𝑍 are volume fraction of fine aggregates, bulk cement paste and
ITZ, respectively.
The macroscale (10-2 to 10-1 m) refers to concrete having mortar as matrix phase embedded with coarse
aggregates coated with ITZ. Thus effective diffusion coefficient of concrete can be given by:
𝑒𝑓𝑓

𝑒𝑓𝑓

𝐷𝑒𝑓𝑓 = 𝑓(𝐷𝑐𝑎 , 𝐷𝑀 , 𝐷𝐼𝑇𝑍 , 𝑣𝑀 , 𝑣𝐼𝑇𝑍 , 𝑣𝑐𝑎 )

(3)

where, 𝐷𝑐𝑎 , 𝐷𝑀 and 𝐷𝐼𝑇𝑍 are diffusivity of chloride ions through coarse aggregates, mortar and ITZ,
respectively. 𝑣𝑐𝑎 , 𝑣𝑀 and 𝑣𝐼𝑇𝑍 are volume fraction of coarse aggregates, mortar and ITZ, respectively.
It should be noted that the scales chosen in the present work follow the condition of scale separation of
multiscale homogenization as the consecutive scales have a difference of at least one order of
magnitude.

Figure 1. Mutliscale representation of cement based materials
3. MODEL FOR EFFECTIVE DIFFUSION COEFFICIENT
The diffusion coefficient in concrete can be calculated as apparent diffusion coefficient or effective
diffusion coefficient. The apparent diffusion coefficient is related to the non-steady-state flow of ions
and the effective diffusion coefficient is related to the steady-state flow of ions. The present model is
valid for steady-state flow of ions through concrete and thus, predicts the effective diffusion coefficient
of cement based materials according to the Fick’s first law of diffusion.
Microscale
Cement Paste
Unhydrated cement paste is a viscous liquid made of solid cement particles and water. As hydration
continues, hydration products grow and get connected to form a porous solid. The capillary pores and
gel pores together form the pore network in cement paste. The pore network works as pipe network
allowing transport of aggressive ions through cement paste. At water to cement ratio (w/c) > 0.45, the
transport occurs mainly through capillary pores however the transport through CSH gel cannot be
ignored. At w/c < 0.45, the gel pores percolate and control the diffusion through cement paste. Thus,
the effective diffusion coefficient of cement paste is calculated using the total porosity, capillary porosity
and gel porosity. In the pore network, continuous pores having tortuous effects and ink-bottle effects
are effective and contribute to flow while isolated pores and dead-end pores do not contribute. The
contribution of pores having tortuous effects and ink-bottle effects is expressed by tortuosity factor and
constrictivity factor (Sun et al. 2011).
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The effective diffusivity of cement paste (𝐷𝐶𝑃 ) is predicted using the effective media theory (Hwan &
Jang 2004) as follows:
𝐷𝐶𝑃 = 𝐷𝑜 𝑣𝑃

𝛿

(4)

𝜏2

where, 𝐷𝑜 is diffusivity of chloride ion in water equals to 2.03 × 10−9 𝑚2 ⁄𝑠 at 25°C, 𝑣𝑃 is total porosity
of cement paste and 𝜏 and 𝛿 are tortuosity and constrictivity factors.
Tortuosity and constrictivity factors define the two main features of the complicated cement paste pore
network. Tortuosity factor represents the characteristics of continuous pores with tortuous effect which
is calculated using the following equation given by Nakarai et al. (2006)
𝜏 = −1.5 𝑡𝑎𝑛ℎ[8 (𝑣𝑃 − 0.25)] + 2.5

(5)

Constrictivity factor represents the characteristics of continuous pores with ink-bottle effect which is
given by Maekawa et al. (2003) as follows
𝑝𝑒𝑎𝑘

𝛿 = 0.395 𝑡𝑎𝑛ℎ[8 (𝑙𝑜𝑔(𝑟𝑐𝑎𝑝 ) + 6.02)]

(6)

𝑝𝑒𝑎𝑘

where, 𝑟𝑐𝑎𝑝 is the peak radius of capillary pores (m). 𝛿 is found to be 0.01 for normal cement paste as
the size of capillary pores ranges from a few nanometer to 100nm. Thus, in the present work 𝛿 = 0.01
is used for predicted effective diffusion of cement paste.
Interfacial Transition Zone
The microstructure of ITZ is different from the cement paste available far from aggregates. The cement
paste away from aggregates is referred to as bulk cement paste (BCP). ITZ is characterized by higher
porosity, higher w/c ratio and lower cement content compared to BCP due to the wall effect of
aggregates. Jiang et al. (2013) proposed a numerical model to predict the average capillary porosity of
ITZ. It was reported that the average capillary porosity of ITZ ranges from 0.11 to 0.48 when the overall
w/c ranges from 0.2 to 0.7. In the present work, the diffusion coefficient of ITZ is calculated as follows
(Garboczi & Bentz 1992):
𝐷
𝐷𝑜

2

= 0.001 + 0.07(𝑣𝑐𝑎𝑝 ) + 1.8 × 𝐻(𝑣𝑐𝑎𝑝 − 0.18) × (𝑣𝑐𝑎𝑝 − 0.18)2

(7)

where, 𝐻 is the Heaviside function (𝐻(𝑥) = 1 for 𝑥 > 0 otherwise 𝐻(𝑥) = 0). 𝐷 and 𝑣𝑐𝑎𝑝 are diffusion
coefficient and capillary porosity of ITZ.
Eq 7 considers the diffusion through both type of pores, gel pores and capillary pores. It suggests that
for 𝑣𝑐𝑎𝑝 ≥ 0.18, capillary pore percolate and control the diffusion through cement paste while for 𝑣𝑐𝑎𝑝 <
0.18, isolated capillary pores connect through percolating gel pores and control the diffusion.
Meso and macroscale
At meso and macroscale, concrete is considered as a heterogeneous material concrete made of fine
and coarse aggregates surrounded by concentric ITZ which are embedded in bulk cement paste or
mortar. Microstructural variation of ITZ is considered in the present work and homogenized diffusion
coefficient of ITZ is used for homogenization of mortar and concrete.
A recently developed analytical model of predicting elastic properties of heterogeneous materials
(Beniwal et al. 2018) is extended and used to predict the diffusion coefficient at meso and macroscale.
The model can take into account the complexities of the microstructure of concrete such as the
interfacial transition zone, the properties of aggregates and the particle size distribution of the
aggregates.
First, each aggregate with concentric ITZ layers is embedded in equivalent homogenized infinite
medium of concrete/mortar. The homogenized effective diffusion coefficient of each inhomogeneity
(aggregate with concentric ITZ layers) is calculated using the 𝑛 + 1 phase model (Caré & Hervé 2004).
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Then, a representative volume element (RVE) is considered wherein each aggregate with ITZ layers is
replaced by a sphere of same size and equivalent material of homogenized effective diffusion confident.
Thus, the RVE is made of equivalent spheres embedded in the matrix material and the effective
diffusion coefficient is calculated using Mori-Tanaka method.
As the model treats each aggregate individually, the influence of the properties of aggregates such as
particle size distribution, and their diffusion coefficient can be simulated on the overall effective diffusion
coefficient of concrete. It should be noted that the effective diffusion coefficient of ITZ is required to
predict the overall effective diffusion coefficient of mortar and concrete. The effective diffusion
coefficient of ITZ depends on the microstructure of ITZ, which is simulated using a microstructural
modelling platform (explained in following section). Thus, the present model considers the
microstructural variation of ITZ to predict the properties.
In the first step, consider a single 𝑛 phase composite made of aggregate (central core) coated with 𝑛 −
1 layers of ITZ (Figure 2) is embedded in an equivalent homogenized infinite medium and subjected to
uniform concentration rise at infinity, given by:
𝑐 = 𝛼𝑥3

(8)

Then the average concentration gradient in the (𝑖)𝑡ℎ phase is calculated using the 𝑛 + 1 phase model
Hervé (2002), as follows:
〈𝑐,3 〉 = 𝐴(𝑖) 𝛼

(9)

where, 𝐴(𝑖) is concentration coefficient of (𝑖)𝑡ℎ phase and its expression is determined analogous to
Eq. 20 of Hervé (2002). Knowing the concentration gradient in each phase, the equivalent diffusion
̅𝑖𝑛 ) is found analogous to Beniwal et al. (2018) by volume averaging.
coefficient of 𝑛-phase composite (𝐷

Figure 2. 𝒏 phase composite in infinite homogeneous material
In the second step, each aggregate with ITZ layers is replaced by a sphere of same size and equivalent
homogenous material of homogenized effective diffusion coefficient. Then, a representative volume
element (RVE) is considered wherein each aggregate with ITZ layers is replaced by a sphere of same
size and equivalent homogenous material of homogenized effective diffusion coefficient. Thus, the RVE
is made of equivalent spheres embedded in the matrix material. The RVE of concrete is subjected to
uniform concentration rise at infinity according to Eq. 8 and the homogenized effective diffusion
coefficient of RVE is calculated using Mori-Tanaka method. The details of the similar model for elastic
modulus of concrete can be found elsewhere (Beniwal et al. 2018).
4. INPUT PARAMETERS
To predict the diffusion coefficient at microscale, the total porosity of paste is required as the input
parameter. Total porosity includes capillary porosity 𝑣𝑐𝑎𝑝 and gel porosity 𝑣𝑔𝑒𝑙 , as follows:
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𝑣𝑃 = 𝑣𝑐𝑎𝑝 + 𝑣𝑔𝑒𝑙

(10)

𝑣𝑐𝑎𝑝 , 𝑣𝑔𝑒𝑙 and 𝑣𝑃 can be easily calculated knowing the w/c and degree of hydration (𝐷𝑜𝐻) using Power’s
model (Powers 1962), as follows:
0.19𝛼

𝑣𝑔𝑒𝑙 = (𝑤⁄

𝑐 )+0.32

𝑣𝑐𝑎𝑝 =
𝑣𝑃 =

(𝑤⁄𝑐 )−0.36𝛼
(𝑤⁄𝑐 )+0.32

(𝑤⁄𝑐 )−0.17𝛼
(𝑤⁄𝑐 )+0.32

(11)
(12)
(13)

where, α is degree of hydration.
For cement paste, w/c and degree of hydration can be easily calculated experimentally and diffusion
coefficient can be calculated using Eq. 4 through Eq. 5 and 14.
At the upper scales (meso and macro), diffusion coefficient of ITZ and BCP are required as input
parameter. The diffusion coefficient of ITZ is calculated from capillary porosity using Eq. 7 which
requires the w/c and DoH in ITZ layer. The diffusion coefficient of BCP is calculated from total porosity
using Eq. 4. It is to note that the w/c and DoH of ITZ and BCP are not same as CP (Scrivener et al.
2004). The small size cement particles accumulate near aggregate and increase the w/c and DoH of
ITZ and thus reduce the same for BCP. In the present work, the cement hydration microstructure
modelling platform ‘µic’ is used to develop the microstructure of ITZ and to find its effective w/c and
DoH. μic generates three-dimensional microstructure of cement hydration using a realistic particle size
distribution (PSD) of cement. This platform is chosen due to the capability of simulating hydration of all
the phases of cement and millions of particles within a reasonable time.
In μic, cement grains are randomly packed in a simulation box having a large spherical particle which
acts as an aggregate (Figure 3). Due to the wall effect of the large spherical particle, the distribution of
cement in its vicinity is found different from the bulk cement paste. This causes a higher w/c near the
surface of particle which continuously decreases and merges with bulk w/c (Figure 4). Figure 4 shows
that μic can be used to simulate the wall effect of aggregates.

Figure 3. Microstructure of (left) unhydated and (right) hydated cement paste near aggregate,
black colour represents pores, other colour represents clinker and other hydration products
The particle are placed sequentially in descending order of size leading to the preferential deposition of
small grain near aggregates that simulates the ITZ microstructure accurately (Scrivener et al. 2004).
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The experimentally observed increase in DoH of ITZ region (Scrivener et al. 2004) is also simulated
accurately in µic. The preferential deposition of small cement grains in ITZ increases the rate of
dissolution of cement and results in higher DoH of ITZ. From the simulated microstructure of ITZ, the
DoH of ITZ is calculated from µic by divided the volume of cement reacted to the volume of cement
present initially in ITZ. The preliminary analysis of the microstructure generated using μic showed that
μic can effectively produce the microstructure of ITZ.
Knowing the w/c and DoH of ITZ, its diffusion coefficient is calculated from Eq. 7 through Eq. 12. The
diffusion coefficient of BCP is calculated from effective w/c and DoH of BCP using Eq. 4.

Figure 4 modelled w/c variation near aggregate
Another input parameter required for predicted 𝐷𝑒𝑓𝑓 is the volume fraction of ITZ which depends on the
ITZ thickness. ITZ thickness is reported to be dependent on the cement size (mean or median or
maximum size of cement). In the present work, ITZ thickness is taken from µic as the distance from the
surface of particle up to the point where the w/c is more than 10% of bulk w/c (Bentz & Garboczi 1999).
It was found that the ITZ thickness is approximately half of the mean size of cement. Volume of ITZ is
then calculated from the difference of volume of aggregate with and without ITZ layer using the particle
size distribution of aggregates and thickness of ITZ. Then, volume of BCP is calculated as the difference
of volume of CP and volume of ITZ. The volume fraction of fine/coarse aggregates and cement
paste/mortar required at meso/macro scale are calculated from the mass/volume proportions of mix.
Knowing the volume fraction of phases and PSD of aggregates and homogenized diffusion coefficient
of ITZ, BCP and aggregates the overall diffusion coefficient is calculated using the model, explained in
previous section.
5. VALIDATION
The capability of the present model is shown by comparing the prediction with the experimental diffusion
coefficient of paste and mortar found in Caré (2002). Though a number of literature is available on
chloride diffusion coefficient of concrete but most of the literature do not provide required input
parameters such as PSD of cement and aggregates, DoH and porosity. Experimental diffusion
coefficient of Caré (2002) is used due to the availability of required input parameters. The mix design
and raw material properties can be found elsewhere (Caré 2002). The required input data and
experimentally measured chloride diffusion coefficients are given in Table 1.
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Table 1. Mix proportions and experimental results (Caré 2002)

Mix

Aggregate
volume (%)

ITZ Volume
(%)

DoH (%)

Diffusion coefficient
(× 10-12 m2/s)

P

0

0

81.1

5.65

M1C

25

1.09

83.5

5.4

M1F

25

4.35

86.2

8.1

M2C

50

2.17

68.8

4.8

M2M

50

6.20

81.2

7.4

M2F

50

8.70

77.9

9.5

Figure 5. Predicted effective diffusion coefficient compared with experimental results
The mean size of cement was 36µm so ITZ thickness of 18 µm is used for predicting the diffusion
coefficients. The calculated ITZ volume is shown in Table 1, which shows that the ITZ volume increases
by increasing the fineness of aggregates. Comparison of experimental and predicted results (Figure 5)
shows that the predictions lies within the experimental error ranges. Figure 5 also shows that the
present model successfully capture the influence of ITZ volume and PSD of aggregates on the diffusion
coefficient of mortar. It can be seen that the predicted diffusion coefficient of mortar containing same
aggregate volume (M2C, M2M and M2F) increases with increasing fineness of aggregates which is in
agreement with experimental results. This suggests the present model can simulate the influence of
aggregates and ITZ volume on the diffusion coefficient of cement based materials.
6. POSSIBLE APPLICATION OF THE MODEL
The previous section shows that the model can successfully predict the diffusion coefficient of cement
based materials. It is also shown that the model can simulate the influence of different heterogeneities
of concrete. The microstructural modelling platform ‘µic’ is used to generate the microstructure of ITZ
and BCP. The platform is capable of simulating pozzolanic reaction of SCMs along with the filler effect
of finer particles (Bishnoi & Scrivener 2009). The influence of supplementary cementitious materials
(SCM) such as fly ash, silica fume and metakaolin on the microstructure of ITZ and BCP can be
simulated using µic. From the simulated microstructures, the possible applications of the present model
are as follows:



The model can be used to study the influence of SCMs on the diffusion coefficient of mortar
and concrete.
The model can be used in an inverse manner to predict the diffusion coefficient of interfacial
transition zone.
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The influence of SCMs on the diffusion coefficient of ITZ can also be predicted using the present
model.
As the microstructure simulated in µic is based on the PSD and chemical composition of
cement, the influence of these parameters on the diffusion coefficient can also be studied.

7. CONCLUSION
A multiscale model, starting from microscale of cement paste to the macroscale of concrete, is proposed
to predict the diffusion coefficient of mortar and concrete. The microstructural features of cement paste,
interfacial transition zone and bulk cement paste are used to simulate their influence on the properties
of concrete. The microstructural variation of interfacial transition zone (ITZ) are simulated from a vector
approach based microstructural model known as µic. The diffusion coefficient of ITZ is homogenized
considering the gradient of its microstructure. Concrete is then homogenized as 𝑛 phase composite
material using the proposed model. The present model can simulate the influence of various
heterogeneities of concrete present at different scales such as aggregate of different types and sizes
and microstructure of ITZ and BCP. The predicted results are validated with experimental results and
following conclusions are drawn.




8.

The gradient in the w/c and DoH of ITZ are important parameter for predicted the diffusion
coefficient of concrete and mortar.
The interfacial transition zone volume influences the diffusion coefficient of cement based
materials.
The present model can simulate the influence of aggregate properties and their varied particle
size distribution on the diffusion coefficient of concrete.
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ABSTRACT
None of the existing standard laboratory test methods to evaluate alkali-silica reactivity (ASR) are
entirely reliable in terms of predicting the performance of concrete under field conditions. The most
commonly used standard ASR test methods are the concrete prism test (CPT) and the accelerated
mortar bar tests (AMBT). Some of the major limitations of these test methods include long testing time
(CPT), aggressive test conditions (AMBT), alkali leaching, and aggregate size effects. To overcome
some of the shortcomings of the existing test methods, the miniature concrete prism test (MCPT), the
concrete cylinder test (CCT), and the University of New Brunswick concrete cylinder test (UNBCCT)
were recently developed. There is a need to further evaluate these test methods with various
supplementary cementitious material (SCM)-aggregate combinations, and to benchmark them with
results from outdoor exposure block tests before specifying the methods. In this paper, the differences
in the test parameters of these three methods and the existing test methods are summarized. Majority
of the mixtures were selected mainly based on the inability of the current standard method, CPT, to
predict reactivity in the outdoor exposure blocks at the exposure sites in Ottawa, Ontario, Canada and
Austin, Texas, USA. This study provides the preliminary results of these promising new test methods
that were benchmarked against existing field exposure site data. More testing needs to be done to
further validate these new methods.
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1.

INTRODUCTION

Since the discovery of alkali-silica reaction (ASR), several mechanisms for the expansion caused by
ASR as well as test methods to evaluate the reactivity of aggregates have been proposed. Rajabipour
et al. (2015) summarized the current understanding of reaction mechanisms and current knowledge of
ASR mitigation. The test methods range from tests on finely crushed aggregates, concreterepresentative-sized aggregates, mortar, and concrete to petrographic examination of aggregates
and/or concrete. The use of supplementary cementitious materials (SCMs) and lithium compounds in
sufficient quantities has been found to be the most effective way to mitigate or prevent ASR.
Subsequently, there have also been modifications to test methods that allow for the use of SCMs to test
their efficacy on mitigating the reactivity of the aggregates. Thomas (2011) reviewed the effect of SCMs
on ASR and Thomas et al. (2006) summarized the test methods for evaluating mitigation measures for
controlling ASR expansion. This article summarizes the differences in the test parameters of recently
proposed test methods and the existing standard test methods. This article also provides the results of
three promising test methods - the miniature concrete prism test (MCPT), the concrete cylinder test
(CCT), and the University of New Brunswick concrete cylinder test (UNBCCT) that are benchmarked
against existing field exposure site data.
1.1

Current standard methods and their limitations

In the U.S., the most widely adopted and used standard test methods to assess ASR include, ASTM
C295/C295M, ASTM C856, ASTM C441/C441M, ASTM C1260 and C1567 (accelerated mortar bar test
– AMBT), and ASTM C1293 (concrete prism test – CPT). Among these methods, the most reliable or
recommended test methods are ASTM C295/C295M, ASTM C1260, C1567, and ASTM C1293.
However, they all have limitations and, consequently, are not ideal. Petrographic examination of
aggregates does not directly predict if the aggregate can cause expansion in the concrete and the
examination depends on the skill of the petrographer. ASTM C1260 is criticized for its extremely severe
test conditions – high temperature (80oC) and high alkaline storage conditions (1N NaOH), and
manipulation of aggregate size by crushing (Thomas et al. 2006 & Rangaraju et al. 2016). Therefore,
ASTM C1260 solely cannot be used to reject an aggregate’s usage in a concrete mixture. Even though
ASTM C1293 is considered to be the most reliable standard test method available, it is criticized for its
inability to test job cements, alkali leaching from test specimens, and its long test duration (one year for
straight portland cement based systems and two years if SCMs or lithium compounds are used). It is
also criticized for boosting alkalis only based on the cement portion. Recent research has also shown
that both ASTM C1567 and ASTM C1293 (2-year test) have incorrectly identified mitigated aggregate
mixtures as passing where they have shown deleterious expansion in the field (Ideker et al. 2012a).
1.2

Alternative accelerated laboratory tests and the need of benchmarking them to outdoor
exposure blocks

ASTM C1293 is generally considered to be the most reliable test method to predict the performance of
aggregates. However, it has been observed that the test gives false-negative results i.e. the mixtures
pass ASTM C1293, whereas they fail in the field when tested as exposure blocks (Ideker et al. 2012b).
ASTM C1778, a new standard guide for reducing the risk of deleterious alkali-aggregate reaction in
concrete provides both a prescriptive and performance-based approach. The prescriptive approach is
based on years of past results from ASTM C1260 or ASTM C1567 and ASTM C1293 and these same
methods are the recommended approach for performance-based testing. As more is learned from
exposure sites it raises concern about the ability for these existing methods to predict field performance
accurately. To limit these shortcomings of the CPT and the AMBT methods, a number of improved ASR
test methods have recently been proposed. Three of them that are of interest in this study are the MCPT
(AASHTO T380), the CCT, and the UNBCCT. There is a need to benchmark these recently developed
test methods to field exposure sites before specifying them. The advantage of existing exposure site
data is that if the same (or nearly identical) raw materials can be used in these new tests, the efficacy of
the new method can be determined on the order of months rather than years.
In an ideal relationship between the outdoor exposed blocks and the specimens of the accelerated test,
both tests predict a fail/fail relationship or a pass/pass relationship. If a mixture failed in outdoor exposed
block but passed in an accelerated test then the accelerated test gave false-negative result.
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2.

OBJECTIVES




3.
3.1

Summarize the test details of the three promising methods – the MCPT, the CCT, and the
UNBCCT to evaluate ASR
Benchmark the MCPT and CCT methods to outdoor exposure blocks with various mixtures
having mitigation options
Evaluate the performance of the UNBCCT method to assess aggregate sensitivity to alkali
content in 100% portland cements

ALTERNATIVE ACCELERATED LABORATORY TESTS
The MCPT method (AASHTO T380)

The MCPT method was developed by Latifee and Rangaraju to overcome the limitations of the AMBT
and the CPT by lowering the storage temperature, using coarse aggregate instead of crushing it to use
as fine aggregate as in AMBT, and decreasing the concrete prism size (Latifee & Rangaraju 2015). In
this test method, concrete prisms were stored in a 1N NaOH solution at 600C. The dimensions of the
concrete prism specimens are 50 x 50 x 285 mm. The length and mass measurements are made
periodically for 56 days or up to 84 days in some cases. Table 1 shows the proposed MCPT expansion
criteria for mitigation/prevention measures.
Table 2 presents a comparison of mixture details and test parameters of the AMBT, CPT, MCPT, CCT,
and UNBCCT methods. Rangaraju et al. carried out a study to correlate the MCPT and CPT methods.
From the study, it was concluded that the MCPT provided equally reliable aggregate reactivity
characterization as the CPT method in a much shorter duration (56/84 days instead of 1 year),
particularly for assessing the coarse aggregate reactivity (Rangaraju et al. 2016). Benchmarking this
method to field exposure blocks was not done as part of their study.
Table 1. MCPT expansion criteria for mitigation measures (AASHTO T380)
Efficiency of Mitigation

% Expansion at 56 days

Effective

< 0.020%

Uncertain*

0.020% - 0.025%

Not effective
> 0.025%
*Recommend retest with MCPT using a higher dosage of mitigation
3.2

The CCT method

The concrete cylinder test method was developed at the University of Texas, Austin and the Texas
Department of Transportation (TxDOT) to overcome the limitations in the CPT method, including alkali
leaching and a long test duration. The mixture and test details are listed in Table 2. Specimens of
dimensions 101 mm (diameter) x 203 mm (length) were cast in cylinder molds, leaving the top 6 mm to
pond water above the concrete cylinder. Prior to concrete placement, two filter papers were placed to
line the interior of the cylinder mold to supply moisture throughout the exterior of concrete cylinders.
Stainless steel gauge pins were cast in top and bottom of the cylinder to allow length measurements.
Cylinders were cured under wet burlaps and plastic for 24 hours and then the ponded water was added
to the top of the cylinder. Cylinders were capped with an air-tight lid to prevent the evaporation of water.
TxDOT data showed that the CCT method measured the expansions greater than 0.04% prior to one
year, which is a shorter duration compared to the ASTM C1293 two-year duration when tested with
SCMs (Naranjo 2012). The testing time and the expansion limit for this method have not been defined
yet.
3.3

The UNBCCT method

This test method was developed in 2015 at University of New Brunswick to prevent alkali leaching and
to be able to test job mixtures. The dimensions of the concrete cylinder specimens are 145 mm
(diameter) x 280 mm (length). The fabricated concrete cylinders were placed inside a 152 x 304 mm
plastic cylinder. To prevent leaching, the space between the specimen and the plastic cylinder was filled
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with a synthetic solution that had a similar composition of theoretical pore solution of the concrete being
tested to prevent alkali leaching. The host solution was sodium hydroxide solution with a concentration
equivalent to the percentage equivalent alkalis in the cement. The storage temperatures were 38oC and
60oC. Specimens were cooled down to room temperature for 24 hours prior to measuring expansion
using stainless steel gauge pins similar to the CCT. Laskey (2018) observed that the UNBCCT produced
faster and higher expansions when compared to ASTM C1293.
Table 2. Parameters of the accelerated laboratory tests for ASR
Parameters

AMBT
(ASTM
C1260)

AMBT
(ASTM
C1567)

CPT
(ASTM
C1293)

MCPT
(AASHTO T
380)

CCT

UNBCCT

Water-tobinder ratio

0.47

0.47

0.42-0.45

0.45

0.42-0.45

0.42

Cement alkalis
(Na2Oe)

1.0 ±
0.10%
(use
high
alkali
cement)

use a
cement
meeting
requirements
of C150

1.25% (use
high-alkali
cement, add
NaOH to mix
water)

1.25% (use
high-alkali
cement (0.9%
Na2Oe), add
NaOH to mix
water)

1.25% (use
high-alkali
cement,
add NaOH
to mix
water)

Job cement

Aggregate size
range (mm)

0.15–
4.75

0.15–4.75

4.75-19

1.75-12.5

4.75-19

4.75-19

Specimen size
(mm)

25 × 25
× 285
(bar)

25 × 25 ×
285 (bar)

75 x 75 x
285 (bar)

50 x 50 x 285
(bar)

101 x 203
(cylinder)

145 x 280
(cylinder)

Cementaggregate
ratio/aggregate
volume
fraction

1:2.25

1:2.25

Aggregate
volume
fraction of
0.70%

Aggregate
volume
fraction of
0.65%

Aggregate
volume
fraction of
0.70%

Aggregate
volume
fraction of
0.70%

Storage
temperature

80°C

80°C

38°C

60°C

38oC, 50°C

38°C, 60°C

Storage

in 1.0 N
NaOH

in 1.0 N
NaOH

Over water

in 1.0 N
NaOH

Water
ponded
over the
Specimen

Surrounded
by
synthetic
solution
(NaOH)

Storage
duration

14 days

14 days

1 year (2
years for
combinations
of SCMs)

56 days (84
days for slow
reactive
aggregates)

270 days
(proposed)

-

4.
4.1

EXPERIMENTAL METHODOLOGY AND MATERIALS
Mixtures tested according to the MCPT and CCT methods

The materials and mixtures for the MCPT and the CCT methods were selected based on the data
availability of the blocks at the exposure sites. Majority of these mixtures contained SCMs and failed in
the exposed blocks in Austin, Texas, USA. Expansion and mass measurements were taken for the
MCPT specimens for 84 days. Whereas, expansion measurements for the CCT specimens were taken
for a year.
Table 3 summarizes the SCMs and aggregates used in this study for the MCPT and the CCT methods.
In Expansion and mass measurements were taken for the MCPT specimens for 84 days. Whereas,
expansion measurements for the CCT specimens were taken for a year.
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Table 3, the percentages represent cement replacement by SCM on mass basis. Coarse aggregates
used were Spratt, a highly reactive siliceous limestone, and Placitas, a very highly reactive mixed
mineralogy gravel with volcanics. Fine aggregate used in this study were Wright, a very highly reactive
natural river sand with chert, and Jobe, a reactive sand with mixed quartz, chert, and feldspar (Folliard
et al. 2006). The aforementioned reactivity levels of the aggregates is based on the ASTM C1778
classification. The mixtures of the exposure site blocks were boosted to 1.25% Na 2Oe. The exposure
blocks with a very highly reactive fine aggregate (Jobe) – 30% Class F Fly ash and Jobe – 50% Slag
were approximately two years old, whereas, additional blocks were between 13 and 15.5 years.
Table 4 shows the chemical compositions of the materials used in this study. Expansion and mass
measurements were taken for the MCPT specimens for 84 days. Whereas, expansion measurements
for the CCT specimens were taken for a year.
Table 3. Test matrix for the MCPT and the CCT methods
Reactive Coarse aggregate

Reactive Fine aggregate

Mixtures
Spratt

Placitas

Wright

Jobe

✓

✓

✓

✓

✓

✓

OPC
20% F fly ash

✓

30% F fly ash
✓

40% C fly ash

✓

✓
✓

40% Slag

✓

50% Slag
✓

100% Lithium

✓
✓

35% Slag + 5% Silica fume

Table 4. Chemical composition of the materials used for the MCPT, CCT and the UNBCCT
methods
MCPT and CCT

UNBCCT

Chemical
composition
(%)

Cement

Class F
Fly ash

Class C
Fly ash

Slag

Silica
Fume

PC-1

PC-2

PC-3

SiO2

19.03

52.07

34.96

36.62

94.73

20.61

20.84

18.72

Al2O3

4.12

23.65

16.52

7.91

0.61

4.93

5.07

5.82

Fe2O3

2.82

4.55

5.77

0.66

0.10

3.51

2.14

2.71

CaO

60.30

12.76

26.62

38.29

0.59

64.15

64.83

61.32

MgO

3.67

2.02

5.43

10.06

0.45

0.72

2.97

2.74

SO3

3.61

0.78

2.44

2.33

0.07

2.81

2.42

4.01

Na2O

0.18

0.31

1.69

0.31

0.23

-

0.23

-

K2O

1.14

0.80

0.43

0.36

0.60

-

0.32

-

Na2Oe

0.93

0.84

1.97

0.55

0.63

0.36

0.43

0.92

LOI

2.84

0.95

0.92

-

-

2.44

1.61

2.13

Note: PC-1, PC-2, and PC-3 are ASTM C150 type I Portland cements with varying alkali content
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4.2

Mixtures tested according to the UNBCCT method

To study the performance of the UNBCCT method specific reactive aggregates were selected: Jobe,
and two reactive coarse aggregates including Springhill, a greywacke from Fredericton, New Brunswick,
Canada and Spratt. The three reactive aggregates were selected based on existing concrete blocks at
various exposure sites in North America to correlate the UNBCCT method and the outdoor exposed
block expansions.
Table 5 summarizes the concrete mixtures with various alkali contents and aggregates that were used
in this study for the UNBCCT method. Three ASTM C150 type I Portland cements with varying alkali
content were used. The concrete mixtures with alkali contents above 0.92% Na2Oe were made by adding
sodium hydroxide solution along with the mixing water. The chemical compositions of the materials can
be seen in
Table 4. The data for the blocks were retrieved from the work done by Fournier et al. (2016) and Thomas
et al. (2013) for Spratt and Springhill aggregates at the CANMET exposure site in Ottawa, ON, Canada
and from work done by Stacey et al. (2016) for the Jobe fine aggregate at The University of Texas at
Austin exposure site. For the expansions presented herein, the age of the blocks vary from 9.5 years to
18.1 years. More information on the exposure sites and the block expansion measurements was
summarized by Laskey (2018).
Table 5. Test matrix for the UNBCCT method
PC Alkali Content
(% Na2Oe)

Jobe

0.40
0.41

✓

0.52

✓

0.90
0.95

✓

1.25

✓

Springhill

Spratt

✓

✓

✓

✓

✓

✓

The UNBCCT specimens were monitored monthly until the length change reached a plateau, or
indefinitely.
5.
5.1

RESULTS AND DISCUSSION
MCPT results

Figure 1 shows a comparison of the results of the MCPT to the exposure site blocks. In this figure, 56day MCPT results were plotted against the average exposure site block expansions. 1-year CPT
expansion results were used for 100% Portland cement mixtures and 2-year CPT expansion results
were used for mixtures with mitigation measures to plot the pass/fail graph. The expansion results are
presented in Table 6. All block expansions in Table 6 are the average of the expansions taken on the
front, back, and top surfaces of the block. If Jobe – 30% Class F Fly ash and Jobe – 50% Slag data
points (the circled points shown in Figure 1) in the plot are not considered, as they only had around 2
years of outdoor exposure at the time of writing this paper, it was observed that the CPT gave seven
false-negative results. Whereas, out of the 13 mixtures, the MCPT gave only one false-negative result
and one uncertain result (56-day expansion of the mixture was between 0.020% and 0.025%: Table 1).
The results indicate that the MCPT method reflected the performance of concrete at the outdoor
exposure site for the mixtures tested in this study better than the CPT method. This could be due to the
hybrid test conditions, i.e., it incorporates elements from the AMBT and CPT such as immersion in NaOH
solution, the use of concrete instead of mortar, and the storage temperature is in between the storage
temperatures of the AMBT and CPT.
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5.2

CCT results

Figure 2 shows a comparison of the expansion results of the exposure site blocks to the CPT at 38oC,
and the CCT at 38oC and 50oC. In this figure, 270-day CCT results were plotted against the average
exposure site block expansions. One-year CPT expansion results were used for 100% Portland cement
mixtures and two-year CPT expansion results were used for mixtures with mitigation measures to plot
the pass/fail graph. The expansion results are presented in Table 6. The expansion limit for the CCT
method and the exposure blocks was considered as 0.04%.
Jobe – 30% Class F Fly ash and Jobe – 50% Slag data points (the points in the pass/pass zone) in the
plot were not considered in this analysis, as they only had around 2 years of outdoor exposure at the
time of writing this paper. It was observed that out of the 13 mixtures, the CPT gave seven false-negative
results, eight mixtures of CCT at 50oC gave false-negative results, and six out of 13 the mixtures of CCT
at 38oC gave false-negative results. Therefore, it was concluded that the CCT gave similar false-negative
results as the CPT in terms of predicting the exposure blocks failure. It was observed that the CCT set
up is prone to moisture leakage and evaporation especially at higher temperatures. This could be one
of the reasons for CCT not detecting the expansions even at the higher temperature.

~2 year block expansions

Figure 1. Pass/Fail graph of the CPT-38oC and the MCPT-60oC vs outdoor exposed blocks, with
zoomed data
Table 6. Expansion results of the CPT, the MCPT, the CCT methods, and the exposed blocks
Expansion (%)

Reactive
Aggregate

Mixtures

Age of
the
exposure
blocks
(years)

Exposure
block

CPT
(38°C)

MCPT
(60°C)

CCT
(38°C)

CCT
(50°C)

12 m*
/24 m

56 d

9m

9m
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Spratt

OPC

13.0

0.420

0.150*

0.121

-

0.251

Spratt

40% C fly ash

13.0

0.050

0.014

0.052

-

0.098

Placitas

OPC

14.6

0.450

0.160*

0.169

0.201

0.195

Placitas

20% F fly ash

13.1

0.320

0.013

0.029

0.033

0.026

Placitas

40% C fly ash

13.1

0.450

0.043

0.061

0.000

0.003

Placitas

100 % Lithium

14.2

0.330

0.046

0.091

0.044

0.016

Wright

OPC

15.5

1.350

0.207*

0.382

0.181

0.150

Wright

20% F fly ash

15.4

0.140

0.005

0.021

0.009

-0.007

Wright

40% C fly ash

15.4

0.420

0.033

0.077

0.009

0.029

Wright

40% Slag

15.4

0.340

0.025

0.027

0.010

0.014

Wright

35% Slag + 5%
Silica fume

15.3

0.200

0.023

0.015

0.005

0.012

Jobe

OPC

14.9

1.290

0.582*

0.643

0.354

0.480

Jobe

30% F fly ash

2.3

0.013

0.020

0.033

0.017

0.009

Jobe

50% Slag

2.2

0.017

0.030

0.061

0.004

0.012

Jobe

100% Lithium

14.4

0.120

0.038

0.261

0.058

0.024

Note: The highlighted cells are the mixtures that passed the test method

Figure 2. Pass/Fail graph of the CPT-38oC, CCT-38oC and CCT-50oC vs outdoor exposed blocks,
with zoomed data
5.3

UNBCCT results

As the UNBCCT mixtures were cast with varying cement alkali content, the concrete prism specimens
of the CPT method were also cast without boosting alkalis to 1.25% Na 2Oe, in contrast to the ASTM
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C1293 procedure for comparison of the results. Figure 3 shows a comparison of the expansion results
of 100% Portland cement mixtures of the exposure site blocks to the modified CPT at 38 oC and the
UNBCCT at 38oC and 60oC. The age of the UNBCCT specimens expansion data used for the plot was
between 1 and 1.25 years. The expansion results are presented in Table 7. The expansion limit for the
UNBCCT method and the exposure blocks was considered as 0.04%. Out of the 10 mixtures, three
mixtures of the modified CPT gave false-negative results. Whereas, UNBCCT at 38oC had only two
mixtures and UNBCCT at 60oC had only one mixture that gave either false-negative or false-positive
results. Therefore, it was concluded that the UNBCCT method showed a better correlation with the
blocks than that of the modified CPT method. The UNBCCT method also needs to be benchmarked to
the exposure blocks having various mitigation options. This study is currently in progress at the
University of New Brunswick.
Table 7. Expansion results of the CPT and the UNBCCT methods, and the exposed blocks

Aggregate

Expansion (%)

PC Alkali
(% Na2Oe)

Age of
Blocks
(years)

Exposure
Block

CPT
(38°C)

UNBCCT
(38°C)

UNBCCT
(60°C)

0.41

9.5

0.094

0.029

0.028

0.049

0.52

10.4

1.108

0.011

0.041

0.413

0.95

10.4

1.434

0.227

0.743

0.580

1.25

9.6

1.751

0.503

0.756

0.584

0.40

15.0

0.085

0.006

0.054

0.067

0.90

15.0

0.206

0.298

0.298

0.125

1.25

18.1

0.336

0.206

0.202

0.212

0.40

15.0

0.0029

0.016

0.046

0.085

0.90

15.0

0.391

0.126

0.326

0.202

1.25

18.1

0.495

0.292

0.335

0.300

Jobe

Spratt

Springhill

Note: The highlighted cells are the mixtures that passed the test method
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Figure 3. Pass/Fail graph of 100% Portland cement mixtures of the CPT-38oC, UNBCCT-38oC,
and UNBCCT-60oC vs outdoor exposed blocks
6.

CONCLUSIONS

This paper summarized the test details of the MCPT and the concrete cylinder test methods (CCT and
UNBCCT). It was observed that the CCT setup is prone to moisture leakage, which in turn could affect
the expansion measurements. Even though the proposed test duration of nine months for the CCT
method is shorter than the test duration of the CPT method, it was observed that the CCT method in its
current form, was not able to detect deleterious expansions in the mixtures with mitigation options, and
gave similar false-negative results as the CPT method. The MCPT method is rapid and easy to perform
compared to the CPT method. The MCPT method reflected the performance of concrete at the outdoor
exposure site for the mixtures tested in this study better than the CPT method, which suggests that the
MCPT method could be a promising alternative accelerated test method to the CPT method to predict
the performance of the mixtures with mitigation options. In this paper, only the results of 100% Portland
cement mixtures with varying alkali content of the UNBCCT were presented. The UNBCCT method
gives an advantage of testing job mixtures and it seemed to be better at predicting the performance of
exposure blocks compared to the modified CPT method. The next step is to benchmark the UNBCCT
method to outdoor exposure blocks with mixtures having mitigation options. Additional testing is needed
to further validate the MCPT and the UNBCCT methods.
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ABSTRACT
A reactive transport model was developed using HYTEC to simulate sulfuric acid attack on
cementitious materials. The model was tested on ordinary Portland cement (OPC) and calcium
aluminate cement (CAC) matrices using two sulfuric acid solutions at pH 3 and 1 for 100 days. The
main results were that the cumulative leached Ca2+ per initial total Ca2+ was controlled by diffusion
mechanisms as it increases linearly versus the square root of time. CAC exhibited a better
performance, compared to OPC, at pH 3 while it suffered more deterioration at pH 1. Ettringite
precipitation was observed in the decalcified zone with gypsum formation detected on surface only at
pH 1. Moreover, the analyses of the solid phases’ profiles after 100 days revealed that the dissolution
of AH3 in CAC material accounted for the severe deterioration of the matrix at pH 1. Moreover, an
optimization of the numerical model to represent the associated laboratory test – BAC-test [PeyreLavigne et al. 2015, 2016] – using a 1D model was validated. Furthermore, a brief comparison of the
results obtained by two different numerical models (Aquasim and HYTEC) was presented to highlight
the main differences – such as database, reactions of hydrated phases and the diffusion in the porous
medium – between the two approaches.
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1.

INTRODUCTION

The biodeterioration mechanisms of cementitious materials in sewage are due the bacteriological
reduction of sulfate compounds – present in the wastewater stream – to hydrogen sulfide (H2S) by
anaerobic microorganisms called sulfate-reducing bacteria (SRB). The hydrogen sulfide, degassed in
the air above the water surface, gets in contact with the cementitious matrix where other
microorganisms are developed, sulfur-oxidizing bacteria (SOB). SOB use the H2S as a source of
energy and transform it into sulfuric acid H2SO4 [Parker 1947, 1951; Islander et al. 1991; Roberts et al.
2002; Okabe et al. 2007]. The H2SO4 produced by microorganisms on the material’s surface, and
possibly inside the cementitious matrix [Grengg et al. 2017], is at the origin of a severe attack on the
cementitious material. The deterioration phenomenon is due to the progressive dissolution of the
cementitious matrix and to the precipitation of secondary phases, such as gypsum and/or ettringite.
Hence, studying the chemical interaction of H2SO4 with different cementitious materials is a key role in
understanding the biodegradation of sewer pipes.
Several experimental studies [Ehrich et al. 1999; Goyns 2001; De Belie et al. 2004a; Alexander &
Fourie 2011; Herisson et al. 2013] were carried out mainly on Portland cement and calcium aluminate
cement which showed a very good resistance of the latter against biogenic sulfuric acid attack. The
main deterioration process of OPC and CAC were progressively discovered, however, the arguments
about the better performance of CAC in sewage environments are still in debate [Scrivener et al. 1999,
Saucier and Lamberet 2009, Herisson et al. 2014, Buvignier 2018]. Despite that in-situ campaigns are
essential in such studies, it is known to be a very long process and can take up to several years.
Hence, scientific teams started to develop accelerated laboratory tests. Many laboratory tests were
developed over time in the literature aiming to reproduce the biochemical deterioration of cementitious
materials in the sewer networks. Some of them proposed chemical-based tests to mimic the last stage
of the attack, which can be considered as an acid attack [Monteny et al. 2000; De Belie et al. 2004a].
Other studies involved microorganisms to reflect more the real in-situ phenomena [Sand et al. 1992;
Vincke et al. 1999; De Belie et al. 2004a; Peyre Lavigne et al. 2015, 2016]. These accelerated tests
have shortened the testing period from years to several months. However, as rapid and efficient are
the laboratory tests, many impacting factors – such as the increase in the acidity of the aggressive
solution, the porosity of the cement paste…etc. – would take months to be deeply analyzed.
Numerical methods were developed – based mainly on in-situ and laboratory results – to identify such
critical factors and to understand their impact on the deterioration of the cementitious matrix. Previous
works on numerical modelling of sulfuric acid attack have been done prior to this study using reactivetransport model (HYTEC). De Windt and Devillers [De Windt & Devillers 2010] have simulated a
bioleaching test where ordinary Portland cement pastes were exposed to organic acids (acetic,
butyric, lactic and oxalic). However, the equilibrium between the solid phases and the diffusion of the
different species were not studied in particular. Yuan et al. [Yuan et al. 2015] adapted a model, which
answered these two specific points by including the transport of aqueous species. Also, the swelling of
gypsum has been modelled by a change in porosity during the degradation. The model was used
firstly to predict the behavior of Portland cement mortars subjected to H 2SO4 solution, then extended
to predict the degraded depth of several cementitious formulations – such as CEM I, CEM III, CEM IV,
CEM V and CAC – as carried out by Grandclerc [Grandclerc et al. 2018]. Nevertheless, the previous
modelling studies considered a single solution with a fixed sulfate concentration. Hence, this research
presents a wider study on the chemical interactions of the solid phases of OPC and CAC with the
sulfuric acid and highlights the impact of the sulfate concentration in the aggressive solution on the
alteration of the cementitious phases as well as on the degraded depths. Moreover, a brief
comparison between two numerical approaches to solve reactive-transport problems is presented,
including the geometry (1D or 2D) and the boundary conditions.
2.
2.1

MODELLING OF THE SULFURIC ACID ATTACK ON THE CEMENTITIOUS MATRIX
General description of the simulations models

The evolution of cementitious mineral phases in time and space due to leaching phenomena involve
the coupling processes of chemistry and species migration. Several models have been developed in
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the literature to solve chemical and migration processes. However, this study focuses mainly on two
models: HYTEC and Aquasim.
HYTEC a is reactive transport model developed since 2003 [Van der Lee et al. 2003]. If HYTEC was
originally designed for the coupling of chemical reactions with flow for hydrogeological and water
saturated applications, it has been recently extended to multiphase flow for CO 2 storage [Sin et al.
2017] and to reactive multiphase flow with variable porosity [Seigneur et al. 2018]. HYTEC is based on
an iterative and staggered solver efficient in propagating reactive front in pure diffusive problems and
in adapting mass transfer properties with porosity. Moreover, the model presented in this study
assumes thermodynamic equilibrium when the chemical reactions are calculated; which means,
compared to the diffusion, the chemical reactions were instantaneous. Furthermore, the effective
diffusion coefficient (𝐷𝑒 ) in saturated conditions is controlled by Archie’s modified law which is function
of the porosity ω.
𝜔 − 𝜔𝑐 𝛼
𝐷𝑒 (𝜔) = 𝐷𝑒 (𝜔0 ) (
)
𝜔0 − 𝜔𝑐
Where 𝜔𝑐 is the critical porosity below which diffusive transfer is negligible, 𝜔0 is the initial porosity of
the cement paste and 𝛼 is Archie’s empirical coefficient. In absence of enough data in the literature on
the evolution of the diffusion coefficient on local scale, 𝛼 was considered equal to unity.
A dynamic model was developed using the modelling software Aquasim® [Reichert 1994] using the
“Biofilm compartment”. This compartment represents transport-reaction in a porous medium with or
without running solution at the surface of the porous medium. Thermodynamic equilibrium is
represented by kinetic processes [Peyre Lavigne et al. 2018] to couple the microbial activity on the
material surface with the reactive-transport phenomena inside the cementitious matrix. The 1D model
considers: 1) the biological activity; 2) the pH and the salinity impact on the activity of sulfur-oxidizing
bacteria; 3) the acid-base and ionic equilibrium; 4) the dissolution and precipitation of solid phases; 5)
the diffusivity and the local porosity in function of local concentrations of solid phases by adapting
Fick’s law. Moreover, only kinetic processes are described in 1D model. Thus, dissolution/precipitation
phenomena are chemically represented by a thermodynamic equilibrium, which is function of the rate
of a dissolution/precipitation process [Peyre Lavigne et al. 2018].
Additionally, the transport of soluble compounds through the porous medium is represented by Fick’s
law, where the diffusion of each soluble compound is dependent on the local concentration but
independent of the concentrations of the other ionic compounds. Nevertheless, in the case of
cementitious materials, the influence of the other soluble species cannot be neglected (defined by the
Nernst-Planck equation). In Aquasim software, the transport equations cannot be modified. Therefore,
to respect charge balance in time and space, the definition of the diffusion was adapted using the
Nernst-Planck derivation for the diffusion of salts and ion exchange transport (two or three species)
[Robinson & Stokes 1959]. Aquasim present model considers that the pore solution in cementitious
materials is defined by the local concentrations of [Ca2+] and [OH-], and that the diffusion of all the
soluble compounds is driven by the same diffusion coefficient. Moreover, in a porous medium, the
structure of the pores influences the effective diffusion of soluble compounds. Because of a lack of
data concerning the porous medium, a simple influence of the porosity was taken into account in the
global effective diffusivity of soluble compounds.

𝐷=

(𝑍𝐶𝑎2+ .[𝐶𝑎2+ ]+𝑍𝑂𝐻− .[𝑂𝐻 − ])×(𝐷𝐶𝑎2+ .𝐷𝑂𝐻− )
(𝑍𝐶𝑎2+ .[𝐶𝑎 2+ ].𝐷𝐶𝑎2+ +𝑍𝑂𝐻− .[𝑂𝐻 − ].𝐷𝑂𝐻− )

𝐷𝑒 =

𝐷
𝑇𝑓

× (𝜔(𝑡))2

Where D is the diffusion coefficient of all the soluble compounds (m²/d), 𝑍𝐶𝑎2+ and 𝑍𝑂𝐻 − are the
charges of Ca2+ and OH-, respectively (2 and 1), 𝐷𝐶𝑎2+ and 𝐷𝑂𝐻 − are the diffusion coefficients of Ca2+
and OH- respectively (in m²/d), 𝐷𝑒 is the effective diffusivity in the porous medium (m²/d) and 𝜔(𝑡) is
the local porosity of the porous medium at time t and 𝑇𝑓 is the tortuosity factor arbitrarily fixed at 4.
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2.2

Model configuration and initial conditions

Figure 1. 2D-modelling design of a 5mm-deep cement paste exposed to a flow of a H2SO4
leaching solution at 25 ml/h
The experimental configuration of the BAC-test enabled the establishment of a 2D-modelling design
(Figure 1). The cement paste thickness was 5 mm and discretized into grids of 100 µm-thick. The
length of the cement paste was 80 mm, which corresponded to the experimental specimens. The
leaching solution consisted of sulfuric acid (H2SO4) with [SO42-] was adjusted in order to obtain 2 casescenarios: pH 3 and pH 1. The leached cementitious cations were measured at the outlet of the
solution.
Table 1. The initial composition of OPC and CAC in mol/L
CH

CSH (1.6)

Et

Ms

C3AH6

Gibbsite

Anhydrous phases

OPC

4.636

4.887

0.104

0.105

-

-

2.56

CAC

-

-

-

-

2.011

4.179

6.96

Two cement pastes (OPC and CAC) with completely different chemical and mineralogical
compositions were tested. Table 1 provides the initial compositions of such cement pastes with
anhydrous phases considered as inert. In Aquasim modelling, the concentration of the anhydrous
phases was entered as an input, however, in HYTEC simulation, only hydrated phases’ concentrations
were entered as the model takes automatically into account the inert phases. Nevertheless, 20% of
initial porosity was applied to both cementitious pastes in order to study the differences in the behavior
of the cementitious mineral phases in regards with the acid attack. For both pastes, the initial
diffusivity of the paste was 10-10 m2.s-1. The thermodynamic constant values are obtained from the
database (THERMODDEM 2011) for HYTEC and (CEMDATA 2014) for Aquasim.
3.
3.1

MODELLING RESULTS
HYTEC: 2D model with flow

Several research teams has worked on the attack in the sewer network and developed laboratory
accelerated tests to represent the biodegradation phenomena encountered in sewage environments
[Sand et al. 1992; De Belie et al. 2002; Herisson et al. 2013; Peyre Lavigne et al. 2015, 2016]. In this
study, the BAC-test was used as a reference since the results obtained from several campaigns have
been validated by in-situ experiments [Peyre Lavigne et al. 2015, 2016]. The experimental
configuration consists on a leaching solution injected on the upstream part of the specimen with a
regulated flow (25 ml/h) then collected at the downstream of the specimen for the chemical analyses.
The first configuration of HYTEC simulation reproduced the exact configuration used in the BAC-test.
The results of the analyses of the leached solution are presented in Figure 2 and the evolution of the
profiles of the solid phases after 100 days of exposure is presented in Figure 3.
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3.1.1

Lixiviation of cementitious cations
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Figure 2. Cumulative lixiviated Ca2+ and Al3+ (in mol/mol) for OPC and CAC exposed to sulfuric
acid solution
Figure 2 presents the cumulative lixiviated calcium and aluminum ions from the cementitious matrix
normalized to the initial binder’s content for OPC and CAC after 100 days of exposure to H 2SO4
solution. For pH 3, the Ca released from both matrices was very similar with a slight increase for CAC
compared to OPC. However, the lixiviated Al ions were found to be 3 times higher for OPC compared
to CAC despite that the latter had a higher initial Al content. The lower release of Al from CAC
specimen could be explained by the thermodynamic stability of AH 3 down to pH 3 – 4 [Lamberet et al.
2008]. Similarly, for pH 1, the calcium released for CAC was higher. Nevertheless, the cumulative
released aluminum for CAC and OPC was very similar.
3.1.2 Profile of the cementitious matrix
As shown in Figure 3, the initial Portlandite content for OPC has been completely dissolved around 1
mm and 1.6 mm from the surface for pH 3 and 1 respectively. The decalcification front of C-S-H is
progressive and is highlighted by the formation of C-S-H with lower C/S ratio (C1.2SH and C0.8SH)
down to 0 where silica gel is formed near the boundary surface as in the case of pH 1. Moreover, a
different behavior for Afm phases was observed in function of pH. At pH 3, the dissolution front of Afm
corresponds to the depth penetrated by the sulfate ions (data not shown) which is at the same depth
as the Portlandite front (≈ 1mm). However, at pH 1, the dissolution front of Afm does not correspond to
the Portlandite front as the sulfate ions penetrated up to 4 mm deep inside the cementitious matrix.
The dissolution of Monosulfoaluminate phase led to the precipitation of ettringite in cement paste due
to the alkaline pH (< 10.2). On the other hand, the decalcification front of the CAC corresponded to the
depth where C3AH6 dissolved, which was around 0.5 mm and 2 mm for pH 3 and 1 respectively. The
dissolution of C3AH6 likely led to the precipitation of additional AH3 gel. The release of Ca and Al ions
from the C3AH6 dissolution with the penetration of sulfate ions – coming from the sulfuric acid –
resulted in the precipitation of ettringite in the zones with high pH. Moreover, at pH 3, the CAC
seemed to not have any completely dissolved zone while at pH 1 this zone was estimated to be 600
µm deep from the specimen’s surface.
Despite the distance from the injection point, the mineralogical and aqueous species profile remain the
same (not shown) at a flow rate of 25 ml/h. However, if the flow rate is decreased by about two orders
of magnitude, then a significant difference between profiles at the inlet and at the outlet point is
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observed. In the latter conditions, the residence time is comparable to the diffusion time scale for the
geometry of interest where the thickness of the specimen is 5 mm.
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Figure 3. The profiles of the solid phases for OPC and CAC after 100 days of exposure aggressive
solutions at pH 3 and pH 1 (CH: Portlandite; CSH: calcium silicate hydrates; Et: Ettringite; Ms:
Monosulfoaluminate; SH: Silica gel; C3AH6: Katoite; AH3: Aluminum hydroxide)

3.2

HYTEC: 1D model with constant concentration at the boundary

The first developed configuration in section 3.1 was a 2D model where coupling the chemical
reactions and the transport phenomena generates a highly time-consuming simulations. Moreover, the
results showed that no significant gradient appears in the flow direction because of the high flow rate.
Therefore, in order to optimize the calculation time, a 1D model was developed to reproduce the same
deterioration without taking into account the flow of the solution on the specimen’s surface. Hence, the
boundary condition for the second configuration consisted on a constant concentration of sulfuric acid.
3.2.1

Profile of the cementitious matrix
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Figure 4. The profiles of the solid phases for OPC and CAC after 100 days of exposure
aggressive solutions at pH 3
Figure 4 presents the evolution of the solid phases of OPC and CAC matrices after 100 days of
exposure to sulfuric acid at pH 3 using the 1D model. The results for OPC indicated the dissolution of
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Portlandite at a depth of 1 mm from the surface with a decrease of C/S ratio of the C-S-H from 1.6 to
1.2. Moreover, precipitation of ettringite was detected in zones with relatively high pH. Likewise, the
CAC matrix suffered from decalcification of C3AH6, leading the precipitation of additional AH3 gel on
the surface. In addition, a minor ettringite formation was observed the decalcification front of the
C3AH6. Due to the low residence time of the acid solution at the surface of the material in the 2D
model, the 1D model gave the same results in terms of deteriorated depths and mineralogical
transformations.
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Figure 5. AH3, Al3+, pH and porosity profiles after 10 and 100 days of exposure to sulfuric acid
solution at pH 1
The buildup of AH3 rich layer for both systems is shown in Figure 5 using Al3+ and AH3 profiles for both
cement pastes at pH 1. The Al3+ profiles suggest similar mechanisms with both leaching out of the
sample and diffusing into the partially reacted paste at pH > 10, from the AH3 outermost dissolution
front. However, the AH3 front is clearly deeper at 100 days compared to 10 days. Furthermore, for
CAC, the profile of Al3+ showed a significant decrease in the zone where AH 3 is precipitated in higher
quantity. This specific zone presents a very low porosity < 1% due to AH 3 and ettringite precipitation
(see Figure 3). The increase in Al3+ in the solution is likely due to the dissolution of Al-bearing phases
(mainly AH3 and ettringite) due to the high severe conditions. Moreover, while the amount of neoprecipitated AH3 and ettringite was much lower for OPC compared to CAC, a filling effect of the
porosity was observed in the zone where gypsum is precipitated. However, the lowest value of
porosity for OPC was detected at around 10%.
3.3

Aquasim: Chemical conditions

This part of the study compares Aquasim and HYTEC approaches for the same configuration. 1D
model was chosen for HYTEC for simplicity reasons (as it has proved its representativeness of a 2D
phenomenon in section 3.1) to compare with a 1D model using Aquasim which was developed to
recreate a biogenic sulfuric acid attack on cementitious materials by taking into account the biological
activity [Peyre lavigne et al. 2018]. However, it seemed interesting to compare the Aquasim approach
– without the biofilm – to the HYTEC approach in order to highlight the main differences between the
two numerical models. Hence, the results of pH evolution and sulfate production obtained from the
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simulations previously carried out in [Peyre Lavigne et al. 2018] and representing the experimental
tests were reproduced using both models without the biofilm.
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Figure 6. The profiles of solid phases for CAC after 100 days of simulations using HYTEC and
Aquasim approaches
Figure 6 illustrates the profiles of the solid phases for CAC at 100 days using HYTEC and Aquasim
numerical modelling of a dynamic sulfuric acid attack. The results highlighted several differences
between the two approaches. For instance, the decalcified front was found to be deeper in HYTEC
simulation compared to Aquasim. Moreover, higher concentration of AH 3 gel on the surface,
precipitation of secondary ettringite near the surface and a minor zone where the matrix was
completely dissolved were observed likewise for HYTEC simulation. However, it should be taken into
consideration that the AH3 phase in HYTEC was Gibbsite while it was amorphous in Aquasim.
4.
4.1

DISCUSSION
Analyses of boundary conditions choices

In the 2D configuration, the flow - which was regulated at 25 ml/h – was injected on a specimen with a
length of 8 cm. Hence, the residence time of the solution on the specimen surface was very short and
the renewal of the solution could be considered as almost instantly. By comparing the results obtained
from sections 3.1.2 and 3.2.1, the 1D-model has represented efficiently the phenomena observed in
the 2D model.
4.2

Degradation mechanisms

The results of this study indicated that the performances of OPC and CAC were strongly influenced by
the aggressiveness of the attack. The analyses of the solid profiles of the cementitious matrices
confirmed the conclusion that the chemistry of the cement (chemical and mineralogical composition) is
a key factor in the resistance of a material against sulfuric acid.
The control of the aggressive solution’s pH at 3 and 1 allowed the evaluation of the decalcified depth,
the completely dissolved zone, the total degraded depth and the chemical/mineralogical alterations.
The less aggressive conditions showed a better performance of CAC compared to OPC, however, by
investigating a more severe condition (pH 1), it seemed that the CAC suffered from more degradation
compared to OPC. The difference in the performances between OPC and CAC is likely explained by
the reactivity and the thermodynamic stability of CAC phases. During the acid attack, C 3AH6 hydrate
reacts with the acid to form an aluminum gel (AH3) which is stable between pH 9 and 3-4 [Lamberet et
al. 2008]. The large stability range of this aluminum gel ensures a higher acid neutralization capacity,
hence, the better performance of CAC at pH 3. However, below the acidic threshold, AH 3 dissolves,
resulting in a more severe degradation.
4.3

Barrier effect of phases’ assemblage

Under sulfuric acid attack, although the formation of gypsum layer near the surface of the material has
been often reported in the literature, the consequences of its precipitation are a subject of controversy.
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Some authors reported that the solubility of gypsum is low enough to create a protective layer which
slows down the acid attack [Allahverdi & Skvara 2006] while other authors reported a swelling and
cracking of the material due to gypsum formation leading to a deeper penetration of the acid.
Moreover, several authors reported the capacity of the aluminum gel in CAC systems to create a
physical barrier against sulfate penetration [Fryda et al. 2010, Herisson et al. 2014].
The results of the numerical modelling (not shown) showed a decrease of the penetration of the
sulfate species into the cementitious matrix for both OPC and CAC under highly severe conditions. As
for OPC, the highly deteriorated zone was mainly composed of gypsum and silica gel, and for CAC, it
was composed of gypsum and aluminum gel. Moreover, the barrier effect was more pronounced in the
zone where the ettringite was formed. This is likely due to the high molar volume of the ettringite
phase which could fill in the pores. However, since the damage due to swelling and cracking from
gypsum/ettringite precipitation was not implemented in this model, they can be considered as barrier
for the species diffusion.
4.4

Comparison between Aquasim and HYTEC

Since the values of 𝐷𝑒 ranged during time between 1.5 × 10−7 and 5 × 10−6 m²/d for Aquasim and 3 ×
10−7 and 1.5 × 10−6 m2/d for HYTEC (except for CAC at pH 1 where a complete filling of the porosity
was observed), the more severe attack observed in HYTEC could be partially explained by the
thermodynamic equilibrium. On local scale, for HYTEC, thermodynamic equilibrium is assumed
directly when the chemical reactions are calculated, leading to a higher gradient in species’
concentrations between two adjacent local zones. While Aquasim model takes into account the kinetic
of the dissolution/precipitation of solid phases [Peyre Lavigne et al. 2018], the species’ concentration
gradient is lower, resulting in a slower diffusion of aqueous species and to a less severe degradation
compared to HYTEC. In addition, both models used two different databases where the equilibrium
constants of the mineral phases are likely to be slightly different.
5.

CONCLUSION AND PERSPECTIVES

The present paper evaluated the degradation of two types of cementitious materials with different
chemistry (OPC and CAC) after 100 days of exposure to sulfuric acid attack at pH 1 and pH 3. The
main results showed that Ca2+ lixiviation was controlled by diffusion mechanisms. The precipitation of
ettringite was observed for both materials at pH 3 and pH 1, whereas gypsum was only observed at
pH 1.
Moreover, considering the degraded zone criterion (including the decalcified zone as well as the
precipitation of secondary phases), CAC showed a better performance, compared to OPC, at pH 3
while it suffered more deterioration at pH 1. This difference could be principally attributed to the
particular reactivity of AH3, which is relatively stable around pH 3 and dissolving at pH 1.
However, concerning the OPC, the formation of a large gypsum layer on the surface can strongly
reduce the porosity and limit the penetration of the acid, revealing that in the presence of
microorganisms, the acid is perhaps not exclusively produced on the surface of the material, but
potentially in deeper zones [Grengg et al. 2017].
Furthermore, the results tend to demonstrate a better resistance of the calcium aluminate cement in
less severe conditions. Nevertheless, its behavior against a very aggressive chemical attack (pH 1)
and the differences marked between a chemical and a biological attack highlight the complexity of the
mechanisms of interactions between microorganisms and cementitious materials [Scrivener & De
Belie 2013, Aboulela et al. 2018].
This study has set the first steps towards a better understanding of the alteration mechanisms of
relatively resistant materials against biodegradation in sewer conditions. The numerical model has
been validated by the results on the reactivity of both materials (OPC and CAC) which came into
accordance with the observations found in the literature. The model will then be used to evaluate the
durability of innovative/alternative cementitious materials.
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ABSTRACT
Within the frame of the research project “Advanced and Sustainable Sprayed Concrete” (ASSpC)
novel, durable and sustainable shotcrete mixes are being developed, and appropriate characterization
methods are being optimized. In particular, Ca leaching tests were developed and assessed. Ca
leaching is a issue in tunnels due to the subsequent sintering in the drainages. Therefore, shotcretes
with a low Ca leaching potential are developed and tested in the lab with different approaches (e.g.
experiments with a fixed or variable pH). Monitoring of aqueous Ca and Sr concentration during
shotcrete leaching in our experimental approaches was found to be excellent to follow and quantify the
liberation and precipitation of Ca-bearing phases. Sr is substituting Ca in the crystal lattice of minerals
in the limestone used for cement clinker formation and thus subsequently in the final hydration
products (e.g. portlandite, C-S-H phases). Accordingly, both Ca and Sr ions are liberated through
mineral dissolution. The advantage using Ca versus Sr as proxy to study the leaching behavior of e.g.
shotcrete is their ongoing liberation by dissolution of solids and the considerably less incorporation of
Sr into secondary precipitated calcite, the commonly formed CaCO3 polymorph, versus Ca. The
reaction mechanisms and kinetics of these dissolution and precipitation during shotcrete leaching can
be traced and quantified by analysing the Sr/Ca ratio of the experimental leaching solution.
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1.

INTRODUCTION

1.1

Ca-leaching

One of the most important durability issues of sprayed concrete, especially in tunnels, is Ca2+ leaching
and the subsequent sintering in the drainage systems (Galan et al. 2019). Cleaning of the drainage
systems from carbonate sinters is associated with high maintenance costs.
There are different processes that can lead to the precipitation of carbonates in the drainages. For
ground water saturated with respect to carbonate, CO2 will degas in the drainages and will lead to
calcite precipitation (1).
Ca2+ + 2HCO3–  CaCO3 + H2O + CO2

(1)

If ground or surface water leaches Ca2+ ions and OH- from shotcrete, two processes can lead to
precipitation: the liberation of hydroxides (2) and the absorption of CO 2 (3) into the drainage solution
(Dietzel et al. 2008).
Ca(OH)2 + 2HCO3-+Ca2+=2CaCO3 +H2O

(2)

Ca2++ 2OH- + CO2(gas) = CaCO3 + H2O

(3)

Studies have shown that if pristine ground water gets mixed in the drainage with alkaline water
obtained by leaching shotcrete or other cementitious material, carbonate precipitation can reach high
rates of CaCO3 precipitation (Rinder et al. 2013; Dietzel et al. 2008). Therefore, reducing the potential
for Ca-leaching from shotcrete can have a major influence on the rate of sintering and subsequently
on the maintenance costs. This can be achieved by reducing the portlandite content and/or the
effective matrix porosity. To assess the leachability of shotcrete and thus find mixes with low Caleaching potential, various experiments with differing parameters can be conducted. Most methods are
based on the immersion of solid samples in water/solution, thereby in all cases the liquid and the solid
phases change as a function of time during the experiment and the Ca2+ content in the liquid phase
rises. The precipitation of secondary calcite from the solution may occur during the test, especially if
the pH is high and there is a supply of CO2. This can be an issue if the measured Ca2+- concentration
from the solution is used to draw conclusions for the leaching potential of the sample.
In the project Advanced and Sustainable Sprayed Concrete (ASSpC) the experimental test
“Determination of the Reduced Potential for Precipitation” (the so-called “RV test”) described in the
Austrian code of practice (Austrian society for construction technology, 2012) was used together with
complementary leaching experiments at fixed pH values. In all cases, both Ca2+ and Sr2+
concentration in the solution were monitored.
1.2

Why Strontium?

Studies have shown that the Sr2+ concentration (or Sr2+ stable isotopes) can be used as a tracer to
determine the origin of cement (Graham et al 2000; Goguel and St John 1993). This is possible
because strontium, which belongs to the group of large-ion lithophile elements, is present in calcium
carbonates as a minor or trace element. Thus, it is incorporated into the cement clinker phases and
eventually in the hydrated Ca-bearing phases such as portlandite or C-S-H gel. Leaching Ca2+ from
these phases also releases Sr2+ at the certain ratio of the dissolved mineral. The Sr2+ concentration
can also be used as an indicator for unwanted calcite precipitation, because during secondary calcite
precipitation, Ca2+ is preferentially incorporated into the crystal structure of calcite and Sr2+
preferentially stays in solution, resulting in decreasing Ca/Sr ratios in the solution (Sakoparnig et al.,
2018).
2.
2.1

SAMPLES AND METHODS
Mixes and samples

Two dry-mix shotcretes were selected for the leaching tests: TBS 3 and ETI03.
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The mix TBS 3 consists of spray-binder (SPBM2, table 1), which is based on an ordinary portland
cement (OPC), but reduced sulfate content, specified in (Austrian society for construction technology,
2009). Dolomite aggregates with a maximum grain size of 8 mm were used. The mixture was sprayed
into 4 panels using an Aliva 246 spraying gun, with a 3.6 l rotor (capacity of 2.5 m 3/h), a Schuller type
S-2 spraying nozzle and a later determined w/c ratio of 0.5. After 28 days, strength measurements
showed a compressive strength of 52 N/mm2.
Mix ETI03 consisted of 86% spray-binder (TbC; Blaine = 5148 cm2/g) and 14% processed hydraulic
addition (mix of slag, fly ash and carbonates; definition according to the Austrian standard ÖNORM B
3309 (2010)). Carbonate aggregates were used.
Drill cores with a diameter of 100 mm were taken 7 days after spraying and stored under water. For
the leaching experiments, a smaller core with a diameter of 50 mm was drilled out of the 100 mm
cores at an age of 56 days for ETI03 and after 115 days for TBS 3. The experiments with the cores
started right after drilling to reduce the risk of carbonation according to (Austrian society for
construction technology, 2012). From the mixture TBS 3 five drill cores were sampled and from
mixture ETI03 six (see Table 2).
2.2

Durability tests

The two mixes were tested with the RV test procedure (Austrian society for construction technology,
2012). The experiments with constant pH differed for the two mixes. For TBS 3 two acids, carbonic
(CAA) and nitric (NAA), were compared. In the case of ETI03 3 different pH values (5.5, 6.0 and 6.5),
all with nitric acid, were evaluated, together with one sample which was kept in deionized water using
a similar set up.
Table 1. Properties of the spray-binder SPBM 2.

Table 2. Sample list with used
leaching method

Spray-binder properties SPBM2
(wt.%)

Samples

Test procedure

Calcite

0.5

TBS 3/1

RV test

4002

Dolomite

0.8

TBS 3/2

RV test

(wt.%)

1.2
56.1

TBS 3+

Adapted RV test

Density [g/cm³]
BET [m²/g]

3.14
1.03

Mineral content

BLAINE [cm²/g]
Components
LOI

1.8

Bassanite
Alite C3S

Na2O

0.7

Belite C2S

13.9

TBS 3/CO2

CAA at pH 6.0

MgO

2.0

Aluminate C3Ac

3.4

TBS 3/HNO3

NAA at pH 6.0

Al2O3

6.1

Aluminate C3Ao

9.3

SiO2

20.6

Ferrite C4AF

7.4

ETI03/1

RV test

SO3

1.2

Aphtitalite

0.7

ETI03/2

RV test

K2O

0.7

Arcanite

0.6

ETI03/0

Adapted RV test

CaO

63.4

Portlandite

2.5

ETI03/pH5.5

NAA at pH5.5

TiO2

0.2

Fe2O3

2.8

Free lime CaO
Periclase

0.6
1.0

ETI03/pH6.0

NAA at pH6.0

Sr

0.17

ETI03/pH6.5

NAA at pH6.5

2.2.1

RV test: Determination of the Reduced Potential for Precipitation

Following the test procedure given in the Austrian code of practice (Austrian society for construction
technology, 2012; Thumann et al., 2015) 2 drill cores (diameter = 50 mm, height = 100 mm) of each
mixture were sampled at an age of 56 days (115 days for the samples TBS 3/1 and TBS 3/2). After a
short washing and scrubbing of the drill cores, they were put in separate containers, filled with
deionized water at a water to solid ratio of 4. The airspace above the water level in the container was
restricted to a maximum of 1000 ml. The test procedure included 3 cycles after each of which the
solution was changed and a fluid sample was tested for the pH, electrical conductivity and the Ca2+
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concentration. Prior to the testing of the Ca2+ concentration, the solution was acidified (to a pH
between 3 - 4) to resolve any Ca2+ precipitated as calcite. Besides the Ca2+ concentration, further
cations (Sr, Na, K, Ba, Li, Mg…) and anions (S, Cl, F,…) were measured with ion chromatography (IC)
and inductively coupled plasma optical emission spectroscopy (ICP-OES). For the RV value, the Ca2+
concentrations of the 3 cycles were summed up; the mean value of this total Calcium concentration
from the 2 drill cores was calculated and converted into kg Calcium per ton of concrete.
2.2.2

Adapted RV tests

In the test used to characterise the drill core TBS 3+ the solution in the container was continuously
homogenized by a magnetic stirrer. The stirring rate was set to 150 rpm to minimize the adsorption of
atmospheric CO2. The duration and the cycles of the test were not changed.
For the drill core ETI03/0 a combination of the RV test procedure and of the acid test procedures was
used. A container (volume= 8.2 l) was filled with 8 l of deionised water and a drill core (diameter = 50
mm and length = 100 mm). For 29 days the drill core was kept in the stirred solution and pH and
electrical conductivity were monitored. Additionally, samples (12 ml) for IC and ICP-OES
measurements were taken at different times. This experiment was used as a reference for the
constant pH experiments.
2.2.3

Carbonic acid attack (CAA)

A Plexiglas container was filled with deionised water and the drill cores were fixated inside with 10 cm
tall spacers (Figure 1A and B). The pH of the deionised water had a value of around 5.8. A pH of 6
was maintained using a pH electrode and an aquarium computer (ProfiLux Aquatic Bus from GHL): As
soon as the pH exceeded a set value (presumably through the diffusion of OH - from the shotcrete
samples) CO2 was added from a CO2 bottle with a magnet valve. The duration of the experiment was
11 days. During the experiment, the pH and the electrical conductivity were monitored, and fluid
samples were taken for subsequent analyses with IC and ICP-OES.
2.2.4

Nitric acid attack (NAA)

The experimental setup and analytical procedures are based on the carbonic acid attack (2.2.3). The
main difference is that the set pH value is reached by titration of a 0.1 M nitric acid solution for the
ETI03 samples and a 0.5 m nitric acid solution for the TBS 3 samples (Figure 1 C). When taking fluid
samples during the experiment, the same amount was removed as acid was added. This was done to
keep the solution to solid ratio constant. The set values of pH for ETI03 were 5.5, 6.0 and 6.5, and the
test was run for 29 days. For TBS 3 a pH of 6.0 and a test period of 11 days were chosen.

Figure 1. Set up of the fixed pH leaching experiments by using carbonic acid (A and B) and
nitric acid (C).
3.
3.1

RESULTS AND DISCUSSION
Reduced Sintering potential

Both TBS 3/1 and TBS 3/2 specimens show a similar total Ca2+ value after the RV test: 0.54 kg/t and
0.53 kg/t, respectively. In the case of the stirred RV test (TBS 3+) the leached Ca2+ value is higher,
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0.84 kg/t, showing that, homogenizing the solution leads to faster Ca2+ leaching. This is probably
because homogenisation of the solution leads to a faster distribution of Ca 2+ ions in the solution and
therefore maintains a higher Ca2+ concentration difference between the solution and the concrete
surface, promoting more Ca2+ to diffuse into the solution. The Ca2+ to Sr2+ ratios of TBS 3/1 and
TBS 3/2 are quite similar, but higher for TBS 3+, meaning that with respect to Sr2+, more Ca2+ is
leached if the solution is homogenized (see Figure 2).
The RV values of the ETI03 samples (0.41 kg/t) are lower, than those of TBS 3, (0.53 kg/t), which can
be explained by the mix-design. As mentioned in chapter 2.1 the mixture TBS 3 consists of 100%
binder whereas mixture ETI03 contains 86% binder and 14 % processed hydraulic additions. As a
result, less portlandite will be present in the mixture ETI03 because of the dilution effect and the
pozzolanic reaction of the fly ash (Thumann et al 2015). The results of the RV test from the mixture
ETI03 show a higher variance in the summed up Ca2+ concentrations (Table 3) as well as in the Ca2+
to Sr2+ ratio (Figure 2).
For the ETI03 samples (especially ETI03/2), the non-existing correlation of the Ca2+ with the Sr2+
concentration, leads to the assumption that carbonate precipitation could have happened during the
experiments. The advantage of the RV test is that it gives a fast estimation of the Ca leaching
behaviour of different concrete mixtures. The disadvantage is that the pH is variable and normally
quickly reaches a value above 11. In this alkaline setting CO2 uptake by the solution is promoted and
calcite is easily oversaturated. The changing pH, is also causing a change of the solubility of
portlandite. Because of the potential calcite precipitation it is important to acidify the solutions before
testing the Ca2+ concentration (see chapter 2.2.1). Still, carbonates that precipitated on the surface of
the test specimen or the walls of the containers will not be taken into account and could lead to a
different Ca2+ to Sr2+ ratio in the solution. In the case of the mixture TBS 3 the Ca2+ to Sr2+
concentrations appear to correlate and therefore it seems that no Ca2+ was lost through precipitation
on the drill cores. As only 3 measurement points for cation concentrations are available for each test
specimen in this setup, interpretation is not straightforward.
Table 3. Ca2+ concentration and RV values
Samples

Ca2+
[mmol/m2]

Ca²+
[kg/t]

TBS 3/1
TBS 3/2
TBS 3+
ETI03/1
ETI03/2

338
333
531
261
244

0.54
0.53
0.84
0.43
0.39

RV
[kg/t]
0.53

0.41

Figure 2. Correlation of Ca2+ to Sr2+ ratio from the TBS 3 (A) and the ETI03 mixture (B). The
solution in the beginning contains no Ca2+ and no Sr2+, therefore an intercept point at 0/0 is
chosen. Concentrations are given in mmol per m2 concrete surface.
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3.2

Experiments with different acids, varying fixed pH values and reference

The nitric acid attack with a fixed pH of 6.0, performed on the mixture TBS 3, shows a higher Ca2+
leaching after 11 days with 1006 mmol calcium per m2 concrete surface than the carbonic acid attack
of the same concrete mixture (631 mmol/m2). Nitric acid has a higher acid dissociation constant than
carbonic acid, causing a stronger leaching effect.
In all 5 acid experiments the trends of the Ca2+ concentrations (Figure 3) are similar: at the beginning
they are linear and with increasing reaction time (after about 70 h) the curves deviate from the linear
trend. This is an indicator that the increasing concentration of Ca2+ in the solution affects the further
dissolution of Ca2+ ions from the concrete samples. After a sufficient amount of time an equilibrium
would be reached. This can be seen in the concentration curve of the ETI03 samples due to the longer
duration of the test.
Results of the ETI03 HNO3 experiment with different fixed pH values show that with a low pH (5.5)
higher Ca2+ concentrations are reached in the end solution (1003 mmol/m 2). Hydrated cement phases
generally show decreasing stability with decreasing pH, meaning that due to the higher amount of H+,
more Ca2+ can be leached from the concrete (Lors & Damidot 2017).
The Ca2+ leaching without any acid (sample ETI03/0) shows a much lower calcium concentration of
174 mmol/m2 in the end (Figure 3b), compared to the acid attacks. After 29 days, the concentration is
still lower than after 8 days in the RV test (mean value = 253 mmol/m 2). The declining concentrations
of Ca2+ around 47 hours indicates that a Ca-bearing phase, presumably calcite, precipitated. After 143
hours Ca2+ concentration starts to rise again.
Table 4. Results of Acid Attack
Duration
[d]

pHWert

Ca2+11d
[mmol/m2]

Sr2+11d
[mmol/m2]

Ca2+29d
[mmol/m2]

Sr2+29d
[mmol/m2]

TBS 3HNO3

11

6.0

1006

3.1

-

-

TBS 3H2CO3

11

6.0

631

1.8

-

-

ETI03/0

29

~110

~

174

0.45

ETI03/pH5.5

29

5.5

~580

~

1003

0.43

ETI03/pH6.0

29

6.0

~540

~

840

0.38

ETI03/pH6.5

29

6.5

~420

~

735

0.39

Samples

Figure 3. Ca2+ concentration over the time from acid attacks experiments (A) and the ETI03/0
experiment (B)

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
The Ca2+ to Sr2+ ratios from the pH fixed experiments show similar slopes for the TBS 3 slopes from
nitric (S= 314) and carbonic acid attack (332). It is assumed that, even though more Ca2+ gets leached
through the stronger nitric acid, the same phases are leached in either cases. Also, the slopes from
the ETI03 lines are in the same range; however, the slope gets steeper with lower pH, from S=2034 to
S=1635. In this case the results indicate that with lower pH more Ca 2+ can be leached (higher Ca2+
concentration in the end; Table 4) and probably also different phase assemblages are leached.
The ratios from TBS 3 and ETI03 are in different areas (see Figure 4 A), which can be a consequence
of the different binder composition.
The Ca2+ to Sr2+ ratio of the ETI03/0 sample (Figure 4 B) shows a similar picture to the trend of the
Ca2+ concentration over time (Figure 3 B). Due to the nonlinear curve in the beginning of Ca to Sr we
presume that precipitation of calcite happened already earlier than expected from the Ca2+
concentration but is lower than the leaching rate. After 47 hours the Ca 2+ precipitation rate is higher
than the Ca2+ leaching rate. After approximately 143 hours the system changes again and the linear
trend suggests that calcite precipitation stops and just Ca2+ leaching occurs.

Figure 4. Ca2+ versus Sr2+ concentration in the experimental leaching solution from the acid
attacks (A) and the ETI03/0 experiment (B)
4.

CONCLUSION





5.

For RV tests the Ca/Sr ratio can be used to gain additional information about leaching and
precipitation processes. However, it is a value, that may be difficult to interpret due to the low
number of fluid samples.
At a pH of 6.0, nitric acid attack resulted in a higher calcium concentration in the leaching
experiments than carbonic acid attack. However, similar Ca/Sr ratios suggest similar phase
assemblages being leached for either acid.
Experiments performed at a pH of 5.5 resulted in higher Ca2+ leaching than those at 6.0 or 6.5
The ratio [Ca2+] to [Sr2+] can potentially serve as a tool for monitoring leaching and
precipitation processes. Future work should focus on the extent of Sr2+ incorporation in
portlandite and C-S-H to find out how different Ca/Sr ratios in these phases affect leaching
rates and mechanisms.
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ABSTRACT
In recent years, Japanese social assets have been rapidly aging, and reinforced concrete structures
are a very large proportion of them. Countermeasures to this are passive measures such as repair and
reinforcement, but as decrease in construction investments and reduction in the working population
are predicted for the future, efficiency is required. Therefore, it is essential to be able to predict
deterioration of structural materials for efficient investment. Considering deterioration of concrete from
the material surface, there is no significant influence on the strength until carbonation proceeds to
some extent. However, as the carbonation progresses further, the calcium silicate hydrate
decomposes and the concrete structure weakens. Especially, ultra high strength concrete with a water
cement ratio of 20% less has remarkably slow progress of carbonation.
This is generally explained by the void structure. The calcium silicate hydrate produced differ
depending on the difference in water cement ratio. But, it has not been clarified whether the difference
in hydrate composition affects the progress of carbonation. We therefore used a powder sample
obtained by crushing cement paste in order to eliminate the voids factor, and increase contact area
with carbon dioxide (CO2). We thus aimed to clarify carbonation resistance and the carbonation
reactions occurring in hydrates produced from cement paste with different W/C by carbonation
experiments.
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1.

INTRODUCTION

In recent years, Japanese social assets have been rapidly aging, and reinforced concrete structures
are a very large proportion of them. Countermeasures to this are passive measures such as repair and
reinforcement, but as decrease in construction investments and reduction in the working population are
predicted for the future, efficiency is required. Therefore, it is essential to be able to predict deterioration
of structural materials for efficient investment. Currently, evaluation of carbonation, the most common
type of degradation, is performed by spraying phenolphthalein solution on a test sample drilled out with
a core drill or on powder scraped with a drill, and measuring the alkalinity. In addition, Eguchi et al.,
proposed a method of predicting deterioration by dispersing concrete powder in an aqueous solution,
and using the measured pH value of the solution. As basic research on carbonation reactions, Kim et
al., Kira et al., and Asano et al., have reported decomposition reactions due to carbonation by
synthesizing hydrates (CSH, CAH, Ettringite, Monosulfate) with pure reagents. On the other hand, as
one measure to reduce repair and reinforcement costs, high-strength concrete is used to increase
durability. Sugiyama et al., reported that carbonation does not progress in high strength concrete with
a low water cement (W/C) ratio even after more than a decade. Carbonation resistance is said to be
dependent on the voids content. Therefore, high strength concrete with a low void volume is used.
However, voids in concrete are formed by cement hydrates, and the influence of structural differences
of these cement hydrates is not known. We therefore used a powder sample obtained by crushing
cement paste in order to eliminate the voids factor, and increase contact area with carbon dioxide (CO 2).
We thus aimed to clarify carbonation resistance and the carbonation reactions occurring in hydrates
produced from cement paste with different W/C by carbonation experiments.
2.
2.1

EXPERIMENTAL OVERVIEW
Materials and Composition Parameters

The material used was Early Strength Portland cement (HC, ρ=3.13 g/cm 3), and distilled water (W)
as mixing water. A high performance water reduction agent (polycarboxylic acid surfactant
(Superplasticizer)) was used. Table 1 shows the mix and phase compositions, and Table 2 shows
experimental patterns of the carbonation test. The W/C of cement paste samples was 60%, 40% or
20%. The cement paste was sealed and cured at 20°C until the age of 28 days, and then pulverized
with a ball mill. Powder samples were spread on a plastic Petri dish and subjected to carbonation tests
up to age. The powdered sample was stirred every week in order to uniformly perform the carbonation
reaction. The concentration of CO2 in the carbonation test was that in air (no mark: concentration of CO 2
approx. 0.04%) or that which accelerates carbonation (A: concentration of CO 2 10.0%), and
intracisternal humidity was 30% RH or 60% RH. The carbonation test was performed by curing from the
start (0 days) up to 3 days, 7 days, 14 days and 28 days. The sample was then taken out and analyzed.
Table 1 Mix proportions and Phase composition
W/C
(mass.%)
60
40
20

Quantitiy of material per unit volume (kg/m3)
Water (W)
Cement (C)
385
556
653

1925
1390
1088

W

C3S

37.5
28.6
16.7

44.6
51.0
59.5

Phase Composition (mass.%)
Superplasticizer
C2S
C3A
C4AF Periclase Gypsum Bassanite (C×mass.%)
3.1
6.3
4.7
0.1
2.5
1.3
1.5
3.5
7.2
5.4
0.1
2.8
1.5
4.1
8.3
6.3
0.1
3.3
1.8

Table 2 Experimental parameter
Pattern
60-30
A60-30
60-60
A60-60
40-30
A40-30
40-60
A40-60
20-30
A20-30
20-60
A20-60

W/C
(mass.%)

Humidity
(%RH)
30

60
60
30
40
60
30
20
60

Conditions for
Carbonation
Air
Acceleration
Air
Acceleration
Air
Acceleration
Air
Acceleration
Air
Acceleration
Air
Acceleration
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2.2

Experimental outline

The mass change rate was calculated by measuring the mass change of the sample age based on
the mass of the sample at the start of the carbonation test. The amount of pore water (W) was obtained
from the weight loss by drying the sample to a constant weight in a dryer set at 105°C. Pore water
volume was also used for phase composition calculation. The amount of calcium hydroxide (CH) and
the amount of calcium carbonate (CC: total amount of Calcite and Vaterite) were measured with a
differential scanning calorimeter (TG-DTA). The amount of CH was determined as an endothermic peak
in the range of 400 to 450°C, and the amount of CC was obtained from the mass loss of the endothermic
peak in the range of 650 to 750°C. The measured value obtained by the XRD/Rietveld method is
different from the true value because the sample contains minerals of low crystallinity. Therefore, the
amount of CH and the amount of CC measured by TG-DTA were used to calculate the phase
composition. Quantitative determination of cement minerals, calcium carbonate (Calcite, Vaterite) and
hydrates was carried out the result measured by XRD according to the method of authors' study by the
Rietveld analysis software TOPAS (Bruker AXS), as measured by XRD. Quantitative analysis was
performed for Alite (C3S), Belite (C2S), interstitial cement minerals (C3A, C4AF), calcium hydroxide (CH),
the crystalline hydrates Ettringite and Monosulfate, Gypsum (CaSO4•2H2O), Bassanite
(CaSO4•0.5H2O), as well as amourphaous including calcium silicate hydrate (C-S-H), calcium aluminate
hydrate (C-A-H), and amorphous gels (silica gel, alumina gel) due to their decomposition using α-Al2O3
(10 mass%) as internal standard. Amorphous mass was determined from the quantitative value of the
internal standard α-Al2O3 as shown by Eq. (1). From the above tests, the phase composition of the
cement paste was calculated. For phase composition, the mass change rate was also taken into
account. In this study, amorphous material was taken as the sum of silica gel and alumina gel produced
by decomposition of amorphous hydrates and hydrates in the cement paste. The total amount of Calcite
and Vaterite was the value measured by TG-DTA. Calcite and Vaterite abundance ratios were
calculated using quantitative value ratios of the XRD/Rietveld method.

𝐶𝑆𝐻 = {100/(𝐴 − 𝑅)} ⁄ {(𝐴 × (100 − 𝑅))/100}

(1)

CSH: Amount of C-S-H produced (mass %)
R: Mixing ratio of α-Al2O3 (mass %)
A: Quantitative value of α-Al2O3 (mass %)
3.
3.1

EXPERIMENTAL RESULTS
Effect of drying and carbonation

Figure 1 shows the result of mass change rate due to drying and carbonation. The mass change rate
at W/C=60% and 40% was greatly affected by humidity, and mass increase was observed at 60% RH
due to carbonation reactions, whereas mass decrease was observed at 40% RH due to drying. Also,
the mass change rate was higher for accelerated carbonation with a high concentration of CO 2 than in
air. On the other hand, as for mass change rate at W/C=20%, only A20-60 showed mass increase,
whereas other components were extremely small. It was concluded that A20-60 was greatly affected
by humidity, and carbonation reactions proceeded further.
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Figure 1. Mass Change Rate by Drying and Accelerated Carbonation
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Figure 2 shows the results for pore water volume in the carbonation test. As for change in pore water
volume, drying slowly proceeded only for 60-60 which had a large unit water volume. The effects of CO2
concentration, W/C and humidity on the drying process were small.
30
20-30

25

A20-30

20

20-60

15

A20-60

10
5
0
0

7
14
21
28
Age of Accelerated test (day)

(W/C=20%)

Figure 2. Changes in the Amount of Pore Water by Accelerated Carbonation
3.2

Time-dependent change of cement reaction rate

Figure 3 shows the results for cement reaction rate. At the start of the carbonation test, cement
reaction rate was approx. 95% for W/C=60%, approx. 75% for W/C=40% and 50-55% for W/C=20%.
Cement reaction rate was accelerated when W/C was large. Regarding change of cement reaction rate
with time, the reaction stagnated at W/C=60%, while cement hydration reactions proceeded at
W/C=40% and W/C=20%. The influence of CO2 concentration and humidity on time-dependent change
of the cement reaction rate was small.
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Figure 3 Changes in the Ratio of Cement Reactions by Accelerated Carbonation ratio
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3.3

Time-dependent change of amount of calcium hydroxide (CH) and amorphous material
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Figure 4 shows the results for amount of CH and amorphous material. The initial production amount
of CH was increased, the higher was the W/C. Changes in the amount of CH in the carbonation test
were affected by humidity at all W/C. The amount of CH was reduced by the carbonation reaction at
60% RH, but no decrease was observed at 40% RH. The effect of CO 2 concentration on the carbonation
of CH was small. From the above results, it was concluded that there was almost no change in the
amount of amorphous material. Kim et al., reported that due to carbonation, Calcite is produced from
CH, Calcite and Vaterite from C-S-H, and Gypsum from Ettringite and Monosulfate. As for measured
values with the internal standard, only the total amorphous mass can be obtained. Therefore, it is
supposed that structural changes due to carbonation of amorphous hydrates (C-S-H, C-A-H) and
decomposition into silica gel and alumina gel occur. Vaterite is produced by carbonation of C-S-H, and
by comparing it to the amount of amorphous material, the deterioration of C-S-H can be estimated
indirectly.
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Figure 4 Amount of Amorphous Hydrate and Calcium Hydroxide Formation by Accelerated
Carbonation
3.4

Change in calcium carbonate and gypsum content」

Figure 5 shows the changes in the amount of calcium carbonate (CC) and the amount of Gypsum
produced. The amount of CC produced at the start of the carbonation test was approx. 1 mass%. It is
thought that this CC was produced by carbonation during the experiment of stopping hydration. At the
age of 28 days, when W/C is large and humidity is high, the CC production amount increased. The CC
production amount at different humidity, when compared under accelerated carbonation for 60% RH,
was 30 mass% at W/C=60%, 20 mass% at W/C=40% and 10 mass% at W/C=20%. On the other hand,
for 30% RH, it was 20 mass% at W/C=60%, 5 mass% at W/C=40% and 10 mass% at W/C=20%. Next,
when compared in air, for 60% RH, it was 20 mass% at W/C=60% and 40%, and 10 mass% at
W/C=20%, while for 30% RH, it was approx. 1.5 mass% at all W/C. From these results, the effect on
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the amount of CC produced was increased for higher concentration of CO 2, higher W/C, and higher
humidity. Ishida et al., reported that when CH and C-S-H are co-present, carbonation of C-S-H is
delayed compared to CH. Considering the set humidity, the CC produced is considered to be Calcite
and Vaterite. Vaterite was found in a sample for 60% RH and in A60-30, and like Calcite, it was
produced in large amount at high humidity where carbonation proceeds easily. On the other hand, Kim
et al., reported that depending on the set humidity and the molar ratio of CaO/SiO2 in C-S-H, Aragonite
which has strong crystallinity is produced. However, in this experiment, Aragonite was not produced.
Further, Kim et al., reported that by carbonation of Ettringite, for 30% RH, production of Gypsum and
CC was not observed, while for 60% RH, the XRD peak of Ettringite disappeared, and peaks of
Bassanite and Aragonite appeared. On the other hand, Asano et al., reported that for 60% RH, alumina
gel and Gypsum are produced by carbonation of Ettringite. From this, it is possible to confirm the
decomposition of Ettringite and Monosulfate due to regeneration of Gypsum. In A60-60, the amount of
Vaterite was increased, but there was almost no change in the amount of amorphous material.
Therefore, it can be presumed that silica gel is produced by carbonation of C-S-H. It appears that C-SH deteriorates in the carbonation test, but because decomposition produces silica gel and alumina gel,
there was no difference in the amount of amorphous material. Gypsum produced by decomposition of
Ettringite and Monosulfate was found in 60-60 and A60-60. On the other hand, Bassanite was not found
from any sample. From the above, it appears that for 30% RH, carbonation of Ettringite and Monosulfate
does not proceed. It also appears that, even for 60% RH, pore water was used for hydration of
unhydrated cement at W/C=40% and 20%, and decomposition did not occur.
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Figure 5 Changes in the Amount of Calcium Carbonate and Gypsum by Accelerated Carbonation
In this experiment, it is considered that the following reactions occurred.
Ca(OH)2 + CO2 → CaCO3 (Calcite) + H2O
CaSbHc + (a - x) CO2

(2)
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→ CxSyHz (High CaO/SiO2 molar ratio) + (a - x)CaCO3 (Calcite·Vaterite) + (c - z)H2O

(3)

CxSyHz + zCO2 → x CaCO3 (Calcite·Vaterite) + ySiO2 (Silica Gel) + zH2O

(4)

C3A·3CaSO4·32H2O + 3CO2 → Al2O3 (Alumina Gel) + 3CaCO3 (Vaterite) + 3CaSO4·2H2O + 26H2O(5)
C3A·CaSO4·12H2O + 3CO2 → Al2O3 (Alumina Gel) + 3CaCO3 (Vaterite) + 3CaSO4·2H2O + 10H2O

(6)

From the results of this test, carbonation reactions may be summarized as follows. The carbonation
reaction of a concrete structure when it is brought into service, that is, the reaction called general
carbonation, is considered to be that of Eq. (2). However, it seems that if the period of service is long,
hydration decomposition reactions will occur. For high humidity and when there is a large amount of
pore water, the liquid phase reactions of Eq. (3) and (4) occur. In Eq. (2), Calcite is produced; in Eq. (3)
and (4), Calcite and Vaterite are produced; and in Eq. (5) and (6), Vaterite is produced. It is considered
that Aragonite is not produced in concrete.
4.

CONCLUSIONS

From these results, carbonation reactions are increased the higher is the W/C, the higher is the
humidity, and the higher is the concentration of carbon dioxide. Due to carbonation, CH changed to
Calcite, and C-S-H changed to Calcite or Vaterite. The carbonation reaction is mediated by water.
However, the pore water volume hardly changed due to the difference in W / C. Therefore, it is thought
that contributing to the elucidation of the reaction by grasping whether the region where the water in
CSH is present is a capillary void, or a gel void, or an interlayer void. For concrete with low W/C, such
as ultra-high strength concrete, voids are extremely small, and it is thought that carbonation reactions
do not progress. However, since very little Vaterite is produced, C-S-H produced from concrete of low
W/C is likely to be very resistant against degradation due to carbonation. For low W/C , it is expected
that the generated hydrates are different, and the different state of water is the cause. In this study, as
compared with test results obtained with mortar and concrete, the difference between accelerated
carbonation and air was small. Therefore, a carbonation test using powder samples can evaluate the
carbonation resistance of cement hydrates in a short time even in air. In the carbonation test with mortar
and concrete, in the case of ultra-high strength concrete such as W/C=20%, voids are extremely few
and it is difficult to evaluate carbonation even in a long-term carbonation test. Therefore, it is considered
that carbonation can be appropriately evaluated by performing a carbonation test using a powder
sample, and measuring the voids distribution.
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ABSTRACT
Air entrainers have been extensively used as a mitigation technique for freeze-thaw damage, but
minimal research has been done to study the effect of this increased porosity on the diffusion of
chloride into concrete. The objective of this research was to study the effect of water-cement ratios
(w/c), air entrainment and two different aggregate types on the apparent diffusion coefficient of
concrete. The apparent diffusion coefficient in Portland cement concrete was measured by acidsoluble chloride digestion for different w/c, aggregate types and concrete with and without air
entrainment. The test results indicate that air entrainer and aggregates modify the microstructure and
hence the diffusion of chloride. The role of aggregate (high purity limestone versus alumino-siliceous
river gravel) will be presented. Preliminary results show that there is no significant difference in
apparent diffusion coefficient due to the addition of air entraining agents. Moreover, limestone mixtures
have a lower apparent diffusion coefficient than the river gravel mixtures.
Keywords: Apparent Diffusion Coefficient, Air Entrainment, Aggregate, Mass Transport
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1.

INTRODUCTION

Many authors have reported the individual effects of aggregate, water content and air entrainment on
mass transport of concrete (Delagrave et al. 1997, Garboczi & Bentz 1997, Caré 2003, Hobbs 1999,
Shi 2004, Toutanji 1998 Wong et al. 2011, Song et al. 2008). This study aims to investigate both the
influence of aggregate and the presence of entrained air voids on the mass transport properties of
concrete. Given that mass transport tests are increasingly used as indicators for performance, durability,
and service-life prediction models, it is imperative to understand the role of air entrainment and
aggregate types on the chloride ingress of concrete. Currently, there are many ASTM standards to
estimate transport properties of concrete, such as ASTM C642 (porosity), ASTM C1585 (sorptivity), and
ASTM C1202 (electrical migration of ions). This study focused on evaluating the transport properties
by measuring the porosity (pore volume) and apparent diffusion coefficient of concrete as described by
ASTM C642 and ASTM C1556 respectively. The pore volume or the porosity is an essential parameter
in understanding the transport properties of a porous material; thus it is correlated with apparent diffusion
coefficient in this research. The method to measure porosity can be easily performed but has been
criticized in the past for the exclusion of some of the entrained air voids when compared to porosity
measured through vacuum saturation (Bu et al. 2014). Therefore, vacuum saturation was carried out to
measure porosity accurately.
Air entraining admixtures (AEAs) have been extensively used to improve the freeze-thaw resistance of
concrete (Kosmatka et al. 2011, ACI 201.2R-16 2016, ACI 212.3R-16 2016), and to a lesser extent, the
workability, consistency and the bleeding and segregation tendency of fresh concrete (Pigeon 1995,
Hover 2006). Although Powers identified that air void size distribution plays a significant role in frost
resistance, it is typical to only specify total air content in fresh concrete as a quality control measure due
to the difficulty in obtaining air void size and distribution (1954). The size and the volume of entrained
air void are affected by many factors, such as materials, mixing action and proportions, placing
techniques, the type and amount of air entraining agent (Mielenz et al. 1958). These influencing factors,
parameters and, the mechanism of air entrainment and, the concepts related to freeze-thaw resistance
have been reviewed in many research studies and guidance documents (Du et al. 2004, Pigeon 1995,
ACI 201.2R-16 2016, ACI 212.3R-16 2016).
Extensive research has been devoted to the development of AEAs, characterization of air void system
and the requirement for frost resistance. However, minimal studies have been carried out to understand
the effect of air entrainment on the mass transport processes of concrete (Song et al. 2008, Wong et al.
2011). Even though air voids are penetrable, these are often treated as inert inclusions as these voids
are not generally interconnected (Wong et al. 2011). So, transport of ions solely through these voids is
unlikely. Toutanji reported that air entrainment increased the permeability of silica fume concrete
containing 2-15% entrained air per test results of AASHTO T277 (1998). Wong and co-workers
estimated that every 1% air content increases the transport coefficient by about 10% or decreased it by
4%, depending on whether air voids acted as conductors or insulators (2011). Research completed by
Song et al. indicated an increase in diffusion coefficient and a decrease in surface chloride, resulting
from the additional air void content (2007).
Several studies have reported the influence of aggregate on chloride ingress is due to the interfacial
transition zone (ITZ) (Delagrave et al. 1997, Garboczi & Bentz 1997). Caré showed the effective diffusion
coefficient as a function of ITZ content and the tortuosity. Caré pointed out that the ITZ content depended
on the volume fraction of aggregates, the aggregate size distribution, and the thickness of ITZ and the
tortuosity relied only on the volume fraction of aggregate (2003). However, there is still a lack of data on
the role of aggregate type on the chloride ingress.
The objective of this paper is to investigate the influence of AEA and aggregate types on the transport
properties of concrete under saturated conditions. The work presented focuses on the apparent diffusion
coefficient of concrete and porosity which are vital for the development of more durable concrete and
accurate service life prediction models. Thus, it is essential to understand how the aggregate types and
air entrainment influence the apparent diffusion coefficient and porosity of the concrete.
1.1

Apparent Diffusion Coefficient

Chlorides can penetrate concrete through the concrete pore solution by three mechanisms: a)
permeation: pressure gradient, b) absorption: movement of water due to capillary suction and c)
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diffusion: concentration gradient. It is known that when the concrete is fully saturated, chloride is
transported by diffusion and it is referred to as the effective diffusion process. Due to the difficulty of
separating different transport mechanisms, it is typically assumed that chloride ingress in concrete takes
place by diffusion. Therefore, the “apparent” diffusion coefficient term has been used (Song et al. 2013).
The apparent diffusion coefficient is necessary to predict the service life of a concrete structure. This
coefficient is often determined by curve fitting profiles of acid-soluble chloride concentration versus the
depth to Fick’s Second Law of diffusion (1).
C(x, t) = (Cs -C0 )*(erf (

x

) )+C0

(1)

2√Da t

Where: C(x,t)= the chloride concentration at time t in seconds at depth x in meters, C0 = the background
chloride concentration, Cs = the chloride concentration at the surface, Da = the apparent diffusion
coefficient
The rate of chloride diffusion into concrete and the amount of chloride binding decreases with time
provided hydration continues (Hooton & McGrath 1995). Chlorides in the pore solution can be physically
and chemically bound. The physically bound chlorides refer to the ones on the surface of cement
hydrates (Beaudoin et al. 1990, Luping & Nilsson 1993). However, chlorides can be chemically bound
by unhydrated cement phases, especially with C3A and C4AF to form Friedel’s salt or Kuzel’s salt
(Suryavanshi et al. 1996, Birnin-Yauri & Glasser 1998, Farnam et al. 2014) and calcium oxychloride
within the cement matrix. Although chloride binding may cause a lower ionic transport rate and therefore
advised to be included in transport rate calculations (Martın-Pérez et al. 2000), the work presented here
does not focus on the effect of chloride binding on ionic diffusion.
2.

MATERIALS AND EXPERIMENTAL METHODS

2.1

Raw materials and mixture characteristics

Six different series of mixtures were cast. Each set contained two types of ASTM C150 Type I/II cement,
two types of aggregates and mixtures with or without air entrainment. Two aggregate sources,
manufactured calcium carbonate, and alumino-siliceous gravel referred to as limestone (L) and river
gravel (RG) respectively, were used in this study. The limestone aggregates were mined from quarries
in the northwest region of North America. The quarried rock was crushed to 6–inch size prior to loading
onto barges for shipment to processing plants at Washington, USA. Processing activities included
conveying, screening, secondary and tertiary crushing and sizing. The limestone used in this study met
the requirements of ASTM C33. Absorption capacities and specific gravities were measured according
to ASTM C127 for coarse aggregate and ASTM C128 for fine aggregates. A description of the aggregate
properties, source location, and mineralogical description are listed in Table 1. The chemical analysis
of the two types of cement, denoted by A and B, is given in Table 2.

Table 1. Aggregate Properties
Aggregate Source
and Type

Absorption
Capacity (%)

Specific
Gravity

Source

Mineralogical
Description

Limestone (Coarse)

0.64

2.67

Washington, USA

Carbonate limestone

Limestone (Fine)

0.25

2.58

Washington, USA

Carbonate limestone

River Gravel (Coarse)

2.58

2.44

Oregon, USA

Alumino-siliceous

River Gravel (Fine)

3.08

2.41

Oregon, USA

Alumino-siliceous
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Table 2. Chemical and mineralogical compositions (%)

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O
eq.

CO2

Lime
stone

C3S

C2S

C3A

C4AF

Blaine
Fineness
(m2/kg)

A

20.2

4.7

3.3

63.7

0.7

3.1

0.56

1.8

4.1

52

18

7

10

383

B

20.2

4.8

3.5

65.3

2.1

2.7

0.45

0.7

2.3

66

0

7

11

419

The composition of all mixtures and their air content is summarized in Table 3. The specimens were
cast in plastic molds (100 X 200 mm) according to the concrete mixture procedure ASTM C192M-07.
They were demolded after one day, and double bagged in a 0.102 mm (0.004 inches) thick plastic sheet,
and seal cured at 23 °C until the time of testing.
Table 3. Mixture composition (kg/m3) and air content of the individual mixes (%)
Aggregate
Source

W/C

Cement

Water

Coarse

Fine

Air Content (%)
Cement A

Cement B

No
AEA

With
AEA

No
AEA

With
AEA

River Gravel

0.40

356

142

924

832

2.7

7.3

2.1

5.1

River Gravel

0.45

356

160

924

790

1.9

6.5

1.6

7.0

River Gravel

0.50

356

178

924

747

2.3

6.1

1.7

6.1

Limestone

0.40

356

142

927

972

1.2

5.8

3.1

5.1

Limestone

0.45

356

160

927

927

1.2

6.8

1.4

5.7

Limestone

0.50

356

178

927

880

1.5

6.5

2.3

5.0

2.2

Experimental Methods

2.2.1 Porosity Measurement
The porosity was determined at 182 days according to ASTM C642-13 with the exception that vacuum
saturation was used instead of placing the samples into boiling water (Bu et al. 2014). At first, the
samples were placed in an oven at 110°C for seven days, and the oven-dried mass was recorded (mOD).
Then the specimens were placed in a vacuum saturator at 380 Torr pressure. In total, the samples were
kept in the chamber for 4 hours; during the final hour, de-aired water was added. The specimens
remained immersed in the de-aired water for an additional 24 hours. The samples were then removed
and toweled to saturated surface dry at which their mass was recorded (mSS). Finally, the samples were
suspended in water by a wire to weigh the apparent mass in water (mSSB). The volume of permeable
pore space for each sample was determined using Eq. 2.
Volume of permeable pore %=

𝑚SS −𝑚OD
𝑚SS −𝑚𝑆𝑆𝐵

∗ 100

(2)

Where: 𝑚SS =saturated surface dry mass, 𝑚OD = oven dry mass, 𝑚𝑆𝑆𝐵 =the mass of sample in water
2.2.2

Diffusion Test

After 28 days of curing, the specimens were cut in half, rinsed with tap water and air dried at 23 ° C and
50% RH for no more than 24 hours. One half was ground for measuring the initial chloride content, and
the other half was epoxy coated on all sides and one end, leaving one end exposed. Subsequently, the
epoxied samples were vacuum saturated with saturated lime water for 3 hours until the mass of the
sample stabilizes. Then the samples were removed from the lime water, rinsed immediately and placed
to 165g/L NaCl solution for one-dimensional exposure. After 182 days of immersion, the specimens
were taken out of the solution, washed with tap water and dried for 24 hours at 23 ° C and 50% RH.
Then powder samples were obtained by grinding off material in 8 layers parallel to the exposed surface
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(Table 4). After grinding, the powder was stored in sealed polypropylene plastic bags in a refrigerator
set at 5 °C until the time of testing. The total chloride profile was determined according to ASTM C1152.
Finally, the measured chloride profile was fitted with Fick’s second law (Eq. 1) with a least square method
to determine the apparent diffusion coefficient of concrete according to ASTM C1556.
Table 4. Depth interval for chloride profile grinding

3.

Depth 1

0 – 1 mm

Depth 2

1 – 2 mm

Depth 3

2 – 3 mm

Depth 4

3 – 5 mm

Depth 5

5 – 8 mm

Depth 6

8 – 12 mm

Depth 7

12 – 16 mm

Depth 8

16 – 20 mm

RESULTS AND DISCUSSION

The porosity of three samples of each mixture was measured at 182 days. The results of the average
porosity are shown in Figure 1, where the error bar represents the standard deviation of each data set.
30
25

RG_C-A (No AEA)
L_C-A (No AEA)

RG_C-A (with AEA)
L_C-A (with AEA)

RG_C-B (No AEA)
L_C-B (No AEA)

RG_C-B (With AEA)
L_C-B (with AEA)

Porosity (%)
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15
10
5
0
0.4
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W/C
Figure 1. Porosity of each mixtures with respect to water-cement ratio at 182 days
It was observed that the mixtures with river gravel had higher porosity than their limestone counterpart.
As the water-cement ratio increased, the limestone mixtures showed a slightly higher porosity. At low
w/c, air entrainment had negligible influence on limestone mixtures, but the influence appeared more
prominent at high w/c and also with low cement fineness. Cement A had a lower cement fineness
compared to cement B, as stated in Table 2. However, similar porosity was seen in river gravel mixtures
at all w/c and with the addition of air entrainment.
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The chloride content measured at 182 days for the different series is displayed in Figure 2-5.
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Figure 2. Chloride profiles after exposure
for 182 days for limestone and cement A
concrete

Figure 3. Chloride profiles after exposure
for 182 days for limestone and cement B
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Figure 5. Chloride profiles after exposure for Figure 4. Chloride profiles after exposure for
182 days for river gravel and cement B
182 days for river gravel and cement A
concrete
concrete
Results showed that the concrete was more resistant to chloride penetration by diffusion at the low
water-cement ratio. This trend agrees with literature that higher water/cement typically results in
increased chloride penetration. In addition to this, concrete containing limestone mixtures were more
resistant to chloride penetration than that seen in the concrete containing river gravel. This might be due
to the lower porosity of limestone concrete compared to river gravel concrete.
Moreover, the surface texture of the limestone aggregate provided more surface area to bond with the
cement paste compared to the smooth surface of the river gravel aggregate. The rougher surface texture
of the crushed particles results in a better bond due to mechanical interlocking (Neville 1995). Therefore,
the bond between the crushed limestone aggregate and cement paste may be more significant than
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river gravel. Additionally, a possible chemical interaction between calcite in limestone and calcium
hydroxide in hydrated cement paste may account for a less porous interfacial transition zone in the
limestone concrete (Monteiro & Mehta 1986). It is often assumed that the ITZ facilitates penetration of
deleterious species into concrete. Thus, an improved ITZ in limestone aggregate concrete may have
contributed to the lower chloride penetration compared to river gravel mixture.
Table 5 presents the test results of the apparent diffusion coefficient and surface chloride concentration
of concrete with and without air entrainment.
Table 5. Apparent diffusion coefficient and surface chloride for all concrete mixtures
Mix

Apparent Diffusion Coefficient (m2/s)

Surface Chloride (%)

No AEA

AEA

No AEA

With AEA

RG_C-A_0.4

2.099E-11

2.020E-11

0.852

0.770

RG_C-A_0.45

2.504E-11

3.550E-11

0.809

1.138

RG_C-A_0.5

1.838E-11

2.220E-11

1.233

1.034

RG_C-B_0.4

8.597E-12

8.789E-12

0.920

0.865

RG_C-B_0.45

2.576E-11

6.790E-12

0.877

1.102

RG_C-B_0.5

1.087E-11

1.143E-11

1.039

1.068

L_C-A_0.4

1.850E-11

2.160E-11

0.612

0.581

L_C-A_0.45

1.796E-11

1.724E-11

0.681

0.928

L_C-A_0.5

1.695E-11

3.108E-11

0.711

0.985

L_C-B_0.4

1.401E-11

1.542E-11

0.581

0.535

L_C-B_0.45

1.631E-11

1.685E-11

0.535

0.627

L_C-B_0.5

1.171E-11

1.963E-11

0.969

0.757

In almost all the cases, similar apparent diffusion coefficient values were observed between air and nonair entrained concrete. In addition to this, no trend was found for the surface chloride concentration for
either concrete containing limestone or river gravel as aggregate. However, mixtures with aluminosiliceous river gravel resulted in a higher apparent diffusion coefficient than the limestone concrete
mixes. This again corresponded with the lower porosity of limestone concrete. Furthermore, apparent
diffusion coefficient increased between the low and high w/c in both aggregate mixtures.
Concrete specimens made of cement A had slightly higher apparent diffusion coefficient than that made
of cement B. This may be due to the higher fineness of cement B (419 m 2/kg) than cement A (383
m2/kg). High fineness results in an increased surface area which leads to rapid hydration at early ages
(Neville 1995). Finer cement may influenced the microstructure of the concrete through pore refinement.
Thus a decrease in porosity occurred.
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Figure 6 and 7 show the correlation of water-cement ratio with porosity and apparent diffusion coefficient
of limestone and river gravel concrete.
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Figure 6. Correlation of w/c with porosity and apparent diffusion coefficient of limestone
concrete
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Figure 7. Correlation of w/c with porosity and apparent diffusion coefficient of river gravel
concrete
Limestone aggregate concrete showed an increase in porosity and apparent diffusion coefficient
between low and high w/c. The change in porosity in river gravel mixtures was not so prominent as the
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limestone mixtures, but the apparent diffusion coefficient showed a definite increase between 0.4 and
0.5 w/c.
Air-entraining the concrete mixtures did not show a significant change in apparent diffusion coefficient
values. However, a notable change in the apparent diffusion coefficient was observed in the two different
types of aggregates used in this study. In almost all cases, river gravel mixtures showed a higher
apparent diffusion coefficient. As a result, a higher chloride penetration depth was observed in Figure
4, 5.
4.

CONCLUSIONS

This paper presented the apparent diffusion coefficient and porosity of air entrained and non-air
entrained concrete made with limestone or river gravel. Fick’s second law was used to determine the
apparent diffusion coefficient per ASTM C1556. The following conclusions were drawn from this
research:






5.

Water to cement ratio played an influential role in chloride ingress of concrete, especially
between 0.40 and 0.50. Resistance to chloride penetration decreased with an increase of
water-cement ratio.
Concrete with or without air entrainment had similar apparent diffusion coefficient values.
Thus, the use of air entrainment had little influence on the transport properties of concrete
as measured in this study.
Air entrainment increased the porosity of the concrete containing limestone aggregate at
high w/c; however, no trend could be observed between the apparent diffusion coefficient
and the addition of air entraining agent.
Concrete made with higher cement fineness resulted in a relatively lower apparent diffusion
coefficient than that made with lower fineness.
Concrete cast with limestone aggregate showed slightly increased resistance to chloride
diffusion than the concrete made with alumino-siliceous river gravel. The higher resistance
of the limestone aggregate concrete is attributed to the lower porosity, increased bond, and
improved ITZ of the concrete microstructure.
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Response to the 615 Review
The revised version of the article took into account the reviewers’ comments. The changes in the
new version include a. One subsection in the introduction, b. Origin and process to manufacture
calcium carbonate c. Step by step procedure of diffusion test d. Corrected unit of chloride profile e.
Correction to conclusion bullet 4. The rest of the comments are addressed in this document along
with the changes to the revised document. The following typographical conventions are used in this
response for the convenience of the reviewer:
1. The review itself
2. Response to review
3. Changes made to the article
The Limestone aggregate being a ‘manufactured calcium carbonate’. Explain the process and
origin of this material. Also, why the large difference between the SGs of the fine and coarse
limestone aggregate, if from the same source?
The term ‘manufactured’ refers to a quarried rock that is mechanically crushed and has angular
faces, rather than a rounded river gravel. In response to this comment, the following is included in
‘2.1 Raw materials and mixture characteristics’ section in Page 2 of the revised version:
Two aggregate sources, manufactured calcium carbonate, and alumino-siliceous gravel referred
to as limestone (L) and river gravel (RG) respectively, were used in this study. The limestone
aggregates were mined from quarries in the northwest region of North America. The quarried rock
was mechanically crushed to 6–inch size prior to loading onto barges for shipment to processing
plants at Washington, USA. Processing activities included conveying, screening, secondary and
tertiary crushing and sizing. The limestone used in this study met the requirements of ASTM C33.
Absorption capacities and specific gravities were measured according to ASTM C127 for coarse
aggregate and ASTM C128 for fine aggregates. A description of the aggregate properties, source
location, and mineralogical description are listed in Table 1. The chemical analysis of the two types
of cement, denoted by A and B, is given in Table 2.
Table 6. Aggregate Properties
Aggregate Source and
Type

Absorption
Capacity (%)

Specific
Gravity

Source

Mineralogical
Description

Limestone (Coarse)

0.64

2.67

Washington, USA

Carbonate limestone

Limestone (Fine)

0.25

2.58

Washington, USA

Carbonate limestone

River Gravel (Coarse)

2.58

2.44

Oregon, USA

Alumino-siliceous

River Gravel (Fine)

3.08

2.41

Oregon, USA

Alumino-siliceous

For the specific gravity and absorption capacity of the limestone aggregate, it could be that the
crushing process to a smaller size exposed more of the porosity that was larger and thus reduced
the absorption capacity. The increased aggregate angularity in the fine aggregate portion may also
cause it to hold together in the cone shape (saturated surface dry test) a bit longer than a natural fine
aggregate. Absorption capacities and specific gravities were measured according to ASTM C127
for coarse aggregate and ASTM C128 for fine aggregates.

Chloride immersion test. What was the purpose of drying the specimens first, before
immersion? This would have caused the specimens to rapidly absorb water, which would not
represent a diffusion-type test.
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Yes, drying the specimens would not represent a diffusion-type test. The previous version of the
article was missing a few steps in describing the procedure. Thank you for pointing it out. Before
immersion, the specimens were rinsed with tap water immediately after cutting and air dried for no
more than 24 hours at 23 ° C and 50% RH. This condition keeps the specimens surface-dry but
internally moist. After that, one half of the specimen was coated with epoxy except for the face
being exposed to the salt solution. The coated cylindrical specimens were vacuum saturated with
saturated lime water for 3 hours to stabilize the mass of the specimens. The specimens were then
removed from the lime water, rinsed immediately and exposed to the ponding solution for 182 days.
This description is incorporated into the new version under the Diffusion Test subsection:
2.2.2 Diffusion Test
After 28 days of curing, the specimens were cut in half, rinsed with tap water and air dried at 23 °
C and 50% RH for no more than 24 hours. One half was ground for measuring the initial chloride
content and the other half was epoxy coated on all sides and one end, leaving one end exposed.
Subsequently, the epoxied samples were vacuum saturated with saturated lime water for 3 hours
until the mass of the sample stabilized. Then the samples were removed from the lime water, rinsed
immediately and placed to 165g/L NaCl solution for one-dimensional exposure. After182 days of
immersion, the specimens were taken out of the solution, washed with tap water and dried for 24
hours at 23 ° C and 50% RH. Then powder samples were obtained by grinding off material in 8
layers parallel to the exposed surface (Table 4). After grinding, the powder was stored in sealed
polypropylene plastic bags in a refrigerator set at 5 °C until the time of testing. The total chloride
profile was determined according to ASTM C1152. Finally, the measured chloride profile was fitted
with Fick’s second law (Eq. 1) with a least square method to determine the apparent diffusion
coefficient of concrete according to ASTM C1556.
The porosities are generally very high – due to the 100oC drying regime?
In this study, the porosity of limestone concrete ranged from 11.15-17.57%; only one exception
was 23.52% for 0.5 water-cement ratio air entrained concrete made with cement A. For river gravel
concrete, the porosity ranged from 15.66-20.71%. Bu and co-workers reported that lower vacuum
level (380 Torr), similar to the condition of the study, is comparable to the ASTM C642-13 (boiling
test) [1]. Some porosity values in this study (limestone aggregate concrete) overlaps with the study
of Bu and co-workers. We were not able to do a detailed investigation on river gravel aggregate,
but the higher absorption capacity may cause high porosity in river gravel concrete.
Chloride contents: indicate,% by mass of binder, or concrete?
Percent chloride was calculated by mass of concrete using the following equation:
C1, % = 3.545 [(V1-V2) N]/W, where:
V1 = milliliters of 0.05 N AgNO3 solution used for sample titration (equivalence point),
V2 = milliliters of 0.05 N AgNO3 solution used for blank titration (equivalence point),
N = exact normality of 0.05 N AgNO3 solution,
W = mass of sample, g.
This point is clarified in the figures 2-5 in the revised version.
The ‘rougher’ surface texture of the limestone aggregate is cited as a reason for the lower
chloride ingress. What evidence was there for this?
Evidence lies in the test results which showed a lower chloride ingress. We were not able to do a
detailed investigation of the ITZ using SEM, but this is a well-known impact of quarried aggregates
as supported by Neville reference [2].
Conclusions Bullet 4: this is cement fineness, not just fineness.
This point is addressed in the revised version of the article.
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Reference:
[1] Bu, Y., Spragg, R., & Weiss, W. J. (2014). Comparison of the pore volume in concrete as
determined using ASTM C642 and vacuum saturation. Advances in Civil Engineering Materials,
Volume 3, Issue 1, pp 308-315.
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ABSTRACT
Shotcrete or sprayed concrete in tunneling in connection with the "New Austrian Tunneling Method”
has been developed over the last decades to reach a high quality standard. However, at present the
development of new shotcrete mixes is required to fulfill durability and sustainability requirements, i.e.
for superior performance in aggressive environments and reduction of maintenance costs. In the
course of the project ASSpC ("Advanced and sustainable sprayed concrete") the research team
focuses on producing and testing new and innovative shotcrete mixes using local and environmentally
friendly raw materials. Sustainable and durable shotcrete with optimized mechanical and physical
properties and improved chemical resistance is developed.
This paper outlines the motivation for the project, gives an overview of the project structure and
introduces key reaction mechanisms and environmental controls causing damage of shotcrete in
tunnels.
Specific contributions of the ASSpC project are highlighted in further individual papers:
• Performance optimization of shotcrete by combined fillers by Juhart et al.
• Hydration processes of accelerated systems governing early strength development by Briendl et al.
• Development of shotcrete with increased durability against thaumasite sulfate attack: Experiences
from a tunnel site and laboratory tests by Baldermann et al.
• Sulfate resistance of dry mix shotcretes with new binder composition by Steindl et al.
• Ca leaching behavior and secondary carbonate precipitation in shotcrete durability tests by
Sakoparnig et al.
• A review of sprayed concrete’s life cycle environmental performance: generating evidence to fill the
gap by Saade et al.
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1.

INTRODUCTION AND MOTIVATION

Shotcrete (or sprayed concrete) technology in tunneling and underground construction using the "New
Austrian Tunneling Method" NATM (Stipek, Galler et al. 2012), has a reached a high quality standard,
which had developed over the last decades. Figure 1 shows some of the milestones in shotcrete
technology development in Austria from 1980 to 2015.

Figure 1: Shotcrete technology evolution for tunneling in Austria

Today durability aspects are increasingly moving into the focus as new mega tunnel projects such as
Trans-Alp-traverses (Bergmeister 2013; Wagner et al. 2013) are built to have a life time of up to 200
years. However, reports about shotcrete damage in tunnels are increasing (Romer et al. 2003; Ma et al.
2006; Hagelia and Sibbick 2009; Leemann and Loser 2011; Mittermayr et al. 2017; Galan et al. 2019).
The requirements and regulations for shotcrete are comparable to normal concrete and documented in
standards and guidelines such as EN 14487-1 and OEVBB Guideline Sprayed Concrete. However, the
apparent very shotcrete-aggressive environmental conditions in tunnel are partly underestimated in
these documents (Mittermayr et al. 2013). As we see in todays practice, several types of shotcrete
damage mechanism and secondary reactions such as sintering can lead to undesirable limitations in
operation (Figure 2 and 3) (Thumann et al. 2014). This affects not only the shotcrete but also the entire
structure. For the operators and users of underground infrastructure structures (tunnels, ducts, shafts,
pipelines, headrace tunnels etc.), this means an increasingly risk for necessary investments in
maintenance and repair as well as restrictions in operation. Furthermore, in the interests of sustainable
development and climate protection, resources should be used efficiently and sustainably. This is
particularly effective if the service life of the tunnels can be extended to the planed service life.
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A

B
Figure 2: Examples of sinter formation in a pipe (A) and a tunnel drainage (B)

A

B

Figure 3: Examples of sulfate attack with thaumasite formation of shotcrete. (A) Drill core
extraction in the Bosrucktunnel. (B) Mushy consistence of concrete in the tunnel related to
thaumasite formation

Accordingly, a further step in the development of shotcrete technology is required in order to meet the
above-mentioned challenges and to tackle them through appropriate technological advances. These
ambitious goals are strived for in the research project "ASSpC - Advanced and Sustainable Sprayed
Concrete". The ASSpC research project was submitted to the FFG (Austrian Research Promotion
Agency) by the Österreichische Bautechnikveranstaltungs GmbH, a subsidiary of the Austrian Society
for Construction Technology (öbv) in the Collective Research program. It is funded by the Austrian
Research Promotion Agency (FFG 856080) and contributions from industrial partners. Four research
institutions and numerous members of öbv are represented in the research consortium. The research
project started in July 2016 and will be completed in 4 years.
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2.

RESEARCH TOPICS

2.1

Shotcrete technology

Not only the durability requirements are very high for shotcrete but also the requirements for workability,
pumpability, rebound and early strength development just to name a few. More durable and sustainable
mixes must therefore not be more difficult to process or spray in practical applications. Their early
strength has to be equal or superior compared to conventional mixes. The mix-design has to contain
chemically resistant binders with low water requirement. The grading of the binding agents and
aggregates should be optimized for a dense package. In addition, mixes must remain workable for 3 to
6 hours and though being capable of achieving the early strength class J2 according to EN 14487-1.
When considering durability and sustainability, the influence of the admixtures has to be taken into
account.
The project highlights are real scale shotcrete tests at construction sites or in tunnels (Figure 4). Due to
the huge effort only a very limited (typically 8 to 10) mixes can be sprayed over an entire week of tests.
Thus beforehand intensive planning, preparation and preliminary lab experiments are conducted for an
optimal success during the real scale tests.

A

B

C

Figure 4: Impressions from real-scale shotcrete tests at tunnel and constructions sites. (A)
spraying test in front of a tunnel portal. (B) Spraying on site during excavation. (C) Research
team

Lab experiments are e.g. conducted by hand-mixed samples, in lab for dry-mix spraying tests or using
the MiniShot System (Figure. 5). The Mini Shot provides a laboratory spraying process for rapid
continuous early strength measurement and early strength optimization as well as production of samples
for hydration and porosity tests (Lindlar, Stenger et al. 2015). In preparation of the real scale test further
tests for workability and rheology are performed e.g. by a sliding tube rheometer (sliper) for estimating
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the respective pump pressure and overall pumpability on site. More detailed information about the
“Performance optimization of shotcrete by combined fillers” will be presented by Juhart et al. at the ICCC
2019.

A

B

C

D

Figure 5: Impressions from lab-scale shotcrete tests with the MiniShot (A and B) and dry-mix
tests in a special lab (lower images). (C) Nozzle man during the spraying process. (D) Early
strength measurements minutes after the spraying process.

2.2

Shotcrete hydration mechanisms and porosity

As described previously, the project targets to develop new, durable and sustainable shotcrete and to
elucidate the fundamental mechanisms during the hydration process. This comprises a deeper
understanding of the phase assemblage evolution, the (early) strength and porosity evolution over the
time period from reaction with the setting accelerator (seconds) until final strength is reached. The
application of supplementary cementitious materials (SCM), mineral fillers and admixtures has not been
researched as deeply as for cast concrete yet. Thus, many fundamental interactions are yet to be
revealed due to e.g. the presence of high amounts of set accelerators. At the ICCC we present a study
on the hydration of newly developed mixes using a combination of calorimetry, strength tests, SEM as
well as mineralogical methods used to investigate influences of various SCM and admixtures in the
hydration process (see Figure 6). For more details see “Hydration processes of accelerated systems
governing early strength development” by Briendl et al.
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B

A

C
D
Figure 6: Examples of fundamental investigation of the hydration process of shotcrete; top
images: SEM images during hydration; (A) stopped hydration without fine limestone filler (B)
stopped hydration with fine limestone filler. (C) shear modulus development of wet-mixes with
and without fine limestone additions; (D) insitu-XRD plot of a wet-mix with fine limestone filler;

2.3

Shotcrete durability and testing methods

In this field of research we investigate various types of durability issues such as aggressive
environmental conditions on our newly developed shotcrete. Furthermore, we strive to improve and
develop proper testing methods for the lab that mimic the complex conditions in tunnels more precisely
(see Figure 7). At ICCC three papers will be presented that mainly deal with shotcrete durability. The
paper by Sakoparnig et al. “Ca leaching behavior and secondary carbonate precipitation in shotcrete
durability” describes differences in the leaching behavior of different shotcrete mixes with different tests.
As leaching and clogging of the drainage systems is a major problem for tunnel operators, reliable
predictions on the material under tunnel conditions are required.
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B

A

C

Figure 7: Examples of durability testing of shotcrete (A) Ca-leaching at pHStat conditions; (B)
sulfate attack testing; (C) and spraying a newly developed mix with increased sulfate
resistance on site

Two papers are presented dealing with sulfate attack. “Sulfate resistance of dry mix shotcretes with new
binder composition” by Steindl et al. gives new insights into deteriorating mechanism and sulfate
resistance of dry-mix shotcrete produced with up to 30 % of SCMs. The paper “Development of shotcrete
with increased durability against thaumasite sulfate attack: Experiences from a tunnel site and laboratory
tests” by Baldermann et al. describes the entire history of a development of an increased thaumasite
resistant shotcrete in the lab to the practical application in a tunnel.

2.4

Life cycle assessment of shotcrete

Our research has shown that life cycle assessment (LCA) has so far very seldom been used to validate
shotcrete. In the ASSpC project LCA is used to model production cycles of all used materials and to
calculate the environmental performance of newly developed shotcrete mixes (Figure 8). The paper
presented by Saade et al. “A review of sprayed concrete’s life cycle environmental performance:
generating evidence to fill the gap by” will give new insights into LCA of shotcrete.
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Figure 8: Global warming potential values per m3 of mix from cradle-to-placement, showing
components’ contribution.

3.

SUMMARY AND CONCLUSIONS

Interesting new results have already been achieved in the first two years of research within the project
ASSpC. These results are puzzle pieces, which should fit together after the 4 years of the project. As
for now the following conclusions can be drawn:


Spray binders for dry mix shotcrete can be partially replaced (up to 30 %) with SCMs without
seriously influencing the early strength development and workability. Preliminary durability
results with SCMs additions are positive.



The concept of combining fillers and increasing packing density has shown to be effective for
shotcrete paste and mortar tests as well as on site at the real-scale spraying tests. Fine
limestone greatly increases the early strengths. Negative effects on durability can be overcome
by additional usage of hydraulic active SCMs such as blast furnace slag or metakaolin.



Preliminary durability results of the newly developed wet mixes are overall positive and greatly
surpass reference mixes in terms of Ca-leaching potential and susceptibility to chemical attacks.



Sustainability considerations have shown a strong influence of the admixtures (set accelerator)
and by the rebound.

In the future, the mix-design for shotcrete will have to be better adapted to today's challenges. Damage
to existing concrete structures due to sulfate attack and/or sulfate/thaumasite attack is becoming
increasingly apparent. Another problem are the high maintenance costs caused by sintering in the
drainage pipes of tunnels. The cause for these problems lies in the limited resistance of the sprayed
concrete to chemical attack by different ground waters. It is necessary to develop new shotcrete mixdesigns with increased durability and to consider the aspect of life cycle performance. The FFG research
project ASSpC seeks to find solutions for durable and sustainable shotcrete in systematic investigations.

4.
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ABSTRACT
Improved understanding of the mechanisms underlying deleterious chemical attacks is necessary to
better predict the long-term performance and durability of shotcrete in aggressive environments. In the
scope of the research project “ASSpC - Advanced and Sustainable Sprayed Concrete”, new durable
and sustainable shotcretes and new test methods are developed. In order to increase shotcrete
durability, the spray cement (specified in Austrian Guideline “Sprayed concrete”) used is substituted
with supplementary cementitious materials (SCMs). However, in the past SCMs have seen only limited
use in the application of dry-mix shotcrete. This contribution presents 6 new mix designs intended to
be used for dry-mix shotcrete, each with varying amounts and types of SCMs, and compares their
performance and sprayability with a commercially available spray cement. As sulfate attack is one of
the major threats to shotcrete (e.g. in tunnelling), the resistance of the new mixes against sulfate attack
is tested using a modified version of the Swiss sulfate test according to SIA 262/1:2013. This approach
provides new insights into damaging mechanisms of dry mix shotcrete in sulfate-loaded environments.
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1.
1.1

INTRODUCTION
Sprayed Concrete and Spraying Tests

The application of shotcrete (also called sprayed concrete) plays an important role in tunnelling,
underground mining and retrofitting (Bernardo et al., 2015). However, shotcrete structures often suffer
from various forms of chemical attacks and durability problems, some of which have been
underestimated until recently (Galan et al., 2019). Caused by aggressive aqueous solutions in contact
with the shotcrete, these issues may burden the operating companies and public authorities of the
respective infrastructure with very costly repair measures, limited structure availability time and
increasingly difficult risk calculations. The project "Advanced and Sustainable Sprayed Concrete" has
the objective of developing and testing new durable shotcrete mixes to be used both for repair works
and rock support for tunnelling. Real-scale spraying tests are crucial in determining the properties of
fresh and hardened sprayed concrete mixes, as lab scale tests are not able to recreate the particular
mixing processes and the high shear force during spraying (Salvador et al., 2016). In this study, we
present the results of a real-scale spraying test and a subsequent sulfate durability test with several new
dry-mix shotcrete mixes, using varying amounts and combinations of supplementary cementitious
materials (SCMs).
1.2

Sulfate Attack

Due to contact between shotcrete and sulfate-bearing solutions, expansive phases like ettringite,
thaumasite, and gypsum can form. The mechanical and chemical alteration of the shotcrete leads to
expansion and cracking of the shotcrete and, in extreme cases, complete decohesion (Irassar, 2009;
Whittaker & Black, 2015). The through-solution conversion of Al-bearing hydrated cement phases into
ettringite is believed to initiate the expansion due to high crystallisation pressure in small pores (Kunther
et al., 2013; Müllauer et al., 2013). Several testing methods for sulfate attack have been developed,
most of which work by immersing drill cores or prisms in a sulfate solution and measuring the subsequent
changes in mass, length or sound velocity of the specimens (Van Tittelboom & De Belie, 2009; Whittaker
& Black, 2015). We present data on the durability of dry-mix shotcrete during sulfate attack, based on a
modified version of the testing method described in the swiss standard SIA 262/1:2013 (SIA Zurich,
2013; Loser & Leemann, 2015).
2.
2.1

SPRAYING, TESTING AND ANALYSIS METHODS
Materials used for spraying tests

The cement used for all recipes was a low sulfate type cement with high early strength properties,
specified as spray cement (SBM) in accordance with the Austrian Sprayed Concrete Guideline (Austrian
Society for Construction Technology (öbv), 2013). Several SCMs were tried in combination with this
cement: Ground granulated blast furnace slag (GBFS) with a Blaine surface area of 3919 cm 2g-1 and a
d50 of 8.6 μm, metakaolin (MK) with a very high Blaine surface area (approximately 28000 cm2g-1) and
a d50 of 2.1 μm, and AHWZ (a combination of GBFS, fly ash and limestone powder) with a Blaine surface
area of 3394 cm2g-1 and a d50 of 14.9 μm.
2.2

Real-scale spraying tests of dry-mix shotcrete

Real-scale spraying of 7 pre-defined dry-mix shotcrete recipes was conducted in December 2016. For
every test 250 kg of dry-mix were produced by mixing 40 kg of binder (cement+SCMs) with 210 kg of
dolomite aggregate (grain size < 7 mm). (see Table 1 for the mix designs). The dry-mixes were then
sprayed with a water/binder ratio of 0.5 to 0.6. After spraying, the water content of the fresh shotcrete
was determined by microwave-drying and based on that an estimated water/binder ratio was calculated
for each mix. The tests were performed using an Aliva 246 dry-mix shotcrete machine at a flow rate of
2.5 m3 h-1 and a Schuller S-2 nozzle (see Figure 1). The rebound was collected and weighed. Panels
were sprayed for further testing (see Figure 2). After a curing time of one day, drill cores were taken
from the panels with various diameters for subsequent strength and durability measurements and stored
in water. The early strength development of the mixtures was determined according to EN 14488-2
using a penetration needle from 0.2 to 1 MPa and bolts from a powder-activated Hilti tool DX 450-SCT
from 2 to 16 MPa. Compressive strength was measured after 28 days on grinded cores with a diameter
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Figure 1. Aliva 246 dry-mix shotcrete machine (left); Schuller S-2 nozzle (right).

of 100 mm and a length of 100 mm, according to EN 12504-1 and the Austrian Sprayed Concrete
Guidelines.
Table 1: Binder design and important parameters of the dry-mix shotcrete.
See text for explanations.
Mix
No.

2.3

Binder component
(wt-%)

Estimated
w/b ratio

28d fcm
(N/mm2)

1

100 % SBM

-

0.54

51.65

2

84% SBM

16% AHWZ

0.57

49.03

3

90% SBM

10% GBFS

0.57

48.72

4

80% SBM

20% GBFS

0.55

50.69

5

90% SBM

10% MK

0.54

52.87

6

70% SBM

30% GBFS

0.53

53.17

7

80% SBM

10% GBFS
10% MK

0.56

53.10

Test methods for sulfate resistance

A length change test based on the test described in SIA 262/1:2013 (SIA Zurich, 2013; Loser &
Leemann, 2015) was performed on all mixes to assess their resistance against sulfate attack. For each
mixture 6 cores with a diameter of 23.5 mm and a length of 140±5 mm were drilled from cores that had
been stored in water for 335 days (see section 2.1). Measuring cones were glued onto the cores to
facilitate an exact length measurement. The cores were cyclically immersed in a 5 wt-% Na2SO4 solution
and dried at 50°C. After 5 cycles of a 5-day drying and a 2-day immersion period all the cores were
stored for an additional duration of 16 weeks in the solution. The ratio of liquid to solid volume was 10:1.
At regular intervals the length and mass of the superficially dried drill cores was determined. Deviations
from the SIA 262/1:2013 test routine include a smaller diameter of the drill cores (23,5 instead of 28
mm), an additional drying-immersion cycle and longer additional storage in the solution (16 weeks
instead of 8 weeks).
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Figure 2. Spray panels for collecting samples of dry-mix shotcrete (left); Spraying process in
the testing chamber (right).
3.

RESULTS AND DISCUSSION

3.1

Real-scale spraying tests

The addition of various SCMs to dry-mix shotcrete did not significantly impair the spraying process. The
amount of rebound was between 12 and 17 wt-% for all mixes. At any measured point after spraying,
the early strength of all mixtures reached values exceeding the J2 class criteria according to the Austrian
Sprayed Concrete Guideline (same as in EN 14487-1), i.e. even a mixture with 30 wt-% of GBFS did
not drop below the J2 class limit. The compressive strength, measured after 28 days, was 50 ± 3 MPa
for all mixtures.
3.2

Sulfate resistance of dry-mix shotcrete mixes

The length change and the increase in mass of the drill cores are presented in Figure 3. For the 35-day
duration of cyclical immersion and drying, the drill cores showed no significant expansion. A slight
negative length change was recorded for the mixes 3 and 4, presumably due to drying shrinkage. For
the same period of time an increase in the volume-specific mass was detected for all samples. An initial
weight loss for mixes 1 and 2 is again linked to drying processes. The overall weight gain of all
specimens is linked to the uptake of (sodium) sulfate from the solution, which is presumably enhanced
by cyclical drying and immersion. After 35 days the continuous immersion in the solution started. While
the increase in mass over time follows a shallower curve in this time frame, the drill cores now show
significant expansion. The cores from mixes 5 and 7, both with 10% MK, showed the fastest expansion
and deterioration, with cracking and breaking of all drill cores occurring after 90 days. The drill cores of
mix 2, with 16% AHWZ, were destroyed after approximately 130 days; specimens from mixes 1 and 3,
with pure SBM and 10% GBFS, respectively, showed significant cracking and expansion but were not
destroyed. Only the cores from mixes 4 and 6, with 20 and 30% GBFS, respectively, did not develop
any visual damage; however, they expanded significantly.
The use of SCMs has been known to improve the resistance of concrete against chemical sulfate attack
(Whittaker & Black, 2015), however limited data exists in this regard on the performance of SCMs in
dry-mix shotcrete. It is remarkable that < 20 wt-% of SCMs did not have a positive effect on sulfate
durability, as mixes 2, 3, 5 and 7 all perform worse or equal to mix 1 (pure SBM). Only mixes with ≥ 20 %
of GBFS (mixes 4 and 6) were more durable than shotcrete with pure SBM. In ordinary (non-sprayed)
concretes, metakaolin and/or calcined clay is generally reported to increase sulfate durability (e.g. Khatib
& Wild, 1998; Sabir et al., 2001; Al-Akhras, 2006; Shi et al., 2019). However, as mentioned, dry-mix
shotcretes with 10 wt-% of MK were the first to severely deteriorate during the test and showed the
fastest and highest expansion overall. Presumably, this is due to the formation of straetlingite, katoite or
AFm-phases during the hydration of metakaolin, with subsequent transformation of these phases into
ettringite during sulfate attack. The drying cycles may promote capillary suction of the sulfate solution,
which would lessen the permeability-reducing properties of metakaolin (Hossack & Thomas, 2015).
Future studies using additional test methods are required to fully understand the influence of metakaolin
on the sulfate durability of dry-mix shotcrete.
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Figure 3. Length change and mass change of selected dry-mix shotcrete across a time span of
148 days. The vertical line marks the end of drying and immersion cycles and the beginning of
continuous immersion.
*cores of mixes 2, 5 and 7 were destroyed completely before the end of the test, prohibiting
further measurements
4.

CONCLUSION








5.

It is possible to spray dry-mix shotcrete with up to 30% of SCMs (GBFS, AHWZ, MK) while
keeping rebound at an acceptable level.
The early strength of shotcrete produced with dry mixes containing up to 30% SCMs
complied with the standard requirements (J2 class). After 28 d SCM-substituted binders
reached a compressive strength which was equivalent to that reached with pure SBM spray
cement.
Only ≥ 20 wt-% of ground granulated blast furnace slag significantly improved the sulfate
resistance in our test setup, while less GBFS or other SCMs were not effective in improving
the sulfate resistance of dry mix shotcrete.
Mixes with 10% metakaolin addition showed fastest deterioration and highest expansion,
presumably due to the conversion of reactive Al-bearing phases like straetlingite or AFmphases into ettringite, which is further enhanced by the fast sulfate uptake provided by the
test setup.
More research needs to be done to fully understand the influence of metakaolin addition on
the sulfate durability of shotcrete. Future spray tests could, for example, focus on combining
different SCMs (e.g. GBFS and MK) and determining the sulfate resistance of such mixes.
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ABSTRACT
Concrete’s contribution to worldwide impact generation stimulates a considerable amount of scientific
research aiming to investigate its environmental performance. A systematic literature review (SLR)
carried out within the scope of the "Advanced and Sustainable Sprayed Concrete" project showed,
however, that sprayed concrete is seldom investigated from a life cycle environmental perspective.
This paper presents the SLR findings on (i) the life cycle environmental impacts of sprayed concrete
and its constituents and (ii) on the most frequently adopted methodological aspects in concrete’s Life
Cycle Assessments (LCA). An initial investigation on technically improved sprayed concrete mixes is
also presented. Results’ contributions are two-fold: the SLR helped focusing research efforts in
constituents with great result variation and aided in methodological aspects’ choices to allow for
comparability with published LCAs; while the investigation on initially proposed mixes confirmed a
higher carbon-efficiency than in traditional sprayed concrete mix designs. Further research is currently
being performed within the project’s scope to confirm the technical superiority of proposed mixes
through laboratory testing. Results are expected to be combined with the environmental findings to
finally position the new mixes as the best available practice within sprayed concrete technologies.
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1.

INTRODUCTION

Even though abundant and (mostly) scientifically robust, concrete-related researches do not always
cover all of its possible applications’ peculiarities. Depending on the intended use, concrete’s desired
function and its embedded materials’ quantities can change significantly. The use of sprayed concrete
stands out as one of the latter cases. Seldom investigated, sprayed concrete’s environmental
performance can differ from that of typical ready mixed concrete (Saade et al. 2018), which justifies a
closer individual inspection.
Performing environmental evaluations of construction and building materials through Life Cycle
Assessment (LCA) is increasingly regarded as a sound and coherent scientific strategy (Passer et al.
2015). LCA widens the scope of typical environmental analyses to include all of a product’s life cycle
stages that might contribute to impact generation, thus providing a more complete assessment of
potential ecological damages. Such a broad delineation and modelling of production processes,
however, demands a number of methodological delimitations which affect obtained results.
This research’s motivations are three-fold: (i) to prove our initial hypothesis that sprayed concrete’s
environmental impacts are under-investigated, (ii) to provide an overview on how concrete’s
components’ production cycles are typically modelled in Life Cycle Assessments and (iii) to calculate
the environmental performance of preliminary sprayed concrete mixes proposed as an outcome of the
“Advanced and Sustainable Sprayed Concrete” (ASSpC) research project. The latter aims to develop
new sprayed concrete mix designs and technologies, to jointly improve the material’s durability and
environmental performance. The ultimate goal behind the performed review was to provide a
methodological basis for a scientifically accurate environmental assessment of newly developed mixes
and benchmarks to establish clear environmental and technical superiority.
2.

METHODOLOGY

2.1

Systematic literature review

Following the typical protocol for Systematic Literature Reviews (SLR), we initially defined two
research questions that guided all subsequent steps: “What is the life cycle performance of sprayed
concrete?” and “What are the most frequent methodological choices made to perform an LCA of
(sprayed) concrete’s constituents?”. We chose to search two databases: ScienceDirect and Springer.
The former encompasses a number of journals assessing construction technologies while the latter
was chosen especially because of the International Journal of Life Cycle Assessment, a publishing
vehicle focused exclusively in LCA’s methodology and its application. Journals Science and Nature
were individually assessed, due to their scientific relevance. In addition, through the so-called
“snowball approach” (Wohlin 2014), we checked for relevant papers that weren’t captured by our
research strategy in citations within our paper sample.
We chose to exclude grey literature (i.e. papers that were not peer-reviewed) to assure coverage of
only high-quality papers (except from when added through the snowball approach). No time
boundaries were applied to our search, which was performed until January 2017. The following
keyword strings were structured based on (sprayed) concrete’s composition and individually searched
for across the previously mentioned databases:









Sprayed concrete (OR shotcrete) AND LCA
CEM AND LCA
Admixtures AND concrete AND LCA
Limestone AND concrete AND LCA
Sand AND concrete AND LCA
Gravel AND concrete AND LCA
Fly ash AND concrete AND LCA
Blast furnace slag AND concrete AND LCA

All papers that met the initial search criteria were transferred to a reference management software,
where they went through three filtering rounds per keyword string: first a title analysis, then an abstract
analysis and finally an in-depth full paper analysis. The remaining papers were listed in a data
extraction form (built in .xls format), where we documented all relevant information allowing for a joint
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assessment of each sample, namely: (i) authors’ name, country, paper title, journal and year, (ii)
paper’s goal, (iii) functional unit chosen, (iv) system boundaries adopted, (v) background data
source, (vi) impact assessment method used, (vii) impact distribution criteria used (if any),
and, finally (viii) life cycle indicators’ values for the assessed material (if present).
2.2

Life Cycle Assessment of proposed mixes

Our LCA goal was to assess the life cycle environmental loads of 8 different wet sprayed concrete mix
designs. Our calculations fall into what we perceive as a “cradle-to-placement” category, since we
consider flows generated up until the spraying itself – such as accelerator addition in the nozzle and
lost concrete due to rebound effects. To allow for comparability with future research, however, we also
present the results calculated adopting a cradle-to-gate scope. We rely on international database
ecoinvent 2.2, on environmental product declarations published by the European Federation of
Concrete Admixtures (EFCA) and on two scientific papers as background data sources (further
detailed in Table 1). Fly ash and blast furnace slag (bfs) processing data were adapted to best
represent the Austrian scenario. Foreground data on each mix’s composition and on the spraying
process came from experimental testing (Table 2).
Table 1. Data sources used for the sprayed concrete mixes’ LCA
Component
CEM I
Superplasticizer (SP)
Set accelerator
Air entrainer
Retarder
Ground granulated blast
furnace slag (GGBFS)
Fly ash
Silica fume
Limestone filler (micro and
meso)
Gravel
Metakaolin
Water

Background data
Foreground data source
source
ecoinvent 2.2
EFCA EPDa
EFCA EPDa
EFCA EPDa
EFCA EPDa
ecoinvent 2.2

Chen et al (2010)b

ecoinvent 2.2
Chen et al (2010)b
Habert et al (2011)c
ecoinvent 2.2
ecoinvent 2.2
Habert et al (2011)c
ecoinvent 2.2

a

European Federation for Concrete Admixtures Environmental Product Declaration
Most cited paper for blast furnace slag and fly ash processing impacts within the cement SLR sample
Sole figures for metakaolin and silica fume’s life cycle impacts found by authors

b
c

We used the impact assessment method developed by Leiden University’s Institute of Environmental
Sciences, typically referred to as CML-IA baseline. Although the method provides results for a set of
10 impact categories, we focused solely in the Global Warming Potential (GWP) indicator. This
restriction was necessary because the results found for metakaolin and silica fume (not present in
ecoinvent 2.2) only encompass the climate change indicator. Since some of our mixes use those
supplementary cementitious materials (SCM), we would be unable to calculate other environmental
indicators – unless disregarding the use of the latter materials. The CML method uses the
characterization factors published by the Intergovernmental Panel on Climate Change (IPCC) fifth
assessment report (2014).
3.
3.1

RESULTS
Research question 1: “What is the life cycle performance of sprayed concrete?”

The search performed for sprayed concrete confirmed our hypothesis and clearly pointed to a gap: our
final sample of papers was composed of only four studies (Huang et al. 2015; Pretot et al. 2014;
Stripple et al. 2016; Amin Hosseini et al. 2016). Detailed information on the amount of papers
remaining after each filtering phase can be found in Saade et al. (2018). Due to the low sample of
papers no graphs were built, so a brief discussion on main methodological choices is herein
presented.
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Table 2. Components in the evaluated wet mixes (in kg/m3 of sprayed concrete)
Component
CEM I
Water
Superplasticizer
Air
entraining
Stabilizer
Set
accelerator
Gravel
Sand
AHWZb
Blast
furnace slag
Limestone
mesofiller
Limestone
microfiller
Metakaolin
Silica fume
Rebound
(lost
concrete)

Z1
(ref1)

Z2
(ref2)

Z3

Z4

Z5

Z6

Z7

Z8

1b

6

9

a

a

406
194
4.1

275.5
185
4.1

362.2
183.6
4.2

390.8
193.9
4.1

224.2
189
4.2

241.6
181.5
4.1

216.6
201.2
4.1

280.2
188.3
4

280.7
198
2.48

279.5
182
2.26

417
199
5.42

-

-

-

-

-

-

-

-

-

1.64

0.63

32.6

32.4

29.5

33.8

28.2

42.5

32.1

n.a.c

28.84

28.77

1.67
29.19

469.5
1419
-

460.2
1397
135.5
-

471.8
1429
-

459.4
1393
-

455.1
1392
64.4

469.1
1425
72.5

442.1
1369
62.6

463.5
1422
80

456
1616
70.04

408
1444
69.97

437
1543
-

-

-

-

40.1

-

39.6

-

-

-

-

-

-

40.2

20

52.3

60.3

50.8

40

28.84

28.77

-

306.6

339.1

281.5

287.9

28.3
242.6

28.3
404.6

27.8
265.5

n.a.c

32.96
300.6

32.88
146.9

200.2

a

Mixes Z1 and Z2 are already used in tunnelling and are therefore represented here as reference mixes.
AHWZ, from German “Aufbereiteter Hydraulisch Wirksamer Zusatzstoff”, is a supplementary cementitious material composed
of approximately 45% blast furnace slag, 45% fly ash and 10% limestone.
c
not analyzed
b

Our scarce sample did not show results for sprayed concrete individually, which prevents the
identification of the component’s environmental performance. Amin Hosseini et al. (2016) actually
cited the Inventory for Carbon and Energy values (Hammond & Jones 2011) as a source for
concrete’s impact, but since that inventory does not provide information on sprayed concrete, it’s safe
to assume that the authors considered typical ready mixed concrete as a proxy. Stripple et al. (2016)
did not mention the background data source used, while Huang et al. (2015) and Pretot et al. (2014)
used ecoinvent as the underlying data foundation for their LCAs. As for impact assessment methods
used, only Huang et al. (2015) clearly declared their choice: authors used Recipe midpoint v.1.06, with
the egalitarian perspective. Within system boundaries definition, cradle-to-grave predominated, except
for Stripple et al (2016), where the choice is not clearly stated. Finally, Pretot et al. (2014), Stripple et
al. (2016) and Amin Hosseini et al. (2016) used m 2 of wall as a functional unit, while Huang et al.
(2015) adopted road tunnel length (1m) as chosen unit.
3.2

Research question 2: “What are the most frequent methodological choices made to
perform an LCA of (sprayed) concrete’s constituents?”

Due to the large number of keyword strings used, this section presents a joint meta-analysis
performed for all papers found when using the different keywords. The figures detailing
methodological choices show each time a specific method was used, even when a single paper
adopted more than one method.
3.2.1 Background data source
LCA’s wide scope makes it a data-intensive methodology, in which the practitioner typically collects
specific data related to his/her process of interest, but relies on background databases to provide
environmental information on the processes that are up- or downstream on the investigated supply
chain. There are idiosyncratic methodological procedures behind each available database and,
therefore, the choice of one or the other potentially interferes with LCA results. Figure 1a plots the
adoption frequency of the most well-known internationally used databases - namely ecoinvent and
GaBi - in all assessed papers along with other less typical sources, while Figure 1b shows how often
the different versions of the most used database (ecoinvent) are chosen.
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a

b
Figure 1. a: Background data source adopted in papers in the final samples. The ‘other’
category refers to alternative papers, environmental product declarations, industrial partners,
sectorial reports and country-specific databases. Their individual frequency was low and did
not justify a single category for each. b: Database version in papers that adopted ecoinvent as
a background data source

The less typical data sources dominate the sample, but closely followed by the ecoinvent database.
The fact that varied sources (the ‘other’ category) grounded most of the assessed studies points to a
difficulty in benchmarks definition, since comparability is hindered in those cases. The initially
Switzerland-focused ecoinvent database stands out for its transparency and completeness, which
might explain its relative preference in concrete’s component’s LCAs.
Considering its great use and the fact that there were significant methodological changes made to the
database structure with time, acknowledging which version of ecoinvent is most adopted is also
important. As expected, the first versions of the database - released from 1999 to 2007 - (1.01, 1.1,
1.2 and 1.3 represented in Figure 1b as ‘1.x’) are the least adopted. Versions 2.0 and 2.1 (represented
by ‘2.x’) show an increase in use frequency, as does version 2.2, which is represented alone here due
to its greater use. The “ecoinvent 2” series was released shortly after the publication of the revised
ISO standards on LCA in 2006 (ISO 2006a), which stimulated a growth in publication of LCA papers in
general, thus explaining its significantly larger adoption. Versions 3.0, 3.01, 3.1, 3.2 and 3.3 (‘3.x’ in
Figure 1b) were released from 2013 to 2016 and still have not shown a use as wide as the 2.x
versions’. The changes made on the database methodological structure from version 2 to 3 were the
largest so far, which might have inhibited its use (Saade et al. 2018). Version 3.4 of the database was
released on October of 2017, after our paper selection was finished, and is therefore out of our
search’s scope.
3.2.2 Impact assessment method
The Life Cycle Impact Assessment stage (LCIA) translates information on material and energy flows
that happen throughout the product’s life cycle into environmentally relevant indicators. Due to the
great number of parameters to be translated into those indicators, practitioners typically rely on LCIA
methods that, through the use of scientifically accepted conversion factors, calculate the overall
contribution of each measured flow to an impact category. There are inherent differences between the
available methods, which vary in terms of conversion factors used, which sets of flows contribute to
which impact category and how far along the environmental cause and effect chain the results are.
Unsurprisingly, once again, LCA results vary from one method to the other. Our SLR (Figure 2)
pointed that the most used LCIA method was the one developed by the Institute of Environmental
Sciences of Leiden University, also known as CML or CML-IA, which is in line with the findings of
Desideri et al. (2014) and Ferrandez-Garcia et al. (2016).
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Figure 2. Impact assessment methods adopted in papers in the final samples
It is noteworthy that 31% of the sampled papers did not declare the impact assessment method used,
which denotes a severe transparency issue - unacceptable if one aims for replicability.
3.2.3 Life cycle stages
Within the built environment and, more specifically, within the realm of construction products in
general, the life cycle phases to be assessed are described in terms of different acronyms, following
the guidelines published in the European Standard 15804:2012 (EN 2012). The so-called ‘product
stage’ encompasses raw material extraction (A1), transport to manufacturing (A2) and manufacturing
per se (A3), and is considered mandatory for environmental product declarations (EPD). The following
stages consider activities that are specific to the construction sector: A4=transport of product to
construction site, A5=installation in building, B1-B7 refer to the product’s use stage, while C1-C5
represent its end-of-life. An additional stage (D) is supposed to cover the potential recyclability of the
assessed material. We adopted this nomenclature to identify which life cycle stages were mostly
addressed in the specialized literature. The mandatory product stage (also called ‘cradle-to-gate’ or
A1-A3 ) was the most adopted scope (Figure 3), followed by a more complete A1-C5 scope, also
referred to as ‘cradle-to-grave’. Almost 5% of our sample (13 papers) failed to declare the scope of the
performed LCA which, as with the previous methodological choices assessed, renders unclear and
incomparable results.
3.2.4 Functional unit
The functional unit plays one of the most important roles in LCAs. When performing comparisons
between different products, one must always guarantee a functional equivalence among them, which
needs to be translated into the unit for which the environmental flows are calculated. When performing
an LCA for an isolated product, however, it is not uncommon to find what practitioners like to call a
‘declared unit’, since no functional equivalency is needed. Considering that our set of assessed
materials are typically sold and measured in terms of mass or volume and that most papers did not
perform comparisons between different components, our SLR outcome does not come as a surprise
(Figure 4), showing that mass (kg or ton) and volume-related (m3) were the most adopted functional
units in cradle-to-gate LCAs. When all life cycle phases were considered, ‘piece’ stood out as a widely
used functional unit, which can represent different construction systems as a whole, such as a
concrete slab or column with specific dimensions, a whole house, a bridge or a defined highway
section. Area units (m 2/km2) were mostly related to LCAs in housing/residential sectors, where the net
floor area is a typically adopted functional unit. The meter or kilometer functional units were mainly
found in studies that referred to streets or pavements’ LCAs.
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Figure 3. Life cycle phases considered in papers in the final samples

Figure 4. Functional units adopted in the papers in the final samples
3.2.5 Impact distribution method
In almost all product systems to be modelled in an LCA one finds what practitioners call a
“multifunctionality problem”. Whenever a production process generates more than one product or has
more than one function, the decision on how to distribute material and energy flows between the
generated products/functions needs to be made. ISO 14044:2006 (ISO 2006b) provides a hierarchic
stepwise procedure to solve multifunctionality problems: first, allocation, i.e. the distribution of impacts
between a product and its co-product(s) based on specific criteria, should be avoided wherever
possible, by either dividing multifunctional processes into sub-processes (sub-division) or by
expanding the product system to include the co-products’ additional functions (system expansion).
When allocation cannot be avoided, system inputs and outputs should be divided based on the
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underlying physical relationships between them. If no physical criteria can easily enable partitioning,
then the inputs and outputs should be attributed to reflect other relationships between the products
and functions, such as their economic value.
Although not mentioned in ISO 14044, the ‘avoided burden’ approach is conceptually equivalent to the
system expansion cited in it, and consists of subtracting the environmental loads prevented by coproduct recycling from the multifunctional process’ loads (Tillman et al. 1994; Heijungs & Guinée
2007). Also not explicitly mentioned in the international standard but widely adopted is the “cut-off”
approach - in which the practitioner acknowledges the multifunctionality issue, but regards the coproduct as a waste with null impact. Since distribution methods lead to significantly different outcomes,
ISO requires that when modelling multifunctional processes LCA practitioners perform a sensitivity
analysis by using more than one method.
Due to high industrial co-product incorporation in building materials’ manufacturing, the construction
sector often faces impact distribution issues (Saade et al. 2015). The cement industry, for instance, is
frequently confronted with this methodological conundrum mainly due to blast furnace slag (from pig
iron-making processes) and fly ash (from coal-based electricity generation) use as supplementary
cementitious materials. Documenting how often each possible impact distribution method is used is
paramount if one wishes to establish benchmarks or assure comparability with previously published
researches. Figure 5 shows the adoption frequency of each distribution method considering papers
found when using the keyword strings for fly ash and blast furnace slag. The ‘System expansion’
column refers to papers that adopted either the avoided burden approach or actual system expansion
as predicted by the standard.

Figure 5. Impact distribution methods used in papers addressing co-products
60% of sampled papers (64 papers) failed to perform or acknowledge the need for impact distribution
– a clear breach of ISO 14044’s guidelines. Moreover, only 21% (23 papers) performed a sensitivity
analysis as requested by the international standard. The cut-off approach was the most adopted
method between ISO-compliant papers, typically accompanied by a sensitivity analysis using mass
and/or economic value allocation.
3.3

LCA results for proposed sprayed concrete mixes

This section presents the environmental assessment results for mixes listed in Table 2, following a
cradle-to-gate and a cradle-to-placement scope. As expected - and similarly to what happens in typical
ready-mix concretes, cement is the main contributor to the sprayed concrete mixes in a cradle-to-gate
assessment (Figure 6), i.e. before spraying took place. Superplasticizer (in black) and sand (in light
grey) are the second and third largest contributors, but rank well below cement. According to our
inventory sources, when individually assessed, CO 2eq emissions of the SP (1.88kg CO2eq/kg of SP) are
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actually larger than cement’s (0.83kg CO2eq/kg of CEM I). Still, as discussed by Van den Heede & De
Belie (2012), the amount of SP in the concrete mix is unimportant in comparison to the amount of
cement used, which implies in a much lower contribution of the former to concrete’s carbon intensity.
The mixes with higher SCM incorporation (thus with lower cement content), as anticipated, perform
best (Z2, Z5, Z6, Z7, Z8, 1b and 6), showing a GWP reduction ranging from 29 to 43%, when
compared to reference mix Z1.
The sprayed concrete’s composition distinction arises during its placement, through the incorporation
of high amounts of set accelerator. Figure 7 illustrates the components’ contribution following a cradleto-placement assessment scope.
GWP (kgCO2eq/m3)
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Figure 6. GWP values per m3 of mix from cradle-to-gate, showing components’ contribution
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Figure 7. GWP values per m3 of mix from cradle-to-placement, showing components’
contribution. Note that Z8 is not shown as values for accelerator and rebound were not
analysed
Accelerator (1.33 kg CO2eq/kg admixture) and rebound concrete compete for the second largest
contributor position, depending on the evaluated mix. What stands out, however, is how they jointly
respond for between 17.4 and 31.7% of mixes’ total GWP. Negligence of these factors would severely
affect final results and depict an unreliable environmental profile for sprayed concrete. Also, the
accelerator’s individual contribution percentage confirms the inappropriateness of disregarding
chemical admixtures’ impacts in sprayed concrete assessments; which is, contrastingly, a fairly normal
practice in concrete LCA.
Following the methodological trend shown in section 3.2.5, we performed a sensitivity analysis using
economic and mass-based allocation criteria for blast furnace slag and fly ash LCAs. Results,
suppressed here due to space constraints, showed that economic allocation did not alter the ranking
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shown above, while mass allocation significantly increased mixes Z2, Z5 and Z6’s GWP, rendering
them environmentally unattractive.
4.

FINAL REMARKS

Our review’s results provide a wide scientific panorama on how concrete (through its components) has
been typically modelled in published LCA studies. The literary dossier that we have built not only aids
in properly investigating sprayed concrete’s loads within the ASSpC project, but it also has the
potential to ground researches aiming to calculate typical concrete mixes’ environmental profile
through LCA, assuring comparability with the ecological status quo for that construction material. As
with any literature review, valid papers might have been left out because they fell out of our search
criteria’s scope. Still, by carefully structuring our research protocol and performing it systematically we
believe we have covered enough papers to provide a sound overview and to make collective
conclusions regarding available literature.
We make a recommendation for LCA practitioners assessing concrete’s impacts: compliance with
transparency requirements of an LCA is paramount. Our outcome pointed to an alarming number of
published papers that failed to declare basic methodological choices such as data sources, impact
assessment methods used and impact distribution strategies in multifunctional processes’ modelling.
Comparability is severely hindered in those cases. Journal reviewers and/or editors could be of help in
assuring the proper declaration of calculation procedures taking place in published LCAs.
Last, our study highlighted a significant chemical admixtures’ contribution to concrete’s GWP loads. As
discussed for superplasticizers in section 3.3, the individual GWP per kg of set accelerator (1.33 kg
CO2eq) is also higher than cement’s (0.83kg CO2eq). The former’s carbon intensity is compensated by a
lower incorporation. By comparing, however, set accelerator and cement’s individual loads per kg
associated to different impact categories (values available in the EFCA EPD), one concludes that not
only is the chemical agent more intensive for four out of the five mandatory indicators in EPDs, but for
abiotic depletion (AD) and photochemical ozone formation (POF) potentials accelerators’ loads are
one order of magnitude higher. The same is true for plasticizers and superplasticizers. Thus, for these
categories, chemical agents’ low incorporation is likely offset by their high impact loads. As we move
towards a larger scope of assessed impact categories, disregarding admixtures should cease to be
the status-quo in concrete LCAs.
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ABSTRACT
Carbonation rate of concrete is known to depend on relative humidity (RH) and duration of curing.
Furthermore fully deterministic service life models accounting for variable climate require both gas
diffusion and carbonation intrinsic rate as a function of mix design. To better quantify the intrinsic rate
of carbonation as a function of hydration degree (DoH) and RH, alite (C3S) mimic ground paste (~1mm
in diameter) are carbonated at 0.4% CO2 and at various RH (33%, 76% and 94%.). Mimic strategy
consists of replacing the unhydrated binder particles by inert particles of similar fineness. DoH (30, 50,
70 and 85%) are controlled thanks to mimic samples and 91 day hydration. Mass of sample and TGA
data are measured as a function of time up to three weeks. Crushed pastes are compared with 3 mm
discs. At 0.04%CO2, change of carbonation degree (DoC), calculated from CO2 mass gain (TGA)
increases with RH up to 76 % but decreases with DoH. However at 0.4% CO2, change of DoC is only
increasing with RH. At RH=94%, results suggest the occurrence of a diffusion process. With
increasing DoH, gas diffusion reduces dramatically even after full carbonation. Results are analysed in
terms of competition between chemical reaction rate and gas diffusion. Further effort should be
invested in new testing strategies to measure CO2 binding capacity and rate of binding in addition to
gas diffusion.
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1.

INTRODUCTION

The transport of aggressive species plays a major role in the durability of reinforced concrete
structures [1]. In the case of carbonation, diffusion transport of carbon dioxide and oxygen through the
concrete porosity induces a degradation of the structure by corroding the reinforcements [2]. In
concrete structures, Papadakis [3–5] showed that carbon front propagation in concrete is governed by
two mechanisms: the gas diffusion and the carbon dioxide binding capacity of cement paste.
In a practical point of view, standards [6] require assessing the concrete carbonation resistance by a
front measurement at a single relative humidity (65%). Nevertheless, the measurement obtained is not
an intrinsic to the material and is only valid for the relative humidity studied. Besides, previous works in
the literature showed that transport properties [2,7–9] and the degree of carbonation of cementitious
materials [10] depend on the relative humidity.
Therefore, the aim of this paper is to further investigate independent measurements of those two
properties as function of relative humidity to reflect the effect of climate. Thus, to simplify the analysis,
C3S paste system is studied to limit the carbonation to only two hydrate phases (CH and C-S-H). The
mimic strategy is adopted in order to fix the microstructure in time and modify the maturity of the paste.
Thus, four C3S pastes are tested to natural and accelerated carbonation at two different sizes and at
various relative humidities. CO2 gas diffusion and TGA analyses are measured. A comparison
between natural and accelerated carbonation for different sample sizes and exposure conditions one
the one hand and degree of carbonation as a function of degree of hydration and relative humidity on
the other hand are discussed.
2.

MATERIALS AND METHODS

2.1

C3S paste

Characterizations of carbonation chemical reaction rate can be quite long and reach several months.
In order to prevent the microstructure from changing during the test, the mimic approach was adopted
[11,12]. It consists of replacing the unhydrated binder particles by inert particles of similar fineness.
The properties of raw materials used are listed in Table 1.
Table 1 – Properties of raw materials
Ref

Density
of
binder

SiO2

Al2O3

Fe2O3

CaO

MgO

Passing
10%

Passing
50%

Passing
90%

[-]

[g.cm-3]

[%]

[%]

[%]

[%]

[%]

[µm]

[µm]

[µm]

C3S

3.15

26.02

0.19

0.07

73.06

0.20

2.4

7.7

23.6

Silica
filler

2.60

98.5

-

-

-

-

2.0

11.2

29.8

Four mixtures of C3S pastes: C3S_30, C3S_50, C3S_70 and C3S_95 are studied corresponding to a
hydration degree of 30, 50, 70 and 95%, respectively (Table 2). The mimics are formulated on the
assumption that the maximum hydration degree of C3S is 95%. The C3S pastes are mixed using a
Waring blender for 2 min at a speed of 3000 rpm. These pastes are then poured into specific
polypropylene flasks with a diameter of 27 mm and a height of 65 mm. After casting, the flasks are
placed for a period of about 12 hours on a roller to remove the residual air bubbles. Then, they are
stored at 100% relative humidity in a sealed container with water in the bottom for a minimum of 3
months. The curing is carried out in temperature controlled room at 20.0±0.5°C.
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Table 2 – Mixtures of C3S pastes

2.2

Ref

Percentage
of binder

Percentage
of inert

w/b ratio
(by mass)

w/b ratio
(by
volume)

[-]

[wt%]

[wt%]

[-]

[-]

C3S_30

31.6

68.4

0.58

1.6

C3S_50

52.6

47.4

0.56

1.6

C3S_70

73.7

26.3

0.54

1.6

C3S_95

100

0

0.51

1.6

Carbonation testing

After curing, the samples are demolded and then cut with a precision saw to obtain discs about 3 mm
thick and will be manually crushed into small pieces of regular sizes of 1- 3 mm. Some discs are also
carbonated without being crushed with every faces exposed to the environment.
2.2.1 Natural carbonation
The crushed and discs are stored in a sealed chamber including a fan. Air at 400 ppm CO2 and
controlled RH is blown into the chamber. RH pre-equilibration is obtained by bubbling air in salt
solution at given RH. RH control is also controlled in the chamber by a saturated salt solution bath.
The chamber is placed in a thermo regulated room at 20.0±0.2°C. Choice of salts and corresponding
relative humidities are listed in Table 3. RH values are controlled by using i-button® sensor.
The mass variation of samples is monitored as a function of time at 1, 2, 3 days then every week until
its weight is stabilized (the mass variation must be less than 0.05% between two measurements).
Seven samples per mixture are studied. After three weeks of exposure, the samples are stabilized at
the desired relative humidity; then one part is ground less than 100 μm for TGA analysis and another
part is exposed to accelerated carbonation.
2.2.2 Accelerated carbonation
The crushed samples and discs of the four mixtures are stored in a carbonation climatic chamber
Weiss Pharma 600. The temperature is regulated at 20°C and the CO 2 concentration at 0.4%. Three
relative humidities are studied as listed in Table 3.
Table 3 – Relative humidities selected for this study

2.3

Salt

Salt theoretical RH
(ref. in [13])

Measured RH for
natural carbonation

Measured RH for
accelerated carbonation

KNO3

94

97

97

NaCl

76

78

79

MgCl2

33

40

40

Solid analysis

The degree of carbonation of C3S paste is evaluated with TGA analysis by assessing the quantity of
calcium carbonate. The temperature range 550-1000°C will be taken as the decomposition of calcium
carbonate CaCO3 [14].
The degree of maximum carbonation is calculated according to reactions (1) and (2). Taking CO2 as a
tracer, the degree of carbonation, expressed as the maximum mass of CO2 relative to the mass of
C3S, is determined by equation (3) where DoH [-] is the hydration degree of the reaction and M [g/mol]
is the molar mass.
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(CaO)3 SiO2  3 CaO + SiO2

(1)

CaO + CO2  CaCO3

(2)

%𝐶𝑂2,𝑚𝑎𝑥 =

𝑚𝐶𝑂2
𝑚(𝐶𝑎𝑂)3𝑆𝑖𝑂2

%CO2,reacted = %∆m550−1000°C
.
CO2,TGA

𝐷𝑜𝐻 = 3

𝑀𝐶𝑂2
𝑀(𝐶𝑎𝑂)3𝑆𝑖𝑂2

𝐷𝑜𝐻

m0sample,TGA
m0sample,TGA

D𝑜𝐶 =

−

%CO2,reacted

(3)

(4)

m0sample,TGA . %∆m20−1000°C
tot,TGA
(5)

%𝐶𝑂2,𝑚𝑎𝑥

550−1000°𝐶
The percentage of CO2 reacted with the sample to form calcite is given by (4), where %∆𝑚𝐶𝑂
2,𝑇𝐺𝐴
[%], the percentage of mass loss due to the decarbonation of the sample taken in the range of 550 to
0
1000 C given by the TGA, 𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑇𝐺𝐴
[mg], the initial mass of the sample tested by TGA and
20−1000°𝐶
%∆𝑚𝑡𝑜𝑡,𝑇𝐺𝐴
[%], the percentage of total mass loss taken in the range of 20 to 1000°C given by the
TGA including the degassing phase at 20°C under N2. The carbonation degree, DoC, is then defined
according to (5) and represents the extent of all carbonation reactions. It is given in this work as a
percentage.

2.4

CO2 Gas diffusion testing

CO2 gas diffusion is measured on 3 mm thick discs. Discs are cut out of cylinder hydrated 3 months.
Discs are then carbonated at 1% CO2 and 65% RH until steady mass is reached (~5 days). This
duration is sufficient to get full carbonation. The gas diffusion testing procedure is based on the
accumulation of CO2 in downstream chamber filled with air and sealed by the sample, this half-cell
being placed in the carbonation chamber (1% CO2). The CO2 effective diffusion coefficient is
determined by fitting the solution of Fick’s second law of diffusion to the data of the accumulation
curve by least square method [7].
3.
3.1

RESULTS
Natural carbonation

Samples are carbonated for 3 weeks under natural conditions (pCO2 = 400 ppm) and 3 different
relative humidities. The carbonation degree for all tested conditions is presented in Figure 1, either as
a function of DoH or as a function of RH. After curing the carbonation degree (DoC) is 3%. This DoC
value is probable related to the method of sample preparation for TGA analysis.
At 33% RH, DoC values are close to 20% and sliglty decreasing with increasing DoH. At 94 % RH,
DoC values are strongly anti-correlated to DoH. At 78% RH, DoC values depend on sample geometry:
1) for crushed sample, DoC values are almost constant (60%) with DoH up to a DoH of 70% whereas
DoC value drops below 20% for a DoH of 95%, 2) for discs sample the DoC is decreasing wrt. crushed
samples, this decrease being most important at intermediate DoH (50 and 70%). Only for a DoH of 30,
crushed and disc samples have the same DoC. All samples with DoH >= 50 yield a maximum DoC for
intermediate RH. The position of the maximum is not known due to the RH resolution of the
experimental data.
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a)

b)

Figure 1: Carbonation after three weeks carbonation at pCO 2 = 400ppm. a) Carbonation degree
(y-axis [%]) as a function of Degree of Hydration (x-axis [%]) for crushed (C) and discs (D)
samples and different relative humidities, b) Carbonation degree (y-axis [%]) as a function of
RH (x-axis [%]) for the different DoH (open symbol correspond to values for discs)
3.2

Accelerated carbonation

Following the initial natural carbonation period, the samples are carbonated at 0.4%, i.e a CO2
concentration 10 times higher the one of the first period for another two weeks (~330 h) to check
whether the rate of carbonation could be enhanced with the higher CO2 partial pressure. The increase
of DoC defined as the difference between the DoC at time t of accelerated carbonation and the DoC at
the end of natural carbonation is analysed in this section (see Figure 2 and Figure 3).
The DoC is not increasing linearly with time suggesting the instantaneous rate of reaction is
decreasing over time. This time behaviour is closer to a power law (DoC=kt n). Exponent n values
range from 0.22 to 0.52. At low RH for all DoHs but 95%, DoC show a step increase for the longest
exposure time, which yield some material preparation issue since the DoC value are still of the order
of 10% or lower. For the highest DoH (95%) the time dependence is not clearly identified because of
the low DoC values (<=10%).
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Figure 2: Increase of carbonation degree (y-axis [%]) as a function of time (x-axis [h]) of
crushed sample during accelerated carbonation at 0.4% CO 2. Each figure corresponds to a
given DoH (30, 50, 70 and 95%). Blue diamond: RH=33%. Red square: RH=78%. Green triangle:
RH=94%.
From the time data, the DoC for all samples and RH conditions are linearly interpolated at time of 168
h (see Figure 3). For these accelerated conditions, one observes that the DoC is only increasing with
RH: The maximum increase of DoC is observed at the highest RH. This increase of DOC is maximum
for the intermediate range of DoH (50 and 70%).
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a)

b)

Figure 3: Carbonation of crushed samples after 7 days of carbonation at pCO2=0.4%: a)
Increase of carbonation degree (y-axis [%]) a) as a function of DoH (x-axis [%]) for different RH,
b) as a function of RH (x-axis [%]) for the different DoHs. Crushed samples.
3.3

CO2 Gas diffusion

CO2 gas diffusion values span over 2 orders of magnitude from 200 to 2 10-9 [m2.s-1] (Figure 4). The
log of gas diffusion coefficient values seems to be linear wrt. the initial DoH of samples. Standard
deviations are respectively 2.0E-08, 1.2E-08, 1.9E-08 and 6.2E-09 [m2.s-1] in increasing order of DoH.
If coefficient of variation of gas diffusion values are negligible for the lowest DoHs (30 and 50%), they
are clearly significant for two highest DoHs (70 and 95).

Figure 4: CO2 gas diffusion value (y-axis [m2.s-1]) as a function of degree of hydration (x-axis
[%]) of carbonated discs at pCO2=1% and RH=65%. Errors bars are calculated from one
standard deviation on 4 replicates.
4.

DISCUSSION

The design of experiments chosen in this work yields a better understanding on the competition
between heterogeneous carbonation reaction and CO 2 mass transfer. This competition depends on

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
relative humidity, CO2 concentration, sample size, maturity of the paste (i.e. DoH or cement dosage),
controlled with mimic samples.
Whatever the degree of hydration, the relative humidity does influence the carbonation degree for a
given maturity and geometry. In natural conditions, a maximum is observed for intermediate RH even
for crushed samples similar to what is known for concrete samples in accelerated conditions [15]. The
position of this maximum and its amplitude depend on the maturity (DoH) of the paste samples for the
same exposure duration. It is has been suggested with results on concrete in accelerated conditions
that carbonation is controlled by gas diffusion for RH larger than the one of maximum DoC and
controlled by chemical reaction for RH below [10]. In our work, the RH value peak is close to 75 %,
whereas in [10] the peak is clearly closer to 50%.
For accelerated conditions, the position of this maximum is clearly shifted to RH greater than 94%, i.e.
above the RH value characterized in this work. Also the DoC is lowered when the characteristic length
scale of the sample is increased (crushed vs. discs samples) for intermediate RH (76) but not at 33%.
The maturity of the paste (DoH) has a very significant impact on gas diffusivity even after full
carbonation of hydrates and at constant RH of 65%.
All these results suggest the competition between mass transfer and heterogeneous reaction of
hydrates compete in the range of conditions tested in this work. This competition can be summarised
by a single equation (6) that compares the rate of reaction and the diffusion in a volume of
characteristic length scale L in terms of mass of bound CO2 per unit volume and per unit of time. In the
left hand side (LHS) of equation (6), 𝜌𝑐𝑒𝑚 is the cement dosage per unit volume, CBC is the CO2
maximum Binding Capacity of cement (e.g. of the order of 60 [wt%] for OPC), and ∆𝐷𝑜𝐶 is the change
of carbonation degree in a time period ∆𝑡. In the right hand side (RHS) of equation (6), 𝐷𝑒,𝑔 is the
effective gas diffusion coefficient, 𝑐𝐶𝑂2 the molar concentration of CO2 in the gas phase and 𝑀𝐶𝑂2 the
molar mass of CO2. Note the ratio of both LHS and RHS in equation (6) corresponds to the Damköhler
number for carbonation reaction in cementitious materials, assuming the heterogeneous
instantaneous reaction of CO2 with hydrates is a zeroth order reaction that can be approximated by its
mean value ∆𝐷𝑜𝐶/∆𝑡.
𝜌𝑐𝑒𝑚 . CBC.

∆𝐷𝑜𝐶
𝑐𝐶𝑂2
<> 𝐷𝑒,𝑔 . 2 𝑀𝐶𝑂2
∆𝑡
𝐿

(6)

An exact comparison of LHS and RHS for the tested conditions is difficult because gas diffusion where
measured for a single RH value (65%). A numerical application of equation (6) with values measured
in this work yield rate of reaction of the order 10-6 to 10-4 kg.m-3.s-1, with either LHS or RHS being the
largest one when the length of samples (crushed vs. discs samples), RH (i.e. the
corresponding ∆𝐷𝑜𝐶/∆𝑡), the CO2 partial pressure (0.04 or 0.4%) or the maturity (i.e. the
corresponding gas diffusion coefficient 𝐷𝑒,𝑔 ) are changed.
5.

CONCLUSION

The CO2 binding capacity and CO2 gas diffusivity values on millimetric sample of various maturities
are measured at different RH and CO2 pressure. Results clearly show the competition between
heterogeneous chemical reaction and CO2 gas diffusion for millimetric samples as indicated by
Damköhler number. For natural carbonation, the carbonation rate is a monotonic increasing function of
RH at low DoH (30%) whereas a maximum of carbonation rate as a function of RH is observed at high
DoH (95%).
Results suggest that more work should be invested to decouple both mechanisms. First,
heterogeneous instantaneous reaction rate could be obtained by working on ground sample with grain
size at least one order of magnitude than in this work (i.e. <100 µm) at different RH and carbonation
degree. Second, gas diffusion could be measured also for different RH and carbonation degree to
better understand CO2 mass transfer as a function of microstructure and environmental conditions.
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ABSTRACT
Carbonation of cement consists of the reaction of the carbon dioxide gas, previously dissolved in the
pore solution, with calcium hydroxide, CSH-gel and other cement phases. The extend of this reaction
and its rate is a critical aspect of the calculation of the advance of the carbonation front and also is
gaining interest for the sake of the climatic change consequences because cement is a sink of carbon
dioxide whose real impact is only recently addressed.
In this paper the equation of the absorption rate by cement pastes made by different types of Portland
composite cements made of siliceous fly ash, natural pozzolan, ground granulated blast-furnace slag
and limestone, is presented. Prismatic (10x10x60 mm) paste specimens with two cement/water ratios
(0.45 and 0.60) after curing were submitted during four years to the standard three exposure classes:
indoors in the laboratory conditions, and outdoors sheltered and non-sheltered from rain.
Thermogravimetric measurements were performed along the time to determine the carbon dioxide
absorption by the Portland cement pastes the maximum achieved in the three typical exposure
classes: indoors, outdoors sheltered and non-sheltered from rain. The results were fitted to an
exponential function. The maximum carbon dioxide absorption is calculated discounting the initial
quantities. The results show that the maximum absorption amounts are achieved during less than one
year and were of 13% to 30% of CO2 by gram of ignited cement.
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1.

INTRODUCTION

Greenhouse effects due to climate change has raised the importance to quantify released and captured
carbon dioxide. Cement production releases carbon dioxide in proportion to the clinker content in the
cement. The decarbonation of the limestone releases carbon dioxide which can be recombined by the
carbonation of concrete during its service life or after demolition. Currently, The Intergovernmental Panel
on Climate Change (IPCC) does not consider this CO2 recombination to be discounted from the emitted
one. This recombination would be 100% efficient if all the CO2 released during clinker fabrication was
captured, that is, the degree of carbonation is the relation between the CO2 uptake with respect to the
maximum possible combination of the CaO of clinker. Several studies for the calculation of the net
contribution of Portland cement production to greenhouse gas level, and which proportion is
recombined, have been undertaken in the recent years. Pade and Guimaraes (2007) proposed the most
optimistic approach, since they considered that all the carbon dioxide emitted from calcination are
absorbed by carbonation during the service life period and if the recycling of concrete were considered
together. This proposal cannot be taken into account because Portland cement in concrete structures
never reaches a full hydration nor does the concrete carbonation even after demolition, because it is
difficult to obtain a 100% efficiency in a chemical reaction. Other more realistic approaches are being
developed in order to be included in a reliable lifecycle carbon dioxide assessment of cement-based
materials. Given that, the literature offers new data (7.6% CO 2) of carbon dioxide uptake with relation to
emitted by limestone decarbonation in the Portland cement clinker production (Gajda, 2001) or with
relation to the total emitted carbon dioxide (18%) (Anderson et al. 2013). A more recent paper presents
a worldwide study offsetting 43% of the carbon dioxide emissions during a period of 83 years (19302013) (Xi et al. 2016). This study considers the whole life cycle not only the concrete but also mortars
and other cement-based materials.
Carbonation is produced in two steps: transport and reaction of CO 2. Carbon dioxide ingress in concrete
is performed mainly by diffusion, therefore, carbonation depends on the diffusion coefficient. Some
models have been proposed to describe the carbonation process in mortars and concretes (Saetta et
al. 1993, Castro et al. 2000, Sanjuán et al. 2003, Thiery et al. 2007, Castellote & Andrade 2008, Muntean
& Böhmb 2009, Guiglia & Taliano 2013, Zhang 2016).The chemical process named carbonation consists
of the generation of calcium carbonate (CaCO3) when the atmospheric carbon dioxide (CO2) reacts with
the calcium phases (Ca2+) and water (H2O) present in the Portland cement. Carbon dioxide (CO 2) is
dissolved in the concrete pore solution and reacts with the Portland cement calcium phases (Taylor,
1997). First, carbon dioxide reacts with the calcium hydroxide present in the pore solution. Then, more
carbon dioxide could react with C-S-H gel, ettringite (Zhou & Glasser et al. 2000), ettrigite and calcium
aluminates (Fernández-Carrasco et al. 2012). C-S-H gel carbonation leads to a calcium ions removal
from the C–S–H gel and calcium carbonate and silica gel formation (Sanjuán et al. 2018). The resulting
products are mainly calcium and other carbonates.
Globally, cement carbonation in Portland cement-based materials changes concrete microstructure and
influences the mechanical and durable properties. Furthermore, carbonation supposes the lowering of
the pH value of the pore solution leading into reinforcement corrosion and may induce a decrease of the
pore space due to the higher volume of the CaCO3 in comparison to the former Ca(OH)2, although in
the case of blended cements, with ground granulated blast-furnace slag or coal fly ash, has been
reported an increase of the porosity. Also, blended cements are very sensitive to curing conditions and,
in general, have a lower carbonation resistance (Thomas & Matthews 1992, Gruyaert et al. 2013).
Particularly, the curing conditions of the ground granulated blast-furnace slag cement-based materials
affect significantly the carbonation process (Sanjuán et al. 2018).
The differences found in blended cements with regard to pure Portland cements have been made
necessary a study on the role played by the blending constituents into the carbonation process. In
particular, the study will be focused on the amount of CO2 uptake and whether the extension of this
process is a function of the clinker content. Also, the CaO present in the additions will be able to react
with the carbon dioxide, therefore, this effect will be also assessed. Given that, ground granulated blastfurnace slag cements can show higher Degrees of Carbonation (DoC) than pure Portland cements. The
aim of the present work is to address these questions. In the study, the kinetic of the carbonation process
were also addressed.
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2.
2.1

EXPERIMENTAL
Materials and mortar preparation

Prismatic (10 x 10 x 60 mm) Portland cement pastes made of fifteen different types of cement and with
two cement/water ratios of 0.45 and 0.6 were manufactured. Table 1 shows the standard designation
according to EN 197-1:2011 (Sanjuán & Argiz, 2012) and the chemical composition of the Portland
cements determined according to the EN 196-6 (CEN, 2014). The specimens were cured at 95% RH
for 48 hours. Later, all of them were removed from the moulds and were kept in the laboratory room
temperature and humidity for 26 days (22°C and 38% RH average conditions).
2.2

Natural carbonation testing

After the initial period of 28 days, half of the set of specimens remained in the lab, whereas the other
half was moved to the outdoor and was kept in a sheltered place without rain (16°C and 57% RH,
average values). The testing time in both environments was four years (Figure 1).
2.3

Thermogravimetric analyses

For the sake of calculation of the recombined CO2, Thermogravimetric analyses (TGA) were performed
at different ages (zero, 28 and 90 days and 1 and 4 years) with a STA 449F3 Netzsch thermogravimetric
analyser. Fifty milligrams of hydrated and carbonated cement powder, with a grain size lower than 100
µm, were heated from lab temperature to 950-1000°C at 4°C/min with an inert atmosphere of nitrogen.
Weight losses were recorded as a function of the temperature. This experimental technique allows
determining the amount of carbon dioxide, portlandite and water contained in the C-S-H gel. The water
contained in the C-S-H gel is the water loss registered from 110°C to the beginning of the portlandite
decomposition. With the aim of standardizing the thermogravimetric results, all of them were expressed
as cement grams after calcination at 950-1000°C, i.e. ignited mass, without water and calcium
carbonate.
2.4

Carbonation depth

Determination of the carbonation front was performed by using phenolphthalein as pH indicator in
concrete and in cement paste.
Table 1. Chemical compositions of cements determined according to EN 196-2:2013 (%)
SiO2

Al2O3

Fe2O3

CaO

SO3

MgO

Na2O

K2O

Cl-

CEM I 42.5 R

20.18

4.49

2.64

63.83

3.45

2.28

-

0.95

0.010

CEM I 42.5R-SR 5

20.45

3.45

3.59

62.77

3.20

1.39

0.09

0.61

0.003

CEM II/A-L 42.5R

18.33

4.81

3.22

62.01

3.15

0.83

0.18

0.69

0.010

CEM II/A-S

21.72

7.53

2.81

60.11

3.01

2.00

0.43

0.83

0.002

CEM II/A-M (V-L) 42.5 R

22.02

10.04

2.39

57.15

7.16

2.56

0.47

1.16

0.001

CEM II/A-V 42.5 R

21.63

5.81

3.97

56.31

3.48

1.94

0.71

0.96

0.030

CEM II/A-P 42.5 R

31.45

6.26

3.36

52.64

2.60

0.20

-

-

0.030

CEM II/B-LL 32.5 N

16.83

4.30

2.20

55.96

3.06

2.40

0.24

0.86

0.035

CEM II/B-M (S-V) 42.5 N

25.00

8.70

2.50

54.20

2.76

2.72

0.45

0.52

0.050

CEM II/B-V 32.5 R

29.19

10.25

2.53

48.58

2.92

2.82

0.20

1.10

0.001

CEM II/B-P 32.5 N

26.24

8.58

6.62

49.23

3.40

6.21

1.36

1.07

0.006

III/A 42.5N-SRC

26.60

8.50

2.50

55.60

2.10

4.80

-

0.70

-

CEM III/B 32.5N-SR

26.40

10.60

2.47

45.95

2.72

3.12

0.27

0.70

0.011

CEM III/C 32.5N-SR-LH

30.04

10.12

1.16

46.82

3.80

5.80

0.06

0.37

0.075

CEM IV/B 32.5N

32.23

12.32

4.20

41.05

2.64

2.14

0.41

1.59

0.003

Cement
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Figure 1. Paste and concrete specimens exposed to the atmosphere in non-sheltered from rain
conditions
3.

RESULTS AND DISCUSSION

The carbonation depth was determined in the cement paste specimens (Figure 2). Carbon dioxide
uptake (average results) measured during four years in the Portland cement pastes followed the trend
shown in Figures from 3 to 6. The testing times were zero, 28 and 90 days and 1 and 4 years. All the
results were expressed as cement ignited mass.

Figure 2. Determination of the carbonation front through the phenolphthalein pH indicator in
Portland cement paste
The increasing trends of CO2 uptake by the different cement types can be mathematically fitted to an
exponential expression (Galán et al. 2010) where y0 is the maximum value, A is the difference between
the initial and the maximum CO2 content in the binder and  is the time in reaching the value of y(x=) =
y0 + A/e
𝑦 = 𝑦0 + 𝐴 ∙ 𝑒

−𝑥
𝜏

(1)

From the figures 3 to 6 it can be deduced that the maximum value is achieved before 2 years and that
after this age the increase in carbonation degree is negligible for all binders tested.
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Figure 3. Carbon dioxide uptake in CEM I
42.5 R samples

Figure 4. Carbon dioxide uptake in CEM
II/A-V 42.5 R samples
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Figure 6. Carbon dioxide uptake in CEM
II/B-M (S-V) 42.5 N samples

Influence of exposure conditions

Regarding the maximum values, cement pastes kept in outdoor conditions showed higher carbonation
uptake than those kept in indoor environment. The maximum absorption was reached before at the
indoor conditions than at the outdoor environment. The influence of the type of cement on the carbon
dioxide absorption can be observed from Figure 7 to Figure 9. Figure 7 shows that the CO2 uptake
decreases when the addition content increases (the clinker proportion decreases) in agreement with
other studies (Sanjuán et al. 2018). On the contrary, important differences can be observed in outdoor
unsheltered conditions (Figure 8) as result of the different wet and dry variations. With regard to the
samples kept in outdoor in sheltered conditions, an intermediate situation may be seen (Figure 9).
The highest carbon dioxide absorption in the specimens, in outdoor sheltered environmental conditions
varies from 20% to 38% independently of the water/cement ratio (Andrade & Sanjuán, 2018). Therefore,
the most significant parameter with regard to the CO2 uptake is the cement clinker content; whereas for
indoor environmental conditions varies from 18% to 21%. CEM I and CEM II/A cements offered very
similar maximum CO2 uptake values. With regard to the outdoor sheltered environmental conditions,
samples with the highest water/cement ratio absorbed slightly more carbon dioxide. On the contrary,
indoor environmental conditions, samples with the lowest water/cement ratio absorbed more carbon
dioxide. This trend was not followed by the CEM II/A-P samples which were kept at the indoor.
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Figure 7. Maximum carbon dioxide uptake in cement paste samples kept in outdoor conditions
sheltered from rain
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Figure 8. Maximum carbon dioxide uptake in cement paste samples kept in outdoor conditions
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Figure 9. Maximum carbon dioxide uptake in cement paste samples kept in indoor conditions
3.2

Influence of type of addition

The maximum carbon dioxide absorption in the specimens strongly depends on the type of addition in
CEM II/B cements (21-35% of additions). The results are quite heterogeneous, more than for cements
with less than 20% of additions. The highest carbon dioxide absorption was found in samples made of
CEM II/B-M (S-V) 42.5 N with ground granulated blast furnace slag (S) and siliceous fly ash (V). Such
values are comparable with the ones obtained in samples made of CEM II/A cements, i.e. between 26 %
and 30% at the outdoor and about 18% at the indoor.
Specimens made of CEM II/B-V 32.5 R or CEM II/B-LL 32.5 N had similar absorption values of 25-26%
at the outdoor and 16-19% at the indoor. Finally, specimens made of CEM II/B-P 32.5N presented the
lowest carbon dioxide absorption, 13-16% at the indoor and 23% at the outdoor.
3.3

Influence of w/c ratio

Absorption rate in w/c = 0.45 samples is higher in indoor environmental conditions than outdoor
sheltered environmental conditions, this does not mean that the total absorption amount have to be
higher in indoor than in outdoor environments. On the contrary, absorption rate in w/c = 0.60 samples
is higher at outdoor environmental conditions than indoor ones. In this respect, all the samples made of
eight different types of cement followed the same trend regardless of the cement used.
Figure 11shows the relation between the carbon dioxide fixed by Portland cement pastes and concretes
made with the same type of cement. A linear relationship was found between the carbon dioxide uptake
by concretes and cement pastes (Eq. 2).
y = 0.876 x + 0.7704 (r2 = 0.94)
3.4

(2)

Comparison of paste specimen and concrete specimens

Although the results of concrete specimens made with the cement types and the same w/c ratios are
not described in detail here, the CO2 uptake is given in Figure 11 for the sake of making representative
the values found in the pastes. In that Figure 10 can be deduced that the concretes, in general, seem
to uptake bit more of CO2 than the pastes (except the slag cement). On one hand, this small discrepancy
can be since the concrete sample can containing variable amount of sand while it has been attributed
the same amount of sand to all samples. On the other hand, the values are close enough to deduce that
the use of paste specimens is possible when studying the CO 2 uptake.
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With respect to the cement type, the carbon dioxide fixed by Portland cement pastes and concretes
made with CEM I, i.e. cement without addition, is nearly the same as in the case of cements with slags.
Nevertheless, concrete specimens with fly ash or pozzolan additions uptake slightly higher carbon
dioxide than paste specimens. Cements with limestone (LL) do not follow the same trend that the rest
of the cements.
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Figure 10. Relation between the carbon dioxide fixed by Portland cement pastes (w/c = 0.60)
and concretes
3.5

Degree of carbonation

Finally, Table 2 presents the Degree of Carbonation (DoC) of the cement samples after 3.7 years of
natural exposure. All cements, except CEM III, showed an average Degree of Carbonation (DoC) of
62.51%.
With regard to the ground granulated blast-furnace slag cements, higher DoC than 100% have been
found. These values go from 79.27% for CEM III/A to 388.80% for CEM III/C. The reason to reach
Degrees of Carbonation (DoC) over 100% is due to the definition of DoC which is referred to the amount
of clinker (CaO in clinker) and to the fact that some blast-furnace slag constituents seem to be able to
carbonate.
Table 2. Degree of Carbonation of the cement samples after four years of natural exposure
Coefficient
Standard
Average
of variation
value
DEGREE OF CARBONATION
deviation,
(%)
All cements except CEM III
Including old concretes
Only type I cement (OPC)
Only type I with old concretes
CEM III/A
CEM III/B
CEM III/C

62.51

23.91

38.25

61.08

15.76

25.81

43.86

25.26

57.60

79.27

21.42

27.02

165.77

52.43

31.63

388.80

90.64

23.3
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Carbonation of concretes with limestone showed much higher carbon dioxide uptake than cement
pastes. This fact may be due to the assumptions made in the concretes on the fraction of sand in the
sample use for thermal gravimetry. That is, it seems that in the case of the concrete samples with
limestone, the sand could also contribute with limestone particles which are not found in the pastes.
This again, shows that it may be preferable to use paste specimens when the DoC is studied.
4.

CONCLUSION

Taken into account the results of the present study, the following conclusions are drawn:

5.



Carbon dioxide uptake depends on the exposure conditions as result of the influence of the
humidity in the pores on the carbonation reaction.



Outdoor carbonation leads to carbon dioxide uptake up to 30% CO 2 by gram of calcined cement;
whereas indoor carbonation leads to carbon dioxide lower than 20% CO2 by gram of calcined
cement.



Concrete with low water/cement ratio uptake more carbon dioxide at low RH (lower than 40%).
On the contrary, concrete with high water/cement ratio uptake more carbon dioxide at high RH
(higher than 60%).



Paste specimens are more adequate than concrete ones for the study of the DoC due to the
concrete samples always contain a fraction of sand that is variable and may induce differences
with respect to the pastes.



Finally, the total amount of CaO in the cement is a key parameter to calculate the net
contribution of Portland cement production for the greenhouse gas inventory.
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ABSTRACT
Considering the reduction of the environmental impacts, the use of mixed cement is becoming
important. Cement using highly replace ground granulated blast furnace slag fine powder has various
characteristics, such as resistance for penetration of chloride ion, ASR e.t.c. On the other hand,
resistance to carbonation is known to decrease than ordinary Portland cement. In this study, the
carbonation behavior and its mechanism using highly replacement of blast furnace slag cement was
discussed. In addition, the characteristics of penetration for water and gas after carbonation were
investigated. As a result, it was found that carbonation of C -S-H excels predominantly in highly
replacement of blast furnace cement and many vaterite is produced than calcite. Furthermore, it was
revealed that after the carbonation with the collapse of C-S-H, the pore structure became coarse and
the penetration resistance remarkably decreased. In particular, it was confirmed that the permeability
of gas and moisture remarkably increased. Meanwhile, chloride ion permeation can be suppressed by
taking advantage of the characteristics of the blast furnace slag fine powder. It is probably due to the
influence of electrical adsorption performance.
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1.

INTRODUCTION

In order to suppress global warming phenomena, it is necessary for industry to take an action against
carbon dioxide emission. Particularly in the construction industry, carbon dioxide emissions, especially
during cement production, are considerably high. There are many methods to reduce carbon dioxide
emissions. Among them, the use of admixture as a substitute for cement is currently carried out actively
because of its effectiveness. Recent years, Japan has been actively making developments of cements
which raised the replacement rate of ground granulated blast furnace slag and fly ash. This study target
on the characteristics of cement with large replacement of ground granulated blast furnace slag.
Because there are many steel mills in Japan, a large amount of blast furnace slag is available. Therefore,
it is possible to manufacture cement which can reduce the environmental impacts by replacing in it large
quantities of blast furnace slag. In addition, improvements are known as effects of using blast furnace
slag in concrete, such as suppression of hydration heat generation and durability. On the other hand,
there are problems that are likely to occur by using this type cement, such as delay in initial strength
development, increase in carbonation rate and cracking due to drying shrinkage.
In this study, attention was focused on the progress of carbonation and the penetration characteristics
after carbonation using cement with high replacement of blast furnace slag. Cement with high content
of blast furnace slag was setting and the carbonation was promoted by various environments. The
hydrated products were compared before and after carbonation by XRD. Subsequently, the pore
structures before and after carbonation were compared. Furthermore, mortar was evaluated for water
permeability before and after carbonation.
2.

COMPARISON OF HYDRATES BEFORE AND AFTER CARBONATION

Hydration products of cement are carbonated by carbonation, such as calcium carbonate from calcium
hydroxide. However, the calcium carbonate has some different crystal structures such as calcite, vaterite
and aragonite. Carbonation of ettringite, monosulfate and calcium silicate hydrate is conceivable as
vaterite or aragonite was produced after carbonation. Here, it was decided to compare differences in
hydration product before and after carbonation using cement with high volume of blast furnace slag.
2.1

Outline of experiments

2.1.1 Specimen overview
In order to exclude the influence of a small amount of mixed components in preparing the test specimen,
the ordinary Portland cement was used for this research. The chemical compositions of materials are
shown in Table 1. As cement types, ordinary Portland cement (N), B20 (BFS 20% replacement), B50
(BFS 50% replacement), and B90 (BFS 90% replacement) were used. The specimen did not receive
the influence of bleeding as much as possible and, in order to be able to measure X-ray diffraction with
a small amount, a disk type of φ 40 × 5 mm was used as shown in Figure 1. The water to binder ratio
was set constant for cement paste as 50%. After manual mix, it was casted and sealed with a glass
plate. On the next day, it was demolded and sealed cured until 28 days for hydration promoting.

Table 1. Mineral composition of materials
kind of

Density

binder

(g/cm ) (cm /g)

3

Blaine
2

LOI(%)

Chemical components (%)
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K2O

TiO2

P2O5

MnO

Cl

N

3.16

3480

0.62

21.36

2.28

2.66

65.02

1.46

2.08

0.29

0.48

0.27

0.24

0.09

0.013

GGBFS

2.91

4280

0.17

34.05

14.65

ND

46.15

5.94

ND

0.26

0.28

0.57

0.01

0.33

ND

2.1.2 Setting carbon dioxide concentration
After curing, carbonation environments were set with different concentration of carbon dioxide. The
concentrations of carbon dioxide were 0%, 0.05%, 0.5%, 5%. The carbon dioxide concentration of 5%
was based on the accelerated carbonation test method for concrete (JIS A 1153). The value of 0.5%
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promoted low concentration environment, 1/10 of 5%. In addition, the concentration of 0.05% was set
in the laboratory because it reflects the actual environment. The 0% carbon dioxide environment
remained in the sealed state even after curing. For all environments, constant temperature of 20 degrees
Celsius and the humidity of 60% RH were maintained.

Figure 2. Specimens size and XRD setting images

2.1.3 Surface X-ray Diffraction Test Using the Same Specimen
In the powder X-ray diffraction test, it is difficult to distinguish between the carbonated part and the noncarbonated part. In addition, troubles are involved in the process up to the measurement such as
crushing, errors are generated because the specimens are different each time, and so on. Therefore, in
this research, as shown in Figure. 1, the surface layer of the non-grinded samples was used for the Xray diffraction test. Since it was considered that carbonation progresses from the surface of the
specimen, this study considered that progress of carbonation can be clarified by surface using X-ray
analysis. In addition, since the specimens are not grinded, it is possible to use the same specimen,
reducing errors due to the specimen.
X-ray measurement conditions were tube voltage 40 kV, tube current 250 mA, scan speed 0.25 deg/min,
sampling interval 0.025 deg. In this study, focusing on the formation of calcium carbonate by
carbonation, the integrated intensity was calculated from the diffraction peak (calcite: 29.4 °, vaterite:
27.03 °), and it was taken as the production amount. After the specimen was carbonated under each
carbon dioxide concentration environment, Surface X-ray diffraction test was carried out on the same
specimen was used at the age of 0.2, 0.4, 1, 2, 4, 7, 10, 14, 21, 28 days from the start of carbonation.
2.1.4 Differential thermogravimetric analysis (TG-DTA)
The amount of calcium hydroxide (Ca(OH)2) and calcium carbonate (CaCO3) produced was measured
by differential thermogravimetric analysis. The amount of production was calculated from the inflection
point of the DTA curve using the weight change of the TG curve. The measurements were made after
the curing and after the start of carbonation over time.
2.2

Results of Hydration products – Relationship between cement type and carbonation

Figure 2 shows the changes in the amount of calcium carbonate produced with the progress of the
carbonation over time for N and B50. N and B50 confirm that both calcite and vaterite calcium carbonate
increase as the age progresses. At any concentration of N, much calcite was produced compared to
vaterite. B50 was different from N, the amount of vaterite produced tended to be larger at any carbon
dioxide concentration compared to calcite. The calcite and vaterite have different crystal structures and
densities, and the stability of vaterite is lower than that of calcite. Compared with calcite, vaterite is
reported to be formed from calcium silicate hydrate (CSH) having a low C/S ratio and monosulfate. For
B50 mixed with blast furnace slag fine powder, it is considered that a lot of vaterite was generated due
to the low C/S ratio on CSH.
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Figure 2. Results of CaCO3 products on different concentration of carbon dioxide
(left: N cement, right: B50 cement)

Figure 3 shows the amounts of calcium carbonate of N and B50 obtained by differential thermosgravimetric analysis. As a result, the production rate varies depending on the difference in carbon
dioxide concentration and, the higher of the concentration, the slower the production rate was obtained.
However, after 14 days of carbonation age, regardless of the carbon dioxide concentration, the amount
of calcium carbonate produced was about 20% for N and about 15% for B50. Here, when compared
with the results of the X-ray diffraction tests at Figure 2, it was found that the production rates of calcium

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
N

25

20
CaCO 3 (% )

20

CaCO 3 (% )

B50

25

15
10
0%
0. 05%
0. 5%
5%

5

15
10
0%
0. 05%
0. 5%
5%

5
0

0
0

7

14

21

0

28

7

14

21

28

材齢(日）
Ages
(days)

材齢(日）
Ages
(days)

Figure 3. Results of amount of CaCO3 products on different concentration of carbon dioxide

Calcite(CPS・ deg )

15

0.05%
0.5%
5%

10
5

0

Carbonated at 28days

20
Vaterite(CPS ・ deg )

Carbonated at 28days

20

15

0.05%
0.5%
5%

10
5
0

0

20

40

60

80

Replacement
ratio of GGBFS
高炉スラ グ粉末置換率(%
) (%)

0

20

40

60

80

Replacement
ratio of GGBFS
高炉スラ グ微粉末置換率(%
) (%)

Figure 4. Relationship between replacement ratio if GGBFS and calcite, vaterite

carbonate in N and B50 are different from each other, and the higher the concentration, the slower the
formation rate. As mentioned above, many vaterite was produced compared to calcite due to
contamination of blast furnace slag fine powder. Therefore, Figure. 4 shows the relationship between
blast-furnace slag fine powder replacement rate and production amount of calcite and vaterite. Calcite
decreased as the replacement rate of blast furnace slag fine powder was higher. This showed the same
tendency as slag replacement rate and calcium hydroxide production amount. That is, the more calcium
hydroxide before carbonation, the more calcite is produced. Vaterite showed a tendency to increase
with increasing slag replacement rate, reaching the maximum value at 50%, and then decreasing as the
substitution rate increased. It is thought that carbonation progresses due to the formation of calcium
carbonate, the decrease of calcite, and the increase of vaterite, up to the slag substitution rate of 50%.
The relationship between the amount of calcium hydroxide produced on the 28 days and the amount of
calcite produced at 28 days of carbonated age is shown in Figure 5. The more calcium hydroxide
produced, the more calcite was produced, and the same tendency was observed even when the carbon
dioxide concentration changed. However, the lower concentration showed a tendency to increase the
amount of calcite formation. This suggests that the amount of calcite produced from the amount of
calcium hydroxide produced before carbonation may be largely determined for each concentration in
this study.
3.
3.1

COMPARISON OF PORE STRUCTURE BEFORE AND AFTER CARBONATION
Outline of experiments

3.1.1 Specimen overview
The materials used were the same as in section 2.1, the specimen to analyse the progress of
carbonation with cement paste was as shown in Figure 6. After achieve carbonation, a sample of
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5×10×100 mm square prismatic type were submitted to mercury intrusion porosimetry method. In order
to carbonate the entire specimen in a short period of time, the water binder ratio was set to be constant
at 100%. In order to prevent material segregation, a high-performance special additive was used as an
admixture. The addition rate was 1.0% over the unit water amount.

・10×5×100 (mm)
100

10
5

Figure 6. Specimens size for measurement of porosity
3.1.2 Test environment
With reference to the test conditions in section 2.1, the carbon dioxide concentration was set to be two
kinds: 0.05% in the laboratory under the actual environment and 5% as the accelerated test environment
based on JIS with humidity of 60% RH. The specimen was covered with aluminium tape except for both
side faces of 10×100 mm so that carbon dioxide could penetrate from two directions. After leaving the
specimen under each environment, in order to ascertain the degree of progress of carbonation, it was
occasionally split and sprayed with phenolphthalein to observe the change in coloration. The time when
the entire surface no longer change color was taken as completion of carbonation. The timing of the
conclusion of carbonation varies depending on the concentration of carbon dioxide, and it was about 28
days for 0.05% and 7 days for 5% after carbonation started for both N and B50.
3.1.3 Pore structure (mercury intrusion porosimeter)
Pore size distribution and cumulative pore volume in the specimen were measured by a mercury
intrusion porosimeter. For the sample, a specimen was cut into 5 mm squares and used. As a pretreatment, it was dipped in acetone and degassed under vacuum.
3.2

Results of Pore structures - Change by carbonation

Figure 7 shows the pore size distribution of N and B50 before and after carbonation and 28 days after
carbonation. Regardless of the concentration of carbon dioxide in both pore diameters of N and B50,
the pore diameter showed a peak by carbonation shifted to the larger pore size. In N and B50, the peak
and cumulative pore volume did not differ greatly even if the carbonation period was long. In addition,
when the carbon dioxide concentration was different, the carbon dioxide concentration was 0.05%

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
regardless of the cement type and, the peak of the pore diameter was observed not only in the larger
ones but also in the smaller ones. There was no change in the cumulative pore volume of N and B50
even at the carbonating age, but as the carbon dioxide concentration became higher, the pores of 100
nm or more increased. In B50, pores of 1000 nm or more increased with the progress of the carbonation
age, and especially at the carbon dioxide concentration of 5%, it occupied about 40% in the cumulative
pore volume. Since this study was conducted with a water binder ratio of 100%, it is considered that the
pore structure was influenced. Saeki et al. reported that the pore size distribution and the pore volume
change when the water cement ratio increases in mortar. Although the presence of water is necessary
for the carbonation, the moisture inside the concrete evaporates simultaneously with carbonation.
Evaporation is faster as the diameter of the larger pores increase, whereas no change occurs in the
amount of pores, since carbonation does not occur where the water does not exist due to evaporation.
Therefore, when the water binder ratio is low, the pore size shifts to a smaller diameter due to the
formation of calcium carbonate, but when the water binder ratio is high, the pore having a large diameter
increases. In addition, Asaga measured the characteristics of the hardened cement paste with a ratio of
1 using powder, the pore diameter shifted to the larger side by carbonation. The position of the peak
was near 700 nm for the OPC sample and as slag was added for the samples, it shows results of 1000
nm. As shown in Figure 7, in this study, the reason why the gap of 1000 nm or more increased was that
it was affected by evaporation of water because it was carried out with high water binder ratio to promote
carbonation.
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Figure 7. Pore distribution on pre and post carbonation by different cement

From the above, it is considered that in N, calcium hydroxide produced calcium carbonate by the
carbonation and fills the pores, but in B50 the amount of calcium hydroxide produced was small, so the
pores were not sufficiently densified. In addition, as B50 produces low CSH of Ca/Si ratio and changes
in the structure of CSH due to carbonation. It is considered that CSH decomposes by carbonation, which
causes increasing of the pore structure rather than densification by calcium hydroxide carbonation.
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4.

4.1

EVALUATION OF WATER PENETRATION CHARACTERISTICS BEFORE AND AFTER
CARBONATION
Outline of experiments

In this section it was examined how the change in the pore structure after carbonation observed in
section 3, affects water penetration resistance. The sample was a standard mortar made according to
JIS with water binder ratio of 50% and sand cement ratio of 3. The cements were used N and B50 and
B70 with replacement ratio of 50% and 70% of blast furnace slag respectively. Mortar was made with
dimensions of 40×40×160 mm and curing periods were 1, 3, 7 days. After the curing was finished, it
was left standing for 28 days in a dry atmosphere free of carbon dioxide not be affected by carbonation.
After 28 days drying, it was cut using the mortar cutter to a thickness of 10 mm to prepare a sample of
40×40×10 mm. This is because carbonation occurs in all areas. Thereafter, the system was allowed to
stand until all the areas were carbonated in an accelerated carbonation environment on temperature of
20 degrees Celsius, Relative humidity of 60% and a concentration of Carbon dioxide as 5%. After
confirming that all area was carbonated, the measuring of the weight change for the sample by applying
water and moisture absorption rate was calculated as shown in Figure. 8.

Figure 8. Outline of experiment and specimens size

Figure 9. Results of water permeability test
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4.2

Experiment results

Figure 9 shows the state of moisture penetration for all cases. Comparing the sample in which
carbonation did not take place, it is found that the moisture permeation rate is slower in B 70, which has
higher substitution rate, than in N. This is thought to be due to the improved water penetration resistance
because blast furnace cement forms a dense pore structure as clarified by previous studies. On the
other hand, when carbonated samples are compared, there are almost no difference from the uncarbonated sample in N, however in B50 and B70 it is significantly faster than before carbonation.
5.

CONCLUSIONS

In this study, it was regarded to the carbonation of cement in which blast furnace slag fine powder mixed,
the effects of the difference in the carbonation environment and the difference in the mixing amount of
blast furnace slag fine powder are examined. As a result, it was found that calcite is superior in formation
of vaterite in carbonation of ordinary Portland cement, on the other hand, vaterite is superior in formation
of calcite in blast furnace slag cement. In addition, as a change in pore structure due to carbonation,
densification due to carbonation was confirmed in ordinary Portland cement, however large pore was
confirmed in blast furnace slag cement. As a result, it can be confirmed that the permeation of water
into the hardened after carbonation becomes extremely large, and it is necessary to consider the
influence on the rebar corrosion. In particular, it is assumed that degradation of CSH occurs, which
suggests that the pore structure becomes large and the water penetration resistance decreases
intensely.
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ABSTRACT
Using of admixtures is highly recommended for reducing environmental impact by cement industry.
Using ground granulated blast furnace slag, which is a type of admixture, has lots of advantages,
however there is concerned that the resistance to carbonation decrease. Progress of carbonation is
one of standard for durability design in the structure, and checking for carbonation is essential.
However, in many cases, carbonation is often judged using accelerated carbonation tests. In some
research there is not much difference in carbonation depth between Ordinary Portland cement(OPC)
and blast furnace cement in natural exposure. On the other hand, there is difference in the accelerated
carbonation test, and the value of the carbonation rate coefficient for the ground granulated blast
furnace slag becomes higher than OPC. Also in general, concrete carbonation produced calcite which
is Calcium carbonate. However, in the hardened carbonated mortar, there is a different crystal
structure from Calcium carbonate which is vaterite and aragonite. For this reason, it is thought that not
only calcium hydroxide but also CSH accounts for near 70% of the hydration in concrete, are involved
in carbonation.
In this study, carbonation test would be conducted on the hardened mortar made with ground
granulated blast furnace slag. Curing period would also be changed to focused on the pores of the
hardened mortar until carbonation is initiated. The study would also be focused on the carbonation
mechanism that occurred as a result of chemical change during carbonation of hardened mortar when
ground granulated blast furnace slag is used.
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1.

GENERAL INTRODUCTION

Deterioration prediction of cement hardened such as concrete is very important in prolonging the
lifetime of structures. Regarding such deterioration prediction, since there are so many studies,
deterioration phenomena under actual circumstances require a long period of time, so in the study of
deterioration prediction based on many materials, promotion experiments using conditions are made.
However, there remains a question as to whether the promotion condition simply advanced the
condition of the real environment. This is because the deterioration conditions are different, it can be
assumed that the reaction mechanism is different and the speed changes. For example, in the case of
the acid resistance test, it is thought that the response mechanism under extremely severe conditions,
such as the case where the reaction with acid rain etc. is performed under gentle conditions and the
reaction under very severe conditions like different conditions of sewage. As a result, even in the test
immersed in the same acid, the progress of deterioration of concrete differs depending on the
composition because of its different pH. Regarding the carbonation of concrete, many researches
have been conducted to estimate the speed at actual exposure from the accelerated test results, as
testified by Uomoto-Takada, the carbonation coefficient rate is calculated from carbonic acid It is
considered to be proportional to the square root of gas concentration. However, studies on differences
in reaction mechanism under each carbon dioxide concentration condition are not much studied, and it
is well known that it is difficult to compare reaction rates.
In general, the carbonation depth used for predicting deterioration can be obtained by measuring the
color by spraying a phenolphthalein solution. However, in the case of accelerated curing test
specimens, it is often observed that the carbonation area which appeared white immediately after
spraying also turns reddish purple by time. Under present circumstances such explanation of the
event is not done well. In addition, the authors observed the progress of carbonation from one side of
cement paste by XRD, in the actual environment exposure and acceleration environment, there were
differences in the formation situation of calcite and vaterite and the decrease in CH at low
concentrations of CO2, calcite preferentially formed and vaterite predominantly formed at high
concentrations of CO2. As described above, differences in carbonate were also observed from the
past experiments, but the rate of carbonation is not only influenced by chemical composition but also
greatly influences by the pore structure, so many researchers have found that pores. It was
investigated volume, pore size distribution and so on.
In this study, it was focused on the difference of reaction mechanism in carbonation under real
environment and accelerated environment and investigated the effect of hydrate composition on
reaction rate. Changes in carbonation products and pore structures will be discussed separately, and
in order to obtain cement hardened with different amounts of CH and C-S-H, ground granulated blast
furnace slag which is often used as an effort to reduce environmental impact in recent years. The
amount of addition was changed.
2.

COMPARING THE PROGRESS OF CARBONATION IN A REAL AND ACCELERATED
ENVIRONMENT

In order to prepare samples with different amounts of CH and C-S-H, mortar was prepared by
changing the blast furnace slag substitution rate, and the curing condition was changed by changing
the curing condition. Carbonation was carried out in a real environment and an accelerated
environment, and the progress of carbonation was investigated.
2.1

Preparation and use of samples materials and specimen specifications

Table 1 shows the chemical analysis results of ordinary Portland cement used in this study and
ground granulated blast furnace slag. Table 2 also shows the mix proportion of the mortar used in the
experiment. The fine aggregate used was Kimitsu-shi from Chiba prefecture (F.M. 2.57, surface dry
density 2.62g/cm3, water absorption rate 1.48%). In this study, it was focused on how the hydrate
composition relates to the carbonation mechanism, so carbonation test was carried out by changing
the blended amount of ground granulated blast furnace slag by 6 blending ranging from low
substitution to high substitution. Here, B100 is 100% of blast furnace slag, but in order to promote
hardening, calcium hydroxide (15%) is added as a stimulant. The specimen size of the mortar
specimen was 40×40×160mm, the water binding ratio W/B was constant at 50% for all formulations
and the mass ratio of water: binder: fine aggregate was 0.5:1:3. The implanted mortar prevented
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moisture escape by covering the upper surface with a wrap film in an environment of 20°C. It was
demolding on the next day without curing, and the sealing curing was carried out for 7 days and 28
days, and three kinds of specimens under this curing condition were subjected to the carbonation test.
For accelerated carbonation test only 56 days of sealing curing was added. The reason for changing
the period of curing days is to change the amount of hydrate in the mortar and the pore structure
because of the difference in the progress of the hydration reaction in the specimen.
Table 1. Chemical components of materials

Cement
OPC
BFS

Density
[g/cm 3]
3.16
2.91

Specific
surface area
SiO2 Aｌ2O3 Fe2O3 CaO
[cm2/g]
3500
21.28 5.09
3.15 65.36
4290
33.42 13.43
43.29

Contents（mass%）
MgO
1.01
6.02

SO3
2.01
2.62

Na2O
0.32
0.27

K2O
0.41
0.3

TiO2
0.25
0.6

P2O5
0.14
0.01

MnO
0.1
0.18

Cl
0.006
0.004

Table 2. Mix proportion for binders
W/B (%)

Ratio of Binder (weight %)
OPC

BFS

B0

100

0

B20

80

20

50

50

B50
B70

2.2

S/C

50

3

30

70

B90

10

90

B100

0

100

Carbonation tests

The top and carbonated as two open faces. The test specimen was allowed to stand still in an outdoor
environment which not affected by rain, and was allowed to stand in an accelerated carbonation test
apparatus (temperature: 20°C, RH 60%, CO2 concentration: 5%). The carbonation depth was
measured according to JIS standards, split at each age of carbonating material, sprayed with a
phenolphthalein solution, measured 8 points from the surface to a portion that turned reddish purple,
and the average value was taken as the carbonation depth.
The carbonation coefficient rate was calculated using equation (1) on the assumption that the
carbonation reaction follows the square root rule.
X = A√t

(1)

Where, X: carbonation depth (mm), t: carbonation period (year), A: carbonation coefficient rate
2.3

Compressive strength tests

After completion of curing, compressive strength test of mortar at the time of carbonation start (sealing
curing 7, 28, 56days) was carried out according to "Physical test method of cement (JIS R 52012015)".
2.4

Total pore volume

At the time of performing the compressive strength test, the porosity was determined by the
Archimedes method. The sample size is 40×40×20 mm. As a pre-treatment, hydration reaction was
stopped by subjecting acetone to vacuum saturation treatment. In the test, the sample was placed in
water and saturated in vacuum for 2 hours to measure the mass in water and the saturated water
mass. Thereafter, it was dried in an oven drying at 40°C for about 1 week to obtain an absolute dry
weight. From the obtained results, the pore ratio (vol%) was calculated using the equation (2).
P = (S - A) / (S - M) × 100
Here, P: Porosity (%), S: saturated water mass, A: absolute dry mass, M: mass in water

(2)
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3.

EXPERIMENTAL RESULTS AND DISCUSSION

3.1

Relationship between porosity and strength

Figure 1 shows the relationship between the total pore volume obtained by mortar with different
substitution rate of ground granulated blast furnace slag and compressive strength. The relationship
between the porosity and compressive strength was different in the specimens of 7 days sealing and
28 days sealing curing. At the same porosity, the compression strength was lower in the case of
curing for 28 days. It is considered that the drying is not sufficient with respect to the size of the cured,
and the pore may be measured too little.

Strength (1/(N/mm2)

2
1.8

7 days

1.6

28 days

1.4
1.2
1

6

8

10

12

14

16

18

20

Porosity (vol %)
Figure 1. The relationship between porosity and compressive strength of mortars cured for 7
and 28days
3.2

Compare the carbonation test under real environment and accelerated environment

Figure 2 shows the relationship between the carbonation period and the carbonation depth of
specimens with different curing conditions. It was found that the carbonation reaction progressed
considerably even in a real environment, in a specimen with a short curing period, that is, a hydration
reaction did not proceed. This tendency was remarkable especially in specimens with high ground
granulated blast furnace slag replacement rate. The results of the carbonation in the accelerated
environment without curing seem to be disturbed in the long-term carbonation period in which the
carbonation has been particularly deeply carbonized is because the size of the test specimen is
smaller than the carbonation period It seems that it got smaller and an error occurred in the
measurement.
From these results, carbonation coefficients rate is obtained by assuming that they follow the square
root rule, respectively, and are shown in Figure 3 and 4 As the substitution rate increases, the
carbonation coefficient rate does not proportionally increase, but it becomes remarkably large when
the substitution rate exceeds 70%. The difference in curing period in the accelerated test was
considerably close in the sealing regimen on 7 days and 28 days. The reason why the carbonation
coefficient rate decreases by applying curing is that as the period of carbonation becomes longer, the
carbonation depth becomes larger than the influence range of the curing, so that the curing at the
carbonation rate It is thought that the influence becomes small.
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Figure 2. Changes in the carbonation depth on different curing periods and concentration of
carbon dioxide
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Figure 3. Coefficient of carbonation rate with mixing ratio: under natural condition
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3.3

Relationship between carbonation coefficient rate under real environment and
accelerated environment

Prediction of long-term carbonation deterioration of cement hardened. carbonation prediction is often
performed by converting the carbonation coefficient rate obtained from the test result performed in the
advanced condition into the carbonation coefficient rate under the real environment. Here, as the
prediction expression, the Uomoto-Takada's equation (3), and the relational expression is expressed
as a function of the CO2 concentration in the carbonation environment.
kc*= (2.804-0.847log.0 (C)) *C0.5

(3)

Where, Kc *: Carbonation coefficient rate C: Carbon dioxide concentration
As a result, the coefficient (ka) of the accelerated environment (concentration 5%) is calculated to be
7.68 times the coefficient (kn) of the real environment (concentration 0.04%). Consideration of
carbonation process
4.
4.1

CONSIDERATION OF CARBONATION PROCESS
Observation of cleavage plane of carbonated cured

Figure 5 shows the coloration condition when spraying the phenolphthalein solution on the split face.
Here, representative carbonation results of the real environment at 7 days of age and the carbonation
result of the accelerated environment at the time when the same carbonation depth is reached are
shown without curing of B0, B50, B70, B90. A major feature here is that under the accelerated
environment of B0, which is thought to have a large amount of CH production, a pink zone clearly
appears. Such a phenomenon is often observed under an accelerated environment in a cement
hardened having a large amount of OPC. It was confirmed that in the measurement results of the
authors, CH remained in the carbonation area where phenolphthalein no longer coloring under
accelerated conditions. This implies that the front of the carbonation layer is moving to a deeper
position before CH is all carbonated. On the other hand, such a zone hardly appears in a cement
hardened (B90) in which the mixing ratio of ground granulated blast furnace slag is large, in which the
amount of OPC is small, that is, the amount of CH generated is small. This is considered to be caused
by the absence of CH remaining in the carbonation area.
4.2

On the reactivity of carbonation

The progress of carbonation was considered to be due to the diffusion of carbon dioxide, and the
conditions under which the carbonated front was advanced in the cement hardened were examined. In
this study, CH and C-S-H were taken into consideration for the amount of hydrate to be carbonated in
the cement hardened of its influence. CH was converted to CaCO3 by carbonation, and C-S-H was
converted to SiO2 gel and CaCO3 by carbonation. Focusing on CaCO3, [CO32-] supplied to the front is
assumed to generate CaCO3 by reaction with CH component in CH and C-S-H. First, the properties of
CH and C-S-H are organized. As to the potential reactivity with CH and C -S-H in [CO 32-], the
solubilities of CH and C-S-H are determined and the ion product of [Ca 2+] and the environment
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Figure 5. Observation of fractured surfaces colored by sprayed phenolphthalein solutions
[CO32-] becomes larger than the solubility product (Ksp) of CaCO 3 It is considered that the reaction
proceeds. According to the calculation from the thermodynamic data, the solubility product (Ksp) of
CaCO3 is 4.50×10-9. The solubilities of CH and C-S-H vary with pH, but they are 0.0125mol/L and
0.003mol/L, respectively, with respect to water. Therefore, the lowest [CO 32-] at which CaCO3
precipitates can be calculated as 3.60×10-7mol/L and 1.50×10-6mol/L, respectively, that is, C-S-H has
better [CO32-] is about 20 times stronger, it can be said that the reaction does not start. Here, the
reaction equations of dissolution used for calculation is as follows.
CaCO3=Ca2++CO32–

(4)

Ca(OH)2 = Ca2++2OH–

(5)

C2SH1.17+1.83H2O= 2Ca2++ H3SiO4–+3OH–

(6)

In the real environment, it is assumed that the [CO 32-] supply rate is smaller than the reaction rate of
CH, and "Process in which CH reacts constantly when CH exists and C-S-H reacts when CH
disappears" is conceivable. On the other hand, in the accelerated environment, since the supply rate
of [CO32-] is superior to the reaction rate of CH, "a process in which both CH and C-S-H react as well
as being exposed to an accelerated environment" can be considered.
Considering the size of each particle, the size is about several μm. It is often observed from the results
of SEM and the like, and from the data of gas adsorption, CH is several nm thick overlapping of the
crystal structure unit sheets It can be thought of as a sheet with something. Each reaction follows the
diffusion rule (Jander's equation), It is inversely proportional to the cube of the magnitude of the
particle radius, and it is considered that the particle diameter absolutely influences the velocity
coefficient.
4.3

Model of carbonation progression under real and accelerated environment

In the real environment, the supply of [CO32-] is gentle, so it is imaginable that the supply of
momentary [CO32-] at the front is small, [CO32-] reacts with CH, but C-S-H cannot react. Then, in the
reaction at the carbonated front, CH reacts first, it is consumed, and when [CO32-] is supplied, C-S-H
begins carbonating. When C-S-H is carbonated, [CO32-] is supplied to a deeper part and the front
moves forward. Under accelerated environment, the supply amount of [CO 32-] is large, and from the
early stage, the concentration of [CO32-] can be carbonated at the same time with CH at the same time
as C-S-H. Therefore, CH and C-S-H both react, but its rate is high crystallinity, CH with large particle
size is much slower than C-S-H with very small crystal size, and even if CH does not react, C-S-H
reacts. It is conceivable to scoff, in which case the carbonated front moves forward. In other words,
the reaction rate (forward speed of the coloration zone by phenolphthalein) is influenced by the
amount of (CH+C-S-H) in the real environment, and is largely affected mainly by the amount of C-S-H
in the accelerated environment it is conceivable that.
Figure 6 shows an image of the progress of carbonation front in real environment and accelerated
environment. Under real circumstances, CH reacts first and C-S-H reacts after consumption when the
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supply amount (concentration) of [CO32-] is low (low). Under the accelerated environment, since the
amount of [CO32-] supplied is high, [CO32-] of the environment increases, both CH and C-S-H react.
As a result, an image of CO2 concentration distribution in the carbonated layer is shown in Figure 7
and 8. In the real environment, the amount of CO2 corresponding to the same (CH+C-S-H) amount is
distributed to the vicinity of the front, and in the case of acceleration conditions, although carbonation
of CH occurs, it is considered that the amount of CO2 corresponding to C-S-H is distributed.
4.4

Calculation amount of CH and C-S-H in cement hardened

Based on the above-mentioned idea, among the hydrates, the target components of carbonation are
considered to be the amount of CaO in CH and C-S-H in the cured product was determined. The
author’s previous research result was used as the amount of CH production. On the other hand, the
amount of C-S-H was obtained from the research results of the authors from the reaction rate of C 3S
in OPC and the reaction rate of ground granulated blast furnace slag. In the study reported previously
be the author, the amount of C3S was measured by Rietveld and the amount of CH was determined by
TG-DTA. C2S was assumed to be unreacted because it was considered in the range up to 28 days of
age at this time, and it was assumed that only C3S reacted.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
Table 3. Calculation for CaO from C-S-H and CH on different cement types (Unit: weight%)

amount
Age Nm OPC BFS
ofC₃S

1d

7d

28d

hydration
ratio of
OPC

C-S-H
from
OPC

CaO in
BFS

reaction
ratio of
BFS

C-S-H
from
BFS

Total
amount of
CaO from
C-S-H

Total
amount of
CaO in
CH

CaO from
(C-S-H+CH)

B0

100

0

60

0.55

14.59

0.00

0.00

0.00

14.59

9.73

24.32

B20

80

20

48

0.55

11.67

8.60

0.54

4.60

16.27

7.78

24.05

B50

50

50

30

0.55

7.29

21.50

0.18

3.83

11.12

4.86

15.99

B70

30

70

18

0.55

4.38

30.10

0.09

2.86

7.23

2.92

10.15

B0

100

0

60

0.94

24.93

0.00

0.00

0.00

24.93

16.62

41.56

B20

80

20

48

0.94

19.95

8.60

0.59

5.11

25.06

13.30

38.35

B50

50

50

30

0.94

12.47

21.50

0.42

9.03

21.49

8.31

29.80

B70

30

70

18

0.94

7.48

30.10

0.25

7.46

14.94

4.99

19.93

B0

100

0

60

1.00

26.53

0.00

0.00

0.00

26.53

17.68

44.21

B20

80

20

48

1.00

21.22

8.60

0.94

8.11

29.33

14.15

43.48

B50

50

50

30

1.00

13.26

21.50

0.54

11.55

24.82

8.84

33.66

B70

30

70

18

1.00

7.96

30.10

0.37

11.16

19.12

5.31

24.43

Therefore, it is assumed that the amount of CaO reacted by multiplying the hydration conversion ratio
and the molecular weight of CaO/C3S to the C3S content in the binder. Subsequently, those which
became CH and the one which became C-S-H with respect to the total amount of CaO were
calculated by considering the C/S ratio. C/S of C-S-H is assumed to be 1.8. Therefore, the reaction of
C3S in OPC is assumed to be the equation (7).
C3S+H2O=C1.8SHx+1.2CH

(7)

Calculation of the amount of CaO in C-S-H produced by the ground granulated blast furnace slag is
based on Table 1 and calculates the amount of CaO contained in the ground granulated blast furnace
slag for each age for ground granulated blast furnace slag by the reaction rate of the reaction. As for
the reaction rate of ground granulated blast furnace slag, the result calculated for each substitution
rate by using the salicylic acid acetone methanol method of the previous study was used.
C-S-H from GGBFS = Content of CaO × reaction rate

(8)

The sum of the above calculations is the amount of CaO forming CH and C-S-H at each material age
for each substitution rate. Table 3 shows the sum of the CaO contents of CH and C-S-H from the
calculated OPC and C-S-H from GGBFS, respectively.
4.5

Relationship between hydrate composition and carbonation coefficient rate

As mentioned in the discussion of the carbonation process, the carbonation rate and the hydrate
composition are thought to be highly related. Therefore, it was investigated the relationship with the
carbonation coefficient rate using the amount of CaO contained as CH and C-S-H obtained in 4.3.
Figure 9 shows the relationship between CaO content and carbonation coefficient rate. This figure
shows the results obtained in the real environment and the accelerated environment, respectively. In
both cases, it was found that there was a very good correlation between the CaO amount as the
hydrate amount and the carbonation coefficient rate, regardless of the mixing ratio and the curing
period. Also, when look at the reliability factor (R2 factor), it can be found that there is a better
correlation in the accelerated environment than in the real environment.
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Figure 9. Relationship between carbonation coefficients rate and the amounts of CaO
5.

CONCLUSION

For this study, it was investigated the carbonation mechanism of cement hardened, especially the
difference between the real environment and the process under accelerated environment. The
obtained results are shown below.
(1) Calcium hydroxide and calcium silicate hydrate were taken up as subjects of carbonation, and their
solubility products were examined. As a result, under real environment, since the supply of CO2 is
gentle, CH is first carbonated, then C-S-H is carbonated, and the front advances as both are
consumed. On the other hand, in the accelerated environment, since the supply of CO2 is fast,
carbonization of both CH and C-S-H from the beginning and carbonation of C-S-H with finer particle
size result in carbonation front moving forward while leaving uncarbonated CH.
(2) Based on the above idea, it was calculated the carbonation coefficient rate of mortar with
substitution rate of ground granulated blast furnace slag and curing condition changed
As a result of investigating the relation with CH and C-S-H amount, it was found that there is a very
good correlation with the amount of CaO contained in the hydrate irrespective of the substitution rate
and the curing condition.
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ABSTRACT
In recent years, reducing environmental impact is required in all industries. Therefore, the dry sludge
powder has attracted a great deal of attention in the construction industry. Dry sludge powder is a
method to reuse returned concrete. It is hoped that this can be reuse as alternative cement. In the
previous studies, it is reported that surface area and density are different in the dry sludge powder
according to the processing time at the production. Also, it is reported that strength develops by the
hydration. However, few studies have focused on durability.
In this study, authors inspected the durability of mortar using the dry sludge powder which different
processing time. Furthermore, authors inspected material permeability to monitor an influence on the
durability. Thus, authors performed accelerated carbonation test and salt water immersion test as
durability, a water permeability test and mercury intrusion porosimetory. As a result, the carbonation
depth of mortar using the dry sludge powder became larger than mortar using Ordinary Portland
Cement. On the other hand, the salt penetration depth showed a value smaller than mortar using the
Ordinary Portland Cement. Mortar using dry sludge powder had much fine porosity, there was little
water penetration. It is thought that water permeability becomes low because there are much fine
porosity. The possibility that constituted a complicated porosity network.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
1.

INTRODUCTION

Recently, in the construction industry, the processing of returned concrete is a problem. Figure 1
shows the production process of dry sludge fine powder (hereinafter referred to as DSP). The returned
concrete is cleaned and separated into recovered aggregate and sludge water. Recovered aggregate,
supernatant water and sludge water satisfying the criteria of sludge solid fraction of 3% or less are
accepted for reuse in JIS 5308. This process not only costs a lot of money but also places a burden on
the environment. Therefore, a method of using DSP obtained by drying the sludge cake as cement
has been studied. It shows the production process of dry sludge fine powder. As shown in the Figure
1, the time from wetting of ready mixed concrete to drying of sludge cake is called processing time.
The return con and the remaining con are cleaned immediately at the time of being returned to the
ready mixed concrete factory and the drying crushing process from the sludge cake to the DSP is
carried out in the same time. For this reason, the difference in processing time refers to the difference
in time during which it is stirred as sludge water. In the past research, it is reported that DSP has
different density and specific surface area depending on the processing time. This progress of
hydration is considered to be due to different by the time the stirred. In addition, it has been reported
that the specific surface area of this DSP has correlation with compressive strength. At present it is not
yet studied about characteristics and durability of DSP. Therefore, in this study, characteristics of DSP
were examined by analysing chemical composition of DSP. Furthermore, we aimed to clear the
durability of mortar using only DSP with different processing time. In addition, we investigated mass
transfer and pore size distribution affecting salinity penetration resistance.
Production Process of Dry Sludge Powder

Processing time
Washing

Mix

Ready-mixed
concrete

Returned
concrete

Stirring

Sludge water

Drying

Sludge cake

Reuse
JIS A 5308

Recovered
aggregate

Dry sludge powder
(DSP)

Supernatant
water

Figure 1. Process of Washing Method and Production Process of Dry Sludge Powder
2.

CHARASTARISTICS OF DSP

Materials used in this chapter of this study, 3 types of DSP as shown in Table 1. The specific surface
area of the DSP is larger than that of general OPC. However, DSP does not perform processing such
as fine grinding. Consider why a large specific surface area is measured.
Table 1. Materials used in this study

Processing Time （h）
Specific Surface Area （cm²/g）
Density （g/cm²）
2.1

DSP-Ⅰ
2.5
6030
2.91

DSP-Ⅱ
4
6070
2.74

DSP-Ⅲ
12
10590
2.46

Outline of Experiment and Material

The measurement of the specific surface area uses a blaine permeation apparatus. A schematic
diagram of the measurement principle of the blaine penetration device is shown in the Figure 2. In the
Blaine permeator, the powder is filled in a container having a constant volume and the specific surface
area is determined by allowing air to permeate. When the transit time is short, there is a relationship
that the particles are large, and if the transit time is long, there is a relationship that the particles are
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small, so that it is possible to simply measure the powder particle. The measurement of the blaine
permeator is based on the assumption that the particle size of the powder is a normal distribution.
Therefore, for the purpose of clearing the particle size distribution of DSP. Measurement was carried
out using a laser diffraction type particle size distribution measuring apparatus. When a particle is
irradiated with a laser, a diffraction phenomenon occurs. Utilizing this diffraction phenomenon, the
difference in diffraction angle due to particles is measured.

Passage time
Specific surface area

Passage time

Short

Long

Specific surface area

Small

Big

Figure 2. Measurement Principle of the Brane Penetration Device
2.2

Result

Figure 3 shows the particle size distribution of DSP–Ⅰ, DSP-Ⅱ, DSP-Ⅲ. When the specific surface
area became larger, the peak of the particle of 100 μm became larger. From the above results, it is
conceivable that DSP is not a uniform particle diameter. As shown in Figure 4, it is conceivable that
particles having a small particle size fill the space in a sparse space generated by particles having a
large particle size. In this case, it becomes difficult for air to pass through, and the calculated specific
surface area becomes large. From this, it is conceivable that the specific surface area of the DSP
cannot be measured by the brane air permeation device.

DSP

5
Frequency（％）

DSP-Ⅰ

4

DSP-Ⅱ

3

DSP-Ⅲ
OPC

2

1
0
0.01

Fine particle fraction
1
100
Particle size（μm）

Figure 3. Particle Size Distribution
3.
3.1

10000

Hydrated cement particles
Figure 4. Container Filled with DSP

STRENGTH AND DURABILITY OF MORTAR USING DSP
Outline of Specimens and Materials

Materials used in this chapter of this study, 4 types of DSP on processing times (respectively DSP-A,
DSP-B, DSP-C, DSP-D) as shown in Table 1. For comparison, Ordinary Portland cement (OPC) was
used. Mix proportion was 1: 3 mortar with reference to the cement strength test of JIS R 5201,
demolished on the date of injection and sealed curing was carried out for 28 days in a constant
temperature and humidity environment (temperature 20 degree Celsius, humidity RH60%).
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Table 2. Materials used in this study

3.2

DSP-A

DSP-B

DSP-C

DSP-D

Processing Time （h）

5

9

12

24

Specific Surface Area （cm²/g）
Density （g/cm²）

7410
2.81

8920
2.58

10590
2.46

11400
2.45

Outline of Experiment

3.2.1 Strength Test
Bending and compressive strength test of mortar after curing period was conducted according to JIS R
5201.
3.2.2 Pore Measurement Test
A sample of about 40 × 40 × 30 mm was taken from the mortar specimen. Hydration stopped by
accetone. After put in a drying oven at temperature 40 degree Celsius, measuring the mass in an
absolutely dry state, saturated in a vacuum state, and the saturated water mass and the mass in water
were measured. The porosity was calculated by the Archimedes method using these values.
3.2.3 Accelerated Carbonation test
After 28 days of sealing curing, open the one side except casting side, specimen was placed in
accelerated carbonation test equipment (Carbon dioxide concentration 5%, temperature 20 degree
Celsius, humidity RH60%). Carbonation depth was measured at by 7, 14, 28, 42days brown part using
phenolphthalein solutions in split area. Then, it was calculated the coefficient of carbonation ratio
using these results.
3.2.4

Salt Water Immersion Test

After 28 days of sealing curing, the specimen coated with epoxy resin except casting side, specimen
was put into the NaCl 10% solution. The saltwater dipping period were 7, 14,28,42 days. After each
immersion periods, splitting was performed and an aqueous silver nitrate solution was sprayed on the
split face. The depth from the surface to the point where it turned white was measured, and the
number of points to be measured was set to 4 points. These measured values were averaged and
taken as the salt penetration depth.

40mm
40mm
160mm

Epoxy

Figure 5. Salt Water Immersion Test Method
3.2.5 Water Permeability
It specimens using cylindrical specimens φ100 × 50mm, it was immersed in acetone to be in a
vacuum state and the hydration reaction was stopped. It was absolutely dry state in a drying oven at
temperature 40 degree Celsius. Put a certain amount of water with stand pipe graduated to calculate
the permeated water actually specimen from a height of reduced water under pressure. Incidentally,
was measured time measured up to 30 minutes each and then permeability started after 3 hours. The
loading pressure was carried out in two patterns of 0. 6 MPa and 0.05 MPa, both outflow side
pressure was 0.1 MPa.
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3.2.6 Mercury Intrusion Test
Since the pore structure greatly affects the substance permeability, mercury penetration test was
carried out using a mercury intrusion porosimeter for the purpose of grasping the pore diameter
distribution. Using a mortar sample cut to about 5 × 5 × 5mm, the pore size distribution was measured
with a mercury intrusion porosimeter.
3.3

Results and Discussion

3.3.1 Results of Strength and Porosity
A strength test was conducted to confirm the strength development of DSP. Figure 6 shows the
bending strengths at 7 and 28 days of curing and Figure 7 shows the compressive strength at 7 and
28 days of curing. In general, DSP does not reach the strength of OPC. Similarly, to the previous
studies, DSP with a long processing time has low strength development, and as the processing time
becomes shorter, the strength development of DSP becomes higher. Figure 8 shows the results of the
porosity test. Porosity of mortar using DSP became larger than mortar using OPC. Figure 9 shows the
relationship between compressive strength and porosity after 28 days of sealing curing. DSP-C and
DSP-D showed virtually equal porosity and compressive strength. Also, the higher the porosity, the
lower the compressive strength.
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Figure 6. Result of Bending Strength
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3.3.2 Accelerated Carbonation Depth
Figure 10 shows accelerated carbonation test. DSP had a large carbonation depth, despite the fact
that carbonation hardly progressed in OPC. Furthermore, the neutralization depths of DSP-A and
DSP-B and DSP-C and DSP-D show almost equal values at any age. Figure 11 shows the
relationship between the porosity and the carbonation depth at 28 days. From this, as the porosity
increases, there is a correlation that the carbonation depth increases. Since the porosity increased
and the substance permeability of the gas increased, the carbonation resistance decreased.
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3.3.3 Chloride ion Penetration
Figure 12 shows the results of the salt water immersion test. Salt penetration depth of DSP-A and
DSP-B became smaller than OPC at any age. On the other hand, DSP-C and DSP-D showed the
same value as OPC. Figure 13 shows the relationship between the porosity and the salt penetration
depth at the salt water immersion period of 28 days. Compared with OPC, the DSP has a low salt
penetration depth despite the high porosity in general. From this, there was no relationship between
porosity and salt penetration depth.
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Figure 14 shows the results of permeability tests conducted loading pressure in 0.05 MPa and Figure
14 shows the results of loading pressure in 0.6 MPa. When a pressure of 0.05 MPa was applied, the
amount of permeated water of OPC and DSP was almost same amount. When applying a pressure of
0.6 MPa, the amount of permeated water was much lower than mortar using OPC for mortar using
DSP. Furthermore, mortar using OPC significantly exceeded the amount of permeated water of 0.05
MPa when applying a pressure of 0.6 MPa, but the mortar using DSP did not change in the amount of
permeated water of 0.6 MPa and the amount of permeated water of 0.05 MPa. 15 and 16 show the
relationship between the porosity and the water permeability. The porosity was taken on the horizontal
axis and the water permeability was taken on the vertical axis. Figure 15 shows the result of the
applied pressure being 0.05 MPa, and Figure 15 shows the result of the applied pressure being 0.6
MPa. When the applied pressure was 0.05 MPa, there was no difference in the water permeability
despite the difference in porosity. On the other hand, when the applied pressure was 0.6 MPa, the
OPC with low porosity was the most permeable and the DSP with high porosity had low water
permeability. From this result, DSP has lower moisture permeability than OPC. In addition, the mortar
using DSP did not change the amount of permeated water due to pressure change, it can be inferred
that mortar using DSP has constructed a pore structure different from mortar using OPC.
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3.3.4 Mercury Intrusion Test
Figure 16 and Figure 17 shows that similar pore size distribution can be confirmed in DSP-A and DSPD. It can be seen that mortar using DSP has many smaller diameter pore compared with mortar using
OPC. In particular, the difference in the fine pore size of 0.1μm or less is remarkable. From this result,
complicated pore network is constructed because mortar using DSP has many micro pore.
Furthermore, since a large number of minute pore were measured, it was suggested that a pore
having an ink bottle effect was present.
It is thought that mortar using DSP has a structure that liquid hardly intrudes into mortar and therefore
greatly reduces moisture permeability.
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4.

CONCLUSIONS

(1) In the mortar using DSP, the depth of chloride ion penetration was smaller than that of OPC, and
there was no correlation with porosity.
(2) As a result of carrying out the permeability test, mortar using DSP was lower in moisture
permeability than mortar using OPC.
(3) Since mortar using DSP has more minute pore than mortar using OPC, it can be predicted that
the pore network in mortar becomes complicated. Also, a large number of minute pore were
measured which has a structure in which liquid hardly intrudes into the mortar.
(4) It is considered that the mortar using DSP has a structure in which the liquid hardly intrudes into
the mortar, so that the moisture permeability is greatly reduced and the depth of penetration of
the salt has decreased.
(5) We will consider the cause of the complexity of the void structure focusing on the hydration
reaction as a future work.
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ABSTRACT
When concrete structures are exposed to external sources of chlorides, e.g. seawater or de-icing salts,
chlorides diffuse from the surface into the concrete. Once a critical chloride content is reached at the
reinforcement steel, corrosion may be initiated. Chloride induced reinforcement corrosion is one of the
major deterioration mechanisms of reinforced concrete structures. Current models for service life
prediction use Fick’s law to predict chloride ingress profiles in concrete. However, it has been shown
that the experimentally obtained chloride profiles deviate significantly from the ones predicted by Fick’s
law, especially in the outermost centimetres of the concrete cover. While the first few centimetres
show significantly lower chloride content, the following few centimetres show a higher chloride content
than predicted. The deviation can possibly be explained by leaching and the pH drop associated with
it.
This study presents a new method for determining the effect of leaching on chloride binding. The
method enables studying changes in the phase assemblage and elemental concentrations in the pore
solution of the cement paste upon leaching, and most importantly the resulting changes in chloride
uptake by the solids. With this method it is possible to explain why chloride profiles deviate from the
ones predicted by Fick’s law in the outermost centimetres of the concrete cover. This is an important
contribution towards more accurate models for service life prediction of reinforced concrete structures.
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1.

INTRODUCTION

Reinforced concrete structures exposed to external chlorides from de-icing salt or sea water are prone
to suffer from chloride induced reinforcement corrosion. The penetrating chlorides can lead to pitting
corrosion of the steel reinforcement, and the expansive corrosion products cause cracking and spalling
of the concrete cover (Tuuti, 1982). Due to the impact of corrosion on the structural integrity, the time
until corrosion initiation can be defined as a limit state for the service life of reinforced concrete structures
(International Federation for Structural concrete, fib, 2013). Corrosion can only be initiated above a
critical chloride concentration at the reinforcement (Angst et al., 2009). Some service life models use
Fick’s law for diffusion to calculate the ingress and thereby the time until the critical concentration is
reached (Galan & Glasser, 2015). Experimental chloride profiles, showing the total chloride content as
a function of concrete cover depth, are fitted to solutions of Fick’s law such as the error function solution.
This yields a diffusion coefficient, enabling prediction of chloride ingress over time (Nielsen & Geiker,
2003; International Federation for Structural concrete, fib, 2013).
A major flaw with diffusion based models is the peaking behaviour exhibited by chloride profiles from
concrete exposed to sea water (Moradllo et al., 2018). Over time a notable peak in the chloride profiles
appear approximately 2-3 mm into the concrete cover, whilst the chloride content in the outmost section
is reduced. Figure 1 shows an example of the peaking behaviour from De Weerdt et al. (De Weerdt et
al., 2018). In the tidal zones the peaking has been partially attributed to capillary suction caused by
wetting/drying cycles (Moradllo et al., 2018). However, chloride profile peaking is also observed in fully
submerged concrete, where diffusion is the main transport mechanism (De Weerdt et al., 2018). Some
current models ignore this peaking behaviour to properly fit the experimental data (Model code for
service life design, 2006). The cause of the peaking for submerged conditions is currently unknown.
Understanding why these peaks occur is necessary to make accurate service life models for chloride
exposed reinforced concrete structures.
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dried at 105 C]

1.2

21 days sea water
90 days sea water
180 days sea water

0.9
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0.3

0
0

10
depth [mm]
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Figure 1. Chloride profiles from mortars submerged in sea water, illustrating the typical
peaking behaviour of such profiles. Adapted from (De Weerdt et al., 2018).
It is possible that the peaking behaviour is caused by leaching. Sea water exposure leads to a series of
phase changes with various depths of penetration (De Weerdt et al., 2014a). These changes are caused
by an ion exchange between the sea water and the cement paste, as well as a lowering of the pH in the
pore solution. The combined effect of phase changes and lowered pH is here defined as leaching. Out
hypothesis is that leaching affects the chloride binding capability of the cement paste, thereby altering
the total chloride content and leading to the peaking behaviour.
The majority of chlorides in concrete are bound chemically in AFm-phases or physically by C-S-H
(Justnes, 1998). Chief among the chloride binding AFm-phases is Friedel’s salt, which has increased
solubility with lowered pH (Suryavanshi & Swamy, 1996). Harsh leaching could therefore lead to
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complete dissolution of Friedel’s salt. The exact mechanism for chloride binding by C-S-H is a topic for
debate, but one possibility is that anions accumulate in the diffuse layer (Labbez et al., 2007; Plusquellec
& Nonat, 2016). There will then be competing accumulation from Cl- and OH- (Tritthart, 1989), which
means lowering the pH reduced the competition from OH- and increases the binding of Cl-. Tritthart
observed increased chloride binding when lowering the pH of the mixing water. This was however
accomplished using chlorides introduced to the mixing water, which has been shown to change the
microstructure of the cement paste (Hansson et al., 1985).
Several studies have investigated how the associated cation of the chloride salt affects chloride binding
in cement pastes (Hansson et al., 1985; Tritthart, 1989; Arya et al., 1990; Zibara, 2001; Zhu et al., 2012;
De Weerdt et al., 2015; Shi et al., 2017; Machner et al., 2018b). In all cases it has been shown that
exposure to CaCl2 leads to increased chloride binding compared to NaCl exposure, combined with a
decrease of the pH and increased calcium concentration in the pore solution. Exposure to MgCl2 leads
to similar levels of chloride binding as CaCl2 (Tritthart, 1989; Arya et al., 1990; De Weerdt et al., 2015)
with a similar drop in pH and increase in calcium concentration (De Weerdt et al., 2015). The increased
chloride binding can be caused by both the reduction in pH and the increase in the calcium
concentration. The lowered pH leads to a reduction in the Cl-/OH--ratio of the water, thereby reducing
the competition from OH- and increasing the accumulation of Cl- in the diffuse layer of the C-S-H.
Increased calcium concentration increases the adsorption of calcium on the C-S-H, which has been
suggested to increase the amount of chlorides in the diffuse layer (Plusquellec et al., 2012; Shi et al.,
2017). As of yet there is no definitive answer to how much of the increased chloride binding is due to
the pH and how much is caused by the increased calcium concentration, as the two factors are inevitably
linked.
This study presents a new method for studying how the chloride binding of cement pastes varies with
the pH in the pore solution. Portland cement paste with a high degree of hydration was exposed to a
NaCl-solution, before the paste was artificially leached by adding HCl in small doses over a period of
several weeks. The relationship between the amount of added acid and the pH was established. Using
this relationship, five samples were acidified with specified volumes of acid to targeted pH levels to
investigate potential changes to the chloride binding. The effect of lowered pH on the phase assemblage
of the cement paste was then studied using thermogravimetric analysis (TGA), X-ray diffraction (XRD)
and scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS). Results of the
extended phase assemblage study are presented in (Hemstad, 2018; Machner et al., 2018a).
2.

MATERIALS AND METHODS

Table 1 presents the oxide composition of the ordinary Portland cement (OPC) used, as determined by
X-ray fluorescence (XRF).
Table 1. Oxide composition of the OPC in this study, as determined by XRF.
SiO2

Al2O3

TiO2

MnO

Fe2O3

CaO

MgO

K2O

Na2O

SO3

P2O5

Sum

19.91

5.15

0.28

0.06

3.42

62.73

2.34

1.09

0.48

3.16

0.11

98.73

2.1

Sample preparation

The cement paste was prepared with the intention of maximizing hydration, to prevent further hydration
upon the chloride exposure. It was initially mixed with a w/b ratio of 0.5 in four batches of 540 g in a
Braun MR5550CA high shear mixer. Each batch was mixed for 30 s, left to rest for 5 min, then mixed
again for 60 s. The pastes were cast in 125 mL plastic bottles which were sealed with lids and parafilm.
These were then stored for three months partially submerged with water up to the bottlenecks in sealed
boxes at 60 °C. After this initial curing the bottles were cut open and the pastes were crushed in a jaw
crusher, then sieved through a 1 mm sieve. Any remaining particles larger than 1 mm were crushed in
a rotation disc mill until they passed the sieve. The crushed pastes were placed in 1 L polypropylene
bottles with an additional 30 wt% water, resulting in a moist sand-like texture. The bottles were sealed
with lids and parafilm before being stored at 60 °C for an additional 4 months. After the final curing the
paste was stored at 20 °C for 9 months before chloride exposure. This paste is referred to as “wellhydrated paste” in this study.
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2.2

Chloride exposure

Samples for chloride exposure were prepared by weighing in 15 g of the well-hydrated paste in 50 mL
centrifuge tubes. A 1.5 mol/L NaCl exposure solution was prepared with laboratory grade NaCl from
Merck and deionized water. 20 mL of the NaCl solution was added to each centrifuge tube, before they
were closed with lids and parafilm. These samples were left for two weeks at 20 °C for the exposure
solution to reach equilibrium with the pore solution, only disturbed by shaking once per week. The
purpose of this sample preparation is to obtain equilibrium between the pore solution and the external
exposure solution. That way the state of the pore solution can be determined by studying the exposure
solution, rather than pressing or leaching out the pore solution.
After equilibration, one sample was used to establish the relationship between the volume of acid added
and the pH in the pore solution. 4 mol/L HCl was added until the centrifuge tube was filled. The acid was
added in small doses over a period of five weeks to prevent uneven dissolution of phases in the cement
paste. Before each acid addition the sample was centrifuged to create a larger buffer zone of liquid
between the acid and the solids. The acid was added using the following programme: First 10 doses of
0.25 mL, then 4 doses of 0.5 mL, 3 doses of 1 mL and finally 8 doses of 2 mL until the centrifuge tube
was filled. This resulted in a total acid volume of 22.5 mL. The pH in the solution was measured 10-15
minutes and 1 day after each dose was added, resulting in the two curves “instant pH” and “EQ pH”
respectively in Figure 3. Acid could only be added each work day, leading to a maximal time between
doses of 3 days and a minimum time of 1 day. One day was assumed to be sufficient time for equilibrium
to be established. Due to the large number of pH measurements, the uncertainty of the liquid volume in
this sample made it impossible to accurately determine its chloride binding.
The remaining samples were acidified using a similar programme but to targeted levels of pH. One
sample had no acid added and served as a reference sample. The other samples had various amounts
of 4 mol/L HCl added (0.5, 2.5, 5 and 17 mL) in small doses: 12 doses of 0.25 mL, 2 doses of 0.5 mL, 1
dose of 1 mL, then 6 doses of 2 mL. The addition of acid for each sample was stopped as the targeted
acid volume was reached. Upon reaching the final acid volume the samples were stored at 20 °C for
two weeks before analysis, being shaken once per week.
Table 2. The amounts of cement paste, exposure solution and acid added to the samples.

2.3

Sample
name

Cement paste
[g]

1.5 mol/L NaCl
[mL]

4 mol/L HCl
[mL]

0 mL

15

20

0

0.5 mL

15

20

0.5

2.5 mL

15

20

2.5

5 mL

15

20

5

17 mL

15

20

17

22.5 mL

15

20

22.5

Sample analysis

The full analysis of the samples was split into two parts, one for the liquid phase and one for the solid
phase. The liquid phase was studied with chloride titration, pH measurements and ICP-MS. The solids
were separated from any free water via double solvent exchange before being studied with TGA, XRD
and SEM-EDS. Details and results of the phase assemblage study can be found in (Hemstad, 2018)
and (Machner et al., 2018a).
2.3.1 Liquid phase
The chloride concentrations in the acid exposed samples were determined by potentiometric titration,
using a Titrando 905 titrator from Metrohm with 0.1 mol/L AgNO3 and a 20 mL burette. A volume
between 0.2 and 1 mL (depending on the expected chloride concentration) was pipetted from the sample
into a measurement beaker, to which 1 mL HNO3 (provided by Merck, 65% HNO3 diluted 1:10), 2.5 mL
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0.2% polyvinyl alcohol (2 g dissolved in 1 L deionized water) and approx. 20 mL deionized water were
added. This mixture was then titrated.
Before the cement paste binds chlorides, the concentration of free chlorides in the sample (CCl,free) could
be calculated using Equation 1 (De Weerdt et al., 2014b). The concentration will be equal to the total
molar amount of chlorides added divided by the total volume of water. When the cement paste binds
chlorides they are removed from the solution, thereby lowering the measured chloride concentration
(CCl,eq) to a value lower than CCl,free. The chloride binding can be defined as the difference between the
measured chloride concentration and the concentration before binding. To make the results comparable
for different samples and pastes the chloride binding is normalized to the amount of cement paste
without free water, as shown in Equation 2.
𝐶𝐶𝑙,𝑓𝑟𝑒𝑒 =
𝑁𝐶𝑙,𝑏𝑜𝑢𝑛𝑑 =

(𝐶𝑁𝑎𝐶𝑙 ⋅𝑉𝑁𝑎𝐶𝑙 )+ (𝐶𝐻𝐶𝑙 ⋅𝑉𝐻𝐶𝑙 )
𝑉𝐻2 𝑂 +𝑉𝑁𝑎𝐶𝑙 +𝑉𝐻𝐶𝑙

𝑀𝐶𝑙 ⋅(𝐶𝐶𝑙,𝑓𝑟𝑒𝑒 −𝐶𝐶𝑙,𝑒𝑞 )⋅ (𝑉𝐻2 𝑂 +𝑉𝑁𝑎𝐶𝑙 +𝑉𝐻𝐶𝑙 )
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 −𝑚𝐻2 𝑂

(1)

(2)

where CCl,free is the concentration of free chloride in the samples before chloride binding; CNaCl and VNaCl
are respectively the concentration and volume of the NaCl exposure solution, C NaCl was determined by
potentiometric titration; CHCl and VHCl are respectively the concentration (4 mol/L) and volume (0, 0.5,
2.5, 5, and 17 mL) of hydrochloric acid added to the samples; VH2O is the volume of free water in 15 g
well-hydrated paste, which was determined by drying the cement paste in the TGA at 40 °C until
constant weight (4.6 g water per 15 g paste, assumed to equal a volume of 4.6 mL). NCl,bound is the
amount of bound chlorides normalized to the amount of cement paste, M Cl is the molar mass of chlorine
(35.453 g/mol), CCl,eq is the measured free chloride concentration, msample is the amount of well-hydrated
cement paste added to each sample (15 g) and mH2O is the mass of free water in 15 g cement paste
(4.6 g).
For pH measurements the samples were centrifuged at 4000 rpm for 2 min 30 s, before 2 mL of the
exposure solution was pipetted into 15 mL centrifuge tubes. The pH was measured in these tubes using
a 6.0255.100 Profitrode from Metrohm, which was calibrated once per day using buffer solutions of pH
7, 10 and 13. The temperature in the laboratory and solutions was approx. 20 °C.
The concentrations of Ca and Cl in the exposure solutions were analysed using a Thermo Scientific
Element 2 ICP-MS. 150 µL of the exposure solution was pipetted into 15 mL centrifuge tube, to which
104 µL 65% HNO3 was added. This mixture was then diluted to 15 mL using deionized water, resulting
in a HNO3-concentration of 0.1 mol/L and 100 times dilution of the exposure solution. The original
concentrations of Ca and Cl were calculated using the dilution factor.
2.3.2 Thermodynamic modelling
A thermodynamic model of the sample setup was created to predict possible phase changes in the
paste upon acid exposure, and to check the validity of modelling such a system. The model was made
using the Gibbs free energy minimization software for Geochemical Modelling (GEMS) (Kulik; Kulik et
al., 2013) combined with a cement-specific database (CEMDATA14). It predicted changes in the liquid
phase such as pH and elemental concentrations, and the changes in the phase assemblage of the
cement paste upon exposure to increasing amounts of 4 mol/L HCl. Further details on the model can
be found in (Hemstad, 2018) and (Machner et al., 2018a).
3.
3.1

RESULTS
Thermodynamic modelling

Figure 2 shows the phase assemblage prediction from the thermodynamic model. It predicts that for
small additions of acid (< 10 mL), only portlandite will dissolve. When the paste runs out of portlandite
the C-S-H will start to decompose, gradually decreasing in volume from 10 mL to 25 mL acid. Friedel’s
salt remains stable until 15 mL acid is added, corresponding to a pH of 11. Below this pH it rapidly
dissolves.
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Figure 2. The volume of different phases in the cement paste upon increasing additions of
4 mol/L HCl, according to the thermodynamic model. The dashed lines indicate the volumes of
acid added to the actual cement paste samples.
3.2

pH changes in the pore solution

Figure 3 shows the changes in the pH in the exposure solution of the 22.5 mL sample as a function of
the volume 4 mol/L HCl added. The dashed curve is the prediction from the thermodynamic model, the
grey and black lines are respectively the pH measured 10-15 min (Instant pH) and one day (EQ pH)
after each acid addition. Vertical dotted lines indicate the volumes of acid added to the various samples,
and the grey marks on the top show the acidification programme. Adding acid reduces the pH of the
pore solution gradually. There is little difference between the instant pH and the EQ pH for acid volumes
below 7 mL. The difference increases as the portlandite in the paste dissolves, lowering the pastes
ability to buffer the pH, and as the size of the added acid doses increased. Initially the model is able to
accurately predict the pH (for less than 2.5 mL acid), but it overestimates the pH between 2.5 and 14 mL
acid. Between 14 and 22 mL acid the model agrees with the pH measured at equilibrium, while it
underestimates the pH above 22 mL.

13.5

pH

12.5
11.5
10.5
Instant pH
EQ pH
Model pH

9.5
8.5

0

10
20
Volume HCl added [mL]

Figure 3. Changes in the pH of the exposure solution in the 22.5 mL sample as a function of the
volume of 4 mol/L HCl added. The dashed line is the pH as predicted by the thermodynamic
model, whilst the solid grey and black lines are the pH measured 10-15 min (Instant pH) and
one day (EQ pH) respectively. The vertical dotted lines show the volume of acid added to all the
samples, and the grey marks on the top show the acidification programme.
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3.3

ICP-MS

Figure 4 shows the measured concentrations of Ca and Cl in the samples as a function of the volume
of 4 mol/L HCl added, which were determined by ICP-MS. The experimental values follow similar curves
as those of the model. Both concentrations gradually increase with increasing amounts of acid.
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1E+1
1E+0
1E-1
Ca
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Cl
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1E-3
0

10
20
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Figure 4. The concentrations of Ca and Cl in the pore solution measured by ICP-MS of the
samples as a function of the volume of added 4 mol/L HCl. The predicted values by the
thermodynamic model are also included.
3.4

Chloride binding

Figure 5 shows the chloride binding of the samples as a function of the pH (a) and the free chloride
concentration (b) in the pore solution. The chloride binding isotherms of NaCl and CaCl2 from Machner
et al. (Machner et al., 2018b) are included in subfigure b). The dashed lines show the chloride binding
as predicted by the thermodynamic model, which is only determined by the amount of Friedel’s salt.
According to the model the chloride binding remains stable and mostly unaffected by the pH and the
free chloride concentration while the pH is above 11, as Friedel’s salt is stable in that range (see Figure
2). Below pH 11 the model predicts the chloride binding falling to zero as Friedel’s salt dissolves. The
experimentally determined chloride binding of the samples increases when the pH drops from 13.2 to
12.2. The final sample at 17 mL acid drops to a pH below 11, and it binds almost no chlorides.
Increasing acid volume

Bound chlorid [mg/g]

12

Increasing acid volume

12

a)

9

b)

8

6
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2.5 mL
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NaCl
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2
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2
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Free chloride concentration [M]

Figure 5. Calculated chloride binding of the samples as a function of the pH (a) and free
chloride concentration (a) in the pore solution. Chloride binding isotherms for NaCl and CaCl 2
from Machner et al. (Machner et al., 2018b) are shown in (b). Predicted chloride binding values
from the thermodynamic model are also included.
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4.
4.1

DISCUSSION
Lowering the pH of the pore solutions using HCl

To accurately simulate the effect of gradual leaching, the method must be able to gradually lower the
pH of the pore solution in the entire paste. Using HCl to lower the pH in the pore solution of cement
paste is therefore potentially risky. If the paste is directly exposed to acid the phases in the exposed
area will quickly dissolve whilst remaining stable elsewhere in the paste. As a result, the paste would
become inhomogeneous, preventing accurate determination of the chloride binding. The method
developed here proved to be able to gradually lower the pH in the paste. Figure 3 shows that adding
small doses of acid to the exposure solution did not lead to rapid decreases in the pH, and that the paste
quickly reaches equilibrium with the exposure solution. Adding the acid to the surrounding exposure
solution prevents direct contact between acid and paste, avoiding the possible inhomogeneous
dissolution of phases. The gradual dissolution of the paste (initially portlandite, then C-S-H) contributes
to the buffering capacity of the system, allowing for controlled decrease of the pH.
4.2

Chloride binding

Figure 3 shows that the chloride binding of the cement paste changes with the pH. If there was no effect
of pH on chloride binding, the addition of HCl would cause the same changes in chloride binding as
adding NaCl. The binding does not follow a curve similar to that of the NaCl isotherm, rather it resembles
the curve of the CaCl2 isotherm. CaCl2 leads to an increased calcium concentration and reduces the pH
(Hansson et al., 1985; Tritthart, 1989; Arya et al., 1990; Zibara, 2001; Zhu et al., 2012; De Weerdt et al.,
2015; Shi et al., 2017; Machner et al., 2018b), and the same effects are achieved by adding HCl. HCl
decreases the pH which leads to dissolution of portlandite, thereby increasing the calcium concentration
as can be seen in Figure 4. The pH and calcium concentrations appear to be unavoidably linked, as
pointed out by in previous studies (De Weerdt et al., 2015; Shi et al., 2017).
These results show the possible effect that large drops in pH can have on the chloride binding of cement
pastes. Previous studies have not been able to lower the pH using CaCl2 to the levels one could expect
in concrete after extended periods of sea water exposure. The sample at pH < 11 shows close to zero
chloride binding (Figure 5), which is supported by the thermodynamic model. This reduction in chloride
binding cannot be attributed to changes in the calcium concentration, as the concentration increases
which can be seen in Figure 4. The decreased chloride binding must therefore be caused by the lowered
pH. The low pH not only dissolves Friedel’s salt, but also prevents C-S-H from binding chlorides. It is
unlikely that all C-S-H has been dissolved, rather the composition has been changed by the leaching.
Changes to the C-S-H composition and the surrounding liquid could cause a reversal of the zeta
potential of the C-S-H, removing its ability to accumulate chloride ions in the diffuse layer (Labbez et al.,
2007).
The results of this chloride binding study could go a long way to explain the peaking behaviour of chloride
profiles in submerged concrete. As the sea water leaches the cement paste in the concrete, the pH in
the pore solution decreases. Near the surface the harsh leaching dissolves Friedel’s salt and prevents
the C-S-H from binding chlorides. This explains the lower values for total chloride content near the
surface of chloride exposed concrete structures, and why it can decrease over time rather than increase.
The sections that are slightly deeper will be partially leached, only experiencing small drops in the pH
of the pore solution. Lowering the pH slightly increases the ability of the cement paste to bind chlorides,
thereby increasing the total chloride content and leading to the peaking behaviour. Service life prediction
models should endeavour to include the pH dependent changes of chloride binding. Coupling an
accurate model for with the pH dependent chloride binding with a model for leaching could greatly
improve the accuracy of chloride ingress prediction.
5.

CONCLUSION

The chloride binding ability of Portland cement pastes is closely linked to the pH and calcium
concentration of the pore solution. Due to the connections between pH, calcium concentration, C-S-H
and portlandite, changes to one factor will inevitably affect the others. Small decreases in pH correspond
to an increased calcium concentration due to the dissolution of portlandite. The concentration change
and decreased pH both contribute to increased chloride binding for pH-drops from 13.3 to 12.2, but
there is no clear way to distinguish the two contributions.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
A very clear effect of the pH on chloride binding is observed once the pH falls below 11. The low pH
dissolves the main chloride containing AFm-phase Friedel’s salt and prevents C-S-H from physically
binding chlorides. The effect of pH on chloride binding goes a long way towards explaining the peaking
behaviour of chloride profiles in concrete structures exposed to sea water. Harsh leaching at the surface
reduces the chloride binding of the paste and thereby the total chloride content. Slightly below the
surface partial leaching reduces the pH and increases the chloride binding. The effect of leaching on
chloride binding should be included in models predicting chloride ingress in concrete structures.
6.
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ABSTRACT
Abstract: Alkali-activated materials has been a research hot spot in recent years in the field of building
materials owing to its wide range of raw materials, low energy consumption, less pollution and superior
performances. However, the efflorescence caused by carbonate weathering is a problem that should
be reduced in development of alkali-activated materials. In order to inhibit the efflorescence of waste
based alkali-activated inorganic binder, effects of calcium bentonite on the compressive strength,
carbonate ions concentration and pore size distribution of the obtained alkali-activated inorganic
mortar have been investigated and the efflorescence inhibition mechanism was analyzed in this study.
The results revealed that the compressive strength and microstructural properties could be further
developed with inclusion of calcium bentonite in alkali-activated inorganic mortar when its content was
less than10%.However, when a threshold (10%) is surpassed, compressive strengths could be
decreased. Besides, the efflorescence of alkali-activated inorganic binder was inhibited when calcium
bentonite content was 10%.
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1.

GENERAL INSTRUCTIONS

Research on the effectively use of industrial waste in alkali-activated technology, which
were initialy reported by Davidovits [1], has been a hot spot in recent years in building
materials field. Alkali-activated inorganic binder can be synthesized from alumino-silicate
waste materials such as steel slag [2-4], blast furnace slag [5–7] and fly ash [8-10] under
strong alkaline condition. Compared with cements, ceramics and metals, alkali-activated
inorganic materials have many advantages, such as high early age strength [11-13], low
permeability [14-16] and good fire resistance behaviour [17-18]. However, there were some
disadvantages which could not be ignored such as efflorescence. It is well known that alkaliactivated materials were activated with alkali such as sodium hydroxide (NaOH), potassium
hydroxide (KOH). Thus, soluble alkali can be dissolved out from alkali-activated inorganic
material surface and react with carbon dioxide in the air to form carbonate, which hinders the
practical application of alkali-activated inorganic materials.
Efflorescence is a very crucial problem that should be reduced in the development of
alkali-activated inorganic materials. Few studies on the efflorescence of alkali-activated
inorganic materials were reported, in addition, most of them were based on fly ash based
alkali-activated inorganic material. Najafi et al reduced efflorescence in alkali-activated
inorganic binder by adding Aluminium rich mineral admixtures and curing at elevated
temperatures [19]. Minfang Han et al. found that the efflorescence extent of fly ash-based
alkali-activated inorganic specimens decreased with zeolite addition and lead to the lesser
pore volume of macro-pores [20]. Zuhua Zhang [21] et al. discussed the relationship between
composition, slag addition and curing temperature.
In this work, the study aims to investigate calcium bentonite content, compressive
strength, carbonate ions concentration, pH value and pore size distribution of alkali-activated
inorganic prepared using steel slag and blast furnace slag as resource material and activated
by sodium hydroxide after curing for 60 days when calcium bentonite was partially replaced
with waste powder at levels ranging from 0% to 20% with an intervals of 5%.
2.
2.1

MATERIALS AND METHODS
Materials

The steel slag and blast furnace slag used in the experiment were from Shandong Steel Group,
and their specific surface areas were 0.376 m2/g and 0.436 m2/g, respectively. The calcium
bentonite was from Shandong power plant and its specific surface area was 0.77 m2/g. The
sodium hydroxide was used as activator to prepare the alkali-activated mortar specimens and
its content was 5%. The chemical composition of raw materials was determined and shown in
table 1. The particles diameter of steel slag, blast furnace slag and calcium bentonite were
tested by Beckman Coulter LS 13 320 and were illustrated in Fig. 1, Fig. 2 and Fig.3,
respectively.
Table1. Chemical composition of raw materials（wt%)
Component

CaO

MgO

Fe2O3

Al2O3

SiO2

TiO2

MnO

Steel slag

38.91

7.61

23.11

1.57

13.20

1.11

0.30

Slag

36.99

9.70

0.46

15.22

31.87

0.82

0.15
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Fig.1. Particles diameter of steel slag.
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2.2

Preparation of specimens
Calcium

bentonite was used as the substitute of waste powder such as steel slag and blast
furnace slag at levels ranging from 0% to 20% with intervals of 5% in this experiment. Alkaliactivated inorganic mortar samples were molded to 4cm×4cm×16cm under pressure of
20MPa with the water to solid ratio of 0.1 and cured in standard condition for 60 days. The
raw material ratio of alkali-activated inorganic mortar adding calcium bentonite was as
illustrated in table 2.
Tab.2. Raw material ratio of alkali-activated inorganic mortar adding calcium bentonite
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Solid materials ratio（wt%）
Sample
Calcium

bentonite

Steel
slag+slag

Sodium
hydroxide（
wt%）

Water to solid
ratio

+sand

2.3

D0

0

100

5

0.1

D1

5

95

5

0.1

D2

10

90

5

0.1

D3

15

85

5

0.1

D4

20

80

5

0.1

Test procedures

The compressive strength of alkali-activated mortar specimens were tested according to
GB/T17671 -1999 (Method of testing cement--determination of strength). The efflorescence was
characteristized by measuring the concentration of carbonate ions of alkali-activated inorganic mortar
specimens leaching liquid which curing for 60 days. The procedures were as follows: the specimen
was placed in 250ml distilled water for 48h in order to make the efflorescence products which mainly
was carbonate dissolve in water completely. Then, 10 ml leaching liquid was taken and diluted to 100
ml which can be determined by hydrochloric acid standard solution titration. The efflorescence
inhibition mechanism was analyzed by measuring the pore size distribution and pH value. Scanning
electron microscopy was used to characterize the alkali-activated inorganic paste and to investigate
the microstructure of the alkali-activated inorganic specimens with different calcium bentonite contents.
3.
3.1

RESULTS AND DISCUSSION
Effect of calcium bentonite on strength of waste based alkali-activated inorganic mortar

The compressive strength of alkali-activated mortar specimens with different calcium bentonite
contents cured for 60 days were presented in figure 4. It can be seen that the compressive strength
increases with calcium bentonite content at first and then decreased, and its value is largest when the
dosage of calcium bentonite is 10wt%, which is improved by 25.73% compared with the samples
without calcium bentonite. The flexural strength presented similar trends that increases with calcium
bentonite content at first and then decreased. The flexural strength is improved by 10.92% compared
with the samples without calcium bentonite.
The strength results are consistent with that of MIP result analysis. Namely, when the amount of
addition reaches 10%, the 60d compressive strength no longer increases significantly, while when the
amount of addition increases to 20%, the strength decreases significantly, the reason may be that
calcium bentonite has a strong hydroscopicity. When its dosages are too much, the excessive addition
of bentonite will cause expansion and crack of the sample, and the strength decreases obviously.
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Fig. 4. Effect of calcium bentonite on alkali-activated mortar strength

Fig. 5. Pore size distribution of samples curing for 60 days
From Fig.5, it is found that for the sample without calcium bentonite, the pore size are larger than
0.02um make up the largest percentage, which indicates that the average pore diameter is larger in
the internal pore structure. For the sample with 10wt% calcium bentonite, the proportion of pore size
smaller than 0.02um is the largest, the pore size is smaller and the sample is more compact compare
with the sample without calcium bentonite, which accorded with the compressive strength and the
flexural strength results. It can be seen from Fig,5 that the average pore size of samples with 10wt.%
calcium bentonite was significantly less than that of samples without adding calcium bentonite. The
results suggested that internal larger size pore in alkali-activated inorganic binder can be filled by
calcium bentonite fine particles and pore structure is improved, which makes the alkali-activated
inorganic binder become denser [22].
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3.2

Effect of calcium bentonite on efflorescence of waste based alkali-activated inorganic
mortar

The specimen was placed in 250ml distilled water for 48h in order to make the efflorescence
products which mainly was carbonate dissolve in water completely, and the results were presented in
figure 6 and figure 7. From figure 6 and figure 7, respectively, it is evident that the carbonate ions
concentration of leaching liquid decrease with the increase of calcium bentonite content up to 10%,
and slight increase with the increase of calcium bentonite content when calcium bentonite content is
more than 10%. Adding the moderate amount of calcium bentonite has inhibitory effect on alkaliactivated inorganic efflorescence for that the smallest carbonate ions concentration of leaching liquid
is 1581.5 mg/L when calcium bentonite content is 10wt%, which decreased obviously compared with
carbonate ions concentration of 2453.3 mg/L when calcium bentonite content is 0wt%. The
bicarbonate ions concentration of specimen with 10wt.% calcium bentonite is reduced by 35.5%
compared to that of specimen without calcium bentonite. It can be seen that from figure 7, the pH
value of leaching liquid significanity decrease with increasing of calcium bentonite content, which
implied the sodium hydroxide in alkali-activated inorganic is consumed by the calcium bentonite and
and produce more products. The conclusion was drawn based on the facts that during the preparation
process, the sodium hydroxide content added to specimens was the same, and the pH value and the
ions exchange capacity should be the same. Also the specimens were dense and produced carbonate
was difficult to transport in the dense microstructure. Thus, the sodium hydroxide in alkali-activated
inorganic was consumed by calcium bentonite and the pH value decreased.

Fig.6. Carbonate ions concentration of leaching liquid
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Fig. 7. pH value of leaching liquid
3.3

Micro-Structure analysis

The SEM pictures of alkali-activated inorganic binder with different calcium bentonite contents
curing for 60 days were stated in figure 8. It can be seen from the picture that, there were so many
pores and incompact micro-structure in SEM picture of D0 sample, D2 sample with 10wt% calcium
bentonite had more compact micro-structure than that of D0 sample, and more amorphous coherent
micro-structure were rest in SEM picture of D2 sample. For 60 days, the calcium bentonite was
involved in the reaction, and the product was filled with pores. It can be confirmed that, calcium
bentonite acted as micro-aggregates is able to fill the internal pore and improve alkali-activated
inorganic binder pore structure.
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Fig. 8. SEM pictures of alkali-activated inorganic binder curing for 60 days.
4.

CONCLUSIONS

To investigate effect of calcium bentonite on waste based alkali-activated inorganic
binder compressive strength and efflorescence, a set of tests were conducted. The experiment
results led to the following conclusions:
1). The compressive strength of the waste based alkali-activated inorganic binder are
improved with increasing content of calcium bentonite. Whereas, when a threshold is
surpassed, strengths could be decreased.
2). The bicarbonate ions concentration of specimen with 10wt.% calcium bentonite is reduced
by 35.5% compared to that of specimen without calcium bentonite.
3). The pH value of specimens decreases with increasing amount of calcium bentonite content.
4). The average pore size of samples with 10wt.% calcium bentonite is significantly less than
that of samples without adding calcium bentonite due to its micro-aggregate filling effects.
5). Due to micro-aggregate filling effects, efflorescence of alkali-activated inorganic binder
can be effectively inhibited by adding calcium bentonite.
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ABSTRACT
In this study, we intended to characterize the impact of carbonation on the main cement hydrate (C A S
H) in terms of chemistry and kinetics of degradation as well as to provide a better understanding on the
carbonation products’ properties. We synthetized C-A-S-H with increasing calcium content, i.e. Ca/Si
ratios ranging from 0.80 to 1.40 and Al/ Si ratios of 0.05 and 0.10. Based on thermogravimetric, 27Al
and 29Si magic angle spinning nuclear magnetic resonance and x-ray diffraction preliminary, it was
observed that C-A-S-H and C-S-H generated, after carbonation, the same major and minor calcium
carbonates polymorphs (vaterite and aragonite, respectively) and the same amorphous product (silica
gel). For the C-S-H, the silica gel embedded the fraction of calcium not transformed in calcium
carbonate and, it was also the case for C-A-S-H silica gel which incorporates also aluminium. It was
also found that coupling a high aluminium content with a high calcium content, i.e. Ca/Si higher than
0.95, calcium aluminates hydrates of pentahedral and octahedral coordination (third aluminate hydrate,
TAH) are produced. The pentahedral product is located in the C-A-S-H interlayers and the TAH on its
surfaces. The presence of those species correlated with a lower kinetic of degradation for the C A S
Hs. A proper understanding of the mechanisms involved requires further studies but from these results,
the hypothesis of a CO2 access to the C-A-S-H limited by the calcium aluminates with Al in
pentahedral environment and TAH seems acceptable.
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1.

INTRODUCTION

Extensive studies on cementitious materials carbonation [1,2,11–18,3–10] have been released these
last years and the topic is still the concern of ongoing studies. This is explained by the extent of the
alteration that could originate from the carbonation and its consequences on the materials durability
(carbonation mainly provides the conditions for active corrosion of steel reinforcement). Despite being
extensively studied, several aspects such as the kinetics of carbonation and the properties of the
products of carbonation remain partially understood. In particular it is not clear if Al and how Al
incorporation in the C-S-H structure affects the carbonation.
In this study we synthetized C(-A)-S-Hs of (increasing) Ca to Si ratios (C/S) comprised between 0.80
and 1.40 at two Al to Si ratios 0.05 and 0.1. These samples were submitted to accelerated (PCO2= 3%)
and natural carbonation (PCO2= 0.04%). The representativeness between the two types of carbonation
was assessed as well as the progress of the carbonation and the mechanisms involved. We focused on
the consequences of carbonation at the molecular scale, by investigating the nature of the product
yielded by C(-A)-S-Hs’ ultimate state of carbonation and the influence of Al speciation (within or outside
of the dreierketten chain) on the carbonation kinetics.
2.

MATERIALS AND METHODS

2.1

Samples

C(-A)-S-Hs were synthetized in ultrapure water (Milli-Q) using CaO (provided by Alfa Aesar), silica
Aerosil 200 (from Evonik industries) and CaOAl 2O3 (sourced by Alfa Aesar). A water/solid ratio of 50
was used for all syntheses. The C-A-S-H were obtained through one step synthesis by mixing the
stoichiometric amount of powders (Table 1) in HDPE bottles. The bottles were rotated at 15 rpm and
kept at 22 °C ± 2 °C during 6 months.
Table 1: composition of the C-A-S-H that were synthetized
Target C/S
Target Al/Si

0.80
0.00

0.05

0.95
0.10

0.00

0.05

1.20
0.10

0.00

0.05

1.40
0.10

0.00

0.05

0.10

After that, the solutions were filtrated and the resulting products were dried at ambient temperature.
Please note that all these operations were conducted in a CO 2-free glovebox to prevent parasitic
carbonation.
2.2

Methods

Thermogravimetric analyses (TGA) data were acquired on a Netzsch STA 409 PC Luxx apparatus.
Analyses were ran under constant N2 flowing (80 ml/min) and a heating rate of 10 °C/min. The weight
losses from samples of 120 mg of powder were recorded from 25 °C to 1150 °C. Quantification were
based on weight losses due to calcium carbonate decompositions.
C-A-S-Hs’ mineralogical properties were unveiled by powder X-ray diffraction (XRD). Data were
collected on a XPD PANalytical X’Pert diffractometer with a Bragg-Brentano geometry, ϴ-ϴ
configuration, and using Cu Kα radiation as a light source operated at 45 kV and 40 mA.
Silicon and aluminium magic-angle spinning nuclear magnetic resonance ( 29Si and 27Al MAS NMR)
single-pulse data were collected at ambient temperature, using a Bruker Avance III 500 spectrometer
operating at a Larmor frequency resonance of 99.3 MHz and 130.06 MHz respectively. Conditions were
set to a π/2 pulses of 3.5 µs, a recycle delays of 20 s, a 7 mm zirconia rotor spinning at 5.5 kHz and a
minimum number of 4000 scans for each 29Si spectrum. For 27Al analyses, a 1 µs π/6 pulse and a
recycle delay between 1 s and 2 s was retained. A 4 mm zirconia rotor was spun at 12.5 kHz and a
minimum number of 4000 scans were acquired. Tetramethylsilane and AlCl 3 aqueous solutions were
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used as an external standard to report the chemical shifts for 29Si and 27Al respectively. NMR data were
processed using an internally developed software [19]. The Tobermoritic structure model was adopted,
which implies for the C(-A)-S-Hs chains based on the dreierketten pattern: paired tetrahedra noted Q2p
forming dimers and linked by a third tetrahedron noted Q2b thus forming the dreierketten pattern. The
Tobermoritic structure model was applied by defining the number of bridging tetrahedra (Q2b ) as half of
the population of the pairing tetrahedra (Q2p ) i.e.: Q2p = 2Q2b .
The natural and the accelerated powders’ carbonation were implemented using climatic chambers at
25 °C, relative humidity of 55%, PCO2 of 0.04% and 3% respectively.
3.

RESULTS

For the C-S-H (i.e. C-A-S-H with the Al/Si ratio of 0), the 29Si MAS-NMR spectra showed two main types
of environment: silicates tetrahedra connected either to one tetrahedron (Q1) or two tetrahedra (Q2p,
Q2b) (Figure 1). An increase of the coordination of the silicates tetrahedra was observed with the
decrease of the C/S ratio. A decrease of the C/S ratio led to a predominance of Q2 environments as
expected from numerous previous studies, see for example [20–22]. The C-A-S-H 29Si MAS-NMR
spectra (Figure 2 and Figure 3) exhibited the same type of silicates environment (mainly Q1, Q2p, Q2b)
as C-S-H but with broader resonances. This was believed to arise: (1) firstly from Qn(mAl) environments
(silicates tetrahedra connected to m tetrahedral aluminium) as resulting from the substitution of silicates
tetrahedra by aluminium tetrahedra [23–25]) and, (2) from the disorder generated by the presence of Al
which led to a larger distribution of the chemical shifts. For a given C/S, an increase in the relative
proportion of silicates with higher coordination number (Q2p, Q2b) [26] was noticed when the aluminium
content increased (Figure 1, Figure 2, Figure 3).
C-S-H 1.40

Q2p
Q
Q

2p

C-S-H 1.20

2p

C-A-S-H 1.40-0.1

C-A-S-H 1.40-0.05

C-A-S-H 1.20-0.1
C-A-S-H 1.20-0.05

C-S-H 0.95
Q2b

Q2b

Q2b
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C-A-S-H 0.95-0.1
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Figure 1: 29Si MAS NMR
spectra of the C-S-H

-60

-70

-80

Q1

C-A-S-H 0.80-0.05
-90

-100 -110 -120 -130

δ (ppm) 29Si

Figure 2: 29Si MAS NMR
spectra of C-A-S-H
Al/Si = 0.05
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Figure 3: 29Si MAS NMR
spectra of C-A-S-H
Al/Si = 0.10

The 27Al MAS-NMR spectra are presented on Figure 4. One can see the variation induced by both the
C/S ratios and the Al content on C-A-S-H’s Al environments. C-A-S-Hs of low C/S ratios (0.80 and 0.95)
mainly exhibited Al resonances in agreement with tetrahedral (50-80 ppm) and octahedral (0-20 ppm)
environments, as previously observed [27–29]. Occurrence of Al in pentahedral coordination (≈ 35 ppm)
correlated with an increase of the calcium content, noticeable in the spectra of the samples with a C/S
ratio of 0.95 to 1.40. However, the relative proportion of Al pentahedral resonance at C/S= 0.95 barely
exceeds 5% of the total 27Al NMR signal intensity, for all Al contents (0.05 and 0.1), see Table 2. At
higher C/S ratios (1.20 and 1.40), the three coordinations of Al were observed namely tetrahedral,
pentahedral and octahedral. The increase of the calcium content from the C/S ratio 0.95 to 1.2 induced
either an increase of the proportion of the pentahedral environment and a strong change in octahedral
environments. A second type of octahedral environment called the third aluminate hydrate (TAH)
appeared (0-5 ppm). The proportion of TAH increased from traces at C/S= 0.80 and 0.95 to reach 45%
of the total Al environments at C/S = 1.40 Al/Si = 0.10 (Table 2). The second type of Al octahedral
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environment is attributed to species such as calcium aluminium hydrates [27,28,30]; phases that were
not associated to C-A-S-H [31] (noted Al h in Table 2).

Figure 4: 27Al MAS-NMR of the C-A-S-Hs
Table 2: Properties and distribution of C-A-S-Hs
aluminates hydrates such as C2AH8, C4AH13-19

27

Al signal intensities, Al h refers to calcium

Target
C/S–Al/Si

Al/Si (from 27Al
NMR)

% Al incorporated
in C-S-H as Al(IV)

%Al (V)

0.80-0.05

0.04

75

0.95-0.05

0.03

1.20-0.05

%Al (VI)
%Al h

%TAH

0

23

2

65

5

27

3

0.01

27

14

35

24

1.40-0.05

<0.01

11

17

27

45

0.80-0.10

0.06

59.1

0

38

2

0.95-0.10

0.06

62

5

24

7

1.20-0.10

0.04

39

12

39

10

1.40-0.10

0.03

31

11

45

13

Two pristines C-S-H’s (C/S = 0.80 and 1.40) diffractograms are displayed (in black colour) in Figure 10.
The typical C-S-H broad maxima are exhibited at small angles < 10° (2θ), and at ≈ 16.7, 29.1, 32.0,
49.8° (2θ) [26,32–34]. The sounds C-A-S-Hs’ diffractograms (C/S = 0.80 and 1.40, Al/Si = 0.05 and 0.1)
shown in Figure 11 and Figure 12 displayed the same pattern as the C-S-H’s but with broader peaks.
One could attribute this feature to the presence of aluminium within the nanocrystalline C-S-H structure.
The 29Si MAS-NMR spectra of the pristine and the carbonated C-S-H are displayed on Figure 5. One
can see the alteration induced by the carbonation on C-S-H environments (Q1, Q2p and Q2b) leading to
silica gel environment where higher silicates’ coordination are predominant (Q 3 and Q4). The carbonation
product was the same irrespective of the C/S ratios, i.e. a silica gel containing Q3 and Q4 environments.
Two different C/S ratios are chosen to illustrate the observed C-A-S-H behavior upon carbonation: 0.8
and 1.2. The effect of carbonation on the C-A-S-H’s lower C/S ratio 0.8, with an increasing aluminium
contents, Al/Si = 0.05 and 0.1 is shown in Figure 6. The higher C/S ratio 1.2 at an Al/Si = 0.05 is
presented on Figure 7. The carbonation product detected is the same as the one detailed previously for
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the C-S-H (silica gel with Q3 and Q4 environment). However, the silica gel environment incorporate a
small fraction of silicates tetrahedra that are connected to two others tetrahedra (Q 2), attributed to
silicates tetrahedra with silanols as often observed in silica gel [24,29]. The estimated proportion of the
Q2 in the gel varies from 6 to 14 % for the C-A-S-H. The Q3/Q4 ratio in the gel varies from 0.5 to 0.8 for
all the C-A-S-Hs.
Q2p

Q1

Q2b

Q2b

C-S-H 1.40

Q2p
Q3gel

Q4

Q4
Q3gel

Q1
Q2

C-S-H 1.20

C-S-H 0.95

Silanol

Figure 6: 29Si MAS NMR spectra of the noncarbonated and carbonated C-A-S-H
(Al/Si = 0.05)
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Q4
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-60
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-120

-130

Figure 5: 29Si MAS NMR spectra of the
non-carbonated (continued lines) and
carbonated (dotted lines) C-S-H

Q2
Silanol

Figure 7 : 29Si MAS NMR spectra of the noncarbonated and carbonated C-A-S-H
(Al/Si = 0.10)

The 27Al MAS-NMR spectra of both the carbonated and the pristine materials C/S = 0.80, Al/Si = 0.05
and 0.10 are displayed in Figure 8, the same features are shown for the C-A-S-H C/S = 1.20 Al/Si = 0.05
in Figure 9. The spectra of the carbonation product exhibited the same type of environment for all
calcium and Al contents. The calcium aluminate hydrate environment (around 10 ppm) was partially
affected by the carbonation. The tetrahedral environments of the pristine material was altered by
carbonation resulting in a silica gel embedding Ca and Al. Tetrahedral Al environment within the gel is
observed at a lower resonance frequency compared to the pristine material. The carbonation of the
C-A-S-H of C/S = 1.20 gave insight on the change in all Al environment upon carbonation: another
tetrahedral environment was produced; pentahedral environment and octahedral environment such as
TAH were not observed after carbonation; their Al was mobilized into the newly formed tetrahedral
environment. The resonances of calcium aluminates hydrate (Al h) that are not included in the C-A-S-H
structure remained unchanged.
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Figure 8: 27Al MAS NMR spectra of the
pristine and carbonated C-A-S-H C/S= 0.80
Al/Si= 0.05; 0.10

Figure 9: 27Al MAS NMR spectra of pristine CA-S-H C/S= 1.20 Al/Si= 0.05; 0.10 and the
spectra of Al=0.05 carbonated material

The C-S-H diffractograms after accelerated and natural carbonation are presented on Figure 10. One
can notice that vaterite was the main product, with aragonite as minor phase on either type of
carbonation. After 18 days of accelerated carbonation, the typical C-S-H signal disappeared from the
diffractograms of accelerated carbonation for all C/S ratios (1.40 and 0.80). The diffractograms of the
C-A-S-Hs of Al/Si = 0.05 and Al/Si = 0.10 are displayed on Figure 11 and Figure 12 respectively. The
C-A-S-Hs powders exhibited the same crystalline products as the C-S-H after carbonation, i.e. vaterite
as the main phase and aragonite as minor phase. After 34 days of accelerated carbonation, the
degradation of the C-A-S-H (Al/Si = 0.05 and 0.10) revealed to be incomplete for the higher C/S ratios
(1.20 and 1.40) for which C-(A-)S-H signal was still detected. Conversely to C-S-H carbonation, which
was complete in less than 20 days for all C/S ratios.
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Figure 10: XRD of C-S-Hs’ two C/S ratios 0.80 and 1.40, the pristine material (black), after 17
days of natural carbonation (green), and after 18 days of accelerated carbonation (purple)
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Figure 11: C-A-S-Hs XRD of C/S ratios 0.80 and 1.40 at an Al/Si = 0.05, the pristine material
(black), after 38 days of nat. carbonation (green), and 34 days of acc. carbonation (purple)
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Figure 12: XRD of C-A-S-Hs C/S = 0.80 and 1.40 at an Al/Si= 0.1, pristine material (black), 38
days of nat. carbonation (green) and 34 days of acc. carbonation (purple)
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The progress of the carbonation was monitored using XRD for C-A-S-Hs of C/S ratios of 0.80 and 1.40
and Al/Si ratios of 0.05 and 0.10. One can notice the complete carbonation of the C-A-S-H of low C/S
ratio (0.80) in about 20 days regardless of the Al content (Figure 13 and Figure 14). The carbonation of
higher C/S ratios (1.40 see Figure 15 and Figure 16) demonstrated reduced kinetics and incomplete
carbonation after 145 days.
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Figure 13: Progression of the C/S = 0.80 and
Al/Si = 0.05 carbonated powder intensities (in
arbitrary unit) with respect to time
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Figure 15: Progression of the intensities (in
arbitrary unit) of the phases observed during
the carbonation of the C/S = 1.40 and
Al/Si = 0.05 C-A-S-H, with respect to time.
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Figure 14: Progression of the intensities (in
arbitrary unit) of the phases observed during
the carbonation of the C/S = 0.80 and Al/Si =
0.10 C-A-S-H, with respect to time.
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Figure 16 : Progression of the intensities (in
arbitrary unit) of the phases observed during
the carbonation of the C/S = 1.40 and
Al/Si = 0.10 C-A-S-H, with respect to time

DISCUSSION

The 29Si MAS-NMR analyses evidenced the same (amorphous) carbonation end product for the
C-A-S-H and C-S-H (a silica gel). However, in contrast to the case of C-S-H, the silica gel generated by
the carbonation of the C-A-S-H evidenced a small fraction of Q2 silicates with a lower degree of
coordination that we attributed to silanols. The presence of the silanols could be attributed to the
presence of Al and Ca within the silica gel network. However, the Q3/Q4 ratio in the gel for all the samples
varied from 0.5 to 0.8. Similarly, the same (crystalline) carbonation products were evidenced by C-A-S-H
and C-S-H, namely calcium carbonates. Two polymorphs were detected, a major and a minor phase,
which were vaterite and aragonite respectively. For each sample, the progress of the carbonation was
monitored using XRD. The C-S-H exhibited complete carbonation in about 20 days, regardless of the
C/S ratio, likewise for the C-A-S-H samples of low C/S ratio (0.80). The carbonation of C-A-S-H samples
with higher C/S ratios (especially 1.20 and 1.40) remained incomplete after 145 days of accelerated
carbonation.
The effect of Al on C-S-H chemistry was studied using 27Al NMR. We focused on the changes related
to Al environments following the carbonation. We observed the presence of pentahedral and octahedral
(TAH) Al species prior to carbonation; those phases are known to occur at high calcium content in
C-A-S-H interlayers and surfaces respectively. Those environments disappeared after carbonation.
They were believed to slow down the C-A-S-H carbonation rate by limiting the access of the CO2.
Futhermore, the samples demonstrating the slower kinetics, incorporated the higher population of TAH
and pentahedral Al environments. The incorporation of Al(IV) within the C-A-S-H appeared to have a
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limited influence on the carbonation kinetics, since the low calcium samples C/S = 0.80 and 0.95 present
the higher Al content of all the C-A-S-H tested in this study.
5.

CONCLUSION




6.

Kinetics of degradation of C(-A)-S-Hs in materials submitted to carbonation is not based on the
stabilization of the dreierketten chain by Si-O-Al bonds, since there is no correlation observed
between the Al (IV) content in C-A-S-H and the degradation kinetics.
The main parameter seems to be the high calcium content, which allows, in presence of Al, the
formation of calcium aluminate species with aluminium in octahedral environment such as TAH
and Al in pentahedral environment.
There is a passivating effect of TAH and Al (V) calcium aluminates species leading to a limited
CO2 access to the C-A-S-H for high C/S ratios.
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ABSTRACT
In this work, for the mass concrete project under high temperature, high humidity, and high salt
environments in South China Sea, marine cement with low hydration heat and high corrosion
resistance is developed, which is composited of ordinary Portland cement, ultra-fine slag, and fly ash,
etc. The resulting marine mass concrete (MMC) was prepared by using marine cement. The
temperature monitoring test was conducted to research the development of internal temperature of
MMC. The test results indicated that reducing pouring temperature and cement content could help to
decrease temperature inside the mass concrete. Moreover, the electric flux of core samples of MMC
after two years of curing was lower than that of normal mass concrete (NMC) by 87%. Meanwhile, the
compressive strength of MMC increased by 34% compared to that of NMC. Furthermore, TG-DTG
analysis showed that the content of the hydration product Ca(OH)2 of hardened paste obtained from
mass marine concrete was much lower than that of normal concrete. SEM observations showed that
the microstructure of MMC was more compact than that of NMC. Therefore, the marine cement is
suitable for preparing the mass concrete under the marine environment.
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1.

INTRODUCTION

The control of cracking in mass concrete structures is a key technical problem at present because
many marine engineering structures, such as bridges over sea, port engineering, dams, and wharf,
are becoming bigger and bigger. Such type of cracking generally takes place as a consequence of
excessive tensile stresses due to the loads and temperature changes. Temperature control,
particularly in mass concrete, is a more critical key to prevent or minimize cracks (Ha JH et al. 2014).
Mass concrete has two major important thermal characteristics, the temperature rise and the
temperature differential (Chen Y et al. 2017). The internal temperature rise of mass concrete is
affected by pouring temperature, hydration heat of cement, and heat dissipation temperature (Zhou Y
et al. 2012). An excessive temperature rise (over 71.1 °C) may induce thermal cracking and delayed
ettringite formation (Diamond S 1996, Barbarulo R et al. 2005). Moreover, the national standard GB
50496-2009 of the P.R. China suggested the temperature differential between the center of mass
concrete section and the surface should not be greater than 25 °C. An excessive temperature
differential may cause temperature stress. When the temperature stress exceeds excessive tensile
stresses of concrete, it may result in temperature cracks in mass concrete and thereby, its durability
and service life reduction (Ha JH et al. 2014, Batog M & Giergiczny Z 2017). Therefore, the
temperature control is of great significance in assuring the quality of mass concrete.
At present, the measures for temperature control of mass concrete mainly include water cooling,
thermal insulation, pouring temperature control, and reducing the hydration heat of concrete. The
water cooling measures are pre-buried pipes in concrete, and then injecting the cooling water into
pipes to reduce the internal temperature of mass concrete and the temperature differential (Zhou Y et
al. 2012). Thermal insulation or insulated formwork is often used to retain heat at a concrete surface
and reduce the temperature differential, which in turn reduces the potential for thermal cracking (Chen
Y et al. 2017). The control of the pouring temperature of concrete (Batog M & Giergiczny Z 2017) are
decreasing the temperature of the environment, raw materials, concrete production, and other
aspects, the object is to minimize the effect of the external heats on the molding temperature of
concrete. These methods effectively prevent or reduce temperature cracks in mass concrete, but
require cumbersome installation work, additional construction time, and costs. Notably, reducing the
hydration heat of concrete is a very effective method. Batog M & Giergiczny Z (2017) reported that
reducing the cement content effectively decrease the hardening temperature of concrete. Zhang G &
Li G (2016) reported that the use of a large amount of mineral mixture to replace part of cement not
only reduce the amount of cement but also decrease the hydration heat of cement, and delay the
appearance of temperature peaks inside the mass concrete, thereby minimizing the risk of crack
formation. The measures such as using low heat cement, reducing the amount of cement, and adding
large amount of mineral mixture significantly reduce the hydration heat.
Hainan province is a tropical monsoon climate with abundant sunshine and rainfall, and is located in
South China Sea, characterized by high temperature, high humidity, and high salt. In addition, there is
a lack of freshwater and insufficient power supply capacity at sea or part of the offshore area. For the
mass concrete projects, the cost of using freshwater cooling measure is very high, and using seawater
cooling measure may cause steel corrosion. More important, normal concrete has the characteristics
of high hydration heat, poor workability, large amount of cementitious material, and poor ability to
resist chloride ion penetration (Yoon IS 2009), which is difficult to meet the special requirements of
mass concrete projects under high temperature, high humidity, and high salt environments. Therefore,
to develop a kind of marine concrete with high strength, good workability, and low hydration heat and
great ability to resist chloride ion penetration is of great practical significance to improve the durability
and service life of marine mass concrete structures in South China Sea.
For the special environment and requirements of marine engineering in Hainan, the mass concrete
test cubes incorporating ordinary Portland cement and marine cement were prepared in this work, and
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the temperature monitoring under different environments was carried out. Moreover, the mechanical
properties and durability of mass concrete were studied. Furthermore, thermal analysis and scanning
electron microscopy were used to analysis the content and microstructure of hydration products in
cement pastes samples obtained from mass concretes, respectively.
2.

MATERIALS AND EXPERIMENTS

2.1 Materials
Ordinary Portland cement (OPC) and marine cement (MC) were used to prepare mass concrete in this
study. MC which is composited of OPC, ultra-fine slag, fly ash and superplasticizer powder was
developed refer to the national standard GB/T 31289-2014 of the P.R. China and the product was
factory ground. The physical properties and chemical compositions of OPC and MC are showed in
Table 1 and Table 2, respectively. The fine aggregate used in this study was natural river sand with a
fineness modulus of 2.79. The coarse aggregate was basalt with diameters of 5-10 mm and 10-30 mm.
Table 1. Physical properties of ordinary Portland cement (OPC) and marine cement (MC)
Flexural strength/MPa

Compressive strength/MPa

Hydration heat (kJ/kg)

Cement
3d

28d

3d

28d

3d

7d

OPC

5.3

7.9

30.6

61.2

256

324

MC

4.8

8.1

26.0

54.9

189

204

Table 2. Chemical compositions of OPC and MC

wt.%

Cement

CaO

SiO2

Al2O3

Fe2O3

SO3

MgO

L.O.I

OPC

64.5

19.5

3.6

3.2

2.2

-

3.9

MC

59.2

24.1

7.2

2.4

2.8

2.5

2.8

2.2 Mix proportion
Three mixtures of concrete were prepared by mixing cement, sand, coarse aggregate, and water. The
slump of all mixtures was maintained as 200 mm. The mixture proportions are shown in Table 3.
Table 3. Mixture proportions of concrete
Coarse Aggregate (kg/m3)

OPC

MC

Fine aggregate

(kg/m3)

(kg/m3)

(kg/m3)

5-10 mm

10-30 mm

(kg/m3)

DR0

500

0

600

680

520

210

DR1

0

500

600

680

520

151

DR2

0

450

600

680

520

140

NO.

2.3
2.3.1

Water

Test methods
Compressive strength test

Compressive strength test was conducted on cubes of 100 mm × 100 mm × 100 mm according to the
national standard GB/T 50081-2002 of the P.R. China. Each test was conducted in triplicates. The
concrete cubes samples were cured to 3 days, 7 days, 28 days, and 150 days, respectively.
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2.3.2

Temperature monitoring test

To measure the development of internal temperature of mass concrete by a located monitoring
technology, two wood molds with thermal insulation materials were prepared. Figure 1a and b are the
schematic diagrams of extruded wood molds with the sizes of 500 mm × 500 mm × 500 mm and 1000
mm × 1000 mm × 1000 mm. Two mutual perpendicular PVC tubes were erected in wood molds.
Meanwhile, some DS18B20 temperature sensors were buried in the corresponding location of PVC
tubes as shown in Figure 1. Moreover, for measuring the temperature development by using the realtime monitoring system, these buried temperature sensors were connected to a computer.

Figure 1. The buried location of temperature sensors in wood moods: (a) with size of 500 mm ×
500 mm × 500 mm; and (b) 1000 mm × 1000 mm × 1000 mm.
The internal temperature rise of mass concrete was affected by the pouring temperature. The national
standard GB 50496-2009 of the P.R. China suggested that the pouring temperature of the fresh
concrete was controlled within 30 °C in hot weather. When the pouring temperature exceeded 30 °C,
the fresh concrete should be poured at night. During the hot season, the concrete raw materials, and
transportation and pouring process of fresh concrete should be cooled. According to the water and
power supply, and climatic characteristics in Hainan, three important considerations for concrete
mixing and forming, namely, pouring concrete at night, mixing water cooling, and high temperature
exposure of concrete raw materials and mixing equipment. Therefore, construction environments of
mass concrete were carried out in this study as follows:
Environment A: summer night with air temperature of 25-30 °C in Hainan located in South China.
Environment B: summer noon with air temperature of 35-40 °C in Hainan. Cement, aggregates, mixer
and water for concrete, etc., were all exposed to the weather.
Environment C: summer noon with air temperature of 35-40 °C in Hainan. Cement, aggregates and
mixer, etc., were all exposed to the weather, but the water was cooled to 4 °C.
The measured temperatures of the materials and mixer which exposed to environment B are showed
in Table 4. The measured temperature of aggregates was higher than the suggested temperature, but
studying on mass concrete at environment B was more suitable for the actual situation of Hainan.
Table 4. The temperature of the materials, mixer, and air measured at environment B
Test object

Air

Aggregates

Cement

Water for concrete

Mixer

Measured temperature /°C

38-40

49-50

34

38

50

2.3.3 Core boring sampling and performance tests
The core samples with a diameter of 100 mm were sampled from 0 to 300 mm in the surface of mass
concrete after 2 years of curing by using a HZ-15 concrete core drilling machine, which were used to
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measure the compressive strength and electric flux. Moreover, the hardened cement pastes were also
sampled for thermal analysis and morphology observation. The details are listed in Table 5.
Table 5. General situation and performance characterization of concrete core
Test

Shape

Size

Position

Age

Sampling Mode

Strength

Cylinder

Ф100 mm × 100 mm

0-300 mm

2 years

Core samples

Electric flux

Cylinder

Ф100 mm × 50 mm

100-300 mm

2 years

Core samples

TG-DTG

Powder

≤ 75 μm

100-300 mm

2 years

Hardened pastes

SEM

Section

~ 2 mm

100-300 mm

2 years

Hardened pastes

2.3.4

Electric flux test

Electric flux test was conducted on cylinders of Ф100 mm × 50 mm according to the national standard
GB/T50082-2009 of the P.R. China. Each test was conducted in triplicates.
2.3.5

Thermal analysis

Thermogravimetry and Derivative Thermogravimetry (TG-DTG) analysis of samples were performed
by a SDT-Q600 instrument (TA, New Castle, DE, USA) with temperature increments of 20 °C/min in
N2 atmosphere. Test temperature increased from 30 °C to 1000 °C.
2.3.6

Morphology observation

The scanning electron microscopy (SEM) micrographs of samples were obtained using a HITACHI S3000N instrument (Hitachi, Tokyo, Japan) working at 10 kV.
3.

RESULTS AND DISCUSSION

3.1 Temperature monitoring
3.1.1

Internal temperature development

Figure 2. The internal temperature development of mass concrete under environment B
Figure 2 shows the internal temperature development of mass concrete under environment B. The
internal temperatures of normal mass concrete (NMC) (DR0 sample) at test points a, d and h (Figure
1a) linearly increased to the highest value which appeared at ~10 hours after adding water, and then
the temperature decreased slowly. However, the highest internal temperatures of marine mass
concrete (MMC) (DR1 sample) at each test point were appeared at ~30 hours after adding water.
Moreover, the internal temperature-time curves of MMC showed that there was a steady period of 12
hours. Furthermore, the internal temperature of DR0 NMC sample was higher than that of DR1 MMC
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sample. Obviously, the internal temperature peaks of MMC were lower and delayed for ~20 hours. For
the mass concrete projects, the delayed appearance of internal temperature peak contributed
significantly to reduce the possibility of cracking inside the mass concrete (Zhang G & Li G 2016).
3.1.2

Centre temperature development

Figure 3 shows the centre temperature-time curves of MMC. The highest centre temperature of MMC
(DR1 samples) was 56.4 °C appeared at ~40 hours after adding water and stirring under environment
A. However, the highest centre temperature of 72.1 °C appeared at ~30 hours under environment B.
These results indicated that construction at night was helpful for delaying and decreasing centre
temperature peak of MMC. Moreover, the highest centre temperature of DR2 samples was 65.8 °C
appeared at ~35 hours under environment C which was lower than that of DR1 samples under
environment C, indicating that using lower cement content and ice water effectively decreased the
centre temperature peak of MMC. Similar results were obtained in the literature (Batog M & Giergiczny
Z 2017). Furthermore, there was no obvious change of the centre temperature of MMC (DR1 samples)
from 0 to 12 hours after adding water under environment A and B, called as ‘steady period’. The
reason probably was that the hydration process of marine cement was very slow in the early 12 hours.
After the steady period, the centre temperature increased rapidly, and then decreased slowly after the
temperature reaching to the highest value. However, there was no steady period of DR2 samples
under environment C. The centre temperature increased linearly after adding ice water. This
phenomenon needs further study.

Figure 3. The centre temperature development of marine mass concrete (MMC)
3.1.3

Internal temperature development in horizontal and vertical directions

Figure 4a shows the internal temperature development in the horizontal direction of MMC under
environment C. The internal temperatures of DR2 sample decreased rarely in the horizontal direction,
and internal-external temperature difference was ~4 °C.

Figure 4. The internal temperature development of MMC under environment C: (a) in the
horizontal direction, and (b) in the vertical direction
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Figure 4b shows the internal temperature development in the vertical direction of MMC under
environment C. The internal-external temperature difference was 10-15 °C.
Notably, the internal-external temperature differences in both horizontal and vertical directions were all
low. The reasons probably were that the size of mass concrete (1000 mm × 1000 mm × 1000 mm)
was small and insulation materials was used to prepared the mold in this study.
3.2 Compressive strength

Compressive strength
(MPa)

The results of the compressive strength of concrete cube samples are shown in Figure 5. When the
curing age was lower than 150 days, the compressive strength of concrete cubes increased in the
order DR0 > DR1 > DR2. The compressive strength and rate of strength development of marine
concretes (DR1 and DR2 samples) were lower than that of normal concrete (DR0 samples) when the
curing age was lower than 28 days. Similar results were obtained in the literature (Li G & Zhao X
2003). However, when the curing age increased from 28 days to 150 days, the slopes of strength
growth curves of DR0, DR1, and DR2 samples were 0.05, 0.11, and 0.09, respectively.
90
80
70
60
50
40
30
20
10
0
DR0
DR1
DR2

3d
36.8
26.6
18.4

7d
57.6
49.4
39.3

28d
71.8
60.8
46.4

150d
78.4
73.9
57.6

Figure 5. Compressive strength of concrete cube samples
Figure 6a shows the results of compressive strength of the mass concrete core samples after curing
for 2 years. The compressive strength of DR1 samples increased by 34% compared to that of DR0.
3.3 Electric flux
Figure 6b shows the results of electric flux of the mass concrete core samples after curing for 2 years.
The electric flux of DR1 samples decreased by 87% compared to that of DR0.

Figure 6. Compressive Strength (a) and Electric flux (b) of the mass concrete core samples
after 2 years of curing
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The above results indicated that the strength and durability of marine concrete was much higher than
that of normal concrete after a long time of curing.
3.4 TG-DTG analysis
To further investigate the hydration degree of cement pastes obtained from mass concrete, the TG
test was carried out. TG-DTG curves show the typical reactions occurring in pastes when subjected to
a progressive temperature increase from room temperature to 985 °C. The TG-DTG curves of DR0
and DR1 samples are shown in Figure 7. The mass loss in pastes occurred in three main peaks. The
dehydration of water molecules in hydrates such as C–S–H and ettringite took place within the range
from room temperature to 200 °C (Biricik H & Sarier N 2014).The second peak of thermal degradation
occurred between 450-500 °C, and the corresponding mass loss was associated with the
dehydroxylation of free Ca(OH)2 produced (El-Jazairi B & Illston JM 1997, Taylor HFW et al. 2010).
The third decomposition peak happened between 600-800 °C was due to decomposition of calcium
carbonate and escape of CO2 from the cement matrix (Chang C & Chen J 2006).

Figure 7. TG and DTG curves of DR0 and DR1 samples after 2 years of curing
Table 6 presents the mass percent of free Ca(OH) 2 and CaCO3 which were calculated by multiplying
the mass loss percent of the second and third peaks of TG curves, given in Figure 7, with the
stoichiometric molar mass ratios of Ca(OH) 2/ H2O and CaCO3/CO2, respectively, as mentioned in the
literature (Feldman RF & Ramachandran VS 1971). As seen in Table 6, the mass percent of free
Ca(OH)2, which did not enter the pozzolanic reaction, in DR1 sample was calculated as 1.56%, was
much lower than that of DR0 samples (7.60%). In addition, the total amount of Ca(OH) 2 and CaCO3 of
DR1 was 5.86%, which was also much lower than that of DR0 (13.55%). The reason may be that the
supplementary cementitious materials, ultra-fine slag and fly ash, in marine cement had pozzolanic
active and gradually produced pozzolanic reaction by action of free Ca(OH) 2.
Table 6. Mass % of Ca(OH)2 and of CaCO3 calculated from the second and third peaks of TG
analyses for DR0 and DR1 samples after 2 years of curing
NO.

Second peak of TG

Third peak of TG

Sum of second and third peaks of TG

Mass% of Ca(OH)2

Mass% of CaCO3

Total mass% of Ca(OH)2 and CaCO3

DR0

7.60

5.95

13.55

DR1

1.56

4.30

5.86

3.5 Morphology observation
Figure 8 show micrographs of DR0 and DR1 samples after 2 years of curing. It is impossible to
observe the obvious boundary between the C-S-H gel structure and other hydration products,
indicating that the hydration products are not simply superimposed but intertwined to form a spatial
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network structure, and filled on the surface of the hardened phase and pores during the hydration
reaction of cement, which increases the compaction of the hardened pastes (Zhang J et al. 2007)
These spatial network structures guarantee the strength of hardened pastes. As shown in Figure 8,
the microstructure of DR1 sample was denser than that of DR0 sample, which is due to the continuous
pozzolanic reaction of fly ash and slag in marine cement and formation of additional C-S-H with
increasing curing age (Wang L et al. 2018).

Figure 8. SEM images of DR0 (a) and DR1 (b) samples after 2 years of curing.
4.

CONCLUSIONS

The following conclusions have, hence, been drawn:









5.

To decrease the internal temperature of the mass concrete, construction at night was a
very effective method. In addition, the methods, reducing pouring temperature and cement
content, were also feasible.
Marine cement had lower hydration heat compared with ordinary Portland cement, and it
effectively delayed the appearance of internal temperature peaks of mass concrete.
Through the early strength of marine concrete which prepared by marine cement was low
and its strength developed slowly, the later strength developed quickly. It is noteworthy that
the compressive strength of marine concrete core samples (DR1) increased by 34%
compared to that of normal concrete core samples (DR0) after two year of curing.
The electric flux of marine concrete (DR1) after two years of curing was lower than that of
normal concrete (DR0) by 87%, which indicated that marine concrete had better resistance
to chloride ion penetration.
TG-DTG analysis showed that the content of the hydration product Ca(OH) 2 of hardened
paste obtained from mass marine concrete was much lower than that of normal concrete.
SEM observations showed that the microstructure of marine concrete was more compact
than that of normal concrete. These results can be explained why the mass marine
concrete obtain better strength and durability after a long time of curing.
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ABSTRACT
Abstract: The chloride ion permeability and carbonation resistance of C40 concrete with different
binder compositions were studied. Four particle sizes and two amounts of limestone powder were
selected. The hydration products and microstructure of C40 concrete were measured by using
thermogravimetric analysis, X-ray diffraction and mercury intrusion porosimetry, respectively. Test
results showed that incorporation of limestone powder reduced the chloride ion permeability and
carbonation resistance of C40 concrete, but the synergistic effects between limestone powder and fly
ash/slag improved the chloride ion permeability and carbonation resistance of C40 concrete. When the
limestone powder content was 5-20% and the fly ash content was less than 10%, or the limestone
powder content was less than 10% and the slag content was 30-50%, the chloride ion permeability
and carbonation resistance of C40 concrete was best.
Keywords: Limestone powder; Chloride ion permeability; Carbonation resistance; Synergistic effect
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1. Introduction
Incorporating supplementary cementitious materials (SCMs) into cement-based composites is a common
practice in construction industry owing to their enhancing effect on the concrete properties as well as their low
carbon footprint. Among the SCMs, the application of limestone powder (LP) is gradually accepted due to its
wide availability and low cost. In many national standards, it is permissible to incorporate limestone powder in
cement production, such as European standard (EN 197-1) [1], Canadian standard (CSA A3001-10 [2]), ASTM
C595 [3], and Chinese standard (JC/T 600-2010) [4].
The action mechanism of limestone powder in cement-based materials could be summarized as filler,
nucleation, dilution and chemical effects [5]. In 1948, Deniels [6] first reported that the filler effect of LP
increased the compressive strength of concrete. When the particle size of LP is smaller than cement, it fills the
intraparticle voids between cement particles, improves the particle size distribution, and increases the packing
density of cement-based materials due to its filler effect [7]. In 1976, Soroka and Setter [8] found the nucleation
effect of LP which promoted the precipitation of C-S-H and accelerated the hydration of cement [9]. The
nucleation effect of LP was attributed to the similarity between planar configureuration of Ca and O atoms in
calcite and CaO layers in C-S-H [10]. Since the reactivity of LP is lower than cement particles, when coarser
limestone powder or a large amount of limestone powder was incorporated into cement pastes, it mainly showed
dilution effect. The dilution effect of LP decreases the rapid formation of hydration products and reduces the
compressive strength of cement-based materials [11]. In 1938, Bessey et al. [12] found that CaCO3 reacted with
C3A and C4AF to form calcium-carboaluminate. The formation of calcium-carboaluminate prevented the C3A
and C4AF to react with ettringite, thus stabilizing the ettringite formation [13].
The Gibbs free energy of Friedel's salt, hemicarbonate and monocarbonate are -6823KJ/mol, -7336KJ/mol
and -7346 KJ/mol, respectively [14, 15]. Since the Gibbs free energy of hemicarbonate and monocarbonate are
lower than that of Friedel's salt, hemicarbonate and monocarbonate should be more stable than Friedel's salt.
Therefore, chloride ions might no longer react with the aluminum phase after chloride ions enter concrete
containing LP, and the amount of free chloride ion might increase, which increase the risk of steel corrosion.
Moreover, the reaction between LP and aluminum phase in cement and SCMs reduced the alkalinity of
cement-based materials [13]. In order to scientifically use LP in concrete, the chloride ion permeability and
carbonation resistance of C40 concrete containing LP were investigated.

2. Experimental program
2.1 Raw Materials
Portland cement (P·I 42.5), fly ash (FA), blast furnace slag (S), limestone powder and tap water were used
in this study. The chemical compositions of materials were shown in Table 1. According to Chinese Standards
GB175-2007 [16], the compressive strength of Portland cement at 3 and 28d were 26.6 and 57.3MPa,
respectively. The specific surface area of Portland cement was 336 m2/kg. The selected volume weighted average
particle sizes of limestone powder were 32, 20, 8 and 6μm, respectively. The calcium carbonate content in
limestone powder was 93.2% measured by thermogravimetric analysis.
Table 1 Chemical compositions of cement and limestone powder measured by X-ray fluorescence (XRF) (wt%).
PC

LP

FA

S
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SiO2

20.14

0.52

48.94

35.02

Al2O3

5.28

0.27

29.14

14.84

Fe2O3

3.47

0.24

9.16

1.2

CaO

63.26

52.66

6.06

37.01

MgO

2.66

2.66

0.12

9.43

SO3

2.18

-

1.06

—

MnO

-

-

—

0.2

LOI

1.72

43.1

1.1

0

2.2 Mixture proportions and curing
The water-to-binder ratio of cement pastes and concrete was 0.4. The cement pastes were used to measure
hydration products, and the concrete was used to measure chloride ion permeability and carbonation resistance
of C40 concrete. The binder composition was presented in Table 1. Based on the binder composition in Table 2,
the cementitious materials and water were mixed together in a drum mixer. The mixtures were poured into the
steel mold when they were uniform, and then covered with a plastic film. After 24 hours, the specimens were
demoulded, moved to standard curing room, and soaked in the Ca(OH) 2-saturated water until the testing age.
Table 2 Binder composition of mixtures
No

Binder composition（%）
Cement

LP

Fly ash

Slag

1

100

0

0

0

2

50

50

0

0

3

50

0

50

0

4

50

0

0

50

5

75

25

0

0

6

75

0

25

0

7

75

0

0

25

8

50

25

25

0

9

50

25

0

25

10

50

0

25

25

11

67

17

17

0

12

67

17

0

17

13

67

0

17

17

14

50

17

17

17

15

62.5

12.5

12.5

12.5

2.4 Experimental Methods
2.4.1 Thermogravimetric analysis
Until the test age, a block sample at the central part of specimens was selected and put into the absolute
alcohol solution to stop the hydration reaction. Then, the sample was dried in a vacuum oven at 60 ℃ for 24
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hours until its weight was constant. The sample was ground into fine powder and passed through a sieve of 45
μm. These powders were placed in a furnace of thermal detector, and the instrument was controlled by a
computer to raise the temperature from 20 ℃ to 1000 ℃ at heating rate of 10 ℃/min. The thermogravimetric and
differential thermal scanning curves were recorded.

2.4.2 X-ray diffraction (XRD)
Until test age, a block sample at the central part of specimens was selected and put into the absolute alcohol
solution to stop the hydration reaction. Then, the sample was taken from the absolute alcohol solution, ground
into fine powder and passed through a 300 µm mesh sieve. The fine powder was dried in a vacuum oven at 60 ℃
for 48h until its weight was constant. The phase analysis was analyzed by XRD using a Philips X-ray
diffractometer. The samples were scanned between 8°~13°.

2.4.3 Mercury intrusion porosimetry (MIP)
Until test age, a block sample at the central part of specimens was selected and put into the absolute alcohol
solution to stop the hydration reaction. Then, the sample was taken from the absolute alcohol solution and dried
in a vacuum oven at 60 ℃ for 24 hours until its weight was constant. The porosity and pore size distribution of
the samples were measured by MIP using a PoreMaster-60 automatic mercury porosimeter with a maximum
pressure of 414MPa. The contact angle between mercury and the pore wall was 140°, and the surface tension of
mercury was 480 erg/cm2. The test age for pore structure of samples were 28 and 180 days.

2.4.4 Chloride ion permeability
Cured for 28 days, cylindrical specimens with a size of Φ 100 ×50 mm2 were used in the RCM test. Prior
to RCM test, each sample was saturated with limewater under vacuum conditions. Then, test samples were
immersed in a saturated calcium hydroxide solution for 18 ± 2 hours. Before test, cathode test sink was injected
with 10% NaCl solution and the rubber sleeve was filled with 0.3 M anodic NaOH solution. The test time and
the applied voltage were determined by the initial current generated on 30 V voltage. After the migration test,
three mortar samples were respectively sprayed with 0.1 M AgNO 3 solution to confirm the penetration depth of
chloride ion.

2.4.5 Carbonation resistance
Carbonation experiments were carried out in a standard carbonation chamber with CO 2 concentration of 20%
± 3%, temperature of 20 C ± 2 oC, and relative humidity of 70% ± 5%. After carbonation, specimens were
removed, and carbonation depths were measured using a 1% phenolphthalein–ethanol solution as an indicator.
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3. Results and discussion
3.1 The chemical reaction between limestone powder and aluminum phases
Figure. 1 shows the thermogravimetric analyses of cement paste containing 6μm limestone powder at a
replacement level of 25% at different ages. To facilitate the observation, the results of 3, 28 and 90 days were
selected to illustrate. As can be seen, a peak at 180 oC was formed and it increased with age, which might be
attributed to the formation of carboaluminate. It was reported that the aluminate phases in cement reacted with
CaCO3 to form mono- and hemi-carbonate when LP was incorporated into cement-based materials [13]. To
confirm whether the new hydration product corresponding to the 180

C decomposition peak in

o

thermogravimetric analysis curve is carboaluminate, the cement pastes were analyzed using XRD.
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Figure .1 Thermal gravimetric analyses of pastes (PC: LP=75:25, average particle size of
LP: 6μm): (a) DTA curves; (b) TGA curves.
Figures. 2 and 3 show the XRD patterns of pastes with LP of different average particle size and amount,
respectively. It can be observed that the formation of hemi-carbonate increased with the decrease of particle size
or the increase of amount of LP at 3 days, and the formation of mono-carbonate was enhanced with the decrease
of particle size or the increase of amount of LP at 28 days. The test results are consistent with the trend of
thermogravimetric analysis. According to the XRD test results, the formation of carboaluminates could be
confirmed, and the chemical reaction between limestone powder and aluminum phases was verified.

Figure .2 Effect of average particle size of LP on the hydration products of cement pastes (PC: LP=75:25).
The main peaks of ettringite (E), hemicarbonate (Hc), monocarbonate (Mc) and ferrite phase (F) were observed.
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Figure .3 Effect of amount of LP (average particle size: 6μm) on the hydration products of cement pastes.
The main peaks of ettringite (E), hemicarbonate (Hc), monocarbonate (Mc) and ferrite phase (F) were observed.

3.2 Measuring the density of cement pastes
3.2.1 Particle size of limestone powder
Figure.4 shows the pore size distribution and cumulative porosity of cement pastes (PC: LP=75:25) with
different particle sizes of LP. To facilitate the observation, the results of three groups were selected to illustrate.
It can be observed that the particle size of limestone powder significantly influenced the most probable pore
diameter and porosity of cement pastes. The most probable pore diameter of cement pastes at 28 days
incorporating LP with an average particle size of 32, 20, 8 and 6μm were 56.9, 53.2, 52.6 and 48.9 nm,
respectively. At the same time, the porosity of the specimens was 31.37%, 30.09%, 29.92% and 29.30%,
respectively. Previously, it was reported that the CaCO3 in limestone powder reacts with aluminate phases in
cement and supplementary cementitious materials to form hemi- and mono-carbonate [13] and prevents the
decomposition of ettringite [17]. The formation of mono- and hemi-carbonate increases the solid phase volume
of cement-based materials by 108~130%. At 25°C, the molar volume of ettringite and monosulphate is 707 and
309 cm3/mol, respectively. Ettringite is more voluminous than monosulphate. The prevention of the
decomposition of ettringite also increases the solid phase volume of cement-based materials. At 180 days, the
porosity of cement pastes decreased to 26.17%, 25.69%, 26.85% and 26.57%, respectively owing to the ongoing
hydration. The results showed that the effect of particle size of LP on the porosity of cement pastes decreased as
the age prolonged. The changes in the most probable pore diameter and porosity of cement pastes at later age
should be mainly influenced by the physical effects of limestone powder. The particle size distributions of
limestone powder with an average particle size of 32 and 20μm were within a wide range. Therefore, the
incorporation of limestone powder might improve the packing density of cement pastes. As seen, the most
probable pore diameter and porosity of cement pastes were minimum at 180 days when limestone powder with
an average particle size of 20μm was applied.
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Figure .4 Effect of average particle size of LP on the pore size distribution and cumulative porosity of cement
pastes (PC: LP=75:25): (a) pore size distribution at 28d; (b) cumulative porosity at 28 days; (c) pore size
distribution at 180d; (d) cumulative porosity at 180 days.

3.2.2 Amount of limestone powder
Figure. 5 shows the effect of amount of LP (average particle size: 6μm) on the pore size distribution and
cumulative porosity of cement pastes. The amount of limestone powder significantly influenced the most
probable pore diameter and porosity of cement pastes. At 28 days, the most probable pore diameter of cement
pastes containing 0%, 25% and 50% of limestone powder with an average particle size of 6μm were 40.6, 48.9
and 77.2 nm, respectively, and the porosity were 27.14%, 29.30% and 35.52%, respectively. Unlike the particle
size effect, the influence of amount on the pore structure was remarkable at later ages. At 180 days, the porosity
was 23.00%, 26.57% and 33.77%, respectively when 0%, 25% and 50% of LP were applied. Incorporation of
greater fraction of limestone powder as a substitution to cement decreased the content of cement clinker and the
hydration products. The incorporation of limestone powder might show its dilution effect when the amount of
limestone powder exceeds a certain amount. It was reported [18] that when enough coarse limestone powder was
incorporated into cement-based materials, the porosities of cement-based materials were higher than that of
control group without limestone powder. The amount of limestone powder was 25% and 50% in this study, and
it is high enough to show its dilution effect. Thus, the incorporation of limestone powder increased the most
probable pore diameter and porosity of cement pastes at all ages.
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Figure .5 Effect of amount of LP (average particle size: 6μm) on the pore size distribution and cumulative
porosity of cement pastes: (a) pore size distribution at 28 days; (b) cumulative porosity at 28 days; (c) pore
size distribution at 180 days; (d) cumulative porosity at 180 days.

3.3 Chloride ion permeability
Figure.6 shows the chloride ion permeability of C40 concrete with different binder compositions. The
synergistic effects between limestone powder and fly ash/slag improved the chloride ion permeability of C40
concrete. When the limestone powder content was 5-20% and the fly ash content was less than 10%, or the
limestone powder content was less than 10% and the slag content was 30-50%, the chloride ion permeability of
C40 concrete was lowest.

Figure .6 Chloride ion permeability of concrete with different binder compositions.
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3.4 Carbonation resistance
Figure.7 shows the carbonation depth of C40 concrete with different binder compositions. The synergistic
effects between limestone powder and fly ash/slag improved the carbonation resistance of C40 concrete. When
the limestone powder content was 5-20% and the fly ash content was less than 10%, or the limestone powder
content was less than 10% and the slag content was 30-50%, the carbonation resistance of C40 concrete was
best.

Figure .7 Carbonation depth of concrete with different binder compositions.

4. Conclusions
In this paper, the quantitative study on the physical and chemical effects of limestone powder in cement
pastes was investigated. The following conclusions can be drawn:
With the decrease of particle size or the increase of amount of limestone powder, the nucleation effect of
limestone powder was obvious. To reduce the nucleation effect on the calculation of physical and chemical
effects of limestone powder, the effects on the properties of cement pastes mainly discussed at later age, and the
chemical effect of limestone powder on the properties of cement pastes at early age was underestimated.
As the average particle size of limestone powder decreased from 32 to 6μm, the consumed CaCO3 content
at 3 days increased from 0.67% to 1.71% while the consumed CaCO3 content at 180 days was about 2.4%. As
the amount of limestone powder increased from 25% to 50%, the consumed CaCO3 content at 3 days increased
from 1.71% to 2.02% while the difference of consumed CaCO3 content at 180 days was limited.
The effects of particle size of limestone powder on the pore size distribution and cumulative porosity of
cement pastes at different ages were different. At 28 days, the most probable pore diameter decreased from 56.9
to 48.9nm and porosity of cement pastes decreased from 31.37% to 29.30% as the average particle size of
limestone powder decreased from 32 to 6μm. The most probable pore diameter increased from 40.6 to 77.2nm,
and the porosity increased from 27.14% to 35.52% as the amount of limestone powder increased from 0% to
50%. At 180 days, the most probable pore diameter and porosity of cement pastes containing limestone powder
with an average particle size of 20μm were the lowest.
The synergistic effects between limestone powder and fly ash/slag improved the chloride ion permeability
and carbonation resistance of C40 concrete. When the limestone powder content was 5-20% and the fly ash
content was less than 10%, or the limestone powder content was less than 10% and the slag content was 30-50%,
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the chloride ion permeability and carbonation resistance of C40 concrete was best.
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ABSTRACT
Cement substitution with calcined kaolinite–montmorillonite clay blends as an effective way to
suppress alkali-silica reaction in cement composites containing reactive aggregates is investigated.
Expansion, cracking behavior, mechanical properties and microstructure of the cement composites
were investigated. Hydration of the ternary cement blends was also characterized. The results indicate
that cement modification with a combination of calcined kaolinite–montmorillonite clays can effectively
mitigate alkali-silica reaction-induced deteriorations. By incorporating 30% clays, the volume
expansion of the cement composites was decreased from deleterious to innocuous level. Amount of
cracks was decreased with increasing clay incorporations. In the presence of combined calcined clays,
the strength gain of the cement composites is more significant the strength loss caused by alkali-silica
reaction indicating the effective mitigation of this virulent reaction in concrete.
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1.

INTRODUCTIONS

Alkali-silica reaction (ASR) is one of the major degradation mechanisms causing volume expansion,
cracking and even substantial damages of concrete. Due to the internal attribute, pessimum, and
irreversibility of the induced degradation, ASR is commonly referred to as “concrete cancer”(Subasi, et
al. 2010). Prerequisites of ASR include reactive aggregates (metastable silica) (Bérubé, et al. 2002,
Maraghechi 2014), alkaline concrete pore solution (Mukhopadhyay 2013), and sufficient moisture
(Chatterji, et al. 1989). Therefore, theoretically effective approaches to avoid or mitigate ASR are the
use of inert aggregates, reduce the ambient relative humidity and modification of the cement matrix to
decrease alkalinity. However, the selection of service environment and use of non-reactive aggregates
and are not practical, especially in some regions where reactive aggregates dominate the rock resource
(Rajabipour, et al. 2015).
In addition to reactive silica, alkali is the most important reactant of ASR reactions. For concrete with
moderate or higher ASR risk, low-alkali cement should be used. However, for concrete structures with
high ASR risk, limiting cement’s alkali content, even controlling alkali content in supplementary
cementitious materials (SCMs) and aggregates, cannot be the sole strategy (Rajabipour, et al. 2015).
The most common approaches to suppress ASR is the use of lithium admixture and SCMs. Lithium can
reduce silica dissolution rate and impede formation and swelling of ASR gel by forming protective layers
(Feng, et al. 2010, Kawamura & Fuwa 2003). It is worth to note that limited availability of lithium, which
accounts for <0.002% earth’s crust, is the main change of their pervasive applications in concrete. More
practically, the use of SCMs can not only improve concrete properties but also reduce the alkalinity of
the pore solution. Various SCMs, such as fly ashes (Shafaatian, et al. 2013), slag (Wang 1995), silica
fume (Shehata & Thomas 2002), ground clay brick (Afshinnia & Poursaee 2015), rice husk ash (Munir,
et al. 2016) and metakaolin (MK) (Trümer & Ludwig 2015) have been investigated. Although good results
have been obtained in suppressing ASR, high volume SCMs can significantly impact concrete’s setting
and strength development. Moreover, the local availability of high-quality SCMs (i.e. low alkali, lowcalcium, and narrowly variable chemistry) is uncertain.
Clays, due to their abundance, low-cost, carbon efficiency and high pozzolanic activity, are promising
mineral admixtures for high-performance concrete with a great potential to replace the conventional
SCMs. Metakaolin (MK) is a calcined kaolinitic clay, one of the richest natural clay minerals. Due to the
penta-coordinated aluminum ions, disordered and strained nature of the alumina layers formed during
the calcination process (>600 °C), MK has high pozzolanic activity comparable to or exceeding the
activity of silica fume (Antoni, et al. 2012, Fernandez, et al. 2011). Aquino et al. (2001) reported that MK
performed similarly with SF in controlling ASR expansion of mortars. Depending on the aggregate, the
amount of MK between 10% and 15% that is required to control ASR expansion to <0.04% at 2 years
was reported by Ramlochan et al. (2000). In the work reported by Chappex and Scrivener (2013),
reduced ASR expansion and increased the concentration of aluminum in pore solution was observed
by incorporating MK. Montmorillonite (MT) is an aluminum phyllosilicate clay and, according to the
amount of exchangeable ion, it can be classified as sodium-MT, potassium-MT or calcium-MT (King
2017). Because of its high swelling behavior, absorption capacity and cation exchange ability, MT has
been extensively used as heavy metal cations adsorbent (Brtáňová, et al. 2012), radionuclide barrier
(Galamboš, et al. 2012, Galamboš, et al. 2013) and healing agent for self-healing concrete (Qureshi, et
al. 2016). However, the role of this clayey mineral in mitigating ASR has not been fully understood.
Calcium and aluminum play critical roles in the occurrence and development of ASR. The alkalinity of
concrete’s pore solution can be maintained or even increased in the presence of calcium through “alkali
recycling” (Hanson, Thomas 2001), which thereby keeps facilitating the occurrence of ASR over years.
Although some studies show that the diffusion of silica from the reactive aggregates can be prevented
in the presence of calcium (in the form of portlandite) (Chatterji 1979), the incorporation of calcium is
critical for the formation of gels with increased viscosity, stiffness and yield strength of ASR gel and
hence results in more destructive internal pressure (Gholizadeh Vayghan, et al. 2016). On the contrary,
aluminium, which is known interact with calcium-silicate hydrates (C–S–H) to form the aluminummodified calcium silicate hydrates (C–A–S–H), can mitigate ASR’s occurrence and development by
reducing alkalinity of pore solution, repelling dissolution of silica in alkaline environments, and densifying
microstructure of the cement paste (Chappex & Scrivener 2013). To address the challenges of
conventional SCMs and utilize the merits of aluminum, this study investigates the coupled cement
substation of MK and sodium-MT and its role in ASR suppression. Development of ASR expansion,
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cracking and mechanical properties of cement composites containing reactive fine aggregates are
monitored. Correlations between hydration and ASR mitigation are discussed.
2.
2.1

MATERIALS AND METHODS
Materials

Low alkali Type II/V Portland cement with a Na2O equivalent of 0.58 and a mean particle size of 12.9
µm produced by CalPortland was used in this study. The MK with a specific density of 2.6 g/cm3,
containing 52 wt.% SiO2 and 42 wt.% Al2O3 is produced from Aiken, South Carolina (USA), with a
thermal treatment temperature near the upper end of the normally adopted temperature range (600°C
to 800°C). The sodium MT used in this study has a relative density of 2.4 g/cm 3, a molecular weight of
180.1 g/mol, SiO2 content of 62 wt.% and Al2O3 content of 17%. It can be noted that the content of
silicate and aluminate phases (SiO2+Al2O3) of MK and MT are higher than 94wt.% and 79wt.%,
respectively. Particle size distributions of MK and MT was measured by laser diffraction and it was
observed that MK has a specific surface area of 2.9 m 2/g and a median particle size of 3.8 µm which is
finer than MT, the specific surface area of which is 0.87 m 2/g. In addition to composition and particle
size, it is also worth to note that the molecular structure of clays (e.g. MK has a metastable atomic
structure of 1:1 layering of Si and Al (Claire, et al. 2011, White, et al. 2010), while MT has a 2:1 threelayer structure consisting of two silica tetrahedral layers sandwiching a central alumina octahedral layer
(Murray 2006)) can also impact their performance in concrete. The reactive sand was obtained from El
Paso, TX (USA). Sodium hydroxide pellets (certified ACS) with a purity of ≥97% and high-performance
water-reducing admixture (Sikament 686) were also used.
2.2

Mixture proportion and specimen preparation

According to ASTM C1260 (2014), a water/cement (w/c) ratio of 0.47 and a binder-to-sand ratio of 1:2.25
were used for all mortar mixtures. Three cement binders with plain cement (PC), 10% (B10) and 30%
(B30) cement substitutions were adopted. With increasing cement replacement, the substitution of MK
by MT was increased from 0% to 3% (B10-0, B30-1, and B30-3). The mixture proportions with different
MK to MT ratios are summarized in Table 1. After mixing, the mortar was cast in
25 mm × 25 mm × 285 mm stainless steel molds with pre-embedded studs. After 1 day, the specimens
were removed from the molds and immersed in tap water at 23.0 ± 2 °C and were place in an oven with
a temperature of 80.0 ± 2 °C for 24h. Then the specimens were immersed in 1N NaOH at 80.0 ± 2 °C
to accelerate ASR. ASTM C109 (2016) was followed for strength measurement. 25.4 mm × 25.4 mm ×
25.4 mm cubic specimens were cast. After de-molding at 1 day, the cubes were conditioned in two
environments: one group (G1) was immersed in saturated lime water at 23.0 ± 2°C and the other group
(G2) was immersed in 1N NaOH solution at 80.0 ± 2°C. Cement pastes for TGA analysis were cast in
sealed bottles until testing.
Table 1. Mixture proportion of mortars

Index

2.3

Content (g)
Cement

Sand

Water

MK

MT

Superplasticizer

PC

990

440

465.3

0

0

0

B10-0

891

440

465.3

99

0

3

B30-1

693

440

465.3

287.1

9.9

6

B30-3
693
Expansion test

440

465.3

267.3

29.7

7

ASTM C1260 (2014) was followed to determine the ASR expansion of the cement blends. The initial
length of the mortar bar was measured as zero points. Then the mortar bar samples were immersed in
a NaOH 1 M solution at 80°C. Length change of the mortar bars was measured every 2 days for the first
12 days and then four additional measurements were carried out from 16 days to 40 days.
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2.4

Microstructure analysis

The microstructure of the mortars from G1 after 28 days and G2 after 9 months was investigated on a
polished surface using a Hitachi 4700 SEM under an accelerating voltage ranging from 10 kV to 20 kV
and a JSM-7001F-LV Field Emission Scanning Electron Microscope (SEM) under an accelerating
voltage of 3.0 kV, respectively.
2.5

Compressive strength

Effects of cement substitutions and ASR on strength of the cement composites were evaluated
according to ASTM C109. The mortar cubes, with 3 repetitions, were tested by using a static servohydraulic universal testing machine (SATEC 135HVL UTM).
2.6

Thermogravimetric analysis

TGA test was carried out on ground powders of the pastes for pure cement and cement-MK-MT blends
of G1 to understand the influence of clays on cement hydration products, which is strongly related to the
occurrence and development of ASR. Q50 thermogravimetric analyzer (TA Instruments) was used in
this study. A heating rate of 10ºC/min from room temperature to 150ºC followed by 15ºC/min up to 800ºC
in N2-atmosphere was adopted. Contents of calcium hydroxide (CH) and non-evaporable water in the
pastes, expressed as a percentage of the dry sample weight at 550°C, were determined by using the
following equations.
CH = [(W440 – W550) / W550] x MCa(OH)2 / MH2O

(1)

where CH is calcium hydroxide content, Wn is the mass at temperature n°C, and M is the molar mass.
Wne = (W105 – W550) / W550

(2)

where Wne is non-evaporable water content, Wn and M are same as in Eq. (1).
According to Wne, degree of cement hydration (DOH) was calculated as follows
DOH = 100% x Wne(t) / (Wne(∞) x Fc)

(3)

where Wne(t) is the content of non-evaporable water in cement at time t, Wne(∞) is the non-evaporable
water content of 1 g fully hydrated cement (0.24 g (de Larrard 1999, Fagerlund 2009, Feng, et al. 2004)),
and Fc is the fraction (mass ratio) of cement in the cement blends;
3.
3.1

RESULTS AND DISCUSSION
ASR Expansion

Figure 1 shows the ASR expansion behavior of the blended cement mortars with a period of up to 40
days. It can be seen that PC experienced a significant increase at an early age and shows the highest
expansion (0.60% at 16 days) among the specimens suggesting the high reactivity of the fine
aggregates. According to ASTM C1260 (ASTM 2014), the mortar bar length changes of less than 0.10%
and more than 0.20% after 16 days are indicatives of innocuous and potentially deleterious expansions,
respectively. The expansion rate of PC decreases over time and the final expansion of 0.8% was
obtained after 40 days. By incorporating 10% MK, the expansion, especially at an early age, was
decreased. No significant expansion was observed during the first 8 days. At 16 days, B10-0 showed
an expansion of 0.16%, which is in the range of indecisive expansion according to ASTM C1260 (ASTM
2014). Compared with PC, the expansion of B10-0 was reduced by 52% at 40 days and did not exceed
the threshold of deleterious expansion. This indicates that, with a low-volume MK, development of ASR
at an early age can be effectively suppressed, but the slow reaction due to leached metastable silica
cannot be mitigated. Increased clay incorporation resulted in a considerable reduction of ASR
expansion. After 16 days, B30-1 and B30-3 showed an expansion of 0.07% and 0.04%, respectively,
both of which are lower than 1.0% suggesting that the expansion of mortars was suppressed to an
innocuous level. Compared with PC, the 40-day expansions of B30-1 and B30-3 were decreased by
79% and 87%, respectively. From the figure, it is worth to note that the increased incorporation of MT
can help to further mitigate the ASR expansion. This indicates that synergistic effects between these
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two clays might be generated in concrete. The author’s previous work showed that MK and MT can work
synergistically to enhance cement hydration in terms of CH consumption, the formation of additional CS-H, incorporation of aluminum in C-S-H, growth of silicate chains length and increased dissolution of
MK in cement system. There are evidences that the reduced calcium in pore solution (Hanson 1944,
Thomas 2001), incorporation of soluble aluminium (Aquino, et al. 2001), consumption of CH (Bleszynski
and Thomas 1998) and formation of C–A–S–H (Hong and Glasser 2002) due to pozzolanic reactions
can effectively against ASR.

Figure 1. ASR expansion of mortar bar specimens and thresholds suggested by ASTM C1260.
3.2

Cracking behavior

Cracking on the surface of mortar bars conditioned in accelerated aging condition (1 N NaOH solution
at 10ºC) induced by ASR was observed. As shown in Figure 2, the PC shows the severest cracking in
terms of crack width, length, and density. Agreeing well with the expansion results, by mixing 10% MK,
less cracks with reduced crack width were observed (Figure 2c). When 30% cement was replaced,
cracking resistant of mortar was effectively improved (Figures 2d and 2e), this might be attributed to (i)
pozzolanic reactions that can help to improve mechanical properties of the cement matrix, (ii) increased
tolerance to volume change and (iii) suppressed ASR expansion as discussed above. The partial
replacement of MK with MT shows benefit again to mitigate ASR induced cracking. After 9 months, no
cracks can be visually observed on the surface of B30-3 (Figs 2a and 2e).
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Figure 2. Images from mortar bars after immersion in 1 N NaOH for 9 months: (a) comparison
between groups, cracks on the surface of (b) PC, (c) B10-0, (d) B30-1 and (e) B30-3.
3.3

Development of strength

The 7-day and 28-day compressive strength of the mortars conditioned in the two environments are
illustrated in Figures 3a and 3b, respectively. As shown in Figure 3a, after 7 days, PC and B10-0 cured
in lime water exhibit higher strength than that immersed in thermal 1N NaOH solution, while B10-0
shows a smaller difference. This is in agreement with the observations of Smaoui et al. (Smaoui, et al.
2005) and Garci et al. (Maria & Hamlin 2001). It was found that the NaOH solution can increase the rate
of cement reaction prior to 1 day, hydration is retarded at later ages and alkalis has a significant influence
on the percolation of the porosity in cement hydrating systems (Bentz 2006, Maria & Hamlin 2001). B30s
yield higher 7-day strength in the alkali solution than those cured in water. This might be attributed to
the alkaline activation of MK in the cement systems (Granizo, et al. 2002). It was observed that B30-1
cured in 1N NaOH solution has the highest 7-day compressive strength and the strength decrease with
MT incorporation in both water and alkali solution immersions. This trend was modified for 28-day
strength. From 7 days to 28 days, the strength of PC immersed in lime water increased by 19%, while
the one cured in the alkali solution yielded an increase of 13% with a higher variation. This might be
caused by the enhanced ASR deterioration in the alkali-thermal condition, which can in a certain extent
counteract the strength gain. It should be noted that B30-3 yield higher strength than B30-1 and the
strength of both B30s samples in the condition of NaOH solution are higher than that obtained from lime
water curing. This is a result of two things: (1) MK’s dissolution and reactivity in the cement systems
was improved in the presence of alkali and MT, and (2) ASR was suppressed effectively in the presence
of incorporated clay minerals.
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Figure 3. Compressive strength development of mortar cubes for the two groups: (a) 7-day
strength and (b) 28-day strength.
3.4

Microstructural analysis

The microstructure of the mortars was investigated on polished sections after 9 months immersion in
1N NaOH at 80C. As shown in SEM images of PC (Figure 4a), cracks in both cement paste and
aggregates can be observed indicating the severe ASR gel’s swelling and destructive impact on
concrete. This is in agreement with the observations of expansion and cracking above. From Figure 4b
it can be seen that, with 10% MK incorporation, cracks can still occur displaying a rim with ASR gels.
Moreover, gel-filled micro-cracks extended from inner aggregate to the paste can also be observed. As
the cement replacement increased to 30%, see Figure 4c, cracking in aggregate was significantly
suppressed, while the surrounding cement paste still experienced cracking. This again indicates that
cement substitution with the combination of MK and MT is an effective way to suppress ASR induced
deterioration of concrete containing active aggregates, while this also indicates that future works for
high-volume clays substitution for robust ASR suppression are needed.

Figure 4. Microstructure selected mortars cured in 1N NaOH solution at 80C after 9 months: (a)
PC, (b) B10-0 and (c) B30-1.
3.5

Thermogravimetric analysis

Figures 5a and 5b show the development of a degree of hydration for cement and content of calcium
hydroxide, respectively, calculated from the TGA results. It is seen that with more MK incorporation, a
higher DOH of cement was obtained suggesting that this clay mineral is an effective cement hydration
accelerator. This is a result of several mechanisms related to physical and chemical modification of
cement pastes including (i) improved homogeneity, reduced coagulation and increased dispersion of
clinker particles and hydrates; (ii). increased particle packing due to extra physical nucleation sites
(Kadri, et al. 2011, Wu & Young); (iii) additional reactive aluminate and siliceous surfaces (Madani, et
al. 2012); (iv) increased shearing between particles (Berodier & Scrivener 2014). With a similar particle
size as PC and higher amorphous silica content than MK, the incorporation of MT results in a further
improvement in DOH of cement. Figure 5b shows that the coupled substitution of MK and MT results in
a decrease of CH content. The amorphous phases, i.e., silicate and aluminate, of MT and MK react with
CH in the presence of water producing cementing compounds like C–S–H (C-A-S-H) (Hakamy, et al.
2015). The further decrease of calcium hydroxide content caused incorporation of MT was observed
again after 28 days.
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As discussed above, the most important factor from cement contributing to ASR is the pH value. From
the view of thermodynamics, the network dissolution of silica is caused by OH ion attack of the ≡Si-Obonds. Then, in the presence of high pH, the ionization of the non-ionic Si(OH)4 can result in further
dissolution. If free calcium (in the form of portlandite) is available, this two-step dissolution process can
be enhanced through the aforementioned alkali recycling. Another negative contribution of calcium is to
link silica ions to form poly-metalsilicates(Iler 1979). These negative impacts of calcium can be
suppressed by decreasing the content of calcium hydroxide.

Figure 5. Degree of hydration of cement (a) and content of calcium hydroxide (b).
4.

CONCLUSIONS

This study presents experimental investigations documenting the role of combined incorporation of MK
and MT in mitigating expansion, cracking and strength loss of Portland cement mortars induced by ASR.
To explain the mitigating mechanisms, hydration of the cement in the presence of MK and MT were
studied. The results obtained in the study allow the following conclusions:
The incorporation of MK and MT in cement can effectively suppress ASR expansion. With 10% cement
substitution, the expansion of mortar at an early age (first 10 days) can be effectively suppressed, but
the slow reaction and expansion due to leached metastable silica cannot be arrested. With increasing
incorporation of MK and MT, expansion of mortars was decreased to an innocuous level. It was found
that with the replacement of MK by MT, the expansion of mortar was further decreased.
Agreeing well with the expansion behavior, a significant amount of cracks can be observed on the
surface of the PC. Amount of cracks was decreased with increasing clay incorporation and no crack can
be visibly detected from the surface of B30-3 specimens.
At an early age (7 days), due to the retarded hydration and the modified percolation of the porosity in
cement, PC and the cement blends with a low substitution (B10-0) cured in lime water exhibit higher
strength than that immersed in 1 N NaOH solutions at 80C. While attributed to the alkaline activation
of clay minerals, B30-1 and B30-3 yield higher 7-day strength in the alkali solution than those cured in
lime water. With increasing MK and MT incorporation, strength gain of the cement blends is more
significant in the alkali environment as a result of enhanced MK dissolution and reactivity in the presence
of alkali and MT and the suppressed ASR deterioration.
The microstructure of the samples influenced by ASR indicates that expansion of mortar was induced
by the swelling and destructing nature of ASR gels formed on the surface and inside the aggregates. In
the presence of MK and MT, less crack with decreased crack width can be observed. This again reveals
the effective roles of MK and MT in suppressing ASR induced deterioration. Synergistic effects between
MK and MT in enhancing cement hydration and consuming calcium hydroxide were observed, and this
provides benefits in suppressing ASR by mitigating the “virulent” influence of calcium.
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ABSTRACT
Chloride-induced corrosion of reinforcing steel rises the need for quantified information on chloride
transport properties in concrete. Description of chloride ingress into the concrete is important for
assessment of the long-term behavior of concrete exposed to sea water or deicing salts. A survey of
standard models is presented (diffusion, diffusion with bulk reactions, diffusion with migration in
constant electric field) and a generalization which encompasses all the previous effects relaxes the
major assumption in migration test – the constant electric field. It requires the full Nernst-PlanckPoisson system to be solved. This model is next used by the inverse method for extraction from
experiment of various transport (diffusion coefficient, mobilities) and kinetic (binding isotherm in cement
pores coefficients, heterogeneous rate constants) parameters. Applications of the extended models for
diffusion and migration tests are presented for various cementitious materials and compared to
standard methods.
Galvanostatic pulse method makes possible quick determination of the half-cell potential and the
corrosion rate of rebar steel. For a small applied current density, diffusion resistance can be avoided
and potential-time responses allow to extract corrosion related parameters Rp and Cdl. Extension of
classical model is presented, which takes into account the dispersion effects through a CPE element
and utilizing the fractional-derivatives calculus to obtain a solution in time domain as the basis for
inverse method. Electrochemical Impedance Spectroscopy model for corroding concrete/rebar system
is developed which is not based on the bulk electrical circuit elements but on the phenomenological
description (mass transport, Poisson equation, and corrosion kinetics).
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1.

CHLORIDE INDUCED CORROSION OF REINFORCING STEEL IN CONCRETE

Reinforced concrete has around one century of performance, during which it has become the most
widely used building material. Concrete provides a highly alkaline electrolyte encapsulated in its pores
and in such conditions steel may remain passive. However, chlorides and atmospheric carbon dioxide
penetrate the pores and when reaching the reinforcement promote corrosion, which weaken the
concrete structural properties inducing the cover cracking and the loss in steelconcrete bond. Chloride
induced corrosion of reinforcing steel (re-bars) is one of the main causes of structural concrete
deterioration and therefore is responsible for a large share of the cost for the rehabilitation of concrete
structures (Guettala & Abibsi 2006). Therefore, the resistance to chloride ion penetration into concrete
is a crucial parameter affecting the durability of concrete reinforcement. Diffusion coefficient, which
characterize a chloride transport property, in conjunction with transport models can be applied for
service life estimation of existing or new structures. There is no universally accepted method of chloride
diffusion determination established so far, and different methods often lead to different results (Andrade
et al. 2000).
In this chapter we present the diffusion-reaction model of chloride ingress which together with nonsteady state diffusion experiment will allow determination of chloride effective diffusion coefficient for
two various cementitious materials.
1.1

Diffusion and reaction model of chlorides ingress

The model combines the diffusion of chlorides and the reaction of chloride binding in concrete. Part of
chloride ions can be immobilized by the hydration products of cement either through chemical reaction
(with calcium aluminate hydrates) or physical adsorption (on the surface of the C-S-H gel) (Tang 1996).
It is important to notice that only the free chlorides are able to diffuse in the concrete, while boundchlorides are considered immobile. Extensive reviews regarding the binding of chlorides in concrete can
be found in literature e.g. in (Justnes 1998) and (Yuan et al. 2009). The amount of bound chlorides
increases non-linearly with increase of the free-chloride concentration and this relationship is most often
described using the Freundlich binding isotherm (Zibara 2001):

Cb  Kb  c ,

(1)

where C b is the bound chloride concentrations, c is the free chloride concentration, K b is the binding
capacity of concrete and  is the binding intensity parameter. Using the Freundlich isotherm in a mass
balance equation leads to the following set of equations describing the evolution of free (c) and bound (
C b ) chloride concentrations:

 c
2c
1/


D
 k c   C b / K b   ,
eff



t
x 2

(1   ) C b  k c   C / K 1/  ,
s
b
b



t

(2)

where  denotes the concrete porosity,  s is the density of solid state in concrete, and constant k is
the mass transfer rate. In the model we assume the following boundary conditions:

c(0, t )  c0  const , C b (0, t )  K b  c0  const ,
c( , t )  0, C b ( , t )  0.

(3)

At the beginning no chlorides are present in the sample and consequently the initial conditions state:

c(x ,0)  0, C b (x ,0)  0 .

(4)

Total chloride concentration in (%) is related to free and bounded chlorides concentrations by the
formula:
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Ctot (x , t ) 

  c f (x , t )  (1 -  )   s  C b (x , t)
.
c

(5)

Solution of the diffusion-reaction model (2)(4) gives free and bounded chloride concentration profiles.
The total chloride concentration can be calculated by using formula (5).
1.2

Characterization of the samples and diffusion experiment

Two cements different in composition and consequently the properties were selected: i) CEM I 42.5 R
(EN 197-1) and ii) CEM III/A 42.5 N (EN 197-1). The objective of the measurements was to determine
the diffusion coefficient of chloride ions, taking into account the type of cement. Measurements were
realized based on the mortar samples prepared with the same weight proportions of the components:
sand, cement, and water. Taking into account the requirements for the composition of the mortar
operating under the influence of chlorides all samples were prepared with the same water to cement
ratio, w/c = 0.50, and the sand from the same batch was used to prepare all samples. Mortar cubes with
a dimension of 150 mm were prepared. The proportions by weight of components: sand, cement and
water were 3:1:0.5, respectively, according to EN 196-1 standard. Weighed amounts of ingredients were
mixed in a mixer for 180 seconds and immediately after the mixing the samples were formed by
compacting the mortar on the vibrating table for another 15 seconds. The strength properties of prepared
mortars were assessed after 28 and 90 days of hardening. The evaluation of porosity has been
performed using mercury intrusion porosimetry. The evaluation of flexural strength and compressive
strength was conducted on samples of dimensions according to the EN 196-1 standard. Results of these
tests are shown in Table 1. Mortar cubic samples, 150 mm edge size, were prepared and protected
against moisture loss during the first 28 days of storing.
Table 1. Properties of mortars used in diffusion measurements

The type of
cement
CEM I 42.5 R
CEM III/A 42.5 N

Bending // compression
strength [MPa];
28 days

90 days

7.5 // 48.4
7.2 // 55.4

7.6 // 54.1
8.1 // 59.0

Results from the mercury porosimetry tests
Porosity
[%]
16.8
15.5

Cumulative pore
volume [mm3/g]
79.1
72.3

Density, [kg/m3]
2130
2140

The determination of chloride content was performed by the procedure described in PN-EN 196-2.
Cuboid-shaped samples, with two walls and the casting material at the considerable distance from the
surface, were exposed to penetration of chlorides exactly perpendicular to the surface immersed in a
solution of NaCl. Sampling was done using industrial carbide-tipped drill with a diameter of 8 mm.
Samples were taken at different distances, every 6 mm between points. Drilling was performed on both
sides of the sample, thereby preparing two series of samples (A and B) that were subjected to
determination of the content of chloride separately and used to calculate the average value. Material
acquired in the form of drill cuttings was a direct test sample. The samples were taken in the form of
powder, therefore they did not require additional preparation for analysis. Results chloride
concentrations as a function of distance from the surface of contact with NaCl water solution are
presented in Table 2.
Table 2. The measured chloride content in the mortars made of CEM I 42.5 R and CEM III / A
42.5 N as a function of the distance to the surface after storing in a 3% NaCl solution.

CEM I 42.5 R
14 months
CEM III/A 42.5 N
11 months

A series
B series
Average
A series
B series
Average

Chloride Content [% of sample mass] at the depth of [mm]:
3
6
12
18
24
30
36
0.67
0.62
0.46
0.35
0.20
0.13
0.10
0.68
0.64
0.46
0.34
0.20
0.14
0.10
0.68
0.63
0.46
0.35
0.20
0.14
0.10
0.54
0.42
0.16
0.03
0.01
0.01
0.57
0.45
0.15
0.05
0.02
0.00
0.56
0.44
0.16
0.04
0.02
0.01
-
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The inverse problem – determination of chloride diffusion coefficient

1.3

Based on experimental results (total chloride concentrations – see Table 2) one can define the goal
function which is a deviation between calculated and measured total chloride concentrations:

Gf  Deff , k , KB ,  
where

 C
n

r

exp

j 1 k 1

(xk , t j )  Ctot (xk , t j ; Deff , k , K B ,) 

2

(6)

C exp and Ctot are experimentally measured and calculated (solution of the problem (2)-(5)) total

chloride concentration. The optimisation of the goal function (6) was performed using Coordinate Search
Optimization Method. Determination of the effective diffusion coefficient Deff, the parameters k , K b , and
 were done by solution of the inverse problem, i.e. finding the global minimum of the goal function (6)
. The results are presented in Table 3 and the concentration profiles obtained using optimized
parameters Deff, k , K b , and  in Figure 1.
Table 3. Optimized parameters Deff, k, Kb and η in CEM I 42.5 cement mortar obtained from the
inverse method.
Cement type

Time of exposition in
Deff [m2/s] k [s-1]
chloride solution
14 months
4.53∙10-12 3.7610-

CEM I 42.5 R

Kb [kg η
/m3η]
1.20∙10-3

0.451

Value of Goal
Function
1.34∙10-7

1.43∙10-3

0.50

4.40∙10-8

η

8

CEM III/A 42.5
N

CEM I 42.5 R
14 months
experiment
calculations
free chloride
bound chloride
total chloride

0.8
0.6
0.4
0.2

CEM III/A 42.5 N

1.0

chloride concentration [%]

1.0

chloride concentration [%]

1.42∙10-12 11.10-8

11 months

11 months
0.8

experiment
calculations
Freundlich isotherm:
free chloride
bound chloride
total chloride

0.6
0.4
0.2
0.0

0.0
0
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Figure 1. Chloride concentration profiles obtained from experiment (points) and from the model
using the optimized values of Deff, k, Kb and η in Table 3 in the mortar made with cement CEM I
42.5 R after 14 months (left) and with cement CEM III/A 42.5 N after 11 months (right) of exposure
to a 3% NaCl water solution.
2.

TRANSIENT RESPONSE ANALYSIS OF STEEL IN CONCRETE

Electrochemical technique, such as linear polarization resistance, have been used to monitor corrosion
activity of steel in concrete (Glass et al. 1993). Limitations of this method have been reviewed by
González (González et al. 1985a; González et al. 1985b). Alternative electrochemical techniques such
as analysis of the potential response to a galvanostatic pulse have also been investigated (Feliu et al.
2002; González et al. 2001). Galvanostatic pulse measurements are straightforward, however data
analysis techniques are complicated by the fact that the steel in concrete system does not usually reach
a steady-state of potential shift, regardless of the size of the applied pulse (Birbilis et al. 2001).
Analysis of galvanostatiaclly induced potential response involves the use of an electrical equivalent
circuit. We present two different approaches which uses the inverse method do determine corrosion
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parameters in steel/concrete system. The first uses the Randles circuit (Orazem & Tribollet 2017) to
describe corrosion processes in steel/concrete system. The second applies a Randles-like circuit, in
which a capacitor was substituted by a constant phase element.
One of the parameters which can be used to assess a degree of rebar corrosion is the polarization
resistance, Rp . If this resistance is known one can determine the corrosion current density with the help
of the SternGeary formula (Stern & Geary 1957)

ikor  B / Rp ,

(7)

where the Stern coefficient B  (RT / F ) k a / ( k   a ). If the symmetry factors  a ,  k , are not
available we usually assume  a   k  1 / 2, what for standard conditions (T = 293 K) gives B = 0.0521
V (authors of the paper (González et al. 2001) recommend the range of values 2652 mV).
The disadvantage of expression (7) is that we have to know the area of investigated rebar to determine
corrosion current density. Another possibility is to use the time constant  as an indicator to the
corrosion status of steel in concrete. Since  is independent of area, it may serve to indicate corrosion
activity in cases where conﬁnement of the electrical signal may not be feasible, such as in difficult
reinforcement geometries encountered on-site. In this work the galvanostatic pulse method will be used
to determine polarization resistance and relaxation constant  14 .
2.1

A galvonostatic pulse method

In this method a constant current I0 is applied and the resulting transient voltage V (t ) is measured.
Figure 2 presents an equivalent circuit which is commonly used for the modeling of a concrete/rebar
contact (a variant of the Randles circuit). A constant current flows between A and B, I(t )  I0 for t  0,
but I(t)  0 for t  0. From the second Kirchhoff law the voltage difference between A and B, that is
V (t), is the sum of voltage drops along the path:

V (t )  RI0 

Q(t )
,
Cdl

(8)

where Q(t ) is charge accumulated in the capacitor (double layer with capacitance C dl ) at time t.

Figure 2. Equivalent electrical circuit for a model of concrete/rebar interface.
Moreover

RpI1 (t ) 
thus

Q(t ) dQ(t )
,
 I0  I1 (t ),
Cdl
dt

(9)

dQ(t )
Q(t )
 I0 
. Taking into account the initial condition Q(0)  0 we obtain the problem
dt
RpCdl
dQ
Q
 I0 
, Q(0)  0,
dt
RpCdl

which has the solution Q(t )  I0RpC dl (1  e

 t /RpCdl

). Introducing into (8) we obtain the expression

(10)
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V (t )  I0R  I0Rp (1  e

 t /RpCdl

).

Potential (11) stabilizes at the value of I0R  I0Rp , because limt  e

(11)
t /CdlRp

 0. The rate at which this

value is attained depends on the time constant   RpCdl . Hence in the standard galvanostatic approach
the maximum value I0R  I0Rp depends on the capacitance of a double layer (C dl ) and on the rate of
corrosion process through the polarization resistance (Rp ). If the stabilization is achieved quickly (small

 ), it may mean that a corrosion rate is high (small Rp ). This approach requires an experimentally
determined Vmax  limt  V (t ), what may be time consuming and difficult to measure – especially in the
passive state (long approach to Vmax and problems with deciding whether the maximum has been really
achieved). This inconvenience may be overcome by a modification in such a way that the potential
response does not have to be measured until the maximum is reached. The experiment is then carried
out as: for 0  t  t br a current I(t )  I0 , at time t  tbr the current is switched off (before Vmax is
achieved), the capacitor starts to discharge. Thus ((9) with I0  0) :

dQ
Q
 
, Q(tbr )  Qbr ,
dt
RpCdl
where Qbr  I0RpC dl (1  e

 t pr /RpCdl

(12)

). Solving for Q(t ) and inserting into eq. (8) for I0  0 gives

V (t )   I0Rp (1  e

 tbr /RpCdl

)e

 (t tbr )/RpCdl

for t  tbr .

(13)

In summary, the whole transient potential curve form is divided into two stages:

I0R  I0Rp (1  e t /RpCdl )
V (t )  
 tbr /RpCdl
(t t )/R C
)e br p dl
I0Rp (1  e

for 0  t  tbr ,
for t  tbr .

(14)

Let us notice the function V (t ) has a discontinuity at t  tbr (the jump is I0 R ).
Parameters R , Rp , Cdl , can be determined by the inverse problem. Having the measured potential
response V exp (t1 ),

,V exp (tr ), we can define the goal function as follows:
r



Gf  R , Rp , C dl    V exp (t k )  V  t k , R , Rp , C dl 
k 1



2

(15)

Using optimization methods one can minimize the goal function and obtain parameters R , Rp , Cdl .
2.2

A galvanostatic pulse method with the constant phase element – CPE

In the standard approach the equivalent circuit R -(RpCdl) has a double-layer capacitance modeled by
a capacitor with the capacitance Cdl. But the corrosion layer at the interface steel/concrete is not solid
and homogeneous so the constant phase element CPE(P,) is more accurate. The voltage drop on
such element (Orazem & Tribollet 2017)

VCPE (t )  P

d
I(t ),
dt 

where P and 0    1 are parameters of the CPE element. From the second Kirchhoff law

(16)
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V  I0R  P

d
d
(
I

I
),
P
(I0  I1 )  I1Rp ,
0
1
dt 
dt 

(17)

thus we arrive at the fractional differential equation

P

d
(I0  I1 )  I1Rp .
dt 

(18)

Solving and rearranging gives

(1)k 1 
(t /  )k for 0  t  t pr ,

(
k


1)
k 1


V (t )  I0R  I0Rp 

(19)

where function  is the gamma function and   Rp / P.
Finally, the whole transient response (composed of two stages: with pulse I0  0 and after interruption
of the current I0  0) can be written as


(1)k 1 
I
R

I
R
(t /  )k
for 0  t  t br ,
 0  0 p

(
k


1)
k 1

V (t )  



(1)k 1 
(1)k
k
I R
(
t
/

)
1

((t  t pr ) /  )k 1  for t  t br .
 
br
 0 p
k 1 (k  1)
k 0 ((k  1)  1)




(20)
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Figure 3. Comparison of potential responses eq. (20) after interruption of the current (I0  0) for
different values of parameter CPE ={0.25, 0.5, 0.75, 1}. Calculations were performed assuming
=1, R =0 and I0Rp=1. The relaxation constant 14 corresponds to such time for which voltage
drops to 14% of its initial value.
Parameters R , Rp , P ,  , can be determined by solving again the inverse problem. For the measured
potential response V exp (t1 ),

,V exp (tr ), the goal function is defined as follows:

Gf  R , Rp , P ,   

 V
r

k 1

exp

(tk )  V (t k , R , Rp , P ,  )  .
2

(21)

Using the optimization methods one can minimize the goal function and obtain parameters R , Rp , P , .
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2.3

Determination of the corrosion risk on the basis of galvanostatic pulse measurements

On-site measurements have been carried out on the road-bridge construction at the Marywilska street
in Warsaw, Poland. The current applied was I0 = 100 A over the time 1 s, then interrupted. The obtained
potential response is shown in Figure 4. The measured potential was approximated by expressions (14)
and (20), and then the goal functions was defined by (15) and (21), respectively. The optimized
parameters using Wolfram Mathematica (Wolfram 2017) are presented in Table 4.
Table 4 Optimized values of parameters Rp, Cdl, P-1 and  from the inverse method by
Coordinate Search Optimization Method.

Models
Extended Randles model
Randles model

Optimized parameters
Rp
Cdl / P-1

[F]
[]
1.2∙103
783.0∙10-6 0.67
2.8∙103 1175.3∙10-6
1

 14
[s]
5.1
4.9

In laboratory measurements, when the surface of the rebar is known, the rate of corrosion, measured
by the corrosion current density, can be determined from the formula (7). In the case of large
construction objects, the surface of the rebar is usually not known and consequently it is not possible to
determine the corrosion rate. In this situation, a good assessment of the corrosion/passivation of the
rebar in concrete is the relaxation constant  14 that does not depend on the surface of the rebar being
tested. In the case of a corroding rod, this time is short, while when the rod is in the passive state the
relaxation constant is much longer. In this case, the value of the calculated relaxation constant indicates
that the rod in the tested reinforced concrete object is in an active state – i.e. it is a corroding one.

experiment
Extended Randles
Randles
14

Relaxation voltage [V]

0.10

0.05

14
0.00
0

2

4

6

8

10

time [s]

Figure 4. Measured and calculated potential responses in a galvanostatic pulse method (left) for
active – corroding reinforced steel in concrete on the road-bridge construction at the Marywilska
street in Warsaw (right).
2.4

Electrochemical impedance spectroscopy methods (EIS)

In general, the impedance of a system may be determined from the linear response of the system to a
small perturbation. The basic idea is thus to perturb the system which is at a steady state with a signal
of small magnitude and to record the response of the to the perturbation. For example, if the system is
perturb with current I(t) and the potential-time response V(t) is obtained then the Fourier transformation
F of the potential-time response to current perturbation gives the complex impedance as follows:

Z ()  

F V (t)()
.
F I(t)()

(22)
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(Here it is important that under the conditions which guarantee the linear behaviour of the response, the
impedance defined in (22) does not depend on the particular form of the perturbation I(t) ).
EIS in the research of cement-based materials can be applied to investigate both the material itself and
the processes at the interface concrete/steel. Resistivity from impedance spectroscopy can be good
indication of the relative permeability of cement-based systems (Liu et al. 1999). It can also be used to
determine various parameters describing the porous structure of the concrete (Song 2000).
Traditionally the system {rebar/cement interface} + {cement matrix} is modeled by equivalent circuits
from which the impedance Z() is easily computed and compared with experiment to extract corrosion
parameters. A typical circuits is shown in Figure 2 which with the addition of the diffusion impedance
element (the Warburg element) has the impedance
Z ()  R 

Z f ()
1  i Z f ()Cdl

, Z f ()  Rp  ZW (), ZW () 


(1  i).


(23)

However, the modeling by equivalent circuits becomes not tenable in more complicated situations such
as the case of multi-ionic transport and geometries more intricate then a simple 1D linear model. In such
situations the impedance spectrum may be obtained by more fundamental modeling based on the
transport and electrodynamics equations which must be linearized and Fourier-transformed to obtain
directly Z () defined by (22) without resorting to any “equivalent” circuit (Brumleve & Buck 1978). For
instance, a simple model based on the NernstPlanck flux, displacement current or Poisson’s equation
for electric field or potential, mass conservation law, and electrode kinetics dictated by the ButlerVolmer
equations was implemented. Here for simplicity we present the case of 1D. Equations in the bulk

ci
J E
1
F
 i ,

I(t ) 
t
x t  0 r
 0 r

r

z J ,
i 1

i i

where Ji   Di

ci
F
 Di zi
ci E , (i  1, , r ),
x
RT

(24)

and the conditions at the boundaries of the system

n  Jis   vi j j /(nF), ji  ki ,aci,Red exp(i ,a RTF (s  l ))  ki ,c ci,Ox exp(i ,c RTF (s  l ))

(25)

However, in the case of 2D or 3D systems we cannot use the displacement current equations which is
equivalent to Poisson’s equation only in the 1D case. Then, one must apply directly Poisson’s equation
instead of the displacement equation in the system (24).

Figure 5. Schematic of (a) the electrochemical cell with two mobile species, blocking
electrodes and (b) its impedance spectrum calculated from (26). Jp, Jn – fluxes, cp, cn –
concentrations, E(x,t) – electric field. As the electrodes block the flow through the interface
there are no typical Warburg behaviour.
To test the method a system with two mobile ions and blocking electrodes was considered and analytical
expressions (not based on the bulk elements) were derived for the impedance:
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Z(ω) =

s -d
s+d
2s+s- 2
2
2
2d i s+ (g + + 1)(g - - 1)  th( 2 ) - 2  - s - (g + - 1)(g - + 1)  th( 2 ) - 2  + ( κ ) (g + - g - )
,
εr ε0 S ω
s2+ (g + + 1)(g - - 1) - s2- (g + - 1)(g - + 1) + ( 2sκ+s- )2 (g + - g - )

(26)

\ (k + 12 )πi : k  . A schematic view of the system and its impedance
spectrum from the above expression are presented in Figure 5.
where th(z) := tanh(z) / z, z 

3.

SUMMARY AND CONCLUSIONS

Chloride ingress into concrete was described using diffusion with reaction model. Based on measured
concentration profiles and solution of the model, the inverse problem was formulated. Minimization of a
goal function for diffusion with reaction model, which apart from diffusion takes into account binding of
chloride ions, effective diffusion coefficient as well as parameters of chloride binding such as Freundlich
isotherm parameters and rate constant of the binding reaction were determined. The obtained
parameters correspond well with literature data. One can underline that diffusion and reaction model
allows to calculate effective diffusion coefficient while for the classical diffusion models an apparent
diffusivity is obtained. For the details see (Szyszkiewicz et al. 2017). Calculated chloride diffusion
coefficient for mortar based on CEM I 42.5 R cement is greater than for mortar based on CEM III/A 42.5
N. These results correspond well with literature data (Loser et al. 2010).
Galvanostatic pulse technique was used to determine rate of corrosion in reinforced concrete structure.
Solution of the inverse problem allowed to obtain polarization resistance, relaxation constant and other
parameters. Two different models were used, traditional based on the Randles equivalent circuit and
extended one where a capacitor was replaced by a constant phase element. The latter describes better
potential response for real concrete structures, where the structure of a corroded layer is not uniform.
In real world construction objects, where the area of re-bars is unknown, the degree of corrosion can be
estimated on the basis of relaxation constant obtained from the solution of the inverse problem.
Electrochemical impedance spectroscopy is still relatively rarely used in reinforced concrete
investigation in the field, although it is a powerful and versatile which allows in a single measurement
extract physico-chemical parameters of different scale and nature. Commonly used interpretation of EIS
by equivalent circuits is not appropriate in more intricate systems such as multi-ionic and real 3D
geometry model. In such situations the impedance spectrum must be obtained by more fundamental
modeling based on the transport and electrodynamics equations.
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ABSTRACT
The hydration of cement become more complicated due to the high volume mineral addition. However,
the physical and chemical properties of concrete are mainly based on the hydration of cement,
especially the content of Ca(OH)2 in the cement paste after hardening and the rate of hydration heat
release of the hardened cement paste, which are necessary conditions to ensure the durability of
concrete. In this study, the thermal analysis of the hardened paste was carried out by the synchronous
heat analyzer (STA). The effects of the content of mineral admixture on the hydration product Ca(OH)2
of cement were analyzed. The experimental results show that the Ca(OH)2 content of the slurry after
hardening is reduced by the addition of different mineral additon.
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1.

INTRODUCTION

As the economy continues to grow rapidly, while industrialization creates wealth, it also produces a large
amount of industrial waste such as slag, fly ash, and silica fume. A large amount of waste accumulates
in the open air environment for many years, which not only occupies the land, but also the toxic elements
in the rain will penetrate into the soil, pollute the surface and groundwater resources, and endanger the
safety of humans and animals in the runoff area. Many countries have begun to use industrial waste
residue as cement cement or mixed materials for use, saving resources and energy, reducing harmful
gas and dust emissions, and achieving energy saving and emission reduction in the cement industry.
Data shows that for every 1t of cement produced, about 120kg of standard coal, 1t of limestone, 0.3t of
clay, 1t of carbon dioxide, 2kg of sulfur dioxide and 4kg of NO X are consumed. Therefore, if the total
output of cement is constant, if the amount of industrial waste can be increased, the amount of cement
clinker can be reduced accordingly, thereby reducing environmental pollution.
Cement hydration is a very complex physical and chemical reaction process. The hydration reaction
directly affects various properties of concrete, including rheology, degree of condensation hardening,
creep, shrinkage, heat release, microstructure and durability, and hydration. The process is affected by
many factors such as water-to-binder ratio, external temperature, humidity, addition, cement chemical
composition and fineness. The hydration mechanism has not been determined yet [1-5]. At present, the
large-scale use of mineral additions makes the hydration of cement more complicated, and the research
on the hydration performance of cement with mineral addition is still far from enough. Therefore, it is
necessary to study the influence of mineral additions on the hydration characteristics of cement, so that
the mineral additions can be more scientifically and rationally used to improve the performance of
cementitious materials.
The main products of cement hydration are hydrated calcium silicate, hydrated calcium aluminate acid,
and calcium hydroxide. In cement paste, the strength of Ca(OH)2 is low and chemical stability is poor,
but it is an indispensable hydration product for maintaining stability in hardened paste. Especially in
reinforced concrete, if the quantity of Ca(OH) 2 is small, when the paste is carbonized, the PH of pore
solution will decreases rapidly, and when PH drops to a certain level, the reinforcement will begin to
rust. The stable presence of the C-S-H also requires a certain amount of Ca(OH)2. Therefore, to maintain
a certain amount of Ca(OH)2 is a necessary condition to ensure the durability of the cementitious
material.
For crystal preferential orientation of the interfacial zone, the interface becomes the weakest part in the
concrete. Ca(OH)2 is the main source of alkalinity of the system. However, with the addition of addition,
concrete occurres second reactions and Ca(OH) 2 is consumed. While it can reduce the alkalinity and
improve interfacial situation, it also makes influence to the stability of gel and its crystalline phase.
Especially the secondary hydration occurs after cement paste hardening at the time the transformation
of hydration products will cause poor volume stability of concrete.
C-S-H is as a form of gel hydration products, so its structural and the chemical measuring molecular
formula are difficult to determine. However, Ca(OH) 2 is a crystalline structure that can be quantitatively
determined. There is a certain relationship between the formation of C-S-H gel and the generatian of
Ca(OH)2. As a result, the hydration mechanise can be discussed via measuring the content of composite
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cementitious material. The simultaneous thermal analyzer(STA) is used to study the influence of
material of mineral addition to the content of Ca(OH)2 in the composite cementitious material .
The effects of fly ash, slag and silica fume and other mineral additions on the hydration characteristics
of cement are studied by means of synchronous thermal analyzer (STA) and microcalorimeter (TAM),
focusing on different dosages and the calcium hydroxide content, of the paste mixed with the mineralmixed materials in different curing ages provide theoretical support for the study of high-performance
concrete and optimized mix design.
2.

EXPERIMENTAL DESIGN
Materials

2.1.
2.1.1.

Cement

The cement used in this paper is produced by Qufu P.I Cement Co., Ltd., a subsidiary of China United
Cement Group Co., Ltd. 42.5 Pure silicate cement with physical properties such as table 1. The results
of chemical composition analysis are shown in Table 2, and mineral composition of the clinker producing
the cement are shown in table 3. Its performance is in line with the corresponding provisions in "General
silicate Cement" (GB 175-2007).
Table 1. Physical properties of cement

Density
g/cm3）

Specific

Standard

Initial

Final

Fineness

surface area

Consisten

condensation

condensation

0.08

(m2/kg)

cy (%)

Time (min)

Time (min)

（%）

351

25

170

220

0.3

3.14

Stability

Qualified

Table 2. Cement chemical constituents（%）
SiO2

Al2O3

Fe2O3

MgO

CaO

Na2O

SO3

Loss

f- CaO

Cl-

Σ

21.19

4.72

3.42

2.51

62.39

0.55

2.81

1.77

0.71

0.01

100.08

Table 3. Cement clinker the chemical composition and mineral composition（%）
CaO

SiO2

To2O3

Fe2O3

SO3

MgO

Na2O

f-CaO

C3S

C2S

C3 A

C4Of

65.15

21.90

4.81

3.41

0.51

1.95

0.65

0.95

56.32

20.29

6.98

10.37

2.1.2.

Fly ash

This study uses Class II fly ash, its physical properties are shown in table 4, and the chemical
composition is shown in table 5. Performance is in line with the corresponding provisions in "fly ash in
Cement and concrete" (GB/t 1596-2005).
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Table 4. Physical properties of Fly ash

Density（

Specific surface

Water demand

Moisture content

g/cm3）

area（m2/kg）

ratio（%）

ratio（%）

2.23

386

92.8

0.35

Fineness
0.045（%

Stability

）
25

Qualified

Table 5. Chemical constituents of the fly ash（%）
SiO2

To2O3

Fe2O3

MgO

High

Na2O

K2O

SO3

Loss

Σ

55.61

25.95

6.69

3.38

2.18

1.15

1.02

0.64

2.89

99.51

2.1.3.

Slag

The slag is S95 slag, its physical properties are shown in table 6, and the chemical composition is shown
in table 7. The performance meets the requirements of "granular blast furnace slag powder for cement
and concrete" (GB/t 18046-2008).
Table 6．The physical properties of the slag
Density

Specific surface

Water content

Flow ratio

7d Activity Index

（g/cm ）

area（m /kg）

（%）

（%）

(%)

2.87

415

0.1

107

75

3

2

Table 7．Chemical constituents of the slag（%）
SiO2

To2O3

Fe2O3

MgO

High

Na2O

K2O

SO3

Loss

Σ

33.09

13.58

0.96

8.57

40.11

0.68

0.42

0.16

1.62

99.19

2.1.4.

Silica ash

The silica ash provided by Xiamen di Xiang Co., Ltd.. Its physical properties are shown in table 8, its
chemical composition is shown in table 9, and the performance meets the requirements of "silica ash
for mortar and concrete" (GB/t 27690-2011).
Table 8．The physical properties of the silica fume
Water demand

Moisture

7d Active index（

area（m /g）

ratio（%）

content（%）

%）

40

100

0.7

98

Specific surface
2

Stability

Qualified
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Table 9．Chemical constituents of the silica fume（%）
SiO2

To2O3

Fe2O3

MgO

High

SO3

Loss

Σ

87.36

4.28

0.60

1.69

1.68

0.61

2.84

97.38

2.2.

Mix Design

Cementitious materials mix design are shown in Table 10.
Table 10．Mix design
Sample number

PI/%

FA/%

SL/%

SF/%

w/b

PI-0.4

100

0

0

0

0.4

FA40-0.4

60

40

0

0

0.4

SL40-0.4

60

0

40

0

0.4

SF5-0.4

95

0

0

5

0.4

FA-SL3:7-30

70

9

21

0

0.4

FA-SL5:5-30

70

15

15

0

0.4

FA-SL7:3-30

70

21

9

0

0.4

FA-SL3:7-50

50

15

35

0

0.4

FA-SL5:5-50

50

25

25

0

0.4

FA-SL7:3-50

50

35

15

0

0.4

FA-SL3:7-70

30

21

49

0

0.4

FA-SL5:5-70

30

35

35

0

0.4

FA-SL7:3-70

30

49

21

0

0.4

2.3.
2.3.1.

Test methods and procedures
sample preparation

The sample was processed with the following procedures: (1)cured for 7d, (2)crack, immerse the sample
in anhydrous ethanol for 24 hours, (3)grind in anhydrous ethanol, (4)filter out excess alcohol, (5) Put in
the oven at 105℃ to dry for 24 hours. The sample was removed and the coarse particles were shifted
through 0.08mm screen. The obtained powder was placed in a sealed bag and marked, the process
was shown in Figure 1.

Figure 1. Ca(OH)2 Sample Handling Process
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2.3.2.

Sample test

A small sample (approximately more than 10 mg sample that just can be tiled the crucible) was placed
into a smaller crucible in the synchronous thermal analyzer which had been zeroed out. N 2 is as a purge
and protective gas. The gas flow was 20ml/min. The temperature rised from room temperature to1000℃
with the heating rate was 10℃/min and keep constant temperature in 20 mins. Simultaneously TG and
DSC curve was automatically recorded during the heating process.
2.3.3.

Test results of treatment

The endothermic peak of Ca(OH)2 decomposition is found in the DSC curve between 400℃ and 550℃.
The tangent lines are made on both sides of the inflexion point of endothermic peak. The intersection of
two tangent lines is the starting point and ending point of endothermic peak.the temperature values at
the start and end points correspond to the TG curve.the weight loss between two points is the mass of
water decomposed by Ca(OH)2, denoted as G1. The mass content of Ca(OH)2 is △G2=4.115×△G1 via
the chemical formula Ca(OH)2 =CaO+H2O.
If the mass of the powder sample heated to 1000 ℃ is approximately the mass of the unreacted
cementing material, the content of Ca(OH)2 is as equation(1):
CH=4.115×△G1/G0×100%

(1)

△G1--Weight loss of Ca (OH)2 decomposition
G0--Mass of specimen heated to 1000℃
3.
3.1.

RESULTS AND DISCUSSION
Effect of the single mineral addition

Figure 2 shows the STA curve of 7 d age of pure cement samples with different water-binder ratio. On
the whole, the TG curve decrease and the DSC curve increase.

The whole heating process represents

the heat absorption and the weight loss. At 30℃~105℃, the sample adsorbed water and volatilizes,
which represented the heat absorption and the weight loss. After 105 ℃, bounding water released from
hydration products. At 105℃~250℃, the dehydration of ettringite (calcium sulphoaluminate hydrate)
was the main process and simultaneously the dehydration of calcium aluminate hydrate（C2 AH8 and
C4AH13）occured.

There was an obvious peak shoulder at 180℃, which was the peak point for the

decomposition of single sulfur ettringite. At 250℃~ 440℃, mainly chemically bounding water escaped
of calcium aluminate hydrate （C2AH8 and C2AH6）. At 400℃~500℃, Ca (OH)2, which was the hydration
product, decomposed and lost water. At 500℃~600℃, the DSC curve increased rapidly, which mainly
for the calcium aluminate hydrate, was decomposed into CaO and C 5A3. At 600℃~900℃, there was
two apparent endothermic peaks, which were caused by CaCO 3 decomposition and water loss. At
600℃~ 700℃, the CaCO3 was reacted by the hydrated product Ca (OH) 2 and CO2 in air. However, at
700℃~ 900℃, the CaCO3 which is reacted of CH in C-S-H gel with CO2 in air. It can be seen that the
most obvious characteristic of the hydration of pure cement paste is that the content of Ca (OH)2 is high
and the carbonation of the paste is obvious. There were two CaCO3 decomposition peaks between 600℃
and 900℃.
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Figure 2. Water glue ratio change series 7d-STA curve
Figure 3 shows the typical STA curve that at different dosages, the samples are with fly ash. It can be
seen from the diagram that the development trend of the TG curve is consistent with that of the pure
cement sample, and there was only an obvious weightlessness step between 400 ℃ and 500℃. There
was only a small CaCO3 decomposition peak in the DSC curve between 600℃ and 900℃, so the
carbonation of fly ash samples was smaller than that of pure cement.

Figure 3. Single fly ash series 7d curve
Figure 4 shows the typical STA curve that at different dosages, the samples are with Slag. The
development trend of TG curve is consistent with that of pure cement sample. Between 600 ℃ and
900℃, the CaCO3 decomposition peak of DSC curve was lower than that of pure cement and higher
than that of single fly ash. The carbonization degree of DSC curve was lower than that of pure cement
and higher than that of single fly ash. However, there was an obvious exothermic peak at about 920℃.
the specific substance corresponding to the peak needed to be verified by other instruments.
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Figure 4. Single slag series 7d-STA curve
Figure 5 shows the typical STA curve that at different dosages, the samples are with silica fume. It can
be seen from the diagram that the development trend of the TG curve is consistent with that of the pure
cement sample, and there was only an obvious weightlessness step between 400 ℃ and 500℃. The
DSC curve had only a small CaCO3 decomposition peak between 600℃ and 900℃. The carbonization
of silica fume samples was smaller than that of pure cement and single slag, and the carbonation degree
was basically unchanged with the prolongation of age.

Figure 5. Single silicon fume series7d-STA curve
3.2.

Effect of the content of compound with two mineral addition

Figure 6-8 shows the STA curve of 7d age of samples with fly ash and slag. It can be seen from the
diagram that the development trend of the TG curve is consistent with that of the pure cement sample,
and there was only an obvious weightlessness step between 400℃ and 500℃. The development trend
of DSC curve was closer to that of slag with the increase of slag content, and it was more obvious with
the increase of total slag content.
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Figure 6. Total content of compound fly ash and slag 30% series 7d-STA curve

Figure 7. Total content of compound fly ash and slag 50% series 7d-STA curve

Figure 8. Total content of compound fly ash and slag 70% series 7d-STA curve
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Mating ratio Gel of the material Ca(OH)2 Content Calculation process and Results are shown in Table
11.
Table 11. 7d-Ca(OH)2 content of the cementitious materials
Sample

Starting

Termination

Peak

Loss of

Residual

CH

number

temperature/

temperature

temperature

quality

quality

/%

℃

/℃

/℃

/%

/%

PI

418.1

460.4

446.0

3.35

79.06

17.44

FA20

416.4

458.4

444.2

2.90

82.22

14.51

FA40

414.4

454.6

439.9

2.26

84.67

10.98

FA60

418.5

457.2

442.8

1.36

88.21

6.34

SL20

417.0

460.5

445.6

2.87

81.60

14.44

SL40

421.1

463.7

448.8

2.23

82.84

11.08

SL60

420.0

456.2

441.8

1.31

84.87

6.35

SL80

423.3

455.5

445.6

0.45

87.80

2.11

SF5

417.0

459.8

445.7

3.20

80.62

16.33

SF10

412.4

460.5

446.6

2.98

81.05

15.13

SF15

417.7

457.6

443.4

2.67

80.87

13.59

SF20

418.3

462.9

448.8

2.34

81.69

11.79

FA-SL3:7-30

416.6

462.2

448.7

2.84

83.08

14.07

FA-SL5:5-30

419.7

461.9

447.8

2.80

82.64

13.94

FA-SL7:3-30

419.5

463.9

450.1

2.87

83.26

14.18

FA-SL3:7-50

420.8

460.4

447.5

1.87

84.65

9.09

FA-SL5:5-50

420.1

459.6

445.6

1.95

86.48

9.28

FA-SL7:3-50

415.8

452.4

440.8

1.93

86.46

9.19

FA-SL3:7-70

422.0

455.6

441.7

0.98

87.13

4.63

FA-SL5:5-70

414.0

446.2

433.7

1.02

88.12

4.76

FA-SL7:3-70

415.2

449.6

435.9

1.03

88.61

4.78
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4.

CONCLUSION



When any single fly ash, slag silica fume was added, the Ca(OH) 2 content of the composite
cementitious material decreased with the increase of the content of fly ash, slag and silica fume.



When fly ash and slag are mixed, the content of Ca(OH) 2 decreases with the increase of total
content of fly ash and slag. The Ca(OH)2 content of 30%, 50% and 70% composite cementing
materials was about 66.43%, 42.61% and 21.92% of pure cement, respectively. Under the same
complex total amount, the ratio of fly ash to slag has little effect on the Ca(OH) 2 content of the
composite cementing material. When mixed with fly ash and silica fume, the Ca(OH) 2 content of
composite cement is obviously lower than that of pure cement. When the content of fly ash is the
same, the content of Ca(OH)2 decreases with the increase of the content of silica fume.
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ABSTRACT
Hydration heat and hydration heat release rate are important factors for characterizing cement
hydration properties. For mass concrete construction, the accumulation of hydrated heat in the interior
cannot be released in time, which will cause the concrete to produce expansion cracks due to the
temperature stress, which will affect its durability, but for winter construction, the hydration heat is
beneficial to the normal setting and hardening of cement concrete. Therefore, it is necessary to choose
raw materials, optimize the mix design and control the hydration heat within a reasonable range,
according to the actual needs. Hydration heat within the microcalorimeter (TAM) was used to
determine the hydration heat rate and the hydration heat of the composite cementitious materials 72h.
The effects of the amount of admixture and the mixture of mineral admixture on the hydration heat of
the early age composite cementitious material were studied. The experimental results show that the
addition of mineral admixtures can reduce the hydration heat of cementitious materials, and the effect
of fly ash alone is the best, followed by slag. The addition of fly ash and slag, fly ash and silica fume
also reduce hydration heat, and the effect is between single mixing.
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1.

INTRODUCTION

After the cement is mixed with water, a series of physical and chemical reactions occur, which generate
a large amount of heat of hydration. The hydration heat and hydration heat release rate are important
factors to characterize the hydration performance of cement. Many scholars at home and abroad have
studied the law of cement hydration by measuring hydration heat. In actual engineering, especially in
the construction process of large-volume concrete, the hydration heat accumulated in the interior is not
released in time. Due to the temperature stress, the concrete produces expansion cracks, which is very
unfavorable for its long-term durability, although it can be The hydration heat is reduced to some extent,
but the most fundamental is to optimize the mix ratio and reduce the hydration heat of the raw materials.
However, for winter construction, hydration heat is conducive to the normal condensation hardening of
cement concrete. Therefore, according to the actual needs of the project, the raw materials should be
reasonably selected so that the hydration heat is within the control range. This requires clarifying the
influence of different mineral admixtures on hydration heat.
The method for determining the hydration heat of cement (GB/T 12959-2008) uses the dissolving heat
method (reference method) and the direct method (substitute method) to determine the hydration heat
of cement (GBT 12959-2008). The principle of the dissolved heat method is the thermochemical Gass'
law, that is, the heat generated by the chemical reaction of various substances is independent of the
specific reaction route, and is only related to the initial state and final state of the reaction. The method
is to dissolve the unhydrated cement and the hydrated cement (which needs to be ground into a powder)
in a certain concentration of standard acid solution under certain environmental conditions, and measure
the hydration by the two. The difference in heat is used as the heat of hydration of this cement during
this curing period. The direct method is to place the calorimeter in a constant temperature environment,
directly measure the temperature change caused by cement hydration in the cement mortar in the
calorimeter, and calculate the cement hydration by calculating the sum of the heat absorbed and
released by the calorimeter. The heat of hydration within 7. The traditional method of hydration heat
measurement has a good representative effect on the early hydration degree of cement, but the
determination of hydration heat of long-term samples has been reduced due to the error of operation
and the error of the test system itself. The measurement error of the very low hydration heat is greatly
increased.
The eight-channel TAM Air microcalorimeter produced by TA Company of the United States was used
to study the hydration heat of composite cementitious materials with single fly ash, slag and silica fume,
and also the complex of them.
2.

EXPERIMENTAL DESIGN

2.1.
2.1.1.

Materials
Cement

The cement used in this paper is produced by Qufu P.I Cement Co., Ltd., a subsidiary of China United
Cement Group Co., Ltd. 42.5 Pure silicate cement with physical properties such as table 1. The results
of chemical composition analysis are shown in Table 2, and mineral composition of the clinker producing
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the cement are shown in table 3. Its performance is in line with the corresponding provisions in "General
silicate Cement" (GB 175-2007).

Density
g/cm3）

Specific

Standard

Initial

Final

Fineness

surface area

Consisten

condensation

condensation

0.08

(m2/kg)

cy (%)

Time (min)

Time (min)

（%）

351

25

170

220

0.3

3.14

Stability

Qualified

Table 1. Physical properties of cement
SiO2

To2O3

Fe2O3

MgO

High

Na2O

SO3

Loss

f- CaO

Cl-

Σ

21.19

4.72

3.42

2.51

62.39

0.55

2.81

1.77

0.71

0.01

100.08

Table 2. Cement chemical constituents（%）
CaO

SiO2

To2O3

Fe2O3

SO3

MgO

Na2O

f-CaO

C3S

C2S

C3 A

C4Of

65.15

21.90

4.81

3.41

0.51

1.95

0.65

0.95

56.32

20.29

6.98

10.37

Table 3. Cement clinker the chemical composition and mineral composition（%）
2.1.2.

Fly ash

This study uses Class II fly ash, its physical properties are shown in table 4, and the chemical
composition is shown in table 5. Performance is in line with the corresponding provisions in "fly ash in
Cement and concrete" (GB/t 1596-2005).

Density（

Specific surface

Water demand

Moisture content

g/cm3）

area（m2/kg）

ratio（%）

ratio（%）

2.23

386

92.8

0.35

Fineness
0.045（%

Stability

）
25

Qualified

Table 4. Physical properties of Fly ash
SiO2

To2O3

Fe2O3

MgO

High

Na2O

K2O

SO3

Loss

Σ

55.61

25.95

6.69

3.38

2.18

1.15

1.02

0.64

2.89

99.51

Table 5. Chemical constituents of the fly ash（%）
2.1.3.

Slag

The slag is S95 slag, its physical properties are shown in table 6, and the chemical composition is shown
in table 7. The performance meets the requirements of "granular blast furnace slag powder for cement
and concrete" (GB/t 18046-2008).
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Density

Specific surface

Water content

Flow ratio

7d Activity Index

（g/cm ）

area（m /kg）

（%）

（%）

(%)

2.87

415

0.1

107

75

3

2

Table 6．The physical properties of the slag
SiO2

To2O3

Fe2O3

MgO

High

Na2O

K2O

SO3

Loss

Σ

33.09

13.58

0.96

8.57

40.11

0.68

0.42

0.16

1.62

99.19

Table 7．Chemical constituents of the slag（%）
2.1.4.

Silica ash

The silica ash provided by Xiamen di Xiang Co., Ltd.. Its physical properties are shown in table 8, its
chemical composition is shown in table 9, and the performance meets the requirements of "silica ash
for mortar and concrete" (GB/t 27690-2011).
Water demand

Moisture

7d Active index（

area（m /kg）

ratio（%）

content（%）

%）

40

100

0.7

98

Specific surface
2

Stability
Qualified

Table 8．The physical properties of the silica fume
SiO2

To2O3

Fe2O3

MgO

High

SO3

Loss

Σ

87.36

4.28

0.60

1.69

1.68

0.61

2.84

97.38

Table 9．Chemical constituents of the silica fume（%）
2.2.

Mix Design

Cementitious materials mix design are shown in Table 10.
Sample number

PI/%

FA/%

SL/%

SF/%

w/b

PI-0.4

100

0

0

0

0.4

FA20

80

20

0

0

0.4

FA40

60

40

0

0

0.4

FA60

40

60

0

0

0.4

SL20

80

0

20

0

0.4

SL40

60

0

40

0

0.4

SL60

40

0

60

0

0.4

SL80

20

0

80

0

0.4

SF5

95

0

0

5

0.4
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SF10

90

0

0

10

0.4

SF15

85

0

0

15

0.4

SF20

80

0

0

20

0.4

FA-SL3:7-30

70

9

21

0

0.4

FA-SL5:5-30

70

15

15

0

0.4

FA-SL7:3-30

70

21

9

0

0.4

FA-SL3:7-50

50

15

35

0

0.4

FA-SL5:5-50

50

25

25

0

0.4

FA-SL7:3-50

50

35

15

0

0.4

FA-SL3:7-70

30

21

49

0

0.4

FA-SL5:5-70

30

35

35

0

0.4

FA-SL7:3-70

30

49

21

0

0.4

SF5-FA30

66.5

30

0

3.5

0.4

SF10-FA30

63

30

0

7

0.4

SF5-FA50

67.5

50

0

2.5

0.4

SF10-FA50

63

50

0

7

0.4

Table 10．Mix design
2.3.
2.3.1.

Test methods and procedures
Test instruments

The TAM Air microcalorimeter is specifically designed to measure sensitive and stable heat flow. TAM Air's
operating temperature range is 5-90 °C. Each channel contains a sample cell and a reference cell with a
volume of 20 ml, and the conditions of the sample cell and the reference cell are identical. The bath uses
circulating air as a medium to ensure temperature stability (fluctuation less than ± 0.02 K) through an
advanced conditioning system. The high accuracy and stability of the bath allows the calorimeter to perform
a long-term (several weeks) heat flow test. The microcalorimeter has a detection limit of 4 μW, drift < 40
μW, deviation < ± 10 μW, error < ± 23 μW.
2.3.2.

Test procedures

1. Place the microcalorimeter and raw materials in the laboratory at (20±2) °C, set the environment
and the temperature of the instrument, and then let the instrument and raw materials be kept in the
laboratory for more than 8h, and wait for the heat flow curve of each channel of the microcalorimeter. The
test can be started after stabilization.
2. Place an empty ampule in the reference cell of the microcalorimeter to make the front baseline.
3. Weigh 10g of raw material according to the mix design of cementing material, stir it evenly, put it
into the ampere bottle, add water and stir evenly, press the lid, install the hook, and put it into the sample
cell of the microcalorimeter to start the test. The computer automatically collects the heat flow value and
obtains the TAM-AIR curve.
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4. After 72 hours, the sample was taken out and the baseline was made.
Specifically as shown in Figure 1. Pay special attention that it is a short time from the addition of water
to the ampoules into the instrument to reduce the error.

Figure 1 Hydration heat sample treatment process
2.3.3.

Test results of treatment

Two samples were tested for each mix design, and the average of the two was used as the final
experimental result. The TAM records the heat flow value (ie, the hydration heat release rate) at each
moment in real time, and further integrates the heat flow value to further obtain the hydration heat
release. When processing the data, take one point every 10 minutes, taking a total of 432 points for 72
hours, and measure the hydration heat release rate and total heat release of the composite cementitious
material.
The total hydration heat when the cement is fully hydrated can be estimated by the following two
formulas():
QC =500PC3S + 260PC2S + 866PC3A + 420PC4AF + 624PSO3 + 1186Pf-CaO + 850PMgO （1）
QC =510 PC3S + 247 PC2S + 1 356PC3A + 427 PC4AF

（2）

Where: QC - theoretically the hydration heat when the cement is completely hydrated, kJ / kg;
Pi - the mass percentage of the i-th constituent material relative to the cement.
In the case of complete hydration, the final hydration heat value of the composite cementitious material
to which the mineral admixture is added can be expressed by the following formula:
Q= QC·PC + QSL·PSL + QFA·PFA + QSF·PSF

（3）

Where: Q-100% hydration of the total hydration heat of the composite cementitious material, kJ /
kg;
QSL, QFA, QSF—the hydration heat of slag, fly ash and silica fume, respectively, kJ/kg;
PC, PSL, PFA, PSF—the mass fraction of cement, blast furnace slag, fly ash and silica fume in
composite cementitious materials, respectively.
According to Equation 1 and Equation 2, the total heat of hydration of cement is 469.38kJ/kg and
476.28kJ/kg respectively. The average value of SiC is 473kJ/kg. The hydration heat values of fly
ash, slag and silica fume are taken separately. 209kJ/kg, 460kJ/kg and 470kJ/kg .
The degree of hydration αt at time t characterized by hydration heat is as follows,
αt= Qt/Q∞

（4）

Where: hydration heat at Qt-t time, kJ/g;
Q∞—the heat of hydration of the cementitious material when fully hydrated, kJ/g;
3.

RESULTS AND DISCUSSION
Sample No

PC

PFA

PSL

PSF

Q72h / kJ/g

Q 总/ kJ/g

α72h
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PI

1

--

--

--

0.265

0.473

0.560

FA20

0.8

0.2

--

--

0.217

0.420

0.516

FA40

0.6

0.4

--

--

0.171

0.367

0.465

FA60

0.4

0.6

--

--

0.128

0.315

0.407

SL20

0.8

--

0.2

--

0.215

0.470

0.457

SL40

0.6

--

0.4

--

0.183

0.468

0.391

SL60

0.4

--

0.6

--

0.155

0.465

0.333

SL80

0.2

--

0.8

--

0.118

0.463

0.255

SF5

0.95

--

--

0.05

0.248

0.473

0.524

SF10

0.9

--

--

0.1

0.240

0.473

0.508

SF15

0.85

--

--

0.15

0.229

0.473

0.485

SF20

0.8

--

--

0.2

0.216

0.472

0.457

FA-SL3:7-30

0.7

0.09

0.21

--

0.194

0.447

0.434

FA-SL5:5-30

0.7

0.15

0.15

--

0.194

0.431

0.450

FA-SL7:3-30

0.7

0.21

0.09

--

0.191

0.416

0.459

FA-SL3:7-50

0.5

0.15

0.35

--

0.161

0.429

0.375

FA-SL5:5-50

0.5

0.25

0.25

--

0.155

0.404

0.384

FA-SL7:3-50

0.5

0.35

0.15

--

0.152

0.379

0.401

FA-SL3:7-70

0.3

0.21

0.49

--

0.124

0.411

0.302

FA-SL5:5-70

0.3

0.35

0.35

--

0.116

0.376

0.308

FA-SL7:3-70

0.3

0.49

0.21

--

0.108

0.341

0.317

SF5-FA30

0.665

0.3

--

0.035

0.179

0.394

0.455

SF10-FA30

0.475

0.5

--

0.025

0.140

0.341

0.411

SF5-FA50

0.63

0.3

--

0.07

0.174

0.394

0.442

SF10-FA50

0.495

0.5

--

0.05

0.134

0.362

0.370

Table 11． 72h hydration heat of composite cementitious materials
Figure 2 and Figure 3 show the hydration heat release rate curve and hydration heat release curve of
the composite cementitious material when the amount of fly ash is different. The results show that with
the addition of fly ash, the hydration heat and hydration heat release rate of the composite cementitious
material decreased significantly. It can be seen from Fig. 11 that with the incorporation of fly ash, the
induction period of the composite cementitious material is significantly prolonged, and the more the
amount of fly ash is, the longer the elongation is. The time for pure cement paste to reach the maximum
hydration heat release rate was about 10.5h. With the increase of the fly ash content, the time to reach
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the maximum heat release rate continued to change. The fly ash content was 20%, 40%, and 60%, the
time was about 11.3h, 12h, and 13.2h, respectively. It can be seen from the figure that the heat release
rate decreases significantly with the increase of fly ash content. Taking the maximum hydration heat
release rate as an example, the maximum hydration heat release rate of pure cement was 2.82mW/g,
20%, 40%, the hydration heat release rates of 60% blended fly ash cement composite cementitious
materials were 2.30mW/g, 1.76mW/g and 1.22mW/g, respectively, which were 81.56%, 62.41% and
43.26% of pure cement. Considering the hydration heat release, the hydration heat release of pure
cement is 0.26kJ/g for 72h, and the fly ash cement composites of 20%, 40% and 60% are 0.22kJ/g,
0.17kJ/g and 0.13 respectively. kJ/g, which are 84.61%, 65.38% and 50% of pure cement, respectively.
Compared with the pure cement paste, Ca2+ is adsorbed on the surface of the fly ash particles in the fly
ash-cement composite cementitious material during the induction period, and the early activity of the fly
ash is lower, and the different amount of fly ash replaces the cement so that The concentration of Ca 2+
in the hydration product is lowered, thereby delaying the time for Ca2+ to reach saturation, thereby
prolonging the hydration induction period of the composite cementitious material. Similarly, due to the
low activity of fly ash in the early stage, it rarely participates in the hydration reaction, and the hydration
product is reduced by the incorporation of fly ash, so that the hydration heat release rate and hydration
heat release are smaller than the pure cement paste. It is concluded that the single fly ash can prolong
the hydration induction period while reducing the hydration rate of the slurry and the hydration heat
release.

0.28

3.2

2.4
2.0

FA40
FA60

1.2

FA20

0.20

FA20

1.6

PI

0.24

PI

Heat/(kJ/g)

Heat flow/(mW/g)

2.8

0.8

FA40
0.16
FA60
0.12
0.08
0.04

0.4

0.00

0.0
0

12

24

36

48

60

72

Hydration time/h

Figure 2 Hydration heat release rate of
different dosages of single fly ash

0

12

24

36

48

60

72

Hydration time/h

Figure 3: Different amounts of single fly ash
hydrated heat release

Figure 4 and Figure 5 show the hydration heat release rate curve and hydration heat release curve of
the composite cementitious material when the slag content is different. It can be seen from the figure
that the hydration heat and hydration heat release rate are significantly reduced as the slag is added
compared with the pure cement paste. The second exothermic peak of pure cement paste appeared at
about 10.5 hours. As the slag content increased, the second exothermic peak moved forward, and the
slag content was 20%, 40%, and 60%. The time of the second exothermic peak is about 10.5h, 10h,
and 9h, respectively, and the peak of the second exothermic peak decreases as the amount of the
addition increases. The peak rates of 20%, 40% and 60% slag-cement composites were 2.31mW/g,
1.84mW/g and 1.33mW/g, respectively, which were 81.91%, 65.25% and 47.16% of pure cement. The
secondary heat peak of pure cement appeared around 15h, and the sub-exothermic peaks of different
dosage samples appeared at 14.3h, 16h and 14.7h, respectively, with peak values of 2.25mW/g,
1.91mW/g and 1.75mW, respectively. /g, the larger the slag content, the larger the secondary exothermic
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peak compared to the main exothermic peak. When the slag content is 80%, there is no obvious main
and exothermic peak, and the peak occurs at 11.3h, and the peak value is 1.16W/g.
Since the hydraulic property of slag is potential, its activity requires external matter excitation, so
compared with pure cement paste, the early hydration products of slag-cement composite cementitious
material are relatively less, and the hydration heat release rate is lower than pure cement. For the paste,
the second exothermic peak decreases as the amount of slag is increased. On the other hand, due to
the incorporation of slag into the dispersion and depolymerization of cement particles in the fresh slurry,
the reaction interface of the cement particles can be increased, and the secondary hydration reaction of
the slag consumes the hydration product Ca(OH)2 of the cement. Promote hydration, so that the degree
of hydration of the cement is increased, and the hydration product is increased, so that the hydration
heat release rate is increased, so as the slag content increases, the second exothermic peak value is
lowered, but the vice The exothermic peak is greater than the main exothermic peak.
Considering the total amount of heat release, the total heat release of pure cement paste for 72h is
0.26kJ/g, and the slag cement composite cementing materials of 20%, 40%, 60% and 80% are 0.21kJ/g
and 0.18 respectively. kJ/g, 0.16 kJ/g and 0.12 kJ/g, respectively, were 80.76%, 65.23%, 61.54% and
46.15% of pure cement. It is concluded that the incorporation of slag reduces the hydration heat release
of the composite cementitious material, which is less than the fly ash.
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Figure 4: Different dosages of single-doped slag
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Figure 5: Different amounts of single slag

hydration heat release rate

hydrated heat release

Figure 6 and Figure 7 show the hydration heat release rate curve and hydration heat release curve of
the composite cementitious material when the silica fume content is different. As shown, with the addition
of silica fume, the hydration heat and hydration heat release rate are reduced compared to pure cement
paste. After the silica ash is added, the time for the sample to reach the maximum hydration heat release
rate is almost the same as that of the pure cement paste. The maximum heat release rate decreases
with the increase of the dosage. The pure cement paste is 2.82mW/g, and the hydration heat release
rate of 5%, 10%, 15% and 20% silica fume-cement composites They were 2.58 mW/g, 2.58 mW/g, 2.45
mW/g, and 2.36 mW/g, respectively, which were 91.49%, 91.49%, 86.88%, and 83.68% of pure cement,
respectively. Considering the total amount of heat release, the total hydration heat release of pure
cement paste for 72h is 0.26kJ/g, and the slag cement composites with 5%, 10%, 15% and 20% dosage
are 0.25kJ/g and 0.24 respectively. kJ/g, 0.23 kJ/g, and 0.22 kJ/g, respectively, were 96.15%, 92.31%,
88.46%, and 84.62% of pure cement. It is concluded that the incorporation of silica fume reduces the
hydration heat release rate and hydration heat release rate of the composite cementitious material, but
the reduction is smaller than that of fly ash and slag.
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The particle size of silica fume is one order of magnitude smaller than that of cement. When the silica
fume-cement composite cementitious material is added with water, most of the water is adsorbed by the
silica fume particles, and the silica fume particles have a strong tendency to flocculate, which is used
for cement hydration. The amount of water is reduced, thereby reducing the hydration capacity of the
cement and reducing the heat of hydration.
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Figure 6: Different dosages of single silica fume Figure 7 Different amounts of single silica fume
hydration heat release rate

hydration heat release

Figure 8 and Figure 9 show the hydration heat release rate curve and the heat release total curve when
the total blending amount of fly ash and slag is 30%, 50%, 70%. As shown in the figure, as the total
blending amount increases, the hydration heat and hydration heat release rate decrease significantly.
In the case of the same total amount, the exothermic rate and the total amount of exotherm decrease in
the order of 3:7, 5:5, and 7:3. In the case of the same compounding ratio, the time of occurrence of the
maximum hydration heat release rate moves forward with the increase of the total blending amount.
Under the same total blending amount, the maximum heat release rate occurs with the increase of the
proportion of fly ash. And going backwards, the overall trend is consistent with the single blending
situation. When the total dosage is 30%, 50%, 70%, the maximum hydration heat release rates are
about 2.00mW/g, 1.50mW/g and 0.95mW/g, respectively, which are 70.92%, 53.19% and 33.69 of pure
cement. %. The total amount of hydration heat release was 0.19kJ/g, 0.16kJ/g and 0.12kJ/g, which were
73.08%, 61.54% and 46.14% of pure cement, respectively.
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Figure 8 Hydration heat release rate of Figure 9: Hydration heat release of complex fly ash
complex fly ash and slag
and slag
5 complex fly ash and silica fume
Figure 10 and Figure 11 show the hydration heat release rate curve and the heat release total curve
when fly ash and silica fume are compounded. The results show that with the increase of fly ash content,
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the hydration induction period is prolonged, the hydration heat release rate and hydration heat release
rate are significantly decreased, and the time of reaching the maximum hydration heat release rate
increases with the proportion of fly ash. And move backwards. Under the same amount of fly ash, the
maximum heat release rate and total heat release decrease with the increase of silica fume content,
and the maximum hydration heat release rate appears basically the same time. When the fly ash content
is 30% and 50%, the maximum hydration heat release rates of SF5 and SF10 are 1.82 mW/g, 1.76
mW/g, 1.32 mW/g and 1.27 mW/g, respectively. 64.54%, 62.41%, 46.81% and 45.04%; the total amount
of hydration heat release is 0.18kJ/g, 0.17kJ/g and 0.14kJ/g, 0.13kJ/g, respectively, 69.23% and 65.38
of pure cement. %, 53.85% and 50%.
When mixed with fly ash and silica fume, Ca2+ is adsorbed on the surface of fly ash and silica fume
during the hydration induction period. Although the activity of silica fume is higher, the early hydration
activity of fly ash is lower. The effect of replacing the cement with fly ash reduces the concentration of
Ca2+ in the hydration product, so that the time for saturation of Ca 2+ is delayed, thereby prolonging the
hydration induction period. At the same time, because the early hydration activity of fly ash is very low,
the hydration product is reduced, so that the hydration heat release rate and hydration heat release are
smaller than pure cement paste.
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4.

CONCLUSION



When the fly ash is added alone, the hydration induction period can be prolonged, and the hydration
heat release rate and hydration heat release rate of the composite cementitious material are
increased with the increase of the dosage, and the dosage is 20%, 40% and The maximum
hydration heat release rate at 60% is 81.56%, 62.41% and 43.26% of pure cement, respectively.
The hydration heat release is 84.61%, 65.38% and 50% of pure cement, respectively. At the same
time, the maximum hydration heat release rate is postponed. At the time of occurrence, pure
cement paste appeared in about 10 hours, while when it was mixed with 60% fly ash, it was about
13 hours, which was delayed by 3 hours.



When slag is added alone, the hydration heat release rate and hydration heat release rate of the
composite cementitious material decrease with the increase of the dosage, and the maximum is
20%, 40%, 60% and 80%. The hydration heat release rate is 81.56%, 62.41%, 43.26% and 41.13%
of pure cement, respectively. The hydration heat release is 80.76%, 65.23%, 61.54% and 46.15%
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of pure cement, respectively. The decrease is less than the single fly ash. In the case, but the time
when the maximum heat release rate appeared earlier, about 80 hours of 80% slag was reached,
about 3 hours earlier.


When silica fume is used alone, the hydration heat release rate and hydration heat release of the
composite cementitious material decrease slightly with the increase of the blending amount, and
the blending amounts are 5%, 10%, 15% and 20%. The maximum hydration heat release rate is
91.49%, 91.49%, 86.88% and 83.68% of pure cement, respectively. The hydration heat release is
96.15%, 92.31%, 88.46% and 84.62% of pure cement, respectively. The reduction is the smallest
and the largest. The time of hydration heat release rate is basically the same as that of pure cement,
and each dosage is about 10h.



When the fly ash and slag are compounded, the hydration heat release rate and hydration heat
release of the composite cementing material decrease significantly with the increase of the total
blending amount. When the total dosage is the same, the hydration heat release rate and hydration
heat release rate decrease in the order of 3:7, 5:5, 7:3, and the maximum hydration heat release
rate occurs with the proportion of fly ash. When the ratio of the complex blending is the same, the
hydration heat release rate and the hydration heat release rate decrease with the increase of the
total blending amount, and the maximum hydration heat release rate occurs with the total blending
amount. Increase and move forward.



When the fly ash and silica fume are compounded, the hydration heat release rate and hydration
heat release of the composite cementitious material decrease significantly with the increase of the
fly ash content, and the maximum hydration heat release rate appears with The proportion of fly
ash increases and moves backwards. When the amount of fly ash is the same, the hydration heat
release rate and hydration heat release decrease with the increase of silica fume content, and the
maximum hydration heat release rate occurs. The time is basically the same.
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ABSTRACT
In this study, we investigated the tensile bond characteristics of underwater coating materials, in order
to obtain useful information in support of repair work for marine and coastal concrete structures. Test
variables included type of underwater coating, surface conditions of the concrete substrate, and
environmental conditions. Pull-off tensile bond strength was measured at 24 h after applying
underwater coatings to concrete substrates, in compliance with the procedures specified in ASTM
C1583. Failure modes (coating, interface, and parent concrete) for each coating were identified
through visual inspection, and comparisons were made based on measured bond strength. The tensile
bond strength decreased underwater compared to that under dry conditions, while no significant effect
of surface roughness on the measured bond strength was observed in underwater tests. Key aspects
that need to be considered regarding selection and use of underwater coating materials for marine and
coastal concrete structures were discussed.
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1.

INTRODUCTION

Underwater coating is known as a fast and cost-effective method to repair submerged structures, such
as the underwater parts of vessels and floating concrete structures. Many coating materials have been
developed and used for the repair of marine and coastal concrete structures, however the selection
and use of coatings can be poorly performed, due to limited knowledge of material properties, and of
their application and durability under sea water. Some companies provide detailed product information
and user guidelines, although most of them do not, and this can cause problems for engineers who
are not familiar with the coating materials. Thus, marine engineers planning to use underwater
coatings need to be careful in their selection of materials, to ensure optimum performance, and to
reduce total repair costs. Marine concrete structures are directly exposed to harsh environments, and
their service life can be reduced to less than their original design, and/or their planned life expectancy.
Coating materials are directly applied to the surface of targeted structures and will prevent penetration
of water and corrosive ions. Concrete surface treatments can be classified as coating sealers, pore
blockers, or pore liners, based on their performance. Many researchers have pointed out the
importance of various aspects that help improve durability and performance of coatings (Almusallam
et al. 2003, Brenna et al. 2013, Kim et al. 2016, Moradllo et al. 2012, Pan et al. 2017, Santos & Julio
2011, Song et al. 2004). These aspects include creating an appropriate bond between the old
substrate and any newly applied material, the type of coating, its thickness, substrate surface
roughness, and allowing for environmental conditions.
The effect of concrete patch repair on the structural performance of deteriorated reinforced concrete
members was investigated (Kim et al. 2016). They focused on the bond between polymer-modified
mortar and the concrete substrate, and confirmed that repair shape and thickness both had a greater
impact on cracking resistance rather than the tensile bond strength itself. Epoxy and polyurethane
coatings were recommended, based on comparisons between different generic coatings, such as
acrylic, polymeric, and chlorinated rubber, to ensure improved concrete durability (Almusallam et al.
2003). It was also reported that even the same generic coating could perform differently, based on
manufacturing variations. The effect of coating thickness on concrete durability was investigated, and
greater thickness contributed to the durability of structures (Brenna et al. 2013). The authors pointed
out that surface coating can delay the initiation of rebar corrosion, as it prevents water penetration.
The effect of surface roughness on bond strength was investigated, using both slant shear and
splitting tests, and a strong correlation between the bond and increased stiffness was observed
(Santos & Julio 2011). The location of marine and coastal concrete structures has been reported as
being one of the most significant factors that can accelerate rebar corrosion inside structures (Song et
al. 2004). The long-term performance of five different generic coatings, applied to concrete located in
the tidal zone, was investigated, and epoxy polyurethane and aliphatic acrylic coatings showed better
performance than other cementitious coatings applied in the same harsh environment (Moradllo et al.
2012). The authors proposed the reapplication of coating prior to its deterioration, to extend its
performance. It should be noted that most previous studies focused on conventional coatings for
onshore structures, rather than underwater coatings for offshore structures. This might be due to the
difficulty of underwater testing and measurement, and the absence of testing guidelines to follow.
In the research reported here, an experimental program was set up to investigate the effect of
variables such as coating type, substrate surface roughness, and environmental conditions, on the
performance of underwater coatings, and some suggestions have been made to improve repair work
outcomes for marine and coastal concrete structures. Six commercially available coating materials
were selected, and comprehensive experimental campaigns were conducted to understand the effects
of the test variables on tensile bond strength. Each coating was directly applied to prepared concrete
specimens in both dry and wet conditions.
2.

EXPERIMENTAL INVESTIGATION

An experimental program was set up to explore the tensile bond characteristics of six different
commercially available underwater coating materials that were applied concrete substrates located on
two different conditions. The effects of different coating materials, concrete surface roughness, and
environmental conditions on the tensile bond characteristics of applied underwater coatings were
considered in this study. The detailed test variables, test materials, and experimental procedures were
described below.
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2.1

Underwater coatings and material properties

Six different, commercially available, epoxy resin coatings, identified in this paper as A, B, C, D, E, and
F, were selected for examination, based on underwater applicability and pre-test results. Material
property information received from manufacturers (bond strength, density, and pot life) has been
summarized in Table 1. All the selected coatings had two components, a base (viscous liquid) and a
solidifier (thixotropic liquid). Coating work was carried out with a brush rather than with spray
equipment. Targeted coating thicknesses ranged between 0.2 mm and 1.0 mm, based on previous
research (Brenna et al. 2013). Coatings A and E were originally developed for steel structures rather
than for concrete, but, were included in this study for comparison purpose.
Table 1. Investigated underwater coatings and material properties
Coating

Tensile bond strength (MPa)

Mixed density (g/cm3)

Available working time (min)

A

17.0

1.82

45 to 60 at 20˚C

B

6.9

1.55

45 to 60 at 20˚C

C

12.7

1.75

45 at 20˚C

D

Not available

Not available

40 at 23˚C

E

16.6

1.60

30 at 30˚C

F

12.0

1.60

30 at 25˚C

2.2

Concrete mix proportion and surface preparation

As shown in Figure 1, the size of parent concrete specimens was 600 × 500 × 100 mm 3, and 10
specimens were prepared. Table 2 shows the concrete mix proportions and measured strength
values. Parent concrete compressive and splitting tensile strengths were measured, using ASTM C39
and ASTM C496, respectively. The water to cement ratio (w/c) adopted in this study was 0.37, and
compressive and tensile strength values after 28 days were 41.3 MPa, and 3.0 MPa, respectively. The
concrete surface to be coated was water-jetted after one day of concrete casting, as shown in Figure
2. Concrete retarder was applied to the targeted surface, three hours after casting, to delay setting
time. Concrete sample surface roughness was not systematically investigated in this study.
Table 2. Mix proportion and measured strengths for parent concrete

Water
(kg/m3)
161

Cement
(kg/m3)
440

Parent concrete
FA
CA
HRWR
(kg/m3) (kg/m3) (kg/m3)
796
946
4.0

Compressive strength (MPa)
Slump
(mm)
157

Air
(%)
3.8

7 days

28 days

32.3

41.3
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Figure 1. Concrete mixing and casting for
parent concrete

2.3

Figure 2. Water-jetting to create a rough
surface

Tensile bond testing procedure and data analysis

Tensile bond strength for each coating was measured using an 'Elcometer' automatic adhesion tester
(510 Model S). The strength was automatically calculated with dividing the maximum tensile force (N)
by the contacted area (1,962.5 mm 2, radius = 50 mm). The detailed testing procedure adopted in this
study was as follows (see Figure 3). Bond strength measurement was conducted at three places for
each specimen, and then averaged.
1.
2.
3.
4.
5.

The two coating components (epoxy type base + solidifier) of a coating were prepared, then
mixed for more than five minutes, with electrical shaking equipment
A 50 mm diameter dolly was attached to the concrete surface, using the selected coating
material
The testing gauge was attached to the dolly
Tests and measurements were performed
Bond strength values were recorded and the failure pattern observed, for each coating.

Tensile bond strength was measured at 24 hours after applying each coating to concrete substrate
under dried or wetted conditions. It should be noted that generally there were four different failure
patterns, namely adhesive failure, partial coating failure, coating failure, and concrete failure.

Figure 3. Tensile bond strength measurement according to ASTM C1583
3.
3.1

TEST RESULTS AND DISCUSSIONS
Effects of underwater coating materials on measured bond strength

Table 3 includes all measured bond strengths for dry, smooth surfaces and Figure 4 illustrates
averaged bond strength values. Coatings A and E, which, as mentioned previously, were originally
developed for steel, exhibited higher bond strengths than the others. The ratios of the measured bond
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strength to the bond strength claimed by the manufacturer for underwater conditions ranged from
12.4% to 26.9%. Coatings A and B showed stronger bonds in dry conditions. It should be noted that
coating A showed robust performance in its bond compared to others, based on the results of
standard deviations. Coating C had the lowest bond strength, but this might be due to different
laboratory conditions, human error, and other reasons that can be introduced during the test and/or
measurement procedures. In this study, the bond strength measurement was conducted shortly after
applying each coating, to prevent concrete failure that might be caused by the low tensile strength of
the concrete. These issues and results indicate that further experimental studies are required, to
investigate both longer term bond performance, and any effect of underwater coating materials on
concrete durability. Importantly, even with same generic type of underwater coating, bond
performance was varied depend on manufacturers. And this result was consistent with previous
research reported by Almusallam et al. (2003). It should be also noted that the performance of
underwater coating is highly dependent on the worker who actually apply coatings to submerged
concrete structures.
3.2

Effects of environmental conditions on measured bond strength

Underwater coating work was conducted in the laboratory, and measured bond strengths were
compared with those measured in dry conditions (see Table 4). Figure 5 shows averaged bond
strength values for smooth surfaces underwater. Measured water temperature ranged from 13.5
degree C to 18.5 degree C at the time of coating. Coating A had the highest bond strength, while
those of Coatings D and E were both significantly reduced (38.4% and 39.2%, respectively). The
reason for such differences was not clear, given the limited range of this research, but might be
related to a dissolution issue that could have occurred underwater.
Table 3. Measured bond strength values, (24 h, dried and smooth surface)

Coating

1st
(MPa)

2nd
(MPa)

3rd
(MPa)

Average
(MPa)

Standard
deviation

Manufacturer
(MPa)

Avg./Mfr.
(%)

A

3.015

3.114

3.251

3.127

0.097

17.0

18.4

B

1.961

1.704

1.902

1.856

0.110

6.9

26.9

C

1.527

1.392

1.817

1.579

0.177

12.7

12.4

D

1.808

1.562

1.799

1.723

0.114

-

-

E

3.673

3.152

3.310

3.378

0.218

16.6

20.3

F

1.712

2.131

2.115

1.986

0.194

12.0

16.6

Table 4. Measured bond strength values (24 h, wetted and smooth surface)

Coating

1st
(MPa)

2nd
(MPa)

3rd
(MPa)

Average
(MPa)

Standard
deviation

Manufacturer
(MPa)

Decreasing in bond
compared to dried
condition (%)

A

2.977

2.710

2.699

2.795

0.129

17.0

10.6

B

1.511

1.413

1.469

1.464

0.040

6.9

21.1

C

1.260

1.685

1.599

1.515

0.183

12.7

4.0

D

1.349

0.846

0.992

1.062

0.211

-

38.4

E

1.797

2.266

2.098

2.054

0.194

16.6

39.2

F

1.736

1.856

1.672

1.755

0.076

12.0

11.6
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Figure 4. Tensile bond strength measured at
24 h (dried and smooth surface)

3.3

Figure 5. Tensile bond strength measured at
24 h (wetted and smooth surface)

Effect of concrete surface roughness on bond strength

Table 5 includes measured bond strengths and strength ratios for a rough surface, and compares
these to a smooth surface. Figures 6 and 7 illustrate averaged bond strength values for rough
surfaces, for dry and underwater conditions. Bond strength generally increased on rough surfaces,
compared to smooth surfaces, except for coatings A and E, with the latter showing a significant bond
strength loss (42.8%), as shown in Table 5. The reason for this decrease may be related to the
viscosity of the coating, as this was lower for E than for the other coatings. Thus, it can be concluded
that too low viscosity might not be a good characteristic in a coating required to cover a rough surface
in dry conditions. Underwater, no effect of surface roughness on bond strength was observed, with
only 5.9% difference in average bond strength noted, between the smooth and rough surfaces. Thus,
it can be said that the effect of surface roughness on bond strength might not be as significant
underwater as it was in dry conditions.
Table 5. Measured bond strength values (24 h, rough surface)

Condition

Dried

Coating

1st
(MPa)

2nd
(MPa)

3rd
(MPa)

Average
(MPa)

Standard
deviation

Rough surface/
smooth surface (%)

A

3.023

2.998

3.198

3.073

0.089

-1.7

B

3.231

2.946

2.997

3.058

0.124

+64.8

C

2.661

2.393

2.501

2.518

0.110

+59.5

D

2.403

1.902

2.126

2.144

0.205

+24.4

E

1.909

1.773

2.117

1.933

0.141

-42.8

F

3.101

2.714

2.999

2.938

0.164

+47.9

st

Condition

Underwater

nd

rd

Coating

1
(MPa)

2
(MPa)

3
(MPa)

Average
(MPa)

Standard
deviation

Rough surface/
smooth surface (%)

A

1.714

1.724

1.699

1.712

0.010

-38.8

B

2.400

2.439

2.389

2.409

0.021

+64.5

C

1.549

2.219

2.194

1.987

0.310

+31.2

D

1.730

1.812

1.581

1.708

0.096

+60.8

E

1.002

0.848

1.115

0.988

0.109

-51.9

F

1.028

1.259

1.342

1.210

0.133

-31.1
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Figure 6. Tensile bond strength measured at
24 h (dried and rough surface)

3.4

Figure 7. Tensile bond strength measured
at 24 h (wetted and rough surface)

Failure patterns of underwater coatings

Representative coating failures observed in this study are shown in Figure 8. Adhesive failures
underwater occurred between the coating and the concrete substrate for all coatings, while no
consistent pattern was observed in dry conditions. Generally, concrete failure means a good bond
between applied coating and existing concrete, thus, this pattern can be more common in actual
condition. In this study, however, adhesive failures underwater were only observed and this might be
related to the time of measurement. Therefore, further experimental study is necessary to see the
long-term bond performance.

Figure 8. Failure patterns of coating materials (a) coating failure; (b) adhesive failure; (c) parent
concrete failure
3.5

Discussions and recommendations

Temperature is one of the most important factors to be considered for underwater repair, as
temperature and available working time (pot life) have a strong correlation, as shown in Figure 9,
which was prepared using available working time for each underwater coating, as shown in Table 1.
During underwater coating, in this study, water temperatures ranged 13.5 to 18.5 degree C, thus,
coating work could be easily completed without considering the time limit. However, in case of an
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outside temperature above 30 degree C and using a coating pumping system from a floating ship,
available working time can be reduced to as little as 10 min. This emphasizes the need for careful
planning prior to starting underwater repairs, to ensure that sufficient working time is available, prior to
pot life expiry.

Figure 9. Relationship between temperature and available working time for selected underwater
coating materialss, based on manufacturers’ information, as shown in Table 1
In addition to temperature, appropriate coating material, coating equipment, and repeated pretesting
are also important for the successful completion of underwater repair work on marine and coastal
concrete structures. It should be noted that most previous studies were carried out under controlled
conditions in the laboratory, thus, further experimental study in the field might be necessary.
It was not possible to identify the best type of underwater coating at this time, as real subsea
conditions can vary significantly, depending on the location of the targeted structures. However,
detailed repair plans, considering both repair area and water depth, and repeated pretesting of the
coating materials, are essential for successful repair work on underwater concrete structures. In other
words, appropriate repair procedures and suitable coating equipment must be prepared prior to repair
work starting, to reduce both material loss underwater, and total repair cost. Lastly, this research work
is part of a research project that is still underway, and research into development of novel underwater
coating equipment, developed to improve coating performance, and also into the effects of some
equipment on bond performance, will be investigated further and reported in the future.
Based on the experimental results, it was confirmed that surface roughness did not show significant
influence on the measured bond strength. In this study, both coating work and bond strength
measurement were conducted in the laboratory condition rather than actual subsea condition. Thus,
further experimental study is necessary to investigate the bond performance of underwater coating
subjected to actual sea condition. In addition, long-term performance evaluation such as durability of
underwater coatings that actually applied to submerged concretes structures might be useful for
surface repair of marine and coastal concrete structures.
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4.

CONCLUSIONS

The effects of different underwater coating materials, surface condition, and some environmental
conditions, on the tensile bond strength between the applied coating and substrate concrete have
been experimentally investigated, and the following conclusions have been made, based on the test
results.
1.
2.
3.
4.
5.

Even with same generic type of underwater coating, bond performance can vary between
manufacturers.
Tensile bond strength generally decreased underwater, compared to that achieved in dry
conditions.
There was no obvious surface roughness effect on measured bond strengths underwater,
while bond strength increased with a rough surface in dry conditions.
Adhesive failure between the applied coating and the parent concrete was the most common
coating failure type underwater.
Temperature is the one of the most important factors to consider for a repairs plan, as curing
time for underwater coatings greatly depends on the outside air and water temperatures.

In this study, tensile bond strengths were measured just 24 h after application, and further
experimentation might help to clarify long term bond performance in the case of underwater coatings
applied to actual submerged concrete structures. Based on our experimental results and comparison
with information received from manufacturers, some suggestions have been made to improve the
success of underwater coatings on marine and coastal concrete structures.
5.
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ABSTRACT
The same diffusion coefficient is commonly used for modelling the transport and durability of
cementitious materials regardless the type of diffusing species (i.e. whatever ions, dissolving gases).
The question arising is to what extent this assumption is still reasonable without resulting in an
over/underestimation of concrete structure performance. This work aims at partly answering this
question by measuring the diffusivity of diffusing species with a different molecular size in various
cementitious materials with different microstructures. The investigated materials include intact, leached
and carbonated saturated cement pastes with varying water to powder ratios (w/p = 0.325-0.425) and
limestone filler replacements (0, 10%, 20%). Furthermore, lining concrete and high porous backfill
materials (w/c = 1.5) to be used in nuclear waste repositories was also investigated. A recent
developed diffusion setup was used to measure the diffusivity of two dissolved gases in a single
experiment. The effect of molecular size is quantified by measuring diffusion coefficients of noninteracting dissolved gases with different molecular sizes, including CH4, He, Xe, and O2 (0.280 to
0.432 nm in diameter).
Experimental data shows a rather poor relation between the diffusivity and porosity due to the fact that
other microstructural parameters (e.g. tortuosity, constrictivity) play a role. Results also prove that the
molecular size of the diffusing species influences significantly the constrictivity and thereby the
diffusion process, but this impact depends strongly on the microstructure of cementitious materials.
The influence of the diffusing species size is less important for high porous cementitious materials.
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1.

INTRODUCTION

Diffusivity is often considered as one of the crucial parameters for characterizing and assessing the
long-term performance of concrete and is required to better design and evaluate concrete structures
because it affects a number of chemical degradation phenomena including carbonation (Phung et al.
2016c; Phung et al. 2015a; Phung et al. 2013), calcium leaching (Phung et al. 2015b; Phung et al. 2014
; Rosenqvist et al. 2017). This is especially the case for concrete used as an engineered barrier for the
disposal of radioactive waste (Jacques et al. 2013), for which the standard compressive/tensile strengths
are less important. Therefore, it is crucial to know the exact diffusivity value of the materials used in
structures for performance assessment calculations. However, for the reason of simplicity and lack of
diffusivity data, we often use only one (relative) diffusivity value for calculations, no matter what diffusing
species is transported in the materials. The question raising now is to what extend this simplification is
still reasonable and valid. Following paragraphs will briefly answer this question and experimental data
presented in next section will provide the readers with a full explanation and issue on the “one diffusivity”
concept.
In porous materials, diffusivity depends on the characteristics of the pore network including porosity 
[-], tortuosity  [-] (defined as the ratio between the actual length of flow path to the straight length of a
sample), and constrictivity  [-] (a dimensionless parameter depending on the ratio of the size of
diffusing species and pore size) which are all usually considered as intrinsic properties of materials. The
effective diffusivity of diffusing species (e.g. dissolved gases, ions), De [m2/s], is defined as:

De  D0


2

(1)

where D0 [m2/s] is diffusivity in the pore solution of the sample which is considered to be the same to
the one in free water or ideal solutions for very diluted solutions. With this definition of effective diffusivity,
the ratio (De/D0) (commonly referred to as relative diffusivity) of a given porous medium should be
identical, regardless of whatever methods or diffusing species are used. However, as shown in a recent
comprehensive review (Patel et al. 2016) of measured diffusivities in cement-based materials, the
relative diffusivities obtained from different techniques using various diffusing species are not identical.
The inconsistent results are indeed not only because of the setup/methodology used, but also because
of another possible source of error in the interpretation which is normally not considered. This could be
tortuosity, constrictivity, (zeta potential for ions) and even porosity derived from different measurement
techniques which may not be identical for the same materials.
In (1), the porosity  should be interpreted as the porosity accessible for a given species – also called
effective porosity. As a result, the effective porosity of a porous medium may depend on the used
species when species with significantly different molecular sizes are used (also depend on charge in
case of ions). The tortuosity factor takes into account that diffusion only occurs through connected
pathways which are likely longer for a diffusing species with a larger molecular size. Constrictivity
depends on the diameter of the diffusing species and the pore diameter. Thus, we may expect that
constrictivity depends on both the morphology of the media and the diffusing species itself. In water,
each species has his specific diffusivity which depends on charge and molecular size. However, there
is a lack of experimental data on constrictivity and tortuosity factors in cement-based materials.
Consequently, the relationship between the diffusion coefficient and the microstructural properties of
saturated cementitious materials is usually formulated in typical forms of which porosity is the only
parameter representing the microstructure.
In this study, which is an extended study of previous work (Phung et al. 2019) in terms of number of
samples and gases used, the effect of molecular size is quantified with a recent developed diffusion
setup (Jacops et al. 2013; Phung et al. 2015c) allowing for simultaneous measurement of the diffusion
of dissolved gases in pore solution of fully saturated cementitious materials with different molecular sizes
including CH4, He, Xe and O2. Together with the molecular size, the contribution of the material
microstructure to tortuosity, constrictivity and effective diffusivity is deeply examined, which evaluates to
what extent the “one diffusivity” concept (i.e. the same relative diffusivity) is still acceptable.
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2.

MATERIALS AND DIFFUSIVITY MEASUREMENTS

In order to obtain materials with different pore network characteristics, experiments were performed on
cement pastes with different microstructures resulting from different water/cement (w/c) ratio and
limestone filler (LF) replacement, carbonated and leached samples degraded by methods presented in
(Phung et al. 2015b; Phung et al. 2015a). Carbonation and leaching experiments last for 28 days, except
for sample P20-FL which was leached for 143 days to reach fully degraded sample. Hardened cement
pastes were made from Type I ordinary Portland cement, tap water and limestone filler. Three sets of
cement pastes with similar w/c ratios of 0.415 ± 0.01 were cast with LF of 0, 10% and 20% for sample
sets P0, P10 and P20, respectively. Together with P0, two additional sets of cement pastes without LF
was prepared with lower w/c ratio of 0.325 (PL3) and higher w/c ratio of 0.5 (PL5). Furthermore, some
materials envisaged to be used in geological disposal for nuclear waste in Belgium were investigated,
one lining concrete sample (LN) and sound backfill as well as degraded backfill (by contacting with Boom
Clay for 6 months) samples (BF and BD, respectively) were tested. Details of mix compositions can be
found in (Phung et al. 2017; Phung et al. 2019).

Circulating pumps

Filters

Specimen

Quick connectors

Gas 1

Gas 1

Sampling
line

Pressure transducers
Water

Pressure transducers

Gas 2

Water

The diffusivities of dissolved gases were determined using a through-diffusion methodology which
allows simultaneous determination of diffusivities of two dissolved gases as described in (Phung et al.
2015c). The samples were embedded into the polycarbonate part of the diffusion cells by a resin. All
samples were investigated under fully saturated conditions. Figure 1 shows a picture of the
experimental setup for the determination of diffusivity of dissolved gases in saturated porous media.
Two pressure transducers were used to monitor the gas pressure in the pressurized water vessels. The
water with the dissolved gas was circulated over the contact filter in the cell by means of magnetic
coupled gear pumps. The diffusion cell was connected to the system through quick connectors. Each
vessel was filled with a volume of 0.5 litre of degassed water. The tested gases were injected (0.5 litre)
to the top-half of each vessel (i.e. 2 different gases in 2 vessels) with a similar pressure of about 10 bar
to prevent advective transport. The gases will dissolve in the water (Henry’s law) and diffuse through
the sample, driven by a concentration gradient. Gas samples were regularly (generally every 2 weeks)
taken via external samplers until enough data points were collected to enable trustworthy derivation of
the diffusivity (few months depending on w/c ratio and degradation state). The gas composition was
analysed with a gas chromatograph. Details of the experimental procedure can be found in (Phung et
al. 2015c).

Valves
Gas 2

Specimen

Water

Water

Gas 1

Quick connectors

Specimen

Filters

Circulating pumps

Filters
Bypass lines

Circulating pumps

Pressure transducers

Water

Figure 1. Schematic view of experimental setup for diffusion measurement (Phung et al. 2015c).
Gas 2

Water

In order to study the effect of molecular size, three gas combinations were used: He-O2 for samples
PL3, PL3-L, P10, P10-L, P20, P20-L, P20-FL, P20-C (L, FL, and C denotes for leached, fully leached
and carbonated, respectively); He-Xe for samples P0, P0-L, P0-C, P10 and He-CH4 for samples PL5,
LN, BF, BD. The average molecular diamaters of He, CH4, O2, and Xe are 0.280 nm, 0.396 nm, 0.360
nm, and 0.432 nm, respectively (Jensen et al. 2013). Leaching experiments were conducted by
immersing the saturated samples in 6 mol/l NH4NO3 solution chambers (Phung et al. 2015b), while
carbonation was performed by applying an elevated pressure gradient of pure CO 2 to conditioned
samples (Phung et al. 2015a).
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3.

RESULTS AND DISCUSSION

Table 1 summarises the effective diffusivity of different dissolved gases, for samples with different
water/powder (w/p) ratios and nature states. The porosity determined by the combination of MIP and N2
–adsorption methods (Phung et al. 2015b) is also presented in Table 1. Note that for carbonated and
leached samples, the samples were not fully degraded, except for the leached sample P20-FL
(degraded depths shown in Table 1). Therefore, the reported porosity is the average porosity calculated
by the weighted average method. As a consequence, the effective diffusion coefficient of the
carbonated/leached samples should be interpreted as the composite (overall) effective diffusion
coefficient because the samples were not fully degraded. In general, The effective diffusion coefficient
of carbonated samples is slightly reduced from 10% up to 40% after 28-day carbonation. In contrast,
the extent of the modification in the diffusivity due to leaching was much more pronounced compared to
carbonation. The diffusivity increased from 1.6 to 5.7 times after 28-day leaching up to more than one
order of magnitude for fully leached sample. Adding 10% limestone filler resulted in lower diffusivity and
better resistance to carbonation and leaching. An increase of limestone filler to 20% would give negative
effect on diffusion of sound and carbonated samples, but results in a positive effect for leached samples.
Backfill materials gave very high diffusivity, one order of magnitude higher than cement paste with w/c
ratio of 0.5 for He gas, but only a factor of 1.7 for CH4 gas. The diffusivity of lining concrete was relatively
higher than cement pastes with similar (PL3) or even higher (P0, P10) porosity, which could be attributed
to the ITZ effect.
Table 1. Summary of effective diffusivity (×10-11 m2/s) of dissolved gases - values in brackets
denote the ratios between effective diffusivity of degraded and sound samples:  = accessible
porosity; d = degraded depth; * CH4 was not detected yet.
Sample

PL3

P0

P0-C

P0-L

P10

P10-L

P20

0.325

PL3L
0.325

w/p

0.425

0.425

0.43

0.375

0.375



0.099

0.171

0.197

0.194

0.335

0.168

0.310

d, mm

-

5.0

-

2.7

9.3

-

DeHe

2.11

5.87

2.32

1.63

9.32

(1.0)

(2.8)

(1.0)

(0.7)

(4.0)

0.18

0.11

0.81

0.12

(1.0)

(0.6)

(4.6)

DeXe
DeO2

0.21

0.63

(1.0)

(3.0)

P20L
0.325

P20FL
0.325

LN

BF

BD

PL5

0.325

P20C
0.325

0.250

0.710

0.710

0.500

0.138

0.136

0.241

0.358

0.090

0.470

0.500

0.250

7.5

-

2.3

5.9

12.5

-

-

1.0

-

1.22

6.98

2.32

2.09

3.79

32.01

2.30

93.20

115.5

1.28

(1.0)

(5.7)

(1.0)

(0.9)

(1.6)

(13.8)

(1)

(1.24)

1.09

0.18

0.12

0.28

7.52

(1.0)

(0.7)

(3.1)

(41.8)
22.70
(1)

25.02
(1.10)

DeCH4

*

14.50

** D0 of He, Xe, O2 and CH4 are 7.22×10-9, 1.47×10-9, 2.30×10-9, 4.50×10-10 m2/s, respectively (Jähne
et al. 1987; Verhallen et al. 1984).
3.1

Correlation between diffusivity and porosity

As a common approach, we often try to relate tortuosity and constrictivity to porosity in lumped fitting
coefficients in order to estimate the diffusivity via a single parameter, accessible porosity.

De / D0   f ( )

(2)

where λ is a fitting parameter [-], and f ( ) is a porosity-based function which takes into account the
effect of the microstructure on the diffusivity. Figure 2 presents the relationship between the measured
relative diffusivity and average porosity which was determined by the combined method using MIP and
N2-adsorption. Note that (2) assumes that porosity is constant over the length of the sample. Therefore,
for degraded samples, an average porosity was calculated by the weighted average method (Phung et
al. 2019). As expected, the relative diffusivity increased with the increase in porosity. We have tried to
fit the data with several empirical models (Phung et al. 2019), though the agreement between the models
and the measurements is rather poor. The exponential relationship gives the best fit, even then all
measured data only fall in a 5-bound factor of the exponential relationship. Therefore, it is certainly
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necessary to consider the effects of other factors such as the molecular size of the diffusing species and
the nature of materials. The latter has been discussed in previous studies ((Phung et al. 2016a) for
carbonated materials and (Phung et al. 2016b) for leached materials). The effect of the molecular size
of diffusing species will be discussed in next section.

De/Do
1.E+0
y = 0.0002e12.11x
R² = 0.7596

1.E-1
1.E-2

He
Xe

1.E-3

O2
CH4

1.E-4
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Porosity
Figure 2. Correlation between relative diffusivity changes and accessible porosity (determined
by combination of MIP and N2-adsorption) – purple dashed lines represent the upper and lower
boundary of a factor of 5 interval which makes all measured data fall in the exponential fitting
(purple line).
3.2

Relationship between diffusivity and the molecular size of a gas

We commonly consider the constrictivity and tortuosity to be intrinsic properties of the cement pastes.
In such way, according to (1), one would then expect that the ratio between the effective diffusivity of 2
testing gases on the same sample (considered same porosity) should be identical to the diffusivity ratio
of those in free water as this ratio reflects the intrinsic properties (i.e. constrictivity and tortuosity) of
materials.

DeHe
DeXe / O2 / CH 4



D0He
D0Xe / O2 / CH 4

(3)

Furthermore, the change in diffusivity due to carbonation and leaching of a combination of 2 testing
gases (i.e. He and Xe; He and O2; He and CH4) should be the same. However, this is not the case for
our dataset (Table 1 and Figure 3). The ratio between the effective diffusivity of 2 testing gases
measured on the same sample was not similar to the one in free water and depended on the sample
porosity. We observed that the lower the porosity, the larger is the difference in that ratio for the gas
combinations He-O2 and He-CH4 (Figure 3). The trend was not very clear for gas combination He-Xe
despite the fact that the size difference is larger. It should be noted that only few data points was
obtained for the gas combinations He-CH4 and He-Xe, especially in the low porosity range. This is a
practical issue to measure diffusivity of Xe and CH 4 in low porosity samples due to its extremely slow
diffusion (i.e. one order of magnitude slower compared to He) which requires a very long experimental
time. However, in all gas combinations, the ratio between the effective diffusivity of the 2 testing gases
on the same sample was always higher than the one in free water when the porosity is relatively small.
With a coarser microstructure, the physical interaction between the dissolved gas and the pore walls is
expected to be less important. Therefore, the effect of gas molecular size is less significant. That could
explain the observation for cases of porosity of around 0.5 (BD and BF samples), of which the ratio of
effective diffusivity DeHe/DeCH4 was just slightly higher than the one in free water.
The change in diffusivity due to carbonation and leaching of a combination of 2 testing gases was not
similar as expected (Table 1), but difference could be up to a factor of 3 for the fully leached sample
P20-FL (41.8 compared to 13.8). One possible explanation is the difference in the average molecular
diameter of the testing gases. Among the testing gases, He has the smallest average molecular
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(a)

15
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5

0

D0He
D0O 2

20

DeHe/DeCH4 ratio

20

DeHe/DeXe ratio

DeHe/DeO2 ratio

diameter of 0.28 nm, while Xe is the biggest in diameter (0.432 nm). O 2 and CH4 have similar molecular
diameter of 0.390 and 0.396 nm, respectively. In most cases, the changes in diffusivity of helium (the
smallest average molecular diameter) were less pronounced compared to the other gases. Leaching
can modify the microstructure of cement paste from micrometer scale (macro pores) down to sub
nanometer scale (micro pores), while carbonation mainly modifies the meso and macro pores (Phung
et al. 2015a). The modification of the smaller pores likely affects the diffusion of gases with a bigger
molecular size (e.g. Xe) rather than ones with a smaller molecular size (e.g. He). Therefore, we observed
for the bigger gas molecules a more significant change in diffusivity in the leached samples than in the
carbonated samples. However, this difference was not seen for backfill materials which have a high
porosity.

(b)

15

10
He
0
Xe
0

D
D

5

Porosity

(c)

8
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Figure 3. Variation of th e effective diffusivity ratio between He and O2 (a); He and Xe (b); and
He and CH4 (c) with the porosity – dashed line represents the diffusivity ratio in free water.
Figure 4 shows the influence of the average molecular diameter on the geometric factor, G [-], which
is defined as a function of tortuosity and constrictivity:

G

2


(4)

Geometric factor

Samples were grouped in 4 categories with similar porosities 0.136-0.138, 0.168-0.171, 0.335-0.358,
and 0.470 – 0.500 to see the coupled effects of porosity and molecular size on the geometric factor.
The formation factor was possible to calculate from the measured diffusivity using Eqs. (1) and (4) and
shown in Figure 4 as a function of molecular diameter of dissolved gases. It is clear from the figure that
the geometric factor consistently increases with the increase of the average molecular diameter, except
for the category largest porosity of which the geometric factor is only slightly increase with the increase
of molecular size. The exponential fit of the geometric factor with the average molecular diameter seems
to be the best fit. Interestingly, when looking at data points with the same average molecular diameter,
the geometric factor is getting larger when the porosity decreases. This confirms the coupled effects of
the material properties themselves as an intrinsic factor and the size of diffusing species as an extrinsic
factor on the geometric factor, and thereby on the diffusivity.

1,000

Por = 0.470-0.500
Por. = 0.335-0.358
Por. = 0.168-0.171

100

Por. = 0.136-0.138

10

1
0.1

0.2

0.3

0.4

0.5

Average molecular diameter, nm
Figure 4. Change of geometric factor with average molecular diameter – solid lines show
exponential trend.
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Recently, Bajja et al. (Bajja et al. 2015), however, concluded that the formation factor (i.e. inverse of
relative diffusivity), hence the geometric factor is similar for samples with the same porosity irrespective
of the diffusing species Li+, Cl-, or HTO. These observations can be explained (without taken into
account the charge of ions) due to the fact that the average molecular size of the investigated diffusing
species are quite similar (i.e. 0.350, 0.360 and 0.364 nm for Cl-, HTO, and Li+, respectively). Even with
a small differences in size, the relative diffusivity of Li+, which has the largest size, is consistently 15%
smaller than the one of Cl- with the smallest size (Bajja et al. 2015).
In a previous study (Phung et al. 2019), we have proven that the constrictivity is exponentially related to
the molecular size and porosity has almost no effect on the constrictivity (obtained by an empirical
model), while significantly influences on the tortuosity. Constrictivity is slightly increased when the
porosity is reduced. Because only fine pores (in C-S-H) affect constrictivity, despite the porosity
increase, the gel pores fraction which contributes to the constrictivity might be unchanged or even
decrease capillary porosity of which the contribution to the constrictivity is negligible. On the other hand,
the size of the diffusing species significantly contributes to the constrictivity. The constrictivity is reduced
more than one order of magnitude when the molecular diameter of the diffusing species doubles.
4.

CONCLUSIONS

Experimental data shows a rather poor relation between the diffusivity and porosity as a proxy for
microstructural properties. The deviation between predicted and measured diffusivity can be up to a
factor of 5 which would result in a large uncertainty for modelling transport properties and durability of
concrete on the long-term. The disagreement is due to the fact that other microstructural parameters
(e.g. tortuosity, constrictivity) rather than only porosity should be taken into account. The molecular size
of the diffusing species influences significantly the constrictivity and thereby geometric factor, which,
consequently, cannot be considered as intrinsic properties of hardened cement-based materials. Similar
observation has also been made for clayey materials (Jacops et al. 2017). Given the sensitivity to the
molecular size of the diffusing species or the experimental setup to measure diffusivity, it is of uttermost
importance that diffusivity is measured on a similar setup with a species of a similar molecular size.
Larger molecular diameters resulted in a larger constrictivity whereas porosity does not play an
important role. Smaller size species or/and a higher porosity of the sample resulted in lower values of
the geometric factor. Therefore, the “one diffusivity” concept where the formation factor determined for
a diffusing species is used to predict the diffusivity of any other diffusing species is likely not valid when
the size of the diffusing molecule is significantly different. This approach could lead to an uncertainty in
diffusion measurement up to one order of magnitude if the molecular diameter of testing gases nearly
doubles as seen shown in Figure 4. However, if the porosity of materials is high (0.5 in this study), this
approach is still applicable as the geometric factor is only slightly changed with the increase of molecular
size.
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ABSTRACT
In view of the obvious invalidity of high-performance concrete (HPC) in the salt lake regions, nano-clay
was added in HPC as an active admixture to withstand the terrible environment of salt lake regions.
The properties (compressive strength and mass loss rate) of HPC modified with nano-clay undergoing
freeze-thaw cycles in simulative salt lake brine were investigated, and the microstructures of the
concrete were analyzed by XRD and SEM-EDS in detail. The results showed that nano-clay gave
great rise to the performance of HPC after freeze-thaw cycles in simulative salt lake brine, owning to
the denser microstructure of concrete with nanoclay, the invasion difficulties of Mg2+ from the salt lake
brine into concrete with nanoclay, and the restriction of the dissolution of Ca(OH)2 and formation of
CaSO4·2H2O.
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1. INTRODUCTION
In recent decades, the durability of concrete in terrible environment has become an important issue in
the field of construction. There are more than 1000 salt lakes, including 102 salt lakes in Sinkiang
(SK), 33 salt lakes in Qinghai (QH), more than 370 salt lakes in Inner Mongolia (IM), more than 220
salt lakes in Tibet (TB), etc., widely distributing in northwestern and northern China. The salt contents
of Qinghai Salt Lake, Xinjiang Salt Lake, Tibet Salt Lake and Nei Monggol Salt Lake are 340.51 g/L,
269.39 g/L, 195.45 g/L and 278.96 g/L respectively, and the main chemical compositions are sulfate,
chloride and carbonate of potassium, sodium and magnesium. The concentration of corrosive ions in
salt lake regions is so high that there is a negative effect on concrete structures and the corrosive ions
also influence each other.
Several studies have focused on the coupled attack of various corrosive ions such as Cl -, Mg2+, CO32-,
SO42-, HCO3-, on concrete, coupled with climate factors. Aye and Hekal showed that MgSO 4 was more
destructive than Na2SO4 in terms of chemical attack, and Na2SO4 was more destructive than MgSO4 in
terms of physical attack. In addition, many studies on concrete exposed to salt lake brines, the
combination of dry-wet cycles and salt lake brines, or the combination of freeze-thaw cycles and salt
lake brines have been reported. Results show that in salt lake area, concrete damage caused by
freeze-thaw cycles cannot be neglected, and great attention should be paid to the synergistic effect of
salt lake brine and freeze-thaw cycles.
The deterioration of ordinary Portland concrete (OPC) in salt lake regions was so serious that its
service life was less than 5 years. However, the durability of high performance concrete (HPC) in salt
lake regions was not optimistic either. It is reported that nanoclay enhanced the structural
compactness of cement-based materials, and improved physical and mechanical properties, frost
resistance, chemical erosion resistance of cement-based materials, due to its higher pozzolanic
activity. Accordingly, in the present paper, nanoclay was adopted to improve the performance of HPC
undergoing freeze-thaw cycles in salt lake brine, and the Qinghai Salt Lake with the largest amount of
salt content was used as the erosive solution. The deterioration processes of concrete under coupled
factors were systematically investigated by the compressive and mass loss rate. Moreover, using Xray diffraction (XRD) scanning electron microscopy (SEM) and Energy Dispersive Spectrometer
(EDS), the effect of nanoclay on the microstructure evolution inside concrete subjected to freeze-thaw
cycle in salt lake brine was analyzed in detail.
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2. EXPERIMENTS
2.1 Raw materials
ASTM C150 (ASTM 2016) type V cement, ASTM C989 (ASTM 2010) class S95 slag, ASTM C618
(ASTM 2015) class F fly ash, ASTM C1240 (ASTM 2015) class NR95 silica fume, and an active of
nanoclay were used directly in this study. The fine aggregate used in the experiment was natural river
sand with a fineness modulus of 2.72. Crushed basalt aggregate was used as the coarse aggregate
with a continuous grade of 5~10 mm. The high-range water reducer used was a polycarboxylate
super-plasticizer (type QS-8020) with a water reduction capability greater than 23 %. The chemical
composition of the materials is shown in Table 1. The distribution of particle size of the materials is
shown in Figure 1. The XRD curve of nanoclay is shown in Figure 2.
Table 1. Chemical composition of the materials (% by weight)
Specimen

Na2O

MgO

Al2O3

SiO2

K2O

CaO

Fe2O3

SO3

LOI

Cement

0.32

1.18

3.71

18.16

0.84

61.07

3.29

2.10

8.32

Fly ash

0.47

0.32

28.12

37.10

0.92

2.62

4.18

0.30

24.40

Slag

0.73

5.52

11.51

28.04

0.67

37.98

0.45

1.24

11.34

Silica fume

0.36

1.88

0.54

82.91

0.31

0.32

0.08

0.52

12.98

Nanoclay

-

0.26

40.85

48.36

-

0.28

3.33

0.65

2.82

1.2

cement
fly ash
slag
silica fume
nanoclay

Distribution density

1.0
0.8
0.6
0.4
0.2
0
0.5

1

2

4

8
16
32
Particle size /m

64

128

256

0

10

20

30

40

50

60

70

80

Two-Theta(deg)

Figure 1. The distribution of particle size of the materials Figure 2. The XRD curve of nanoclay

2.2 Mixture proportions and the specimen properties
The specimens with a size of 100 mm ×100 mm×400 mm were cast and cured under standard
conditions where the temperature was (20±3) oC, and the concrete was covered with a curing
moisturizing cloth for 24 h. Then, the specimens were demolded and cured in a standard curing room
where the temperature was (20±3) oC and the relative humidity was higher than 95% for 56 days. The
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reference mixture proportion of the concrete is shown in Table 2, and the content of nanoclay is 0.5%,
1%, 1.5%, 2%, 2.5% and 3% respectively (in terms of cementitious material quality).
Table 2. The mixture proportions of the reference concrete (mass of the mixture /kg)

Cement

Fly
ash

slag

Silica
fume

Fine
aggregate

Coarse
aggregate

QS8020

water

Slump/mm

2.7

1.08

1.08

0.54

6.1

11.3

0.0162

1.223

90

2.3 Salt lake brines simulated
The chemical reagents and the corresponding concentration shown in Table 3 were used to prepare
the simulated salt lake brines of Chaerhan Salt Lake in the western part of Qinghai province, China.
Table 3. The chemical reagents and the corresponding concentration (mass, g/10L)
KCl

CaCl2

Na2CO3

NaHCO3

NaCl

MgCl2

MgSO4

113.98

116.18

3.03

1.75

1733.14

2474.65

571.94

2.4 Test method
The "quick freezing method" of freeze-thaw resistance test in GBJ82-85 "Test Method for Long-term
Performance and Durability of Ordinary Concrete" was carried out. The test temperature range was
from (-17±2) oC to (8±2) oC, and each freeze-thaw cycle should be completed within 2 to 4 hours.
The simulated brine solution prepared in laboratory was adopted instead of water. After 100, 150, 200,
250 and 300 freeze-thaw cycles in salt lake brines, the compressive strength and mass of
corresponding specimens were tested.

2.5 Analytical techniques
After 100, 150, 200, 250 and 300 freeze-thaw cycles in salt lake brines, concrete samples on the
surface (0~5 mm) of the concrete were taken as specimens, then they were ground and screened,
and then the samples were analyzed by XRD. The compositions of the concrete are explored by XRD
using a D/MAX-IIIB X-ray diffractometer (Rigaku Corporation, Japan, Fe Ka radiation, 40 kV and 30
mA) at range from 5o to 80o. The microstructures of the sample (paste on the surface (0~5 mm) of the
concrete were taken as specimens) were examined with a SEM by JSM-5600LV scanning electron
microscope (Japan Electron Optics Laboratory Co. Ltd., Japan, 3.5 nm HV and 5.0 nm LV, 20 KV).
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3. RESULTS AND DISCUSSIONS
3.1 Compressive strength
After cured under standard conditions for 56 days, the compressive strength and mass of specimens
were recorded as the original data, then the freeze-thaw cycles test in salt lake brines was carried on.
The compressive strength and mass of specimens undergoing 100, 150, 200, 250 and 300 freezethaw cycles were tested. Compressive strength of concrete after freeze-thaw cycles in salt lake brines
are shown in Figure 3.
Figure 3 demonstrates that the compressive strength of concrete curing for 56 days under standard
conditions revealed a slight fall from 76.16 MPa to 71.61 MPa with 0.5~1% nanoclay added, then the
compressive strength began to rise with the increase of nanoclay. When 3% nanoclay was mixed in
concrete, the compressive strength went up to 92.36 MPa. It is apparent that, more than 1% nanoclay
can improve the compressive strength of concrete considerably.
During the entire process of the experiment, the compressive strength of concrete with 3% nanoclay
was much higher than that of the other concretes, which means with 3% nanoclay added, the
compressive strength of concrete subjected to various freeze-thaw cycles in salt lake brines was
greatly increased and the performance of concrete had improved. With increasing freeze-thaw cycles,
the compressive strength of concretes increased in the initial stage. Then, the compressive strength of
concretes declined slowly as the freeze-thaw cycles in salt lake brines increasing. After 300 freezethaw cycles in salt lake brines, concrete with 2% or 3% nanoclay illustrated higher compressive
strength than the reference concrete, while concrete with lower than 1.5% nanoclay shows decreased
compressive strength.

Compressive strength (MPa)

120

without nanoclay
with 0.5% nanoclay
with 1% nanoclay

110

with 1.5% nanoclay
with 2% nanoclay
with 3% nanoclay

100
90
80
70
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0
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100
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200
Freeze-thaw cycles

250

300

Figure 3. Compressive strength of concrete after freeze-thaw cycles in salt lake brines
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3.2 Mass loss rate
Mass loss rate of concrete after freeze-thaw cycles in salt lake brines are shown in Figure 4.
Figure 4 describes that with increasing freeze-thaw cycles, the mass loss rate of concrete increased
slowly in the initial stage, followed by a stabilizing stage between 100 and 250 cycles. Then, the mass
loss rate of concrete subjected to freeze-thaw cycles rose significantly as the freeze-thaw cycles
increased to 300 cycles. After 300 freeze-thaw cycles in salt lake brines, the mass loss rate of
reference concrete rised to 5%, while the mass loss rate of concrete with 0.5%, 1%, 1.5%, 2% and 3%
nanoclay is 4.32%, 1.29%, 1.76%, 2.95%, 1.32% respectively. It is obviously that the addition of
nanoclay decreased the mass loss rate of concrete after freeze-thaw cycles in salt lake brines.
Referring to GB/T 50082-2009, if the mass loss rate was less than 5%, the extent of freeze-thaw
damage of concrete was poor. The above discussion illustrates that after 300 freeze-thaw cycles in
salt lake brines, the mass loss rates of all the concrete with nanoclay were lower than 5%, while the
mass loss rates of reference concrete without nanoclay exceeded the limit value, which means that
with the adding of nanoclay, there was no damage to the concrete after being subjected to 300 freezethaw cycles in salt lake brines. The performance of concrete with nanoclay met the requirements well
if used in the cold lake brines areas.

6
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Mass loss rate (%)
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with 3% nanoclay
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Figure 4. Mass loss rate of concrete after freeze-thaw cycles in salt lake brines

3.3 XRD analysis results of concrete
3.3.1 XRD analysis results of reference concrete
The XRD analysis results of the surface layer of reference concrete without nanoclay subjected 0~
300 freeze-thaw cycles in salt lake brine are shown in Figure 5.
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Figure 5 describes that after 300 freeze-thaw cycles in salt lake brine, the main phases can be
separated into three groups. The first kind contained silicon dioxide (SiO 2) coming from the raw
materials (sand and stone) and hydration product (Ca 4Al2O7·19H2O); the second group was
crystallization products of salt lake brine, including sodium chloride (NaCl) and potassium chloride
(KCl); the third group contains dihydrate gypsum (CaSO 4·2H2O), magnesium hydrate (Mg(OH)2) and
calcium carbonate (CaCO3), which can be named as chemical corrosion products formed by the
reactions as shown in Equation (1~3).
Ca(OH)2+MgSO4+2H2O→CaSO4·2H2O+Mg(OH)2

(1)

Ca(OH)2+MgCl2→CaCl2+Mg(OH)2

(2)

Ca(OH)2+Na2CO3→CaCO3+NaOH

(3)

Ca(OH)2 can be observed in the concrete without corrosion and concrete after 100 freeze-thaw cycles.
However, after 200 freeze-thaw cycles, Ca(OH)2 disappeared in the XRD curves of reference
concrete, which showed that Ca(OH)2 was completely corroded (by reaction shown in Equation (1~3))
in salt lake brine.
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Figure 5. XRD analysis results of the surface layer of reference concrete subjected freeze-thaw
cycles in salt lake brines

3.3.2 XRD analysis results of concrete with nanoclay
The XRD analysis results of the surface layer of concrete with 2% nanoclay subjected 0~300 freezethaw cycles in salt lake brine are shown in Figure 6.
Figure 6 illustrates that after 300 freeze-thaw cycles in salt lake brine, the main phases can also be
divided into three groups, SiO2 coming from the raw materials and hydration product Ca 4Al2O7·19H2O,
crystallization products of salt lake brine including NaCl and KCl, chemical corrosion products
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containing CaSO4·2H2O, Mg(OH)2 and CaCO3, formed by the reactions between hydration product
Ca(OH)2, and the aggressive medium MgSO4, MgCl2, and Na2CO3 as shown in Equation (1~3).
The tendency of Ca(OH)2 decreasing in concrete with 2% nanoclay is similar with that in the reference
concrete. When concrete was subjected to 200 freeze-thaw cycles, Ca(OH)2 disappeared completely.
Comparatively, it can be observed that the peak intensity of CaSO 4·2H2O, Mg(OH)2 and CaCO3 in
concrete with 2% nanoclay is less than that in the reference concrete, when analyzed with comparison
with SiO2. This phenomena indicates that with the addition of nanoclay, the reaction between
hydration product Ca(OH)2, and the aggressive medium MgSO4, MgCl2, and Na2CO3 may be inhibited,
which provides a reasontional explanation to the improved performance of concrete with nanoclay
undergoing freeze-thaw cycles in salt lake brine.
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Figure 6. XRD analysis results of the surface layer of concrete with 2% nanoclay subjected to
300 freeze-thaw cycles in salt lake brines

3.4 SEM photographs of concrete
3.4.1 SEM photographs of concrete before freeze-thaw cycles
The SEM photographs of concrete without nanoclay and with 2% nanoclay curing for 56 day are
shown in Figure 7.
Figure 7(a) illustrates the general microscopic morphology of concrete without nanoclay in a large
area, and the attachment of a large quantity of loose unhydrated substances and hydrate particles can
be observed. In addition, obvious cracks and mineral admixture particles that did not bind tightly to
surrounding hydration products can be found easily in Figure 7(b). Moreover, this phenomenon of
weak bonding is more pronounced at a larger multiple as show in Figure 7(c). On the whole, the
micromorphology of concrete without nanoclay curing for 56 day under standard conditions was not
very dense. Figure 7(d)~(f) describes the microscopic morphology of concrete with 2% nanoclay.
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Almost all unhydrated substances and hydration products were tightly bonded together as shown in
Figure 7(d). Figure 7(e) demonstrates that mineral admixture particles were almost completely
encapsulated in hydration products, and this phenomenon was more apparent in Figure 7(f), that is
the C-S-H near the fly ash particles was extremely dense. However, it was difficult to observe the
nanoclay paiticles, due to the nanoscale dimensions and the high activity of the nanoclay particles and
their surface being covered with a large amount of hydration products. In conclusion, nanoclay
modified concrete has a denser microstructure than reference concrete, which explains why concrete
with nanoclay possessed higher original compressive strength than reference concrete.

(a) RC1

(b) RC2

(d) NCC1

(e) NCC2

(c) RC3

(f) NCC3

Figure 7. SEM photographs of control concrete and concrete with 2% nanoclay curing for 56 d

3.4.2 SEM photographs of concrete after 300 freeze-thaw cycles
(1) SEM photographs of reference concrete
The SEM photographs of concrete without nanoclay subjected to 300 freeze-thaw cycles in salt lake
brine are shown in Figure 8, EDS analysis results of specific zones shown in Figure 8 are exhibited in
Figure 9.
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Figure 8(a) illustrates the general microscopic morphology of regions from the contact layer with salt
lake brine to the internal of concrete. It can be seen from Figure 9(a) that the main phases near the
contact layer were Mg(OH)2, which gradually decreased when viewed from the erosion layer to the
interior. However, phases with main chemical compositions as Ca, Mg, Si, Al labeled with B in Figure
8(a) and Figure 9(b) were observed in large quantities. It may be the corrosion product of the C-S-H
gel, which took the place of Mg instead of Ca and the place of Al instead of Si, and the chemical
formula can be calculated as (C1-xMx)0.94(S1-yAy)H(x=0.4, y =0.13). Figure 8(b) shows that Ca(OH)2
between the fibrous hydrated calcium silicate (C-S-H) was dissolved, and that larger pore channels
were left as a result. The dissolution would accelerate the infiltration of salt lake brine and the
corrosion reactions. At the same time, some needle-like corrosion products as C 3A·CaCl2·10H2O has
formed in the holes in some localized parts (shown in Figure 8(b)). In addition, a large amount of
CaSO4·2H2O was produced by the reaction of Ca(OH)2 and MgSO4 as shown in Figure 8(c).

(a) RC1

(b) RC2

(c) RC3

Figure 8. SEM photographs of concrete without nanoclay subjected to 300 freeze-thaw cycles
in salt lake brine

(a) EDS-A

(b) EDS-B

Figure 9. EDS analysis results of specific zones shown in Figure 7
(2) SEM photographs of concrete with nanoclay
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The SEM photographs of concrete with 2% nanoclay subjected to 300 freeze-thaw cycles in salt lake
brine shown in Figure 10, EDS analysis results of specific zones shown in Figure 10 are exhibited in
Figure 11.
Figure 10(a) illustrates the microscopic morphology of regions near the contact layer with salt lake
brine. Continuous region covered with Mg(OH)2 as shown in Figure 8(a) was not observed. Besides,
the main chemical composites of the corrosion product of the C-S-H gel (labeled with A and B in
Figure 10(a)) were also different with that in reference concrete. As revealed in Figure11, the main
chemical composites are O, Ca, Cl, Al, Si and O, Ca, Si, Cl, S, Al corresponding to zone A and zone B
(shown in Figure 10(a)) respectively. However, the main chemical compositions of the corrosion
product of the C-S-H gel were O, Ca, Mg, Si, Al for reference concrete. This means that it is harder for
Mg2+ in the salt lake brine to invade into concrete with nanoclay. Figure 10(b) shows that some
needle-like corrosion products as C3A·CaCl2·10H2O were formed in some localized parts, and
Ca(OH)2 between the fibrous hydrated calcium silicate (C-S-H) was dissolved, then some larger pore
channels were left as a result. However, the dissolution of Ca(OH) 2 can only be observed in some
specific location around the corrosion products as C 3A·CaCl2·10H2O, while this phenomena is more
common in reference concrete. Otherwise, the aggregation of CaSO 4·2H2O as shown in Figure 8(c)
was not found in concrete with 2% nanoclay. CaSO4·2H2O appeared scattered as exhibited in Figure
10(c). This means that with the addition of nanoclay, the dissolution of Ca(OH) 2 and formation of
CaSO4·2H2O may be restricted, which is in accordance with the results obtained in the XRD analysis.
From the above discussion, it can be seen that after 300 freeze-thaw cycles in salt lake brine, the
damage degree of microstructure of concrete with nanoclay is much smaller than that of reference
concrete. This phenomena can be attributed to three reasons, including the denser microstructure, the
invasion difficulties of Mg2+ from the salt lake brine into concrete, and the restriction of reaction
between Ca(OH)2 and aggressive mediums for concrete with nanoclay.

(a) NCC1

(b) NCC2

(c) NCC3

Figure 10. SEM photographs of concrete with 2% nanoclay subjected to 300 freeze-thaw cycles
in salt lake brine
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(a) EDS-A

(b) EDS-B

Figure 11. EDS analysis results of specific zones shown in Figure 9

4. Conclusions
(1) During the entire process of the experiment, the compressive strength of concrete with more than
2% nanoclay was much higher than that of the other concretes, which achievied 92.36 MPa after 300
freeze-thaw cycles in salt lake brines for concrete with 3% nanoclay added; the addition of nanoclay
decreased the mass loss rate of concrete to lower than 5% (the limit value referring to GB/T 500822009), meaning there was no damage to the concrete after freeze-thaw cycles in salt lake brines.
(2) Some chemical corrosion products and crystallization products of salt lake brine such as
CaSO4·2H2O, Mg(OH)2, CaCO3, NaCl and KCl were observed in the XRD curves of concrete
undergoing freeze-thaw cycles. Comparatively, the peak intensity of CaSO4·2H2O, Mg(OH)2 and
CaCO3 in concrete with nanoclay is less than that in the reference concrete, when analyzed with
comparison with SiO2, indicating that the reaction between hydration product Ca(OH) 2, and the
aggressive medium MgSO4, MgCl2, and Na2CO3 may be inhibited.
(3) After 300 freeze-thaw cycles in salt lake brine, the damage degree of microstructure of concrete
with nanoclay is much smaller than that of reference mortar. This phenomena can be attributed to
three reasons, the denser microstructure of concrete with nanoclay, the invasion difficulties of Mg from
the salt lake brine into concrete with nanoclay, and the restriction of reaction between Ca(OH)2 and
aggressive mediums.
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ABSTRACT
The ITZ steel – cement matrix in old reinforced concrete was studied. The total change of this zone
was found; due to the diffusion of iron ions of the iron oxides layer on the steel and even of the steel
bar itself and of the calcium ions from cement matrix, the calcium ferrite hydrate was formed. There
are two routes of this phase formation –the reaction of iron ions, for example in the zone previously
occupied by portlandite, and the reaction of these iron ions with C-S-H phase. The calcium ions
diffusion have occurred later, reacting with iron in the iron oxides layer and even in steel. The last
reaction was causing the calcium ferrite hydrate formation in voids and with volume increase the steel
cracking was occurring. The chips formed in this process can be found even in cement matrix. The
iron oxides film as well as portlandite zone were totally destructed after longer time i.e. in eighty years
old reinforced concrete . However, even after this time, of the reinforced concrete exploitation, the
residues of the iron oxides film can be found in some parts of the steel surface. All these processes are
totally changed the ITZ composition, however, without porosity increase and with very good bond of
steel bar with cement matrix, which measured with the “pull out” method the force from 3 to 4 MPa was
given.
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Interstitial Transition Zone steel bar – cement matrix in old reinforced concrete

1. Introduction

There are few papers concerning the microstructure of the interfacial transition zone:
steel bar – cement matrix. The author found only two of Bentur, Diamond, Mindess (1,2) and
one of Khalaf and Page (3), concerning also the mode of failure and second of these authors
devoted to the mechanical and electrical properties (4). Arliguie et al. (5) examined the
orientation of portlandite crystals in the interface of cement matrix with aggregate.
According to Bentur at al. (1) this ITZ steel-cement matrix is composed of the duplex
film, portlandite crystals oriented perpendicularly to the steel surface, with some C-S-H
pockets, porous layer and bulk paste [Fig.1]. In this schematic model the passivation layer on
the steel is omitted.

Fig. 1. Microstructure of steel fiber-cement interface (1)
However, the author did not found any papers concerning the changes of this ITZ in
old reinforced concrete. Thus it was interesting to study ITZ in some old reinforced concrete,
which is the main goal of this paper.
The first old reinforced concrete in which the ITZ was studied was the bridge in Kielce,
Poland. It was built in 1935 and destructed in 2011 [Fig. 2]. The big pieces of this concrete I
owe to prof. Owsiak, working in Technical University in Kielce, which keep busy of the
destructed bridge.
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2. Examination of steel bar – cement matrix interface
The principal methods applied for ITZ examination was SEM and X-ray microanalyses
[EPMA]. The apparatus used was Nova Nano SEM 200.
The polished specimens were covered with coal layer, however, the pick of it is very weak,
which gives the possibility to assess even the carbonate phases in the examined specimens.

Fig. 2. Bridge in Kielce before destruction
The observation of the steel interface in this old reinforced concrete gave very interesting
results. Under high magnification the layer composed of iron oxides is well visible [Fig. 3].

Fig.3. Oxides layer with many changes. Points of XR microanalyses are shown
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This layer was probably formed of the duplex film, showed in Fig. 1, which according to
Bentur et al. (1,2) has 1 µm width. Probably it plays in some degree the protecting role for
steel bar. However, if the longer interface segment is observed, this oxides layer became
destructed and gradually disappeared [Fig. 4].
First two points [1and 2] of microanalysis are situated “in the steel”, but have much darker
color. The steel in microarea of point 1 contains relatively high content of calcium and even
some silica, but much lower that the first [Fig. 3a]. Very surprising is the composition of the
dark microarea in point 2, which has high calcium and silica content [Fig. 3b].

Fig 3a. Microanalysis of the dark
microarea in steel – point 1

Fig. 3b. Chemical composition of dark
microarea in steel – point 2

The high content of iron ions is linked with the steel matrix, sourrinding this microarea*.
The chemical composition of points 1 and 2, which are situated in the steel, is the proof of
the calcium ions diffusion through the oxides layer and even in the steel. Very surprising is
also the silica ions diffusion, which in the high pH environment is supposed to form complex
ions as H3[SiO4]- (6).
---------------------------------------------------------------*Instead of microarea we will use further the tem: point
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Fig. 4. The interface steel – cement matrix with almost totally oxides layer destructed

Fig. 5. Point 9 – practically calcium ferrite
hydrate

Fig. 6. Point 3, located in the interface steel
– passivation layer

The point 3 is located in the oxides layer, very nearly the steel and contain the comparable
concentration of calcium [Fig. 6] as in point 1.
The formation of calcium ferrite hydrate is the proof that simultaneously with calcium
and silica also the iron ions diffusion is occurring. In this microarea, just over this CFH phase,
the oxides layer shows the beginning of destruction, which was aforementioned.
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In the point 5, which is situated in steel, just over the oxides layer, thus similarly as point
2, but in this microarea the oxides layer is very destructed and the microanalysis of point 5 is
different and untypical [Fig. 7]. It shows a very high calcium content. Probably its source is
the portlandite crystals layer, which is completely destructed in the ITZ under examination. It
is situated in steel and to which the calcium ions transport, probably migration, occurred.

Fig. 7. Microanalysis of
point 5, situated in steel

Fig.8. A thin layer
composed of calcium
ferrite hydrate – point 4

Fig. 9. Point 6 steel chip,
showing only the trace of
calcium and no moisture

Under the oxides layer, in point 4, the thin layer composed of calcium ferrite hydrate is
formed [Fig. 8]. In this phase only a trace of silica can be found. It can be supposed that there
is the product of iron ions diffusion from the oxides layer to the rich in portlandite zone and
the ferrite phase contains only the trace of silica.
Surprisingly under the oxides layer the steel chip is located – point 6, which contains only
trace of calcium. The steel chips formation was also found in the study of the old German
highway concrete pavement , build in 1935 and destructed in 2003 (7). In this pavement upper
part the steel mesh was used and the steel bar cement matrix interface was studied (2). The
chips were formed by crystallization of the hydrated calcium ferrite in the steel pores. These
chips in cement matrix are shown in Fig. 10.
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Fig. 10. Steel chips – points 6, 7 and under point 2, in cement matrix of 80 years old concrete
pavement [7].
In Fig. 11 the ITZ examination after practically total oxides layer destruction is shown.
Point 1 has practically the composition of passivation layer with the trace of calcium and
silica. Point 2 present the formation of hydrated calcium ferrite under the passivation layer.

Fig. 11. ITZ after destruction of the oxides layer
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Point 3 is the steel chip, under destructed oxides layer and point 2 is the formation of hydrated
calcium ferrite, also in this zone. Point 4 is a typical C-S-H phase in cement matrix [Fig. 12]
and 5 is also the C-S-H phase, but with increasing content of iron ions and 6 the CFH after
the C-S-H. Thus the calcium ferrite hydrate can be formed by the reaction of iron ions with
calcium in the zone rich in the last component, after the destruction of portlandite layer and
with the reaction of iron ions with C-S-H, replacing silica. It is shown by comparing the
microanalyses of points 4, 5 and 6 [ Figs. 12a, 12b and 12c].

12a

12b

12c

Fig. 12a. Point 4 C-S-H with trace of iron Fig. 12b. Point 5, increasing content of Fe in C-S-H
Fig. 12c. Point 6, practically calcium ferrite hydrate after C-S-H
Thus there are are two routs of calcium ferrite formation:
• reaction of ferrite and calcium ions in the microarea after portlandite crystals
destruction,
• transformation of C-S-H phase by increasing content of iron ions, substituting Si in
tetrahedra
The formation of calcium ferrite hydrate is the proof that simultaneously with calcium
and in minor quantity silica, also the iron ions diffusion is occurring. The source was oxides
layer and as well iron itself. Hydrated calcium ferrite phase is principally formed in the
microareas in which portlandite crystals occurred and then was practically totally destructed.
In the Fig. 13 the fragment of cement matrix is shown with unreacted cement phases.
Taking into account our experience with old concrete, which we have the possibility to
examine, it can be stated that belite and brownmillerite are two phases which remained as
unhydrated, during very long time in concretes, and assure their long durability. It is also
valid in difficult exploitation condition, for example in high-way pavement (8).
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Fig. 13. Cement matrix with unreacted phases belite-3 and brownmillerite-4.

The strength of the steel bars – concrete was measured. The reinforcing bar was used to
measure this bond with cement matrix, applying the “pull out” method. This test has shown
that the bond is good, because the measured force is equal to about 3.5 MPa. It is logic,
because in any of examined reinforced concrete no calcium carbonate and no even trace of
rust was found. The measured bond of steel bar with cement matrix was fully confirmed the
lack of corrosion which can destruct this bond.
The examination of old reinforced concrete after thirty years of exploitation have shown
the similar changes. However, the oxides layer is much less destructed. It remains on the steel
in a whole distance, practically without change of thickness, however, is cracked and on the
interface steel – oxides layer the change of this layer is starting – Fig. 14. Under this film and
in the cement matrix the “pathes” of hydrated calcium ferrite – much more bright, under
oxides layer is clearly visible. It is the proof of iron ions diffusion to the cement matrix and
their reactions with calcium ions. Simultaneously it seems that in the “early” – thirty years,
period of reinforced concrete exploitation, when the oxides layer is practically not destructed,
the calcium ions diffusion is more difficult and these ions cannot be find in this layer.
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Fig. 14. Oxides layer on thirty years old reinforced concrete
In Fig. 15 the changes of ITZ in the forty years old reinforced concrete is shown. The
oxides layer is much more destructed then in the case of thirty years old reinforced concrete.
Simultaneously the diffusion of iron ions, but also of calcium ions have higher mobility.

Fig. 15. The changes of ITZ in the forty years old reinforced concrete
Point 6 is the C-S-H phase with high iron content and the point 7 has the composition
of the oxides layer, but with some calcium and silica ions content. Thus it can be concluded
that also after forty years of reinforced concrete exploitation the changes of
ITZ
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steel – cement matrix the similar changes are occurring and they became similar to the eighty
years old concrete. The iron ions diffusion from the oxides layer into the cement matrix is
started, also the calcium and even the silica diffusion became visible.

3. Conclusions
From the results of examination of the ITZ steel bar – cement matrix in old reinforced
concrete the following conclusions can be drawn:
 The reaction of the oxides layer and even of steel with cement matrix is slowly
occurring, caused by the primarily diffusion of iron and then of calcium ions, as well
as of silica in minor degree,
 In the diffusion of calcium ions all cement paste phases are participating, without
unreacted brownmillerite and in some degree of belite,
 The diffusion of ions are causing the oxides layer gradually destruction,
 Despite the oxides layer destruction no trace of rust was found even on the steel bars
in eighty years old reinforced concrete. The measured tension strength, equal 3,5 MPa
is an excellent proof that no steel corrosion was occurring.
 As the result of iron and calcium ions diffusion the calcium ferrite hydrate is
formed, by these ions reaction and by the gradually transformation of C-S-H phase,
 The calcium ions diffusion into steel voids is causing the calcium ferrite hydrate
formation with the voids volume increase and the steel cracking is occurring. The
chips formed in this process can be found even in the cement matrix,
 These processes are totally changed the ITZ composition, however, without porosity
formation and with good bond of steel bars with concrete.
Finally it should be underlined that there are the preliminary results of this study and for fool
understanding of the occurring changes the further examination of reinforced concretes, after
different exploitation periods, must be conducted.
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Abstract
The ITZ steel – cement matrix in old reinforced concrete was studied. The total change of this
zone was found; due to the diffusion of calcium ions from cement matrix and iron ions of
oxides layer and even of steel, the calcium ferrite hydrate was formed. There are two routes
of this phase formation – the reaction of aforementioned ions, for example in the zone
previously occupied by portlandite and the reaction of iron ions with C-S-H phase. The oxides
layer as well as portlandite zone are totally destructed. However, the residues of oxides layer
can be found in some part of steel surface. The calcium ions diffusion into steel is causing the
calcium ferrite hydrate formation in voids and with volume increase the steel cracking is
causing. The chips formed in this process can be found even in cement matrix. These
processes are totally changed the ITZ composition, however without porosity formation and
with good bond of steel bar with concrete.
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ABSTRACT
Geopolymer concrete was generally reported to be less vulnerable to alkali-silica reaction (ASR) than
conventional OPC concrete. However, the lack of understanding on the geopolymer pore solution
chemistry limits the investigation on the underlying mechanism for low ASR expansion in geopolymer
concrete. The current study presents a systematic investigation on the pore solution chemistry of a fly
ash based geopolymer over a period of one year. The results showed that the pore solution of the fly
ash geopolymer was mainly composed of alkali ions, silicates and aluminosilicates species. The lower
expansion of the geopolymer concrete in the current study was most probably due to the insufficient
alkalinity in the geopolymer pore solution as the hydroxyl ions were largely consumed for the fly ash
dissolution. Moreover, the deficiency of calcium and the presence of aluminum in the pore solution
might also contribute to enhancing the ASR resistance of the geopolymer concrete.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

Alkali-silica reaction (ASR) is one of the major durability problems in ordinary Portland cement (OPC)
concrete, which was firstly identified as a cause of concrete deterioration more than 70 years ago
(Stanton 1940). The problems associated with ASR including expansion, cracking and disruption of
concrete elements have been recognized in structures throughout the world (Fournier & Bérubé 2000).
Essentially, ASR is a chemical reaction between the reactive forms of silica in aggregates and the
alkaline pore solution of the surrounding matrix (Diamond 1975). The significant role of pore solution in
ASR has led to extensive investigations of pore solution chemistry in OPC concrete (Swamy 1992). Pore
solution of normal OPC concrete is complex initially on setting and reaches equilibrium after nearly a
month, primarily consisting of a high concentration of alkali hydroxides and saturated with calcium
hydroxides (Diamond 1989). The pH of the pore solution in OPC concrete is very high, typically around
13-14 (Struble 1987, Swamy 1992), providing the driving force for deleterious ASR to proceed when
reactive aggregates are involved. The sufficient alkalinity in pore solution is a key prerequisite to sustain
the ASR at a certain rate that will cause significant ASR expansion (Rajabipour et al. 2015; Shehata &
Thomas 2006). Moreover, abundant calcium hydroxides from the hydration of tri- and di-calcium silicates
in OPC act as a large reservoir for hydroxyl ions to maintain the pore solution at high pH for an extended
period (Swamy 1992), further exaggerating the ASR expansion in OPC concrete.
Geopolymers are a class of inorganic binders produced by the reaction between a solid aluminosilicate
source (e.g., fly ash, metakaolin) and a highly concentrated alkaline solution (Davidovits 1994). These
materials have gained intense research interests as a promising alternative concrete binder to OPC due
to their comparable mechanical and rheological property in the hardened and the fresh states,
respectively, but with reduced environmental footprint and superior durability in contrast to OPC (Bernal
& Provis 2014; Li et al. 2010). Studies (García-Lodeiro et al. 2007, Kupwade‐Patil & Allouche 2012,
Pouhet & Cyr 2015, Williamson & Juenger 2016) on the ASR-behaviour of geopolymer concrete in the
presence of reactive aggregates showed that ASR-induced expansion in geopolymer concrete was
substantially smaller than that of OPC concrete in laboratory investigations, indicating geopolymer
concrete is less vulnerable to ASR than conventional OPC concrete.
Several hypotheses were proposed by researchers trying to explain the low ASR-induced expansion in
geopolymer concrete. The deficiency of calcium in geopolymer concrete is one of the potential reason
accounting for this phenomenon (García-Lodeiro et al. 2007, Kupwade‐Patil & Allouche 2012, Pouhet
& Cyr 2015, Williamson & Juenger 2016). It is generally believed that calcium plays an important role in
ASR expansion in OPC concrete even though its role is still controversial. The calcium content in the
geopolymer system is quite limited as compared to that in the OPC system. Shortage of calcium may
lead to the formation of gel with low expansion pressure (Williamson and Juenger 2016, Bleszynski &
Thomas 1998) or even no gel formation (Pouhet & Cyr 2015, Leemann et al. 2015), and thus resulting
in the low expansion observed in geopolymer concretes (García-Lodeiro et al. 2007, Rajabipour et al.
2015).
It was also proposed that the alkalinity of pore solution is different between geopolymer and OPC, which
may result in the different ASR-behaviour in these two systems. However, limited studies were
conducted on geopolymer pore solution and the reported results were not consistent with each other.
Pouhet & Cyr (2015) found that the pH of pore solution in a metakaolin-based geopolymer was initially
as high as 14, but reduced rapidly to be lower than 12 after only 14 days. They suggested that this is
probably due to the carbonation of pore solution and proposed that the lower ASR expansion may be
attributed to the extremely high initial pH leading to rapid alkali-silica reaction in the early period before
hardening, or due to the rapid reduction of alkalinity which would not be sufficient for the pore solution
to attack the reactive aggregates. However, Lloyd et al. (2010) showed that the pore solution pH of
geopolymer pastes synthesized by different kinds of fly ash was generally above 13 at 90 days.
Williamson and Juenger (2016) suggested that the alkali contents in fly ash geopolymer at 7 days were
3-4 times higher than the threshold previously proposed for ASR expansion in OPC concrete.
Nonetheless, little ASR expansion was observed in these fly ash geopolymer concretes through
laboratory investigations (Williamson & Juenger 2016).
Due to the significant role of pore solution in ASR behaviour of concrete, the lack of understanding on
geopolymer pore solution chemistry limits the further investigation on the underlying mechanism
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explaining the ASR resistance of geopolymer concrete. The presented study thus strived to
systematically investigate the development of the pore solution of a fly ash based geopolymer over a
period of one year, providing information for the analysis on the ASR behaviour of geopolymer concrete.
The ASR expansion behaviour was evaluated according to the concrete prism test (CPT), ASTM C1293,
which is currently considered the most representative ASR test method in laboratory investigations when
compared to structures in the actual field conditions (Thomas et al. 2006). Pore solution of the
corresponding fly ash geopolymer paste with varied ages was extracted and analysed to reveal the
evolution of the geopolymer pore solution over one year, based on which, its potential effects on the
ASR behaviour of the geopolymer concrete were illustrated.
2.
2.1

MATERIALS AND METHODS
Materials

Class F fly ash with composition shown in Table 1 was used for geopolymer synthesis. Activating
solution of sodium hydroxide with concentration of 10 mol/L was prepared by dissolving pure-grade
NaOH pellets into deionised water. After fully dissolution, the solution was cooled down for 24h to room
temperature before mixing with fly ash to synthesis geopolymer. Type I Portland cement with a Na2Oeq
of 0.66% (Table 1) was used for the OPC specimens. The alkali-silica reactive aggregates used in this
work are the local sedimentary rocks extracted from Jurong Rock Caverns, Singapore. These reactive
rocks were used in previous works by Lahoti et al (2017).
Table 1. Chemical composition of the raw materials (% by mass)

2.2

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

P2O5

SO3

TiO2

Cement

17.6

3.2

3.1

62.5

3.6

0.4

0.4

0.1

3.6

0.6

Fly ash

58.6

30.4

4.7

1.2

0.8

1.5

-

0.5

0.1

2.0

Reactive
aggregate

63.7

13.3

3.8

2.2

0.5

4.1

3.5

0.1

2.1

0.4

Methods

2.2.1 Concrete prism test (CPT)
The OPC concrete prisms with dimension of 75 mm × 75 mm × 285mm and water/cement ratio of 0.45
were prepared following the requirements in ASTM C1293. The alkali content of the OPC was increased
to 1.25% Na2Oeq by adding NaOH pellets into the mixing water. The fly ash geopolymer concrete prisms
were prepared in the same procedure with the only exception that fly ash was substituted for cement
and 10 mol/L NaOH activating solution was substitute for mixing water. The local ASR reactive
aggregates were used in both OPC and geopolymer concrete prisms with an aggregate to binder ratio
of 2.3 by mass.
After casting, the fly ash geopolymer concrete prisms were immediately cured in the condition of 80°C
and 98% RH for 24 hours and the OPC concrete prisms were cured at 23 °C and 98% RH for 24 hours.
After the curing process, the prisms were de-molded and stored over water in a sealed bucket with
absorbent material covering the sides in an oven kept at 38°C. The lengths of the specimens were
measured routinely for 12 months and the average expansion reading of three prisms for each type of
specimen was reported.
2.2.2 Pore solution chemistry
Geopolymer paste specimens with a diameter of 45 mm and a height of 85 mm were prepared for the
pore solution extraction. The paste has the same mix design as the geopolymer concrete used in the
CPT, except that aggregates were omitted in preparing the paste sample. The geopolymer paste
specimens were then stored in the same condition as specified in the CPT. The pore solution of the
geopolymer pastes at different ages was extracted followed the method described by Barneyback &
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Diamond (1981) by using a high-pressure extraction setup which is similar to that described by Cyr et
al. (Cyr et al. 2008). An additional air circulation system was equipped to the setup to drive the extracted
solution into the collection bottle and the CO2 in the circulating air was removed by aerating it through 1
mol/L NaOH solution in to minimize carbonation of pore solution during the extraction process. The
extraction was carried out on a 3000 kN MTS compression testing machine with a loading rate of 1.2
kN/s up to 1200 kN.
Immediately after the extraction, the pore solution was filtered by using a syringe filter with a pore size
of 0.45 mm to remove particles in the solution. After that, the pH of the solution was measured using a
standard pH meter (Mettler Toledo SevenCompact) and the ion concentrations of Na, K, Si, Al and Ca
in the solution were measured by using ICP-OES (PerkinElmer Optima 8000). The solution was also
analysed by solution-state NMR (Bruker Avance 400 MHz). 29Si NMR spectra were obtained at 79.49
MHz by using 90° pulses of 14.5 μs and 5-s recycle delays with number of scans of 256. 27Al spectra
were obtained at 104.26 MHz by using 90° pulses of 10 μs and 1-s recycle delays with number of scans
of 64. All the spectra were obtained under the same condition at ambient temperature on 400 μl of pore
solution sample with 10% of 2H2O for NMR locking. Chemical shifts of 29Si and 27Al were reported in
parts per million referenced to tetraethoxysilane and AlCl3 solution, respectively.
3.

RESULTS AND DISCUSSION

Expansion results of the OPC and fly ash geopolymer concrete prisms are shown in Figure 1. The dash
line in the figure represents the acceptable expansion limit of 0.04% at one year as prescribed in ASTM
C1293. The average expansion of OPC prisms exceeded the one-year expansion limit in 9 months,
reaching 0.06% in one year. While the fly ash geopolymer prisms showed almost no signs of expansion
(0.006%) after 12 months, suggesting the better resistance of fly ash geopolymer concrete to ASR,
which is consistent with published literature (García-Lodeiro et al. 2007, Kupwade‐Patil & Allouche 2012,
Williamson & Juenger 2016).

Figure 1. Expansion results of OPC and fly ash geopolymer concrete in CPT
Pore solution of the fly ash geopolymer paste samples with the same mix design as the fly ash
geopolymer concrete prisms and stored in the same condition as specified in the CPT was extracted
and analysed to represent the pore solution in the geopolymer concrete prisms. The concentrations of
major ions (Na, K, Si, Al, Ca) and the pH value of the pore solution of fly ash geopolymer paste at
different ages were plotted in Figure 2 and 3. The pore solution results of fresh paste were obtained
from the extraction of the fluid paste immediately after mixing and were represented by the hollow
markers on the y-axis in Figures 2 and 3.
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Figure 2. Evolution of ion concentrations of (a) Na, Si and (b) Al, Ca, K in geopolymer pore
solution with time

Figure 3. Evolution of the pH of pore solution in fly ash geopolymer paste with time
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As can be seen in Figure 2(a), the sodium concentration with a high initial value of 9.4 mol/L immediately
after the mixing reduced rapidly within the first day, continued to reduce gradually in the following 6
months and stabilized afterward at around 1.6-2.0 mol/L. The reduction of sodium content was most
likely due to the participation of sodium into the geopolymer frameworks and parts of them were involved
to balance the negative charge on the tetrahedral aluminium (Duxson et al. 2005). Unlike sodium ions
that were mainly from activating solutions, the other ions (K, Si, Al, Ca) in pore solution were released
from the dissolution of the fly ash. These ion concentrations kept increasing initially, indicating that the
dissolution of fly ash was dominant in the first 7 days to provide soluble silicate and aluminate species
into the solution. Then the dissolution rate gradually reduced with time and the condensation was
dominant to form geopolymer gel reducing the soluble species. The concentrations of the ion species
(Na, K, Si, Al, Ca) in the pore solution maintained stable after 6 months, indicating the completion of the
polymerization process and the pore solution was at equilibrium with the geopolymer binders.
The pH value of the pore solution was plotted in Figure 3. The pH of the pore solution of the paste
immediately after mixing is larger than 14 exceeding the measurement range. Thus, the pH value was
calculated based on the sodium concentration of the pore solution as the NaOH was the major
component in the initial pore solution compared to the other species so that hydroxyl ion concentration
equal to the sodium concentration was assumed. As can be seen, the pH value reduced significantly
initially reaching 12.6 already in only one day and almost stabilized around 12.4-12.6 since then. The
initial remarkable reduction is mainly due to the rapid dissolution of fly ash in the activating solution and
much accelerated in the curing condition at 80 °C in the first 24 hours. The hydroxyl ions in the activating
solution were largely consumed in the dissolution process to rapture the Si-O-Si and Si-O-Al bonds in
the fly ash (Buchwald et al. 2011).
Further information on the short-range order of the silicon and aluminium tetrahedra in the pore solution
is given by the solution state NMR spectroscopy. 29Si NMR spectra of the geopolymer pore solutions at
ages between 1 day and 1 year are shown in Figure 4. As can be seen, distinct peaks which can be
assigned to Q0, Q1, Q2 and Q3 sites silicon are observed at all ages. These are the typical peaks
commonly observed in alkali silicate solutions (Bass and Turner 2002). The peak at -82.4 ppm is
assigned to the Q2 site silicon from cyclic trimer silicate species and the peak at -88.5 ppm is assigned
to the Q2 site silicon from linear silicate chains. The observed line boarding of the peaks is attributed to
the high viscosity of the solution, which makes distinguishing of the separate species within each Q
region difficult. Additionally, a broad hump was detected near the Q3 peak and overlapping with the other
peaks in the spectra of pore solution at ages between 1 day and 180 days. It can be assigned to the
Q4(0-4Al) sites Si due to the broad and featureless signal (Lippmaa et al. 1981, Brus et al. 2016).
The 27Al NMR spectra of the geopolymer pore solutions at ages between 1 day and 1 year are shown
in Figure 5. As can be seen, all spectra consist of a single broad peak around 60 ppm indicating the
tetrahedrally coordinated Al linked by oxygen bridges to four Si atoms (Freude et al. 1983, Engelhardt
et al. 1983), which also confirms the presence of aluminosilicate oligomers with Q 4(0-4Al) sites Si in the
pore solutions. The monomeric Al(OH)−
4 is reported as the predominant aluminate species in the
dissolution process. However, no signal of monomeric Al(OH)−
4 was detected at chemical shift of 80
ppm (Engelhardt et al. 1983) since the day-1 pore solution in the current study, suggesting the
monomeric Al(OH)−
4 are then incorporated into aluminosilicate oligomers after dissolution.
The variation of intensities of the all the peaks in 29Si and 27Al NMR spectra with time agrees well with
the variation of the silicon and aluminium concentration in the pore solution as shown in Figure 2. The
peak intensity slightly increased from day 1 to day 7 and gradually reduced afterwards, reaching an
almost stable state after 6 months. Regardless the change of intensity, a shift of the maxima of the broad
humps assigned to Q4 sites Si was observed in Figure 4. The broad hump shifted to more shielding
direction from 7 days to 6 months, less overlapping with the other peaks, may attributed to the less
amount of aluminium incorporated into the aluminosilicate oligomers, as the neighbouring aluminium
deshielded the silicon nucleus (Kinrade and Swaddle 1989). After 6 months, the broad hump became
non-obvious indicating most of the aluminosilicate oligomers were condensed into geopolymer binders.
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Figure 4. 29Si NMR spectra of the geopolymer pore solutions at ages between 1 day and 1 year

Figure 5. 27Al NMR spectra of the geopolymer pore solutions at ages between 1 day and 1 year
It has been reported that sufficient alkalinity in concrete pore solution is required to sustain the alkalisilica reaction at a certain rate that will lead to significant ASR expansion (Gholizadeh et al. 2016,
Shehata & Thomas 2006). Several minimum hydroxyl ion concentrations of pore solution have been
proposed for deleterious expansion to occur in OPC concrete (Diamond 1983, Duchesne & Bérubé
1994a, Kollek & Varma 1986, Struble 1987, Thomas et al. 2006). Several researchers (Diamond 1983,
Kollek & Varma 1986, Thomas et al. 2006) reported a minimum value of pore solution hydroxyl ion
concentration between 0.2 to 0.3 mol/L, under which deleterious ASR expansion is unlikely to occur,
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while Duchesne and Bérubé (1994b) proposed a relatively higher threshold in hydroxyl concentration
around 0.65 mol/L and Struble (1987) suggested a pH threshold between 13.65 and 13.83. In the current
study, the pH value of the pore solution of the fly ash geopolymer was stabilized around 12.5, which is
much lower than the threshold proposed in the previous studies. The insufficient alkalinity in the
geopolymer pore solution may account for the low expansion of geopolymer concrete prisms observed
in the concrete prism test.
The studies on pore solution of OPC concrete showed that its chemical composition was mainly
composed of high concentration of alkali hydroxides with minor amounts of calcium hydroxides and
sulphates (Diamond 1989, Swamy 1992). Thus, in the studies on OPC concrete pore solution, the
hydroxyl ion concentration was generally assumed to be equal to the concentration of alkali ions as
other ionic species were insignificant in the solution compared to alkali ions (Duchesne & Bérubé 1994b,
Swamy 1992). However, this assumption may not be applicable to the geopolymer pore solution, as
both alkali ions and silicates were identified as the major components in the geopolymer pore solution
in the current study. High alkali content does not necessarily mean high hydroxyl ion content or high pH
value in the geopolymer pore solution. Studies on geopolymer pore solution, using the alkali content to
represent the pore solution alkalinity could be misleading and result in wrong interpretation of results.
Unlike pore solution in OPC system which is saturated with calcium hydroxide, negligible calcium ion
was detected in the pore solution at equilibrium of the fly ash geopolymer. The deficiency of calcium in
geopolymer concrete may inhibit the formation of ASR gel (Pouhet & Cyr 2015a, Leemann et al. 2015)
or result in a gel without expansive properties (Williamson & Juenger 2016; Bleszynski & Thomas 1998),
according to the previous studies on the effect of calcium on ASR in OPC system. In addition, the plenty
of calcium hydroxide in OPC acts as a “pH buffer” for pore solution. Once hydroxyl ions are consumed
during the alkali-silica reaction, the dissolution of solid portlandite will compensate the deficiency of
hydroxyl ions to maintain the alkalinity in the pore solution. Thus, it can be reasonably expected that
even though the ASR expansion occurs initially in geopolymer concrete with high pH pore solution, the
ASR will gradually cease due to the consumption of hydroxyl ions by ASR.
Besides the deficiency of calcium, the presence of aluminium in the geopolymer pore solution may also
inhibit the ASR expansion. Chappex and Scrivener (2012) found that only 3.9 mmol/L aluminium in the
pore solution was sufficient to significantly reduce the aggregate deterioration caused by ASR. The
mitigation was mainly attributed to the incorporation of aluminium into the reactive silica structure,
resulting in a reduction of the silica dissolution rate. In the current study, the aluminium concentration
was more than 200 mmol/L at 7 days, gradually reduced but still ~10 mmol/L at equilibrium state, which
is potential to mitigate the ASR expansion. However, the aluminium in the geopolymer pore solution
presented mainly in the form of aluminosilicate oligomers. The effect of this type of aluminosilicate
species in the pore solution on ASR expansion awaits further studies.
4.

CONCLUSIONS

This paper evaluated the ASR expansion behaviour of OPC and fly ash based geopolymer concrete
containing alkali-silica reactive aggregates by using the concrete prism test. Pore solution analysis was
conducted on the fly ash geopolymer paste with varied ages up to one year, in terms of the ion
concentrations, pH and short-range order of the silicon and aluminium within the pore solution.
The results showed that the pore solution of the fly ash geopolymer in the current study was mainly
composed of alkali ions, silicates and aluminosilicates species, which is different from the pore solution
in OPC concrete, mainly consisting of high concentration of alkali hydroxides. Q 0-Q4 sites silicon were
detected in the geopolymer pore solution and all the aluminium in the pore solution were tetrahedrally
coordinated, mainly presented in the form of aluminosilicate oligomers. The condensation of the soluble
species into the binder lasted almost for 6 months and then the pore solution was at equilibrium with the
geopolymer binders.
The CPT results suggested much better ASR resistance of the fly ash geopolymer concrete compared
to OPC concrete. The lower expansion of the geopolymer concrete was most probably due to the
insufficient alkalinity in the geopolymer pore solution in the current study. The pH of the pore solution
reduced dramatically to 12.6 in only one day due to the consumption of hydroxyl ions for the fly ash
dissolution. Moreover, the deficiency of calcium and the presence of aluminium in the geopolymer pore
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solution might also contribute to enhancing the ASR resistance of geopolymer concrete. Further studies
are needed to better understand these effects.
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ABSTRACT
Nowadays, the most common strategies employed to delay concrete degradation are related to
modifications carried out during its fabrication process, such as reducing the water/cement ratio and
therefore decreasing the porosity of concrete. In the case of old concrete-based structures built in the
20th Century, no particular care was given to critical parameters increasing their long-term
performance, such as the water to cement ratio and the thickness of the concrete layer covering the
rebar, because decay mechanisms were still largely unknown.
One common methodology proposed for preserving concrete heritage is the use of surface treatments,
especially hydrophobic agents to prevent water ingress and consolidants able to fill cracks produced by
decay. In this sense, some of the new products that are being developing are based on consolidants
that can directly interact with hydrated products from the OPC hydration (basically with Ca(OH)2 and
C-S-H) generating new C-S-H gel. Given the interaction between these new products and those
generated during the hydration of the cement paste, a deeper knowledge of how the C-S-H gel is
modified after the various aging processes is vital.
The present work analyzes changes in both the microstructure (porosity) of mortar (MIP), as well as
changes in the C-S-H structure of the OPC paste (FTIR), after different types of physical and chemical
decay processes. Experimental results indicated that the type of deterioration process highly affects
the total porosity and the pore size distribution but also the mineralogy and the microstructure of the CS-H.
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1.

INTRODUCTION

Damage produced in concrete can be divided into 3 basic groups; physical effects, chemical effects and
biological effects (Kovler et al. 2009, Bonie at al. 2015). Physical effects englobes basically the frost
action, where water freezing in pores exposes concrete to high pressures producing cracking,
temperature variations and different thermal expansion of aggregates and cements, which causes onset
of cracks and paves the way for other aggressive agents. Among the chemical effects can be highlighted
the carbonation, caused by the reaction of Ca(OH)2 with CO2 from air forming CaCO3 (which causes a
decline in the alkaline nature promoting the reinforcement bars corrosion), but also the salt weathering,
quite common in structures close to sea, whereas the pressure caused by the crystallization of salts
brings about the onset of cracks in the pore walls, or the leaching, whereas water dissolve minerals
present in cement paste or aggregates (Glasser et al. 2008).
Nowadays, the most common strategies employed to delay concrete degradation are related to
modifications carried out during its fabrication process: (i) by decreasing the porosity, (ii) by reducing
the water to cement ratio or (iii) by adding nanoparticles or other nanostructures as a reinforcement. In
the case of old concrete-based structures built in the 20th Century, no particular care was given to critical
parameters increasing their long-term performance, such as the water to cement ratio and the thickness
of the concrete layer covering the rebar, because decay mechanisms were still largely unknown.
One common methodology proposed for preserving concrete heritage is the use of surface treatments,
especially hydrophobic agents to prevent water ingress and consolidants able to fill cracks produced by
decay, are identified by experts as a key topic for preserving historic concretes (Wheeler et al. 2005).
In this sense, some of the new products that are being developing are based on consolidants that can
directly produce new C-S-H gel by the polymerization of the silanol groups (coming from the hydrolysis
of TEOS (Eq. 1)) in the presence of the Ca+2 ions existing in the cement pore water, and the C-S-H gel
itself produced in the OPC hydration (Barberena-Fernández et al 2015) (See Eq. 2 and 3).
Si(OC2H5)4 + H2O Si(OH)4 + 4Et(OH) (Eq. 1)
Ca(OH)2 (from OPC hydration)+ Si(OH)4 (from TEOS) C-S-H gel (Eq. 2)
C-S-H gel (from OPC hydration)+ Si(OH)4 (from TEOS) C-S-H gel* (Eq. 3)
(*more polymerized than the C-S-H gel from OPC Hydration)

Despite their good chemical compatibility, most of the available TEOS-based products suffer from two
main drawbacks: (1) they contain volatile solvents, (2) the xerogel resulting from the sol-gel reaction is
microporous, which results in a large capillary pressure inside the pore network during drying of the byproducts (Scherer 1990) and, eventually, the formation of cracks. A strategy to solve these
disadvantages consists on the use of a surfactant-assisted synthesis (Facio et al. 2017), where the
surfactant controls the formation of regular-sized mesopores, by an inverce micelle mechanism,
alongside with decreasing the surface tension.
Given the interaction between these new products and those generated during the hydration of the
cement paste, a deeper knowledge of how the C-S-H gel is modified after the various aging processes
is vital. That is why the objective of the present work was to study changes in both the porosity of mortar
and the C-S-H structure after different types of physical and chemical decay processes.
2.

EXPERIMENTAL

OPC standard mortars were prepared according to the EN 196-1. Mortars were cured for 28 days in a
climatic chamber at 21oC (99 % R.H). After curing, these were physically and chemically aged using
different accelerated procedures; mortars were physically aged via Freeze-Thaw and Shrinkage by
drying, and chemically aged via Carbonation and Chloride penetration. The experimental conditions
used for each accelerated aging process are shown in Table 1. A standard OPC mortar was kept without
any kind of aging and used as a reference. After aging, the porosity of the mortars was evaluated using
Hg-intrusion porosimetry (MIP). Measurements were performed using Micrometrics Poresizer AutoPore
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IV 9500 V1.09. Samples were previously dried by immersion in isopropanol (24 hours) followed by drying
in a desiccator (7 days).
Changes in the C-S-H structure were analysed by FTIR. For that, after each aging process, OPC paste
of the mortar was separated from the sand and the resulting powder (cement paste) was analysed. FTIR
spectra were obtained on an ATIMATTSON FTIR-TM series spectrophotometer from specimens
prepared by mixing 1 mg of sample with 300 mg of KBr. Spectral analysis was performed at a resolution
of 4 cm-1 over a range of 4,000–400 cm-1.

Table 1. Experimental conditions used in the aging processes of OPC mortars

Chemical aging

Physical aging

Aging Process

Freeze-Thaw ( AST C 666)
(F-T)

Shrinkage by Drying
(Wet-Dry test) (W-D)

Carbonation
(C)

Chloride Penetration
(Cl)

Experimental conditions
Samples submitted to cycles every 6 hours,
lowering temperature from 4±2ºC to -18±2ºC (in
0,5 hour) maintaining this temperature for 2,5
hours (specimens in air) and raising
temperature from -18±2ºC to 4±2 (in 0,5 hours)
and maintaining this temperature for 2,5 hours
(specimens under water) (28 cycles)
Specimens exposed to cycles of 15 h of wetting
in water following by 8 h of oven drying at the
temperatures between 100-180oC (1 cycle= 15
h immersed in water + 8 h at XoC)( 40 cycles
100oC+40 cycles 120oC+ 20 140oC + 45 at 180oC
(145 cycles)
Samples were aged in a CO2 incubator chamber
(2% CO2, 25oC, R.H > 80%) during 4 months
Samples submitted to cycles of 48 h of immersion
in a NaCl saturated solution (35.7 g/100cc H2O)
following by 24 h of oven drying at 105oC. After 4
cycles, samples were desalinated by immersion
in deionized water during 2 weeks (during this
period of time water is replace by fresh water
every 24 h).

The mortar specimens were treated with a consolidant product, synthetized according to a method
developed in previous works (Facio et al. 2017). In summary, a TEOS oligomer (TES40 WN, Wacker),
H2O and n-octylamine (Sigma-Aldrich) were mixed (99.34, 0.5 and 0.16% v/v) under an ultrasound
probe (Sonopuls HD3200, Bandelin) for 10 minutes at 74% amplitude. Prior to application of the
consolidant, the surface of the specimens was polished with P180 sandpaper, cleaned with water to
remove dust and dried at 50°C until constant weight. Application was carried out by air gun (2 bar
pressure), spraying for 2 second intervals until apparent saturation (i.e. no product absorbed after 4
minutes).
Penetration depth of the consolidant was measured by subjecting cross-sectional cuts of the samples
to acid attack with a HNO 3 0.5M solution and observing the unaltered regions with a stereoscopic
microscope.
3.

RESULTS AND DISCUSSION

3.1 Changes in the porosity
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Figure 1a shows the porosity data corresponding to both OPC reference and aged samples. Figure 1b
and c show respectively the pore size distribution corresponding to the mortars physically aged (FreezeThaw and Wet-Dry) and Chemically aged (Carbonation and Chloride penetration). In the same graph
the pore size distribution corresponding to the OPC mortar reference is also plotted.
As expected, the total porosity corresponding to the samples aged by the Freeze-Thaw test and WetDry test, increases with respect to the OPC Reference (From 12 % in OPC Ref to 14.55 and 14.76 %
in Freeze- Thaw and Wet-Dry test respectively). The average pore size diameter also increases,
doubling even tripling its value (See Figure 1a). Samples physically aged via F-T show an evident frost
damage, which causes a redistribution of pore sizes (See Figure 1b). Ice induced damage open larger
pores and thus crystallization pressure increases. There is a clear shift in the pore size diameter towards
higher values, and two new distributions appear; one ranged between 2-5 m and the other one between
6-40 m (Figure 1b). Mortars deteriorated via shrinkage (wet-dry cycles) show similar features. Again,
there is a clear shift in the pore size distribution towards higher pore size diameter (See Figure 1b)
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Figure 1 (a) Total porosity and average pore size diameter after the decay processes (b) Pore
size distribution of physically aged mortars (Freeze-Thaw and Wet-Dry) (c) Pore size distribution
of chemically aged mortars ( Carbonation and Chloride penetration)
Mortars chemically aged showed completely different behaviour. Mortars decayed via Cl penetration
show not significant changes neither in the total porosity nor in the average pore size diameter (See
Figure 1a). When the concrete is exposed to NaCl solutions, the damage can be caused by both the
Ca2+ leaching and salt crystallization (Wang et al. 2006). Within low NaCl concentrated solutions the
leaching of Ca2+ can be accelerated, when the NaCl concentration is high, the leaching can be impeded
due to the lower solubility of portlandite (Chandra et al 1992). Considering the nature of the test, where
the mortars have been immersed in a saturated NaCl solution, the leaching of calcium from Ca(OH)2 is
unlikely to happen. Changes in the porosity could correspond with the formation of Friedel´s salt. The
crystallised salt fill the voids and alter the pore size distribution in mortar (See Figure 1b).
As expected, total porosity in carbonated mortars decreases considerably with respect to the reference
(See Figure 1a). A decrease in the average pore size diameter was also detected (from 0.0465 m to
0.0328 m). CaCO3 precipitated as consequence of the reaction between Ca(OH) 2 and CO2, fill lager
pores inducing a decrease in the pore size diameter (Young et al 1974) . The dominant pore range,
located between 0.1-0.01 m in the mortar reference, practically disappears in these samples (see
Figure 1c).
All these changes in the total porosity and in the pore size distribution will affect the degree of penetration
of the consolidants. The higher total porosity and greater pore size diameter, the highest degree of
penetration of the product and therefore the higher chance to interact with the reaction products forming
more C-S-H gel.
Table 2 shows data corresponding to the uptake (g/m2) of the consolidant and its degree of the
penetration (mm) in both the OPC standard mortar and the decayed mortars. The average penetration

1E-3
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values were calculated by interpolation in a fitting curve between the uptake and penetration depth (see
Figure 2c), obtained from the experimental values of representative samples (Figs. 2a,b).

Figure 2 (a,b) Micrographs showing the penetration depth of the consolidant in mortar
specimens with different uptake (c) Correlation between the uptake and penetration depth
employed for interpolation.
There was not a straightforward relationship between the total porosity and the penetration of the
consolidant, indicating that pore size distribution and mineralogical composition might play a crucial role.
Mortars decayed by freeze-thaw showed the highest penetration (4-5 times higher) due to the larger
contribution of pores in the 1-5 m range and above, which have a higher influence over the absorption
of liquids. In the case of the wet-dry aged mortars, there were no significant differences respect to the
sound specimens despite their higher porosity, likely because most of their pores were still < 1 m.
Regarding the chemically aged mortars, a higher penetration respect to the sound mortar was also
observed. The high values obtained for the chloride-aged mortars cannot be solely explained by the
slight increase in porosity and average pore size, which indicates that the changes in composition and/or
hydrated phases micro-structure are the driving factor behind this effect. Similarly, the chemical
changes, along with the increased contribution of 1 m pores, may explain the higher penetration of
carbonated mortars despite their lower porosity and smaller average pore diameter.
Table 2. Uptake (g/m2) and Penetration (mm) of the consolidant in OPC mortars
Type of mortar

Uptake (g/m2)

Penetration
(mm)

OPC Reference

501.2

3.00

Freeze-Thaw

2289.9

31.7

Wet-Dry

467.3

2.8

Chloride Penetration

818.8

8.0

Carbonation

652.0

5.3

3.2 Changes mineralogy and in the C-S-H structure
As C-S-H gel, the main reaction product of OPC hydration, is amorphous to the XRD, possible changes
in its structure were analysed by FTIR. Figures 3 a and b show respectively the FTIR spectra
corresponding to physically and chemically aged samples. In same graphs, the OPC FTIR spectrum of
the OPC reference is depicted. The assignment of the bands is shown in Table 3.
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Fig. 3 FTIR spectra of (a) Physically aged mortars (F-T and W-D) (B) Chemically aged mortars (Cl
and C)

C-S-H gel usually shows the main band assigned to the asymmetrical stretching vibration of the Si-O
bonds located around 970 cm -1 (Ping Yu et al 1999). The gel also shows bands around 820 cm -1
(symmetrical stretching vibration of the Si-O bonds) and around 460 cm -1 (bending vibrations of the SiO bonds in SiO4 Td) (Gadsen 1975).The sharp peak at 3640 cm -1 correspond with the asymmetrical
stretching vibration of O-H bonds in portlandite (Ping Yu et al 1999), while the peaks located at 1477,
1419, 875 and 714 cm-1 are associated with different kind of vibration of calcium carbonates (Gadsen
1975). Reference sample also shows a shoulder at 1114 cm-1, typically of asymmetrical stretching
vibration of S-O bonds in ettringite (Gadsen 1975).
Physically ages samples show some differences with respect to the reference (See Figure 3a), specially
samples aged via wet-dry cycles, the bands corresponding to ettringite (band associated to S-O bonds
located around 1114 cm -1) practically disappears, the intensity of the band associated with portlandite
decreases considerably, and the main band corresponding to C-S-H gel slightly shift toward lower
wavenumber and gets broader. In addition, the band at 820 cm -1 present in the reference and attributed
to s Si-O bonds in C-S-H gel also disappears, indicating that the C-S-H gel structure undergoes
modification after the decay process. This is not the case of the mortar aged via F-T where the FTIR
spectrum was very similar to the reference. However in this last one the intensity of the peak associated
to the O-H vibration (from portlandite) increases due to further hydration of remaining anhydrous cement
along the ageing test.
Chemically aged samples also show differences with respect to the reference (See Figure 3b). In
sample, aged via Cl penetration the most important difference is the presence of a band located at 793
cm-1, corresponding to the  Al-OH in the Friedel´s salt (Lannegrand et al. 2001), as well as a strong
decreases in the intensity of the S-O asymmetrical stretching vibration from ettringitte structure.
Additionally, it can be observed the rise of intensity of the O-H vibration band from portlandite, due to
additional hydration of residuary anhydrous cement along the ageing test.
There is not significant change in the position of the main band of C-S-H gel, indicating that although Cl
can be physically binding with C-S-H gel via ion exchange with the OH- groups, this adsorption does
not particular modified the strength of vibration of the Si-O bonds.
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Table 3. Assignment for the different vibration bands in aged mortars

Ref
3640

Wavenumber (cm-1)
F-T
W-D
Cl
3642 3647
3642

Assignment
C
3642

3524
3432
1640
1477

3527
3437
1641
1471

-3459
1641
--

-3444
1641
--

-3444
1637
--

1419
1114
-970
875
820
800
--714
-667
531
458
426

1423
1114
-968
873
----712
-661
536
458
426

1437
--966
876
-802
--711
--522
456
--

1432
1116
-966
875
822
-793
-712
-669
531
454
424

1434
-1087
1015
870
-802
773
710
692
671
518
462
--

as O-H (Ca(OH)2)
(portlandite)
as O-H (H2O)
as O-H (H2O)
 H-O-H (H2O)
as C-O (CO32-)
(calcite/aragonite)
as C-O (CO32-)
as S-O (SO42-) (Ettringite)
as (Si-O) (quartz)
as Si-O (C-S-H gel) (Q2)
as C-O(CO32-)
as Si-O (C-S-H gel) (Q1)
s (Si-O) (quartz)
 Al-OH ( Friedel´s salt)
s (Si-O) (quartz)
 C-O(CO32-)
𝛿 (Si-O) (quartz)
 S-O (SO42-)
 Si-O-Si/Si-O-Al
 Si-O (SiO4)
 Si-O (SiO4)

as: asymmetrical stretching vibrations ; s: Symmetrical stretching vibrations; : bending vibrations

Carbonated sample also shows important differences; the sharp peak at 3640 cm -1 corresponding to
portlandite practically disappears in the carbonated sample and the intensity corresponding to the bands
assigned to carbonates (specially the one located at 1431 cm -1) increases considerably. The band
located at 980 cm-1, assigned to Si-O asymmetrical stretching vibration in C-S-H gel, shifts in the
carbonated section, towards higher wavenumber indicating that the gel is richer in silicon species. This
is a confirmation that not only the Ca(OH)2 reacts with the CO2 to produce CaCO3, but also the C-S-H
suffer carbonation undergoing changes in its structure.
4.

CONCLUSIONS

The different types of decay processes affect not only to the physical properties such as porosity but
also induce important changes in the mortar microstructure at molecular level.
Freeze-Thaw decay process seems to be one of the most aggressive test in terms of porosity,
consequently can affect the degree of penetration of the products, however hardly affects to the
mineralogy and microstructure of the C-S-H. Contrary to expected, the decay process associated with
shrinkage does not affect significantly the total porosity, but modify the pore size distribution. In this type
of decay process, the mineralogy and microstructure of the C-S-H and hydrated products is considerably
affected.
Chemical decay processes by Chloride penetration hardly affects the C-S-H structure, however
modification in the nature of the secondary products can be observed (i.e Friedel´s salt formation). On
contrary, in the case of carbonation, CSH structure is highly affected; CO2 induces a polymerization of
CSH chain, and an important reduction in the amount of portlandite.
All these aging processes affect considerably the total porosity and the pore size distribution which
obviously also affect the degree of penetration of the consolidants.
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From these results, we can conclude that not only microstructural changes, such as total porosity and
pore size distribution, have to be considered in the study of the interaction consolidant-substrate, but
also changes in the mineralogy and microstructure of the hydrated phases, which are going to
chemically react with the treatment once this has penetrated in the substrate.
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ABSTRACT
An improved calorimetry based approach for modern Portland clinker based cements using heat of
hydration, that can be used for periodic sulphate optimization and continuous process control to
ensure optimum performance during daily cement production, is presented. This method is part of the
new ASTM C563-18 used primarily in North America and is equally useful for blended cements used
elsewhere in the world. A major benefit of the new calorimetry based approach is that one can easily
test for the effect of supplementary cementitious materials, admixture, hydration time, and especially at
non standard temperature, since all of these factors are known to strongly impact the optimum sulfate
content of a given binder. The sulphate component is the major phase controlling the early hydration,
strength development and admixture compatibility of the alumina bearing phases. Frequent sulphate
optimization, coupled with daily process control, is important to ensure that the cement produced is at
sulphate optimum, thereby maximizing the rate of strength development and clinker replacement ratio.
Moreover, the calorimetry based approach described herein, while simple, can be substantially
automated and does not require a traditional laboratory setting, nor air conditioning, since the
calorimetry itself provides a laboratory environment in its temperature control chamber. The only
manual labour required for this concept is the weighing of materials. The mixing, data collection,
calibration, evaluation of the sulphate optimum and subsequent process control can all be automated,
which would make the calorimetry based process of sulfate optimization easy to implement at the
cement plant level.
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1.

INTRODUCTION

The optimization of sulfate content, including the different forms of sulfate, is well recognized in the
cement industry for almost a century. The basic role of sulfate is simple, as it retards the otherwise very
fast hydration of cement aluminates and thereby allows for the alite to react without interference from
the aluminate. However, the precise mechanisms of how dissolved sulfate interact with aluminates
(“aluminate control”) and thereby prevents the aluminates from negatively impacting the hydrating alite,
are complicated and only partially understood (Pustovgar et al. (2017)).
Lerch already in 1946 showed by using isothermal calorimetry measurements that for an optimum
Portland cement performance, gypsum depletion should occur after the alite hydration has reached
beyond its maximum rate, which relates to the maximum of the broad main peak in an isothermal
calorimetry test, Figure 1. Several methods, including heat of hydration, compressive strength
development, and chemical shrinkage, were shown to be useful for establishing the optimum sulfate for
any given Portland cement. The optimum found when using either heat of hydration or compressive
strength are very similar. Cement standards worldwide soon adopted criteria for sulfate content in
cement, and ASTM C563 and other similar standards were developed for approximation of the optimum
sulfate content based on laboratory prepared sulfate additions to a parent cement, using compressive
strength of cement mortar.

A
D

F
E
C

B

Figure 1. Rate of cement hydration measured by isothermal calorimetry at 23 C. (A)
Dissolution of clinker sulfates and initial cement hydration; (B) dormant period; (C) main
hydration peak associated with alite and C3A hydration reactions contributing to setting and
early strength development, with maximum at (D); and (E) sulfate depletion point, followed by
(F) accelerated calcium aluminate activity
Lerch (1946) also postulated that changes in the solubility relations of the system CaO-Al2O3-CaSO4H2O may significantly impact the hydration kinetics of OPC. Unfortunately, there are a multitude of
factors that may change the solubility and the solubility reactions of this system, thereby making simple
sulfate addition tests to plain cement tested at standard temperature inadequate. Some important factors
include:






Supplementary cementitious materials (SCM) – especially if containing reactive aluminate
Chemical admixtures
Curing temperature
Fineness
Sample preparation method – grinding, mixing, etc

As a result, standard test methods for optimum sulfate based on laboratory sulfate addition to plain
cements are widely regarded as inadequate for a cement producer to establish the optimum sulfate for
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cement used in modern concrete. ASTM in response recently modified ASTM C563 into a standard
guide that explicitly allows for testing of optimum SO3 in presence of SCM, admixture and other concrete
ingredients at non-standard temperature, using alternative methods including isothermal calorimetry and
shrinkage besides compressive strength. The most popular method among cement producers now
allowed under ASTM C563-18 involves producing two industrial cements with a low and a high sulfate
content (minimum 2% difference in total SO3), with similar chemistry, mineralogy and fineness except
for the sulfate content. These two industrial cements are then blended into a minimum of five (preferably
eight) sub-samples representing a range of sulfate contents, which are then tested for heat of hydration
using isothermal calorimetry. The new ASTM C563-18 references ASTM C1702 except that the heat
measured before the end of the dormant period, Figure 1 point “B”, is excluded because of the lower
reproducibility of the initial peak. The results are evaluated at different ages, e.g. 1, 3 and 7 days as the
optimum sulfate content tends to increase at later ages. Figure 2 shows a typical set of results for a
North American Portland cement tested as cement paste using just cement and water at 23 C. The left
part of Figure 2 shows the thermal power or the rate of cement hydration during the first 24 hours while
the right part of Figure 2 shows the corresponding heat of hydration (integrated thermal power) at 1, 3
and 7 days as a function of sulfate content expressed as SO3.

Maximum
rate
Sulfate Depletion at
3.1% SO3

Figure 2. Eight blends of a North American “low SO3” and a “high SO3” Portland cement tested
as neat cement paste w/c 0.50 at 23 C by isothermal calorimetry. Left: Rate of reaction or
thermal power vs. time. Right: Heat of hydration at 1, 3 and 7 days vs. SO3 content
Figure 2 also shows the important sulfate depletion peak (Lerch 1964) as it progresses to later ages for
blends with higher total SO3 content. Note that the sulfate depletion peak only becomes readily visible
as the cement approaches the optimum defined by the maximum heat of hydration. In Figure 2 the
depletion peak is overlapping with the main peak at the two lowest sulfate levels, and the depletion peak
only becomes visible at 2.2% total SO3 (blue curve) and for higher total SO3 contents. The black vertical
line at approx. 8 h indicates the maximum reaction rate of alite, which also becomes better defined at
higher SO3 contents as the depletion peak no longer overlaps with the main peak primarily attributed to
alite hydration. The red vertical line at approximately 12 h indicates the timing of Lerch’s sulfate depletion
peak for the red curve at 3.1% total SO3. In this case 3.1% total SO3 was selected as the target SO3
based on the maximum heat of hydration at 1, 3, and 7 days and also adding a small extra sulfate buffer
(typically 0.2% SO3) for the use of SCMs and/or admixtures in concrete. The indicated time lapsed from
the maximum reaction rate of alite and the onset of the sulfate depletion peak at target SO3 is highly
specific to the cement tested and can be used as a process control parameter for this cement to ensure
that the cement produced after completed optimization remains close to optimum, as detailed in ASTM
C563.
While most neat Portland cement pastes will display a visible “sulfate depletion” peak at sulfate optimum,
this may not be the case when including SCM or chemical admixture in the sample. However, by using
the maximum heat of hydration rather than the timing of the sulfate depletion peak, it is very easy to
identify the optimum SO3 content for samples including SCM and admixture, at any temperature and
age of interest. Note however that the optimum SO3 may not necessarily be a specific number but rather
a range of SO3, since it is common that the maximum heat of hydration (or compressive strength)
reaches a plateau, Figure 2. From a process point of view one would then select the target SO3
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somewhere in the middle of the plateau. While it is certainly possible and in fact easy to test a given
cement in presence of admixture and SCM, most cement producers prefer to do additional test in
concrete and simply adjust the target SO3 from neat cement paste tests based on the concrete results.
Typically, this means an addition of 0.1-0.3% more SO3 compared to the optimum SO3 indicated by
isothermal calorimetry testing of neat cement paste.
The goal of this paper is to demonstrate that recently introduced standards for heat of hydration and
sulfate optimization of cement using isothermal conduction calorimetry are well suited and very easy to
implement for modern portland and blended cements. While the optimum sulfate content for a given
binder tends to vary with age, we focus on early ages up to seven days. In addition we aim to give
guidance in the interpretation of calorimetry curves with help of thermodynamic calculations. Due to
space limitations we do not include testing with admixture or at non standard temperatures in this paper.
2.

SAMPLE PREPARATION AND METHODOLOGY

The concept of using heat of hydration, and also the so-called “sulfate depletion” peak, to determine the
optimum sulfate content was developed for plain Portland cement (Lerch 1946), at a time when cements
were coarser, and the work did not consider the sulfate optimum of modern blended cements. Therefore,
industrial samples of a modern European limestone blended cement, Table 1, were collected and tested
for sulfate optimum using maximum heat of hydration according to ASTM C1702 by applying the
following standard procedure:
1. On the same day of cement production, adjust the gypsum addition to the mill and wait for
stable production to collect i) a low SO3 cement sample, ii) a high SO3 cement sample, with
the difference in SO3 being at least 2.0% SO3 (if possible), and the cement fineness being
as similar as practically possible.
2. Prepare 8 blends of the two cement samples to obtain blends of a range of SO 3 contents
from low to high.
3. Test by isothermal calorimetry for Heat of Hydration (prEN 196-11 or ASTM C1702) for 7
days. Exclude all heat recorded before the end of the dormant period (point “B” in Figure 2).
Two different methods for blending the two industrial cement samples for obtaining the sub samples at
a range of different total sulfate contents were applied:
o

A) Traditional, careful pre-blending of the powders using a laboratory blender. In the present
study a total of 1.5 kg of each powder was homogenized for at least 20 minutes in a 3dimensionally operating Turbula T2F shaker mixer of WAB (W.A. Bachofen AG,
Switzerland),

o

B) Measuring the precise mass of each industrial cement for obtaining the target total sulfate
without pre-blending, followed by mixing with water directly in the calorimetry sample cup.
(This method has the advantage of very simple sample preparation as it does not require
pre-blending of the parent industrial cements.)

In addition, a separate test series was prepared in this study, with additions of finely ground calcium
sulfate to the same, low SO3 industrial cement as above. This “sulfate addition” test was done for the
purpose of comparing the optimums obtained when blending a low and a high SO3 industrial cement vs
when simply adding calcium sulfate to a low SO 3 industrial cement. Again, the careful blending method
“A” above was compared with the precise measuring of calcium sulfate and cement directly into the
calorimetry sample cup, Method “B” above.
The present investigation was referenced to an industrially manufactured, commercially available
Portland limestone cement of the class CEM II/B-LL 32.5R according to EN 197-1 with clinker contents
ranging from 65 to 79%. This conventional mass cement currently is produced with a SO3 target value
of 2.7% which translates into some 6.5% of natural gypsum dosed to an industrial mill with 105 tons per
hour throughput for this specific product. For the present investigation the regular gypsum dosage was
lifted from 6.5% to more than 9% at which stage the first cement sample (‘High SO3’, see table 1) was
taken, after sufficient stabilization time of the mill. Subsequently, the gypsum dosage was completely
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turned off so that shortly afterwards the second cement sample (‘Low SO3’, see table 1) could be
collected. It shall be noted that reaction time between changing mill parameters and the proper point of
time for collecting samples with defined composition depends on the individual process setup within a
given industrial context of the cement plant under investigation. For the pure calcium sulfate powder a
commercially available, ground natural gypsum from Fixit AG (Ennetmoos, Switzerland) was used. For
basic characteristics see Table 1.
Table 1. Characteristics of the two limestone cement samples with high and low SO3 content
and of the pure calcium sulfate powder. SO3 content determined with infra-red IR (LECO), bulk
chemical composition with X-Ray Fluorescence XRF (on pressed pellets), fineness with laser
granulometry (dry dispersion).
SO3

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

Fineness
d50

Cement
Sample
‘High’

3.6 %

15.7 %

3.3 %

2.7 %

61.8

2.1

0.7

0.2

15 µm

Cement
Sample
‘Low’

1.4 %

16.3 %

3.3 %

2.8 %

62.9

2.0

0.7

0.2

16 µm

Calcium
Sulfate
Powder

48.4 %

1.5 %

0.3 %

0.2 %

36.1

1.5

0.1

0.0

12 µm

All samples prepared using traditional, careful pre-blending (Blending method “A” above) were mixed
externally according to prEN 196-11. Each sample was simultaneously tested on 2 channels for heat of
hydration for 7 days at 20 C and w/c 0.50, using a TAM Air Calorimeter (TA Instruments). For
comparison, all these pre-blended cement samples were also tested for Heat of Hydration for 7 days at
23 C and w/c 0.50 according to ASTM C563, using an ICal 4000 HPC Calorimeter (Calmetrix). Each
sample was in the latter case hand mixed for 30 seconds directly in the calorimeter sample cup using a
disposable spoon left inside the calorimeter vial after mixing. This method has the advantage of being
simple and reduces the potential error when transferring liquid sample from an external mixing devise
to the calorimeter. On the other hand, the blending and mixing may be less efficient compared to the
traditional method.
All cement samples prepared by measuring the precise mass of each solid directly in the calorimetry
sample cup (Method “B” above), were mixed using water pre-conditioned to 23.0 C inside the ICal 4000
HPC Calorimeter by Calmetrix as described above.
3.

RESULTS

Figure 3 shows the thermal power (the rate of cement hydration) during the first 24 hours for the
European limestone blended cement, Table 1, tested as cement paste at 23 C, w/c 0.50, following
ASTM C563 (left) and at 20 C, w/c 0.50, following prEN 196-11 (right). The 8 blends were prepared
from the low and the high SO3 cement samples to obtain blends of a range of SO3 contents from low to
high, using traditional, careful external pre-blending (Blending method “A” above). Figure 4 shows the
corresponding heat of hydration (integrated thermal power) at 1, 3 and 7 days excluding the first two
hours using both ASTM C563 at 23 C and prEN 196-11 at 20 C, as a function of sulfate content
expressed as SO3.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

Figure 3. Thermal power from eight blends prepared using traditional, careful external preblending of a European “low SO3” and a “high SO3” limestone blended cement, tested as neat
cement paste w/c 0.50. Left: ASTM C563 at 23 C. Right: prEN 196-11 at 20 C.

Figure 4. Heat of hydration at 1, 3 and 7 days vs. SO3 content, using careful external preblending of a “low SO3” and a “high SO3” cement, according to ASTM C563 at 23 C and prEN
196-11 at 20 C

Figure 5 shows the results for the same European limestone blended cement, Table 1, with the low and
the high SO3 cements blended and mixed with water directly into the calorimetry sample vial (Blending
method “B” above) instead of pre-blending the high and the low SO3 cements as in Figure 3. The left
part of Figure 5 shows the thermal power or the rate of cement hydration during the first 24 hours while
the right part of Figure 5 shows the corresponding heat of hydration (integrated thermal power) at 1, 3
and 7 days excluding the first two hours, as a function of sulfate content expressed as SO3.
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Figure 5. Results from six blends of a European “low SO3” and a “high SO3” blended cement,
each blended and mixed with water directly into the calorimetry sample vial, tested as neat
cement paste w/c 0.50 at 23 C by isothermal calorimetry. Left: Rate of reaction or thermal
power vs time. Right: Heat of hydration at 1, 3 and 7 days vs. SO3 content

Figure 6 shows the thermal power or the rate of cement hydration during the first 24 hours for the
European limestone blended cement, Table 1, tested as cement paste at 23 C, w/c 0.50, following
ASTM C563 (left) and at 20 C, w/c 0.50, following prEN 196-11 (right), with the calcium sulfate additions
carefully blended into the low SO3 cement (Blending method “A”) instead of blending the high and the
low SO3 cements as in Figure 3. Figure 7 shows the corresponding heat of hydration (integrated thermal
power) at 1, 3 and 7 days excluding the first two hours using both ASTM C563 at 23 C and prEN 19611 at 20 C, as a function of sulfate content expressed as SO3.

Figure 6. Thermal power results from additions of finely ground calcium sulfate to the low SO3
industrial cement prepared using traditional, careful external pre-blending of a European “low
SO3” limestone blended cement with calcium sulfate, tested as neat cement paste w/c 0.50.
Left: ASTM C563 at 23 C. Right: prEN 196-11 at 20 C.
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Figure 7. Heat of hydration at 1, 3 and 7 days vs. SO3 content, using careful external preblending of a “low SO3” cement with calcium sulfate additions, according to ASTM C563 at 23
C and prEN 196-11 at 20 C
Figure 8 shows the results for the low SO3 European blended cement, Table 1, with all solids measured
and mixed with water directly into the calorimetry sample vial (no pre-blending, method “B” above)
instead of pre-blending the low SO3 cement and the calcium sulfate as in Figure 7. The left part of Figure
8 shows the thermal power or the rate of cement hydration during the first 24 hours while the right part
of Figure 8shows the corresponding heat of hydration (integrated thermal power) at 1, 3 and 7 days
excluding the first two hours, as a function of sulfate content expressed as SO3.

Figure 8. Results from additions of finely ground calcium sulfate to the low SO3 industrial
cement, all solids blended and mixed with water directly into the calorimetry sample vial,
tested as neat cement paste w/c 0.50 at 23 C by isothermal calorimetry. Left: Rate of reaction
or thermal power vs time. Right: Heat of hydration at 1, 3 and 7 days vs SO3 content
4.

DISCUSSION

4.1. Measurement Protocol
The optimum SO3 plots in all cases displayed a relatively sharp optimum at 24 h, while in all cases the
optimum SO3 plots becomes more flat at 3 and 7 days. This is expected, and indicates the benefit of
using multiple test specimens with a wide range of SO 3 levels when testing for optimum SO3 using
isothermal calorimetry. Interestingly, as is typically the case, the effect of hydration at below optimum
SO3 has a much more negative impact on the heat of hydration at very early age, e.g. 24 h, compared
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to later ages. For a given clinker composition the heat of hydration is a proxy for degree of hydration,
and thus the results indicate the importance of maintaining sulfate balance at early age, especially since
admixtures and hydration at elevated temperatures in concrete are known to further increase the
reactivity of the aluminates.
In this case study, the addition of finely ground calcium sulfate to an industrial cement with low SO 3
yielded a very similar optimum as compared to when an industrial low SO 3 cement is blended with an
industrial high SO3 cement. However, this is not always the case, since intergrinding of calcium sulfate
is known to result in more efficient aluminate control (Tang & Gartner 1987) and therefore is expected
to result in a slightly lower optimum SO3 content. Accordingly, when using the addition of finely ground
calcium sulfate method for probing the effect of sulfate forms, etc., it is recommended to also carry out
additional tests with industrially interground calcium sulfate.
Although the cement hydration proceeds faster at 23 C compared to 20 C at early age up to 7 days of
hydration, no meaningful difference in the sulfate optimum was observed when comparing results
obtained using ASTM C563 at 23 C vs prEN 196-11 at 20 C. However, we expect that elevating the
hydration temperature significantly above 23 C will increase the optimum SO3 content.
No meaningful benefit was seen when careful pre-blending of all solids was employed as compared to
the much simpler method of adding the solids directly into the calorimeter test vial, prior to adding the
pre-conditioned mix water to the solids and mixing the sample inside the test vial.
4.2. Interpretation of results
In order to better understand why isothermal calorimetry is such a powerful tool to control the SO3
content it is necessary to understand and discuss the basic processes of cement hydration and the
impact of sulphate. While interpreting calorimetric results we automatically refer to a thermodynamic
signal assessing the enthalpies of reaction of all ongoing chemical interactions between cement
constituents and water. In the following chapter we will therefore use the outcomes of thermodynamic
models in order to better understand the calorimetric fingerprint of a hydrating cement.

concentration [mmol/kg]

gypsum + AFt
AFt + monosulfate + CH
+CH buffered <transition> buffered
1.E+02
1.E+01

[Ca]

1.E+00
1.E-01

[Si]

1.E-02
[S]

1.E-03
1.E-04
1.E-05
1.E-06

[Al]

1.E-07
Time [a.u.]

Figure 9. Thermodynamic prediction of aqueous phase composition of a mix of C 3S:C3A:gypsum
(6.5:1:0.6 wt.ratio, 20°C (taken from Matschei&Costoya 2012))
As already shown by Lerch 1946 a misbalance of calcium sulphate and (mainly) C3A in undersulfated
systems will lead to significant changes in the pore solution which are responsible for a flash set
behaviour. Fig. 9 shows the results of a kinetic simulation of hydration of a Portland cement analogue
using the Parrot-Killoh model (Parrot& Killoh 1984). Due to the empiric nature of the model we only refer
to relative time scales given in arbitrary units in Figure 9. The results however demonstrate the
importance of optimising gypsum additions to Portland and blended cements. At high sulphate
concentrations, i.e. in the initial stage of hydration in the presence of gypsum, ettringite and portlandite,
[Al] is thermodynamically supressed to very low levels. After gypsum consumption a drastic shift of the
chemical equilibria occurs: [S] concentrations rapidly decrease and [Al] is predicted to increase several
orders of magnitudes, until an equilibrium ettringite -monosulfoaluminate controls the [Al]
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concentrations. As shown in eq. 1 the dissolution of C3A is strongly exothermic. As a direct consequence
of the above described equilibrium change, within seconds or minutes after the depletion of gypsum a
short but sharp enhancement of C3A dissolution is necessary in order to “adjust” the system towards
higher [Al] equilibrium concentrations. This explains the so called “sulphate depletion peak” as one
significant point of interest during the interpretation of calorimetry curves.
𝐶𝑎3 𝐴𝑙2 𝑂6 + 2𝐻2 𝑂 → 3𝐶𝑎2+ + 𝐴𝑙𝑂2− + 4𝑂𝐻 −

∆𝐻𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = −268𝑘𝐽/𝑚𝑜𝑙𝐶3𝐴 = −985𝐽/𝑔𝐶3𝐴

(1)

Lerch also showed that in a well sulphated OPC the sulphate depletion peak should occur after the main
hydration of alite has reached its maximum. If a system has a SO3 content lower than the optimum, the
strength performance of OPC is impacted negatively. Here again a closer look to the changes in the
pore solution is helpful to understand why the sulphate depletion peak should appear after the the main
hydration of alite. As shown recently by several authors (Begarin et al.(2009, ) Matschei&Costoya
(2012), Nicoleau et al (2014), Pustovgar et al (2017), alite hydration in presence of higher [Al] levels of
the pore solution is significantly distorted. According to Molecular Dynamics simulations by Pustovgar
et al. at sufficiently high concentrations of calcium and alumina hydrated calcium-alumina complexes
form and are linked via hydrogen bonds to silicate surface groups. This may lead to a temporary
passivation of the alite surface and results in significant distortion of alite hydration especially at early
stages of hydration at pH ~11-12.5. Nicoleau et al. (2014) reported the formation of covalent bonds
between aluminate ions and surface silicate monomers which may explain the inhibition of alite
dissolution in mildly alkaline conditions. Another explanation was given by Begarin et al (2009) who
claimed that the growth of C-S-H is poisoned in presence of [Al] since this induced an early formation
of C-A-S-H instead of C-S-H which is an unfavourable substrate for C-S-H growth.
In summary all studies show that uncontrolled high [Al] concentrations at mildly alkaline conditions lead
to a significant distortion of alite hydration. As shown by thermodynamic calculations the presence of
gypsum, portlandite and ettringite supress [Al] to very low levels that the above explained effects are
unlikely to occur and thereby are not much affecting the hydration of alite in OPC. Due to its direct link
to the hydration reactions isothermal calorimetry is an ideal instrument to adjust and understand the
optimum sulphate of a hydrating cement.
5.

CONCLUSION

Isothermal calorimetry offers a simple, convenient and rapid method for sulfate optimization of cements
that is applicable to both Portland cement and modern blended cements, working also at low clinker
contents. Calorimetric testing can be carried out at a wide range of temperatures and also in presence
of admixtures, reflecting the actual use and applications of the cements. Hence, it allows for reducing or
even substituting much more time-consuming approaches for sulfate optimization such as traditional
mortar and concrete testing.
6.
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ABSTRACT
Quantification of the CO2 binding capacity and CO2 diffusivity is of high importance for predicting the
carbonation resistance and service life of reinforced concrete structures. So far there are no
standardized test methods to directly determine these two properties. This paper describes briefly two
test methods that we recently developed to assess the gas diffusion coefficient and the CO2 binding
capacity of hardened cement pastes. First, gas diffusion coefficient is determined on CEMI pastes cast
at a water-per-binder ratio of 0.6, hydrated for 90 days and conditioned at different relative humidity
levels (33%, 55%, and 95%). The influence of carbonation on the gas diffusivity and the pore size
distribution of the CEMI paste is investigated. Results show a lower diffusion coefficient and total
porosity for carbonated samples. Second, the CO2 binding capacity and rate of ground powders of
CEMI pastes is investigated under natural carbonation concentration (400ppm) at the same relative
humidity levels. The collected experimental data are used to calculate an amount of carbonatable
products of the CEMI powder, which is first compared to results from thermogravimetric analysis
(TGA) and then used as an input parameter for a carbonation depth prediction model. The results are
discussed and compared to the carbonation front measured experimentally. A good agreement
between the calculated and the experimental carbonation front results is found at all relative humidity
levels.
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1.

INTRODUCTION

Investigation of above ground reinforced concrete structures durability requires a special attention to
carbonation. In Portland-based concrete, CO2 dissolves in the pore solution to form bicarbonate
(HCO3-), carbonate ions (CO32-) or carbonic acid (H2CO3) depending on the pH of the pore water
(Engelsen et al. 2013). These aqueous species react with calcium-bearing phases of the cement
paste forming calcite mainly (Ashraf, 2016). The carbonation reaction implies the gradual drop of the
concrete alkalinity and once the pH is reduced to values below around 10, the passivation protection
of the steel is gone and if oxygen and water are available, the steel will start to corrode (Branko et al.
2016).
Carbonation is a physico-chemical process that includes the diffusive transport of gaseous carbon
dioxide through the concrete and the chemical reaction of the carbonate ions with the Ca2+ ions
released in the pore solution by the hydration products (Rodway et al. 1990). CO2 diffuses through the
porous network, including the already carbonated layer formed during the service life of concrete
(Papadakis et al. 1991). Therefore, gas diffusivity and CO2 binding capacity are appropriate durability
indicators with regards to carbonation. Besides, these materials’ properties are key input parameter for
carbonation depth prediction models (Demis et al. 2014). Such indicators could be used in
performance based approaches of concrete structures design (Von Greve-dierfeld et al. 2016), and
are key properties for the service life prediction models (Gehlen, 2000).
This work aims at the evaluation of these two steps of carbonation separately. New test methods are
developed to determine the gas diffusion coefficient and the CO2 binding capacity of cement pastes.
Note that gas diffusion in water is 4 orders of magnitude slower than in the air. Therefore, at high
degrees of water saturation, it is expected that the diffusion of CO2 will be a very slow process. On the
other hand, if the concrete pores are not sufficiently filled with water; CO2 remains in gaseous form
and does not react with the hydrated cement (Kwan et al. 2011). Hence the rate of carbonation
depends highly on the moisture content of the cementitious material. Therefore, gas diffusion
coefficient of hardened CEMI cement pastes and their CO2 binding capacity are determined after
conditioning the samples at three different relative humidity levels: 33%, 55%, and 93%.
When the carbonation layer is formed during the concrete structure service life, gaseous CO2 needs to
penetrate through it first. Therefore gas diffusivity experiments are carried out on hardened discs of
CEMI pastes in the non-carbonated state and after full carbonation in a climate chamber at 1% CO2
concentration by volume. The carbonation state of these samples is investigated by phenolphthalein
test and thermogravimetric analysis. The microstructure change of these samples upon carbonation is
investigated by means of mercury intrusion porosimetry, water porosity, and water desorption
isotherms.
CO2 binding capacity is determined by monitoring the CO2 uptake of a powdered sample
instantaneously during its carbonation period. Experiments are performed under natural carbonation in
a relative humidity and temperature controlled environment. Tests are carried out until the maximum
binding capacity of these powders is reached, i.e. until the reaction rate falls below the detection limit.
The amount of carbonatable mass calculated from the experimental data is compared to results from
TGA analysis. Finally, these two properties are used to predict the carbonation depth using Papadakis
model (Papadakis, 2007) at each relative humidity, and these results are compared to carbonation
front measured experimentally.
2.
2.1

MATERIALS AND METHODS
Specimens preparation

Ordinary Portland cement is tested at a water to cement ratio of 0.6. The specimens (Φ40 mm×110
mm) are rotated for 24h, demoulded and stored in a relative humidity controlled room at 100% for 90
days to be sawn to discs of 2.5 mm thickness using a circular saw. Discs that are tested to oxygen
diffusivity in the non-carbonated state are directly placed in climate chambers equilibrated at three
relative humidity levels (93%, 55%, 33%), by means of saline solution. Inside each climate chamber
soda lime powder is placed in order to consume the CO2 present and avoid the carbonation of the
samples during the conditioning period. Using a CO2 gas sensor with a resolution of 75ppm the CO2
concentration inside these chambers is found to be less than 10ppm. The mass variation of these
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specimens is investigated each week and the water equilibrium is assumed to be reached once this
variation is less than 0.05%.
In parallel, some discs are conditioned in a room at 57% RH for a month, to be placed afterwards in a
carbonation chamber at 1% CO2 concentration by volume and 57%RH until fully carbonated. The
carbonation depth progress is monitored once a week by means of phenolphthalein indicator solution.
Complete carbonation of these samples is assumed to be reached once phenolphthalein solution
turns colourless. Once the discs are fully carbonated, they are water saturated under vacuum for 24h
and placed in relative humidity controlled rooms (93%? 55%? 33%) in order to be tested to oxygen
diffusivity once their mass equilibrium is reached. In order to examine the CO2 binding capacity, the
hardened CEMI paste are sawn, crushed and dried under vacuum for 48h. The samples to be tested
are prepared by grinding the dry paste using a vibrating cup mill, and then the powder is sieved
through a 63µm sieve. Particles size distribution is determined by laser diffraction method. The
average particle size of the powder is 46µm, which allows full carbonation on a practical timescale
while minimizing the CO2 transport during the test. Indeed, from the largest size of the grain (~50 µm)
and the lowest diffusion coefficient measured in previous work, i.e. 10 -10 m2/s (Boumaaza et al. 2018),
the characteristic time scale for diffusion across the grain is 100 s. The ground powders are stored in
desiccators with soda lime under vacuum until analysed.
2.2

Gas diffusivity

The oxygen diffusion coefficient was measured using an experimental setup developed in previous
work (Boumaaza et al. 2018). The test device is designed to determine oxygen effective diffusion
coefficient of hardened cement pastes under different relative humidity. The main element of the
experimental setup is the diffusion cell also called “downstream chamber”. The diffusion cell is placed
inside a relative humidity controlled chamber also referred to as “upstream chamber. The tested
sample is placed between two rubber joints and placed in the down part of the cell (see Figure 1). The
diffusion cell is flushed with nitrogen at the beginning of each test. One face of the sample is exposed
to the internal volume of the cell and the other face to the relative humidity controlled air of the
upstream chamber. Oxygen diffuses successively through the sample into the cell where O 2
concentration is measured by a gas sensor.

Figure 1. Cement paste diffusion cell
When the steady state is reached (ie when O2 concentration reaches 20%) the experiment is stopped
and a diffusion curve (O2 concentration vs. time) is collected. O2 effective diffusion coefficient is
determined by fitting Fick’s second law of diffusion to the data of the accumulation curve by least
square method.
Note that maintaining a constant RH in the climate chamber enables controlling the water content or
liquid saturation of the pores of the sample, and using a diffusion cell of small inside volume (68ml)
avoids drying during test. The tests are performed at a temperature of 20 ±1°C under atmospheric
pressure. CO2 effective diffusion coefficient is deduced from that of oxygen, using a simple model
developed by Thomas Graham (Ahmad et al. 2013).
2.3

CO2 binding capacity

The CO2 binding capacity test method consists of exposing a powdered sample to natural carbonation
under a specific relative humidity. 1g of the powder is evenly and thinly distributed over a sample
holder (disc of 110mm diameter) for exposure in the carbonation chamber. The CO2 concentration and
relative humidity during the carbonation of the powder are maintained constant by means of the setup
shown in Figure 2. An air pump draws in the ambient air; passes it through the bubbler to regulate it at
the RH of the test by means of a saturated saline solution such that it finally circulates the air at
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400ppm CO2 concentration and the desired relative humidity inside the climate chamber. The flow rate
of the air pump is 300L/h. The volume of the chamber is of 40L and is well aerated thanks to an axial
fan.

Figure 2. The climate chamber setup during the natural carbonation of the powder specimen
The instantaneous CO2 uptake of the powder is measured in a closed cell at different periods of
carbonation. The total measurement time must be negligible with regards to the overall carbonation
period of the sample. Since the CO2 depletion time is proportional to the gas volume, the cell is
equipped with a piston that allows the variation of its inside volume from 10ml to 285ml. For powders
that are highly reactive with CO2, the cell volume is set at its maximum value and vice versa. Each
measurement did not exceed 30min. The total measurement in a closed system time did not exceed 7
hours for a total carbonation time in open system of 30 days. The frequency of the CO 2 uptake
measurement is of once a day the first week and then adapted as a function of time evolution of the
rate. The CO2 concentration inside the cell is measured using an IR absorption sensor which also
measures the RH and the temperature.

Figure 3. Carbonation cell
The test stops if the amount of carbonatable products vs the carbonation time reaches a plateau i.e
when the CO2 depletion rate is below the detection limit of the experimental setup. This lower limit is
determined by running a leakage test of the carbonation cell for 24h after flushing it with gaseous
nitrogen. The variation of carbon dioxide concentration during the blank test corresponds to an

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
equivalent CO2 binding capacity of 6.10-10 gCO2 gcement-1 s-1. This value is computed using equation (2),
for which S is the leakage rate.
3.
3.1

RESULTS AND DISCUSSION
Liquid saturation and porosity

The degree of water saturation of the tested samples at 33%, 55% and 93% RH is given by equation
(1), where m is the mass at equilibrium, m 0 the dried mass, and msat the saturated mass. The 2.5mm
thick CEMI discs saturated mass is determined by water soaking under the vacuum for 48h, and the
dry mass is obtained after drying the samples in the oven at 105°C for 3 days. Figure 4 shows the
influence of carbonation on the water saturation degree. Note that the results shown on this figure are
obtained in desorption. Results show a significant decrease in the saturation degree at the highest
relative humidity (93%). These results are in agreement with previous works (Ranaivomanana et al.
2011) carried out on the same type of cement. They explained this sharp drop in the water saturation
degree at high relative humidity in the desorption isotherm by the fact that carbonation induces larger
capillary pores that form a percolating network.
𝑆𝑟 =

𝑚 − 𝑚0
𝑚𝑠𝑎𝑡 − 𝑚0

(1)

100%
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Figure 4. The degree of water saturation at different relative humidity before and after
carbonation of CEMI paste
Therefore the change in the pore structure of the cement paste sample was characterized using
mercury porosimetry MIP, and the total porosity of these samples is investigated by water soaking
under vacuum following the French standard NF P18-459.
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Figure 6. pore size distribution of carbonated
and non-carbonated CEMI paste

The MIP curves of carbonated and non-carbonated CEMI pastes are shown on Figure 5 and 6. A
reduction of 8% of the total MIP porosity is observed for carbonated samples. Non-carbonated sample
exhibit a tree modal distribution while carbonated samples pore size distribution is of a bimodal nature.
A slight increase of the fraction of pores with an entry diameter higher than 70nm upon carbonation is
observed. This could be explained by the consumption of calcium hydroxide that is replaced by a
packing of calcite leaving new voids (Thiéry et al. 2011). Water porosity results showed also a
decrease of the total water porosity from 49% in the non-carbonated state to 37% for fully carbonated
samples.
3.2

Gaseous diffusion coefficient

After carbonation, CEMI pastes show a decreased oxygen diffusion coefficient D e,O2 when the samples
are conditioned at a relative humidity lower than 55%. However at the high relative humidity (93%),
fully carbonated samples’ oxygen-diffusion coefficient is more than 10 times higher. The total porosity
decrease and the change in the pore size distribution seem to have a higher influence on the
diffusivity at water saturation degrees lower than 50%. The increase of diffusion coefficient De,O2 of the
carbonated samples at high relative humidity (93%) can be attributed to the fact that carbonation
causes the increase of the amount of capillary pores and a reduction of the material’s water retention
capacity which is confirmed by the results shown on Figure 4.

Oxygen effective diffusion coefficient
(m²/s)

10%
1E-06

30%
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Figure 7. Oxygen diffusion coefficient at different degrees of water saturation before and after
carbonation of CEMI paste
3.3

CO2 binding rate (CBR)

Figure 8 shows the experimental data of CO2 consumption by the CEMI powder in a closed cell for
15min at 0, 2 and 18 days of exposure to natural carbonation under 55%RH. These curves show that
the material reacts rapidly with CO2 when first exposed to natural carbonation. After that, the CO2
binding rate of the material decreases dramatically, and after 18 days of exposure to natural
carbonation, the CO2 binding capacity of the paste is reached. The inside volume of the carbonation
cell was set at 285ml at the beginning of the tests and 15ml after 10days of exposure to natural
carbonation.

Figure 8. Experimental data
The CO2 binding rate CBR (gCO2 gcement-1 s-1) of the tested powder is determined over the carbonation
time by analysing the initial slope of each CO 2 depletion curve using equation (2), where MCO2 is the
molar mass of carbon dioxide, P and T are the ambient pressure and temperature, R the ideal gas
constant, Vg is the volume of the carbonation cell, m is the mass of cement in the tested powder and
S is the initial slope on the CO2 depletion curve (s-1). The maximum CO2 binding capacity (max CBC)
of the tested material is calculated from the chemical composition of the paste as shown on equation
(3). MCO2, MCaO, MSO3 and MMgO are the molar masses of carbon dioxide, calcium oxide, sulfur trioxide
and magnesium oxide respectively.
CBR =
max CBC =

S ∗ P ∗ MCO2 ∗ Vg
R∗T∗m

%CaO ∗ MCO2 % SO3 ∗ MCO2 % MgO ∗ MCO2
−
+
MCaO
MSO3
MMgO

(1)

(2)

T

CBR(t)
dt
max
CBC
t=0

DoC = ∫

(3)

The degree of carbonation (DoC) is determined over the carbonation time T according to (3) and it
corresponds to the fraction of the bound CO2 over the carbonation time of the sample divided by the
maximum CO2 binding capacity. These results show that the CO2 binding capacity is reached after 7,
8 and 19 days at 33, 55 and 93% relative humidity and is lower than max CBC (2), which is about ~60
wt%. Therefore the CO2 binding capacity is not dependent on the reactive CaO content only; it is also
influenced by the relative humidity of the reaction. These results show that the amount of bound CO 2
increases highly during the first 7 days of exposure to reach maximum plateau afterwards, defined as
the CO2 binding capacity (CBC). The maximum value of CBC is observed at 55%RH where 31% of
the reactive CaO in the material is carbonated. At 33%RH the CBC value is the lowest: 20.1%.
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Figure 9 : degree of carbonation vs carbonation time
3.4

Comparison to TGA results

The degree of carbonation calculated using our test method is compared to results from TGA analysis.
Results show that at 33% and 55% relative humidity a difference off 5% in the degree of carbonation
is found between TGA results and CO2-binding capacity test method. However the method failed to
measure the degree of carbonation of CEMI powder at 93% relative humidity. This could be due to the
grain diffusion resistance. CEMI grains may become larger as the reaction proceeds and calcite layers
are formed on their surface, and when the powder is tested at high RH (93%) a water layer is formed
of the grains surface, which might affect the CO2 uptake of the sample. Note that the degree of
carbonation of the powders is determined before starting the CO 2 binding rate measurements by
means of TGA analyses. The initial degree of carbonation is 10.4 wt%.
Table 1: CO2 binding capacity as a function of relative humidity

3.5

CO2 binding
capacity

TGA results

Carbonation
time

33%

20.1%

25.8%

16

55%

31%

35.4%

25

93%

27.6%

38.9%

26

Front propagation model in natural conditions

Using papadakis model (Papadakis et al.1991), the carbonation front Xc(m) is predicted using the
experimental data collected on CEMI paste sample. Dce,CO2 (m²/s) is the effective diffusion coefficient of
gaseous CO2 in the carbonated state. This coefficient is calculated from the oxygen effective diffusion
coefficient determined for fully carbonated CEMI pastes using graham’s model. [CO 2]0 is the ambient
CO2 concentration and t is the carbonation exposure duration (s). The denominator of the equation (5)
represents the CO2 binding capacity converted in moles of CO2 per volume of paste (mol/m3).
𝑥𝑐 = √

2 𝐷𝑒𝑐

𝐶𝑂2

[𝐶𝑂2]0

𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑎𝑏𝑙𝑒 𝑚𝑎𝑠𝑠

𝑡

5
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Figure 10. Carbonation depths calculated and experimentally measured for CEMI pastes
exposed to ambient CO2 concentrations vs. time for three RH
Figure 10 shows results of the carbonation depth predicted using Papadakis model each month for up
to 5 months. A good agreement is found between the predicted carbonation depth and experimental
results found after exposing a hardened cement paste disc of 1cm thickness to natural carbonation in
relative humidity controlled rooms.
4.

CONCLUSION

In this work, a new test method to determine the CO 2 binding rate and capacity is described and used
to determine the content of carbonatable materials on a hardened and powdered CEMI paste
respectively. The gas diffusivity of hardened CEMI paste in the non-carbonated and fully carbonated
state is determined experimentally at different hydric states using a test method developed in our
previous works. The influence of the relative humidity of preconditioning on the CO2 binding capacity
and gas diffusion coefficient is also investigated. These two properties are used as input parameters
of Papadakis model in order to predict the carbonation depth of our tested material. The results of this
work allow drawing the following conclusions:









Coarsening of pore structure is observed on carbonation and a decrease in the total
porosity is observed.
Carbonated samples exhibit lower gas diffusivity than non-carbonated pastes at low
relative humidity and a higher diffusion coefficient at 93% relative humidity.
Carbonation lowers the water retention capacity of the CEMI pastes.
The CO2 binding rate varies slightly with the relative humidity.
The carbonation process ends before all calcium oxide is carbonated.
Thermogravimetric analysis (TGA) is used to verify the degree of carbonation calculated
using our test method, a difference of 5% is found at 33% and 55% RH and 17% at 93%
A good agreement between the predicted carbonation fronts determined using Papadakis
model and the experimental results is observed after one month of exposure to natural
carbonation.
The CO2 binding capacity and the oxygen diffusion coefficient are promising indicators of
service life in various climates.
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ABSTRACT
Spatially resolved LA-ICP-MS is still an exotic tool for the analysis of concrete and hardened cement
paste compared to SEM-EDS or µ-RFA. Missing calibration materials and know how are common
hindrances of a broader use. Here we show possibilities and limits of LA-ICP-MS (Laser AblationInductively coupled plasma – Mass spectrometry) as a spatially resolved multi element analysis tool
on hardened cement paste on a micrometer scale. Element distribution maps from 17 different
chemical major, minor and trace elements were generated. Areas of accumulations of certain elements
could be observed easily and compared to an optical image. At two spots of interest, element
distribution maps, as well as calibrated line scans, were evaluated to observe trace element
accumulation in distinct mineral phases. Especially for sodium the method is well suited, as SEM-EDS
and µ-RFA are just able to measure high concentration for sodium. This opens up the field of
monitoring ion transport reactions quantitatively to a sub-ppm level of environmentally relevant
elements like chromium, vanadium or later nickel, mercury, arsenic etc. in concrete structures.
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1.

INTRODUCTION

The localization of heavy metals like barium, chromium and vanadium and many others in concrete
structures is frequently discussed in literature (Dunstetter, De Noirfontaine et al. 2006, Vollpracht &
Brameshuber 2016). The main motivations for this research are strict rules, in terms of maximum
content and sometimes leaching of heavy metals, especially in the EU. Therefore, it is important to
know in which of the many phases heavy metals accumulate preferentially. The origins of trace
elements are impurities in natural raw materials like limestone and clay and the heavy metal content of
secondary and primary fuels.
Spatially resolved LA-ICP-MS is a well suited tool for investigating trace metals, especially heavy
metals in low concentration besides major matrix elements. As a quasi-nondestructive multi element
trace analysis technique with low sample preparation requirements and high spatial resolution it has
numerous advantages over for example wet chemical techniques (Russo, Mao et al. 2002). During
LA-ICP-MS a high energy laser pulse hitting the investigated sample forms a fine particle aerosol,
which is transported to ICP where it is atomized and ionized. The ions are separated by mass and
determined by the mass detector.
LA-ICP-MS has become a versatile technique for numerous applications in geology, biology and
material science (Sylvester & Jackson 2016, Sussulini, Becker et al. 2017).There were already some
applications on concrete structures especially to investigate the ingress or leaching of relevant
substances like heavy metals and acids (Huber, Hilbig et al. 2016, Huber, Hilbig et al. 2017). Also for
the determination of radionuclides LA-ICP-MS was used on concrete (Gastel, Becker et al. 1997,
Disch 2013). Nevertheless, a lack of reference materials and varying ablation behaviors of different
phases or elemental compositions (elemental fractionation) hinders a broader use of this technique
(Kuhn & Günther 2003, Hergenröder 2006, Koch & Gunther 2011).
Compared to other spatially resolved methods on concrete like electron microprobe, SEM EDS, µ-XRF
and LIBS, Laser Ablation has much lower detection limits for trace elements and light elements like
sodium, while comparable techniques need matrix matched standards, too (Bae, Meral et al. 2014,
Šavija, Schlangen et al. 2014, Bonta, Gonzalez et al. 2016). Generally, LA-ICP-MS is less dependent
on surface flatness than SEM-EDS or µ-RFA as no excitation is measured. There is also no activation
volume that interferes with sharp resolution. Although SEM-EDS and µ-RFA raster scans are powerful
imaging tools, especially when coupled to a synchrotron radiation source (Wieland, Mace et al. 2010,
Bae, Meral et al. 2014), LA-ICP-MS has some advantages and is definitely a powerful alternative in
mapping and scanning mode.
However, measurements of major, minor and trace elements in hardened cement paste (HPC) in
maximum resolution and comparing them to an optical image in high resolution are new in this field.
Hence, this paper focuses on quantitative, spatially resolved determination of heavy metals and trace
elements in hardened cement paste. The potential and the limits of this analysis tool should be
investigated.
2. EXPERIMENTAL
2.1
Specimen preparation
Portland-Cement (CEM I 42.5 R, Schwenk Cement) was transferred in a blender filled with the
respective amount of water (w/c: 0.4) and mixed according to DIN-EN-196-3. After 24 hours in the
climate chamber (20 °C and 98 % humidity) the specimens were stored for 56 days in water.
Afterwards the specimen was stored in closed plastic bags under nitrogen for 8 months. For spatially
resolved imaging a non-covered thin section (20 µm, water free preparation) on glass sample holders
was prepared.
2.2

Laser Ablation

The specimens (317 days old) were placed on the sample holder to perform the measurement, after
the cell was purged for 5 min. Laser Ablation was done with a nanosecond Nd:YAG Laser at the
quintupled wavelength of 213 nm. All other information about laser ablation can be found in table 1.
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Table 1. LA-ICP-MS setup parameters
LA-ICP-MS Measurement Conditions
Laser

ESI NWR 213 (ESI New Wave Research, USA) Nd:YAG

Wavelength

213 nm

Frequency

20 Hz

Fluence

2.1 J/cm2

Diameter

5 µm

Scan Velocity

15 µm/s

Line length

200 µm

ICP-MS
Dwell Time

NexION 300D Perkin Elmer, USA
2 ms

Carrier Gas [l/min] 0.7 L min-1 He 0.96 L min-1 Ar
Torch RF power

1200 W

For calibration all measured data points were averaged and baseline corrected. Then, they were
calibrated to wet chemical data of the HCP determined from lithium metaborate digestion measured
with a Horiba ICP-OES Ultima II.

2.3

Elemental Mapping

Element distribution maps were created from raw data of 150 parallel lines with a length of 200 µm
containing 347 data points for each element by ImageLab software package (Epina GmbH, Retz,
Austria).
3. RESULTS AND DISCUSSION
3.1
LA-ICP-MS and wet chemical data
Table 2 displays the measured element and the corresponding isotopic mass, oxide form as well as
the wet chemical data. All elements occur in an oxide form except chloride. The oxides of sodium,
chlorine, vanadium, chromium, manganese, zinc, strontium and barium represent less than 0.1 wt.-%
of HCP.
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Table 2. Measured Isotopes and wet chemical data of used HCP

3.2

Element

Measured
Isotope

Oxide
Form

Wet Chemical
Data (Bulk) [M.-%]
Oxide Form

Na

23

Na2O

0.06

Mg

25

MgO

1.66

Al

27

Al2O3

4.26

Si

29

SiO2

16.87

P

31

P2O5

0.31

S

34

SO3

2.89

Cl

35

-

0.04

K

39

K2O

0.38

Ca

43

CaO

51.56

Ti

47

TiO2

0.24

V

51

V2O5

0.01

Cr

52

CrO3

0.01

Mn

55

MnO2

0.04

Fe

57

Fe2O3

2.33

Zn

66

ZnO

0.04

Sr

88

SrO

0.07

Ba

137

BaO

0.01

Elemental Mapping

The heterogeneity of HCP is known in literature and could be seen in Figure 2 by analyzing a
hardened cement paste thin section with w/b ratio 0.4. Under light-microscope different colors and
structures are observable as HCP is the hydrated product of all the different clinker minerals. Clinker
hydration kinetics is different for the occurring phases. Thus, some clinker-like structures are visible
even after more than one year.
Figure 1 shows spatially resolved LA-ICP-MS element distribution maps of four chosen elements,
which should be highlighted in this paper: calcium, aluminum, sodium and manganese.
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Figure 1. A: Photo of hardened cement paste; blue corner bars define the ablated area; B-E:
elemental raw data images of calcium (B), aluminum (C), sodium (D), manganese (E)
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All images are raw data images in which red color displays a high count number on the detector
whereas purple depict low measured counts. Hence, this helps defining regions of interest for example
spot one and two with significant (higher or lower signals than the bulk HCP) signals. Both spots are
highlighted in white rectangles in Figure 1 A and discussed later in detail.
The images show up the possibility of LA-ICP-MS for the analysis of HCP. Major minor and trace
elements can be investigated. Another focus is light elements as sodium which are hard to map in
comparable techniques like SEM-EDS or µ-XRF.
However, calibration remains the challenging task in this technique. An external calibration approach
should be investigated for its possibilities and limits.
3.3

Calibration

Since hardened cement paste is a multiphase mineral, ablation characteristics of every phase are
different. Sometimes absorption of laser energy is high ablating a lot of volume and vice versa.
Applying single point calibration, the average of all 52050 data points from all 150 ablated lines was
calculated and calibrated to wet chemical data analyzed prior to laser ablation with ICP-OES.
However, all ions except chlorine are present in the oxide form mentioned in table 2. Thus all oxides
were summed up to 100 % including water representing 18.76 wt.-% of HCP.

3.4
Quantitative Spot/Line Analysis
3.4.1 Spot 1
Spot 1 appears as a red area in the thin slice micro graph. The size is approximately 25 µm broad and
40 µm long. Analyzing the qualitative images, significantly higher signal intensities of titanium, iron,
manganese vanadium and chromium are visible. Despite the high intensities, low intensities were
found for all other measured isotopes while only calcium, aluminium and sodium are displayed
exemplary.

Ti

Fe

Mn

V

Cr

Ca

Al

Na

Figure 2. Elemental raw data images of Spot 1 from left to wright: Titanium, iron, manganese,
vanadium, chromium, calcium aluminium, sodium. White dashed line diplays the location of
the line scan
Quantitative data of the first 70 µm of a vertical line crossing spot 1 (white dashed line) are shown in
Figure 3. Analyzing the iron and calcium graph, it can be observed that iron oxide is the major
constituent of spot 1 with 50-60 wt.-% while calcium content is around 20 wt.%. Titanium represents a
minor constituent in the region of interest. Thus, the quantitative line scan shows a more than ten
times higher concentration compared to the neighboring phase from 40-70 µm. Comparing these
results, no commonly known clinker or cement phae can be assigned to this spot. However, this red
spot (optical image) is only present once in the whole picture thus it might be iron rich side phase,
occuring in low amounts in HCP.
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Figure 3. Quantitative line scans of calcium, iron and titanium in spot 1.
3.4.2

Spot 2

In all shown element distribution maps (Figure 1 B-E) the signal intensities at this spot appears in blue
or purple, thus, in low signals. Spot 2 is approximately 50 µm broad and 50 µm long, depending on the
element distribution map. Nevertheless, a pore could be excluded as it would be visible in the optical
image as light region. As ablation characteristics can change drastically from phase to phase, most
likely, ablation was weak at that point. Thus, the amount of material to be analyzed is lower compared
to other regions. Therefore, calibrated data were evaluated in Figure 4-5, which depicts the region of
interest from 80 to 120 µm in the 200 µm long line.
A high calcium content of approx. 60 - 70 wt.-% CaO and 10 -15 wt.-% SiO2 and a diameter of
approximately 30 µm is likely to be a former alite grain with low content of inclusions. C to S
calculation by LA-ICP-MS was already successfully applied by Zhang et, al, but for greater areas
(Zhang, Tang et al. 2018). At spot 2, iron and aluminum occur in low concentration compared to other
spots, while strontium and magnesium show now significant decrease. Both alkaline earth metals are
similar to Ca2+ and thus able to replace it in an existing structure (Horsley, Emmert et al. 2016).
This example underlines the possibilities and limits of LA-ICP-MS: Here, the calibration standard is a
mixture of all HCP phases while this spot seem to consist mainly of one phase. Thus, calibration data
deviate from the real compositions. On the other hand the possibility to measure trace element
concentrations in such a more or less defined grain is somehow a standalone characteristic of this
method and makes it highly interesting for further use.
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Figure 4. Quantitative line scans of calcium, silicon, iron and aluminum in spot 2 in linear scale.
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Figure 5. Quantitative line scans of calcium, silicon, iron and aluminum in spot 2 in logarithmic
scale.
4.

CONCLUSION

LA-ICP-MS is a powerful tool to create spatially resolved element distribution maps of major, minor
and trace elements in HCP. Enabling the creation of sodium element distribution maps up to low
concentration makes LA-ICP-MS a powerful alternative to existing techniques like SEM-EDS and µRFA raster scans, which are commonly used in this field. Spot analysis showed the coexisting of trace
elements with major elements. However, calibration needs to be improved to clearly identify the
existing phase from the main elements calcium, silicon, iron and aluminum. By all means, assigning
optical spots of interests to a chemical composition was possible. Especially a semi quantitative
measurement of trace elemental concentration makes LA-ICP-MS an interesting tool for HCP analysis.
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In the future other preparation techniques should be investigated to use the full potential of LA-ICPMS. Compared to SEM-EDS no thin sections are necessary for Laser ablation. It is not absolutely
necessary to prepare the sample as a thin section but rough saw samples can be used without any
problems. Also the geometry of the laser point can be adapted arbitrarily. Measurements with a LAICP-TOF-MS would be of great interest as TOF-MS has much higher resolution due to a simultaneous
measurement of all isotopes in the periodic table. Therefore, the role of other trace elements could be
investigated, too. Hence, the method should now be used to learn more about the role of trace
elements in clinker as well as HCP and concrete.
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ABSTRACT
Air-entraining agents can introduce tiny bubbles into concrete to improve the concrete workability and
increase the concrete durability. However, it was found that the air-entraining agent cannot increase
the air content of concrete in the high plateau area as in the plain, and the reason is unclear. In this
paper, a bubble observation system was designed to observe air bubbles in fresh cement paste at low
pressure. It is characterized by the simultaneous preparation of cement paste and the observation of
air bubbles in fresh cement paste at low pressure. The diameter and number of bubbles are analyzed
using image-pro plus 6. The results show that when the air pressure was reduced from 100 kPa to 40
kPa, the diameter of the bubbles in the fresh cement paste without air entraining agent increased by
4.6% to 35.2%, while the diameter of the bubbles in the fresh cement paste without air entraining
agent increased by 17.7% to 33.2%. There was no obvious linear relationship between the number of
bubbles in the cement paste and the air pressure, but as the air pressure decreased, the total volume
of the bubbles increased, and the number of large bubbles in the bubble size distribution increased.
With the decrease of air pressure, the diameter of bubbles in the fresh cement gradually increases,
resulting in the decrease of air content in the cement paste.
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1.

INTRODUCTION

Concrete is one of the most widely used building material in the world, which may be used in the areas
where the altitude differs from 0 to more than 5000 meters. With the increase of concrete work in plateau
area, the decrease of air content of concrete in plateau has attracted more and more attention. There
was a close correlation of air content and pore structure between the bubble structure of fresh concrete
(Li et al. 2013). Therefore, it is very meaningful to study the effect of low pressure on the air bubbles.
As the altitude increases, atmospheric pressure gradually decreases (Figure 1). There are many
bubbles entrapped by the mixing or entrained by the air entraining agent (AEA) in fresh concrete.
Assuming that a bubble prepared at a normal atmospheric pressure is moved to a low atmospheric
pressure environment without breaking, the diameter of this bubble will increase. This is because the
air pressure inside the bubble is higher than the air pressure of the environment. However, if a bubble
is prepared at a low atmospheric pressure, it is unclear whether it is the same size as the bubble
produced under normal atmospheric pressure.

Figure 1. Relationship between atmospheric pressure and altitude (Li et al. 2015)
There are some methods for the observation of bubbles in fresh concrete. F Ansari (1997) inserted the
fiber-optic sensors into the fresh concrete to test the bubbles in the concrete. Ji et al. (2017)
characterized the pore structure of fresh cement paste based on1H low-ﬁeld NMR. Masoud et al. (2017)
directly observed the void evolution during cement hydration by X-ray computed tomography. Puthipad
et al. (2017) and Rath S. (2017) used Air-void analyzer to analyses the stability of air bubble. These
methods are inconvenient for studying the effects of different pressures on the bubbles in the concrete
because they are only observing the bubbles at a fixed pressure. Ley et al. (2009a; 2009b) studied the
diameter changes of bubbles in the cement paste by stereomicroscope. He prepared the cement paste
sample under normal pressure and changed the external pressure to observe the change of bubbles in
the cement paste. The actual situation of the preparation of concrete on the plateau is that the
preparation and observation of the concrete are at the same low pressure. Therefore, for simulation
studies on the performance of fresh concrete manufactured in the high plateau, it is needed to complete
the mixing process and the bubble observation process in a sealed system and keep the system at a
stable low air pressure. So far, no one has tried this.
In this paper, a bubble observation system was designed to prepare cement paste and observe bubbles
in cement paste at low air pressures. The mixing process and the bubble observation process were
carried out in this sealed system under the designed air pressure. The diameters and numbers of these
bubbles were analyzed using Image-Pro plus 6.0. The results contribute to the understanding of the
influence of low atmospheric pressure on air content and pore structure of the concrete.
2.
2.1

EXPERIMENT
Materials and mix proportions

P.I 42.5 cement was used in the experiment. The chemical composition and physical properties are
shown in Table 1 and Table 2.
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Table 1. P.I 42.5 cement chemical composition (%)
SiO2
22.87

Al2O3
4.47

Fe2O3
3.48

CaO
64.05

MgO
2.46

SO3
2.44

Na2Oeq
0.52

f-CaO
0.90

Loss
1.21

Table 2. P.I 42.5 cement physical properties
Density
(g/cm3)

Specific surface
area（m2/kg）

3.15

345

Setting time (min)
Initial
142

Final
202

Compressive strength (MPa)
3d
27.2

28d
48.7

AEA was a light-yellow triterpenoid saponin powder. 0.1% AEA aqueous solution was prepared for the
experiment.
In the experiment two groups of cement paste A, B were designed. The mix proportions of cement paste
are shown in Table 3. Group A was the reference group. Group B was test group with AEA. The AEA
aqueous solution dosage for Group B was 10 wt% of cement. Four air pressures of 100 kPa, 80 kPa, 60
kPa, and 40 kPa are designed in each group to be labeled "-100", "-80", "-60", and "-40".
Table 3. The mix proportions of cement paste
Group
Group A
Group B
2.2

Water (g)
30
24

AEA aqueous solution (g)
0
6

Cement (g)
60
60

Experimental equipment and test method

2.2.1 Experimental equipment
The bubble observation system (Figure. 2) consists of four sections, an air pressure control section, a
cement paste preparation section, a bubble observation room (Figure. 3) and a microscope. The first
three sections are connected by rubber hose. The outer diameter of the rubber hose is 14 mm and the
inner diameter is 8 mm, which ensures that the cement paste can flow freely under low air pressure.

Figure 2. Bubble observation system
The main component of the air pressure control section is a circulating water vacuum pump. The vacuum
pump model is SHB-3 and the pumping capacity is 10 L/min. The barometer of the vacuum pump can
be used to measure the air pressure of the entire system.
The main component of the cement paste preparation section is a three-necked flask. The three ports
are connected to the other parts by rubber hose. One port is connected to the vacuum pump, the second
port is connected to a plastic bottle for water, and the last port is connected to the bubble observation
room.
The acrylic bubble observation room has a U-shaped structure, and a piston is connected to each end
of the bubble observation room. When the two pistons are closed, the bubble observation room can
independently maintain a fixed air pressure. The bubble observation room is completely transparent, so
that the cement paste in the bubble observation room can be observed by a microscope.
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Figure 3. Photo of the bubble observation room
The microscope is a Motic SMZ-168 with a maximum magnification of 200. The microscope can take
high-resolution photos of the cement paste in the bubble observation room. These images are
processed by Image-Pro plus 6.0 to obtain analytical data about the bubbles.
2.2.2 Test method
The procedures for measuring bubbles in fresh cement paste using the bubble observing system are as
follows:







Place the cement in the three-necked flask. Add the water and the AEA to the plastic bottle.
Connect the air pressure control section, the cement paste preparation section and the
bubble observation room by rubber hose. Then, turn on all the pistons and start the vacuum
pump to adjust the entire system air pressure to the designed air pressure.
After that, close the piston at the vacuum pump and removed the air pressure control section.
Add the water and the AEA from the plastic bottle to the three-necked flask, and shake the
three-necked flask up and down 60 times to mix the cement paste.
Tilt the three-necked flask by 90 degrees to allow the cement paste to flow into the bubble
observation room by gravity. Then, close the pistons on both sides of the bubble observation
room to remove the cement paste preparation section.
Place the bubble observation room under the microscope and take high-resolution photos.

The time from adding water to taking photo should be controlled at 5 min ± 10 s, reducing the effect of
time on bubble size. The photos are processed by Image-Pro plus 6.0, the diameter of the bubbles in
the cement paste is obtained.
3.

RESULTS AND DISCUSSION
Figure 4 are the photos of fresh cement paste of Group A and B at different air pressures.

Figure 4. Photos of bubbles in fresh cement paste at different air pressure (× 80)
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Photos of the bubbles in the fresh cement paste were successfully captured by the bubble observation
system (Figure. 4). These photos were images obtained by magnifying 80 times the areas under the
microscope with a size of 1.818 mm×1.818 mm in the cement paste. These photos were imported into
Image-Pro plus 6.0 software to obtain the number and the diameter of the bubbles. Assuming that the
bubbles are all spherical, the total volume of the bubbles can be calculated from the number of bubbles
and the average diameter. The detailed results of the analysis are shown in Table 4.
Table 4. Test results of the bubble diameter in fresh cement paste
Sample

Air pressure
(kPa)

Number of
Bubbles

Average bubble
diameter (μm)

Total volume of
bubbles (10-9 ml)

A-100

100

2

95.5

456.0

A-80

80

3

99.9

522.0

A-60

60

3

107.0

641.4

A-40

40

4

129.2

1129.2

B-100

100

41

61.7

123.0

B-80

80

60

72.6

200.4

B-60

60

30

72.9

202.8

B-40

40

30

82.2

290.8

In Table 4, at the same pressure, the number of bubbles in the cement paste of Group B was significantly
increased compared with Group A. In the Group A, the number of bubbles was only 2 to 4. While the
number of bubbles was as many as 30 to 60 in the Group B. As the air pressure was reduced from 100
kPa to 80 kPa, the number of bubbles in cement paste of Group B increased by 46.3%. While the air
pressure was reduced from 80 kPa to 40 kPa, the number of bubbles in cement paste of Group B was
reduced by 50.0%.
When the air pressure decreased from 100 kPa to 40 kPa, the average diameter of bubble in Group A
increased from 95.5 μm to 129.2 μm. In the meanwhile, the average diameter in Group B increased
from 61.7 μm to 82.2 μm. As the air pressure was reduced from 100 to 40 kPa, the average diameter of
the bubbles of Groups A increased by 4.6% to 35.2%. While the average diameter of the bubbles of
Groups B increased by 17.7% to 33.2%.
As the pressure was reduced from 100 kPa to 40 kPa, the total volume of bubbles in Group A and Group
B increased from 456.0×10-9 ml to 1129.2×10-9 ml and from 123.0×10-9 ml to 290.8×10-9 ml, respectively.
The increase in the total volume of the bubbles at low pressure was mainly due to the increase in the
average diameter of the bubbles at low pressure. By plotting the air pressure and the average diameter
of the bubble (Figure 5), the relationship between the average diameter of the bubble and the pressure
can be obtained.
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Figure 5. Relationship between the average diameter and air pressure
In Figure 5, as the air pressure was reduced, the average diameter of the bubbles in both groups
gradually increased. But the slope of the increase in the average diameter of the bubbles was different.
The slope of the increase in the average diameter of the bubbles in Group B was smaller than that in
Group A, indicating that the bubbles of Group B is less affected by the pressure. The addition of air
entraining agent can reduce the effect of air pressure on the bubbles in the concrete.
According to the average diameter and number of bubbles, the size distribution of the bubbles can be
obtained (Figure 6).

Figure 6. Size distribution of the bubbles in Group B
When the air pressure was from 100 kPa to 80 kPa, the maximum number of bubbles in diameter was
30-60 μm. When the air pressure was 40 kPa, the maximum number of bubbles in diameter was 60-90
μm. As the pressure decreased from 100 kPa to 40 kPa, the maximum pore size range of bubbles
increased from 30-60 μm to 60-90 μm. The lower the air pressure, the larger the bubble size in the
cement paste.
4.

CONCLUSION

The following conclusions were drawn:
1. The bubble observation system successfully completed the two processes of cement paste
preparation and bubble observation in fresh cement paste under low air pressure conditions. The
number and size of bubbles in the cement paste at different air pressures were obtained by Image-Pro
plus 6.0.
2 The bubble diameter in fresh cement paste increased with the reduction of air pressure. As the air
pressure decreased from 100 kPa to 40 kPa, the average bubble diameter of the fresh cement paste of
Group A without AEA increased by 4.6% to 35.2%, in the meanwhile the average bubble diameter of
the fresh cement paste of Group B with AEA increased by 17.7% to 33.2%. The bubbles in fresh cement
prepared at a low atmospheric pressure are larger than the bubbles produced under normal atmospheric
pressure. Larger bubbles are more likely to escape from the concrete during the concrete preparation
process, so the air content of the concrete at low atmospheric pressure is reduced.
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ABSTRACT
In general, a hardened cement sample is dried to stop hydration at predetermined ages for the
purpose of studies related to the hydration of cement. The D-drying method is being used in many
studies. The Relative Humidity 11% method (RH11%-drying) is usually used when dehydration of
cement hydrate is considered as an important factor. In this study, we focused on the oven-drying
method at 40°C (40°C-drying), which has been well known but has hardly been used. Cement paste
samples were dried by three methods (40°C-drying, RH11%-drying, D-drying) until the samples
reached constant mass. The equilibrated mass loss by 40°C-drying was almost the same as RH11%drying. However, the equilibrated mass loss by D-drying was large compared with both of 40°C-drying
and RH11%-drying. When bulk volume of mortar sample is measured by the Archimedes’ method and
the equilibrated mass loss of mortar sample is measured by 40°C-drying, the total pore volume of
mortar sample can be measured. The compressive strength of mortar sample was related to the pore
volume of mortar sample by 40°C-drying. However, when different kinds of cement were used, each
kind of cement had different regression line.
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1.

INTRODUCTION

One of the most important properties of hardened cement samples is pore structure. In general, the
pore of hardened cement paste is classified into the capillary pore and the gel pore. According to
Feldman - Sareda model, the C-S-H gel in Portland cement paste consists of the C-S-H layers,
interlayer water molecules and the adsorbed water molecules (Taylor 1990). Moreover, Feldman
(1989) concluded that the interlayer water should not be regarded as the pore water and interlayer
spaces should not be regarded as part of the pore structure. Also, Daimon et al. (1977) defined that
the interlayer space (intracrystallite pore) is under 1.2 nm in diameter, the gel pore (intercrystallite
pore) is 1.2 - 3.2 nm, and the capillary pore (intergel particle pore) is 3.2 - 200 nm.
In order to study the properties of hardened cement samples at predetermined ages, removing free
water in the hardened cement sample is necessary to stop the hydration of cement. In general, Ovendrying, D-drying, Vacuum-drying, Solvent exchange and Freeze-drying are well-known as the method
of removing free water.
When hardened cement samples are submerged into organic solvent (e.g. methanol, acetone, and
isopropyl alcohol (IPA)), a part of water of C-S-H is dehydrated by them. Also with acetone, the aldol
condensation reaction occurs (Taylor & Tuner 1987). Based on a result from NMR measurement, it is
reported that during solvent exchange with IPA, the pore structure of mortars become coarse due to
the collapse of the interlayer space (Zhou et al. 2018). From the results of a lot of preceding studies
about different drying methods and Zhang & Scherer’s study (2011), they reported that depending on
the purpose, Freeze-drying and Solvent exchange with IPA are the most suitable methods as of this
moment.
On the other hand, regarding Oven-drying, based on results from NMR measurement, it is reported
that during Oven-drying at 105°C (105°C-drying) the coarsening of the finer pore structure occurs
(Gran 1997), and 60°C-drying removes a large fraction of interlayer water but 40°C-drying does not
(Gajewicz et al. 2016). Also it is confirmed by XRD that AFt retains its crystallinity when using 40°Cdrying (Galan et al. 2016).
From the results of these studies and the report of The Technical Committee on Cement Chemistry of
JCA (2008), the oven-drying method at 40°C is considered to be a mild drying condition. Therefore,
we determined the total pore volumes of hardened mortars dried by the Oven-drying method at 40°Cdrying and RH11%-drying. Also the bulk volumes of the hardened mortars were measured by the
Archimedes’ method using the saturated hardened mortars. According to the Kelvin equation, pore
size at RH11% is approximately 1 nm in diameter (Powers & Brownyard 1948). From these results, we
studied the relationship between the total pore volumes and the compressive strength of hardened
mortars.
2.
2.1

EXPERIMENTAL
Equipment for 40°C-drying

In general, a commercial oven in a laboratory is used to dry hardened cement samples when 40°Cdrying or 105°C-drying are used. However, such ovens cause the carbonation of cement hydrates by
carbon dioxide (CO2) in the air in an oven during drying. Therefore, we made special equipment for
40°C-drying. The constitution of the equipment is shown in Figure 1. The humid nitrogen gas is led to
a desiccator. The temperature of the desiccator is controlled with a ribbon heater and a temperature
controller to keep the temperature constant. This equipment can dry samples in the nitrogen (N2)
atmosphere without carbon dioxide.
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Figure 1. Equipment for 40°C-drying
2.2

Cement

Six kinds of cement samples were used. The chemical composition and physical properties of
cements are shown in Table 1, Table 2 and Table 3. The symbols are as follows: Op and O are
ordinary Portland cement, H is high early strength Portland cement, M is moderate heat Portland
cement, L is low heat Portland cement and BB is Portland blast-furnace slag cement type B. Op was
used to prepare cement paste and five samples (O, H, M, L, BB) were used to prepare mortars.
Table 1. Chemical composition of cements (mass %)
Ig.loss

insol

SiO2

Al2O3

Fe2O3

CaO

MgO

Op

0.71

0.10

21.31

5.09

3.16

65.44

1.01

O

2.37

0.21

20.19

5.72

2.80

63.79

1.41

H

0.85

0.07

20.13

5.28

2.56

65.64

0.94

M

0.70

0.08

24.87

3.13

2.98

64.72

0.68

L

0.47

0.10

26.35

2.83

3.26

62.99

0.69

BB

2.14

0.14

25.65

8.20

1.80

54.34

3.99

SO3

Na2O

K2 O

TiO2

P2O5

MnO

Op

2.02

0.32

0.41

0.25

0.14

0.10

O

1.95

0.34

0.38

0.35

0.18

0.05

H

3.10

0.26

0.34

0.26

0.21

0.08

M

1.72

0.19

0.39

0.19

0.12

0.06

L

2.25

0.18

0.42

0.17

0.11

0.05

BB

2.22

0.24

0.39

0.40

0.12

0.10
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Table 2. Density of cements (g/cm3)
Op

O

H

M

L

BB

3.16

3.14

3.13

3.20

3.24

3.00

Table3. Compressive strength of mortars (MPa)
1 day

3 days

7 days

28 days

Op

---

28.9

45.8

64.4

O

---

30.0

45.1

61.3

H

31.1

48.0

58.6

68.3

M

---

20.2

29.7

62.8

L

---

12.1

16.4

59.2

BB

---

22.6

37.6

61.4

*Test method : ISO 679

2.3

Cement paste and mortar samples

2.3.1 Cement paste sample
Cement paste sample with water to cement ratio of 0.4 was prepared by hand mixing for 3 minutes
and casting (2 x 2 x 8 cm mould). It was demoulded after 24 hours and it was cured in water at 20°C.
The curing days were in total 2, 7 and 28 days. After curing, the samples were cut into 2 x 2 x 0.5 cm
slices with a wet type cutter.
2.3.2 Mortar samples
Mortar samples were prepared by ISO 679. The water to cement ratio of the samples were 0.5 and the
sand to cement ratio were 3.0. The size of mortar samples were 4 x 4 x 16 cm. They were demoulded
after 24 hours and they were cured in water at 20°C. The target compressive strength of mortar was
determined in order to compare mortars using different kinds of cement. The target compressive
strength values are 30 MPa, 45 MPa and 60 MPa. The ages were estimated using Table 3. The
samples were cut into 4 x 4 x 0.5 cm slices with a wet type cutter at the estimated ages. Compressive
strength of mortar samples at the estimated ages are shown in Table 4.
Table 4. Compressive strength of mortar samples at estimated ages (MPa)
Target
compressive
strength

30 MPa

45 MPa

60 MPa

O

28.8

(3 days)

44.0

(7 days)

58.3

(28 days)

H

28.9

(1 day)

43.7

(3 days)

57.1

(7 days)

M

28.5

(7 days)

40.3

(13 days)

59.3

(28 days)

L

21.1

(11 days)

38.2

(18 days)

57.3

(28 days)

BB

29.8

(5 days)

42.4

(11 days)

58.5

(28 days)
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2.4

Drying methods and Pore volume calculation

2.4.1 Measurement of initial mass and bulk volume
Before drying, initial mass of sliced cement paste samples and mortar samples and bulk volume of
mortar samples were measured by the following procedure;
(1) After cutting (2.3.1, 2.3.2), the sliced cement paste sample or mortar sample was immediately
immersed in water at 20°C for about 1 hour. Surplus water on the surface of the sliced sample was
wiped, and then the sliced sample was put into a weighing bottle as soon as possible. The mass of
the sliced sample was measured as initial mass. (The tare mass of the weighing bottle was
measured in advance.)
(2) We used the Archimedes’ method, which has a relationship between buoyancy of the sample and
its bulk volume, in order to calculate bulk volume. After the sliced sample was again immersed in
water at 20°C for about 5 minutes, the underwater mass (hydrostatic mass) of the sliced sample
was measured. Bulk volume of the sliced mortar sample was calculated using equation (1).
Bulk volume (cm3 ) =

Initial mass (g)－Underwater mass (g)
Density of water(0.9982g/cm3 )

(1)

2.4.2 Drying methods
The sliced cement paste samples were dried by 40°C-drying, D-drying and RH11%-drying (humidity
control agent: Lithium chloride, 25°C). The sliced mortar samples were dried by 40°C-drying, RH11%drying and RH58%-drying (humidity control agent: Sodium bromide, 25°C). The rate of mass loss per
day was calculated using equation (2). Equilibrium was judged to have been achieved when the rate
of mass loss per day reached 0.03 %.
Rate of mass loss per day (%) =

𝑊𝑛−1 −𝑊𝑛
𝑊𝑛

×

24
𝑡𝑛 −𝑡𝑛−1

× 100

(2)

where 𝑊𝑛 : sample’s mass at the n-th measurement (g)
𝑡𝑛 : accumulated drying time at the n-th measurement (hours)

2.4.3 Pore volume calculation
We assumed that mass difference between initial mass and equilibrated mass of mortar sample by
drying is related to water in the pore of mortar sample without dehydration of hydrate. Therefore, the
pore volume of mortar sample was calculated using equation (3).
Pore volume (mm3 /cm3 ) =
2.5

{

(Initial mass−Equilibrated mass) (g)
}
Density of water(0.9982×10−3 g/mm3)
Bulk volume(cm3 )

(3)

Thermal analysis

The mortal samples by 40°C-drying were ground under 150 μm. The samples were analysed by the
thermogravimetry with a heating rate of 20°C/min from room temperature to 1000°C in a nitrogen
atmosphere.
3.
3.1

RESULTS AND DISCUSSION
Thermogravimetry of sample by 40°C-drying

The example of thermogravimetry of mortar samples with ordinary Portland cement (O) by 40°Cdrying are shown in Figure 2. Mass loss caused by carbon dioxide at approximately 780 °C was not
observed. This result means that our equipment for 40°C-drying (Figure 1) does not cause
carbonation for samples.
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Figure 2. Example of thermogravimetry of mortar with cement (O)
3.2

Comparison of mass loss of cement paste by different drying methods

The mass loss of sliced cement paste samples are shown in Figure 3. The equilibrated mass loss is
shown in Table 5. The accumulated drying time at equilibrated state under 40°C-drying was short
compared with RH11%-drying and D-drying. The equilibrated mass loss by 40°C-drying was almost
the same as RH11%-drying. However, the equilibrated mass loss by D-drying was large compared
with both of 40°C-drying and RH11%-drying. The rate of mass loss per day by 40°C-drying and Ddrying on samples at the age of 7 days are shown in Figure 4.Before approximately 100 hours, the
behaviour of mass loss by D-drying was similar to 40°C-drying. However, the small mass loss by Ddrying continued after that. We think that this small mass change was caused by dehydration of
cement hydrates.
[ Age of sample : 2 days ]

[ Age of sample : 7 days ]

[ Age of sample : 28 days ]

Figure 3. Mass loss of cement paste by different drying methods
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Table 5. Equilibrated mass loss of cement paste by different drying methods (%)
Age of sample

40°C-drying

RH11%-drying

D-drying

2 days

18.27

18.19

20.91

7 days

15.58

15.99

18.23

28 days

14.02

14.25

16.06

Figure 4. Rate of mass loss per day (Age of sample: 7 days)
3.3

Relationship between pore volume of mortar by 40°C-drying and by RH11%-drying

The relationship of pore volumes of mortar samples by 40°C-drying and by RH11%-drying are shown
in Figure 5. Both of pore volumes were almost the same regardless of the kind of cement and the
compressive strength of mortar. According to the theory of capillary condensation, the kelvin radius is
calculated with the kelvin equation. As the kelvin radius is a function of relative humidity, pore size at
RH11% is approximately 1 nm in diameter. In general, it is said that the range of diameter of gel pore
in cement hydrates is between 1 nm and 3 nm. Therefore, this result shows that the pore volume
determined by 40°C-drying is nearly the total pore volume.

Figure 5. Relationship of pore volume of mortar between 40°C-drying and RH11%-drying
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3.4

Relationship between pore volume of mortar by 40°C-drying and compressive strength

The relationship between the pore volume of mortar samples by 40°C-drying and the compressive
strength are shown in Figure 6. When the pore volume increased, the compressive strength
decreased. However, each kind of cement indicates a different regression line. This result means that
compressive strength of mortar cannot be arranged by total pore volume of mortar.

Figure 6. Relationship between pore volume by 40°C-drying and compressive strength
3.5

Evaluation of pore volume by water vapour desorption method

According to the kelvin equation, pore size at RH11% is approximately 1 nm in diameter and pore size
at RH58% is approximately 4 nm. Pore volumes of mortar samples by RH11%-drying and RH58%drying with different kinds of cement were calculated with the equilibrated mass loss and bulk volume.
The relationship between the compressive strength and the pore volume of mortar samples with
different kinds of cement are shown in Figure 7(a) and Figure 7(b). The pore volumes of mortars
between 1 nm and 4 nm increased with the progress of hydration of cement.
Mortar samples by 40°C-drying were measured by thermogravimetry. The results were calculated as
mass loss as an ignition-loss-free basis at 1000°C. When a range of temperature is less than the
temperature of dehydration of Ca(OH)2, we think that the range is related to the amount of hydrate
such as C-S-H, even though it contains the amount of Ettringite and Monosulphate phases. The
relationship between the pore volumes of mortar samples between 1 nm and 4 nm and the mass loss
of mortar samples by 40°C-drying at the range of temperature is shown in Figure 8. This relationship
indicated positive correlation. This result suggests that gel pore volumes of mortars between 1 nm and
4 nm is related to the amount of cement hydrates in mortar as same as the results of Figure 7.

Figure 7(a). Relationship between compressive strength and pore volume of mortar with
different kinds of cement
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Figure 7(b). Relationship between compressive strength and pore volume of mortar with
different kinds of cement

Figure 8. Relationship between pore volume of mortar and mass loss of mortar by TG
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4.

CONCLUSIONS

(1) 40°C-drying makes almost the same drying condition as RH11%-drying.
(2) Our equipment for 40°C-drying does not cause carbonation for hardened cement samples.
(3) When bulk volume of mortar sample is measured by the Archimedes’ method and the equilibrated
mass loss of mortar sample is measured by 40°C-drying, the total pore volume of mortar sample
can be measured easily.
(4) The compressive strength of mortar sample was related to the pore volume of mortar sample by
40°C-drying. However, when different kinds of cement were used, each kind of cement had
different regression line.
(5) As the result from pore volumes of mortar samples were measured by the water vapour desorption
method, gel pore volume between 1 nm and 4 nm increased with the progress of hydration of
cement.
5.
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ABSTRACT
The complexity of the chemical and microstructural evolution of cement during the hydration process
can be evaluated using many different characterisation techniques. One of these techniques which has
been demonstrated to be useful, but not yet fully accepted by the cement research community, is
Alternating Current Impedance Spectroscopy (ACIS). However, although ACIS is a non-destructive,
rapid, and easily implemented technique, it has been found in the past that it has several limitations
such as electrode contact, electrode area dependence, ground coupling effects, complications due to
inductance at high frequencies, and a lack of mathematical and physical rigour in much of the data
interpretation.
This study assesses ACIS as a characterisation technique to evaluate the early hydration process of
white Portland cement (WPC) pastes blended with either fly ash (FA) or ground-granulated blastfurnace slag (GGBS), by comparison with data obtained from isothermal calorimetry and other
analytical techniques. Points addressed include the electrochemical cell setup, the inductance
behaviour and the resistivity changes observed during the impedance measurements, and the impact
of the addition of FA and GGBS throughout the WPC hydration process, from the fresh to the
hardened state. The results show a correlation between the heat of hydration observed in the
calorimetric curves and the impedance measurements, which could be used as a new approach to
evaluate the early cement hydration process. Inductance behaviour observed in the impedance
measurement during the early cement hydration process needs further investigation.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

1.

INTRODUCTION

The desire to understand the reaction mechanism, dielectric properties and microstructural development
of cement at different hydration ages, with and without the addition of supplementary cementitious
materials, has led to many investigations applying a wide variety of analytical tools (Langan et al. 2002;
Lothenbach et al. 2011; McCarter 1994; Cruz et al. 2013; Tang et al. 2017). However, the cement
hydration process is still far from fully understood, as cements are highly multiphase materials, and their
hydration involves a large number of different reactions, physical and chemical changes which depend
on the cementitious material composition, particle size distribution, water/cementitious materials ratio
(w/cm), temperature, admixtures, relative humidity and surface area.
Over the last few decades, numerous analytical tools and characterisation techniques have been used
to assess different properties of cement. For example, cement hydration as an exothermic reaction can
be assessed by isothermal calorimetry which measures the release of heat generated by cement
hydration. This technique is also able to provide information related to the thermochemistry, hydration
stages, kinetics, and the influence(s) of admixtures within cementitious systems. Nevertheless, the
information obtained is limited during certain hydration stages (i.e. dormant period and at later ages)
(Haines 2002; Höhne et al. 2003; Gerstig & Wadsö 2010). Another available technique is alternating
current impedance spectroscopy (ACIS) which has been demonstrated to be a sensitive, powerful and
non-destructive technique. ACIS has been used before to assess the early hydration of cement but is
still not accepted by the research community and industry due to its limitations such as electrode and
parasitic effects, lack of mathematical rigor in data analysis, and the consequent risk of misinterpretation
of data (Hsieh et al. 1996; Hwang et al. 1997; Mason et al. 1998; Cormack et al. 1998).
ACIS measures the electrical response of a circuit (which includes the material under analysis) as a
function of time and frequency; the response obtained is often represented by Nyquist plots from which
the bulk material response can be obtained at high frequencies, the material-electrode response
obtained from low frequencies, and the overall resistivity of cement paste (Macdonald & Johnson 2005;
Yuan et al. 2010; Orazem & Tribollet 2008). The analysis and interpretation of the impedance response
of cement paste need the comparison and support of different experimental data and techniques, as
impedance spectra are difficult to understand without exact knowledge of the cement hydration kinetics
and the constant microstructure and pore solution development (Scully et al. 1993; Mansfeld 1999;
Christensen et al. 1994; Coverdale et al. 1995; Bullard et al. 2011; Sant et al. 2011; Bligh et al. 2016).
The purpose of this investigation is to assess the hydration process of cement and supplementary
cementitious materials (SCMs) by ACIS and isothermal calorimetry (IC).
2.
2.1

MATERIALS AND METHODS
Sample preparation

Samples were prepared at room temperature (∼ 25 °C), by mixing white Portland cement (wPc; Blue
Circle Snowcrete, CEM I, 52.5R) with distilled water (w/cm:0.45) at different replacement levels (20%,
40% and 60%) of ground-granulated blast-furnace slag (GGBFS; Ecocem) or fly ash (FA; Cemex). Each
sample was hand mixed by combining the components for 3 min to form a homogeneous paste, followed
by transferring the paste into analysis vessels: 300 g into a custom-design two-electrode electrochemical
cell (for ACIS experimentation), or 20 g into a plastic ampoule (for IC measurement), and vibrating for 2
min to reduce the level of entrapped air bubbles prior to the start of analysis. The chemical composition
and physical properties of raw materials are shown in Table 1.
Table 1. Chemical composition of cement and admixtures
Compound (wt.%)
SiO2
Al2O3
CaO
Fe2O3
MgO
Na2O
K2O
SO3

wPc
23.7
3.9
66.5
0.2
0.9
0.23
0.5
2.6

GGBFS
36.0
11.3
41.8
0.3
6.5
0.4
0.7

FA
50.2
25.2
2.3
9.3
1.7
1.1
3.6
2.4

SF
95.8
0.31
0.38
0.14
0.1
0.08
1.28
0.45
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TiO2
Others
LOI
Density (kg/m3)
Particle size (m)

2.2

1.0
1.2
2800-3200
5-30

0.5
0.2
2.0
2885
1.6-1465

2.5
3.6
2329
2.7-66.1

0.24
3.85
2230
82.5

Instrumental analysis

The samples were subjected to ACIS measurements over a frequency range of 100 Hz to 1 MHz, using
a single-channel PGSTAT204 (Metrohm Autolab) and a custom-design (two-electrode) electrochemical
cell (Fig. 1). Measurements were obtained in a full cycle every 5 min (50 data points per cycle), leaving
the electrochemical cell open-ended. IC tests were conducted with an 8-channel TAM air isothermal
calorimeter (TA Instruments). In both techniques, the samples were assessed for 24 hours and
maintained at room temperature.
Top cell

Steel electrodes

Bottom cell
PGSTAT204

Figure 1. ACIS experimental setup illustration (not to scale).
2.3

Calibration and ACIS measurements correction procedure

To reduce parasitic effects associated with the leads and cell components, calibration of the impedance
response for the ACIS cell in a short circuit state (without sample) was made before the sample was
tested. The correction was conducted at each frequency, considering the impedance of the cement
sample and the inductance effects as additional quantities in the final ACIS measurement.
3.

RESULTS AND DISCUSSION

The ACIS measurements were analysed by representation as a Nyquist (complex) plot, where Z’ (real
axis) and -Z’’ (imaginary axis) are plotted from the collected impedance data. The impedance values
below the Z’ axis are considered to be an inductance effect. In addition, Z’ and -Z’’ at 100 Hz and 1 MHz
were plotted as a function of time, in order to observe a different perspective of the impedance
measurements. IC is used to support and check the validity of the interpretation of the ACIS
measurements.
3.1

White Portland cement

The ACIS response and calorimetric curve of white Portland cement (wPc) during the first 24 hours after
mixing are shown in Figures 2 and 3, respectively. At early hydration ages, it is possible to observe the
appearance of a semicircular arc of small impedance values at high frequency, which is attributed to the
aqueous fluid surrounding the cement grains, and its initially high conductivity. At 3.5 hours (around the
beginning of the acceleration period of the hydration process) inductance effects appear due to an
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increase of the ionic strength produced by the dissolution of alite and belite, the crystallisation and
nucleation of hydrated products (Bullard et al. 2011; Bligh et al. 2016; Cruz et al. 2011). Later on, the
inductance effects show a decreasing tendency while the impedance and resistance values increase as
a result of the reduction of free water content, the microstructural development, and the low hydration
rate. (Renaudin et al. 2015; Hewlett 1998; Taylor 1997; Mehta & Monteiro 2006; Navi & Pignat 1996).
Figures 4a-b depict the imaginary and real axis of the impedance spectra against time, and highlight the
measurements at 100 Hz and 1 MHz. The ability of ACIS to measure the material bulk response at high
frequency and the material-electrode response at low frequency means that it is possible to observe, by
using different perspectives, different behaviours of the impedance spectra during a period of time,
representing the data as a scan in which the system behaviour is divided in terms of resistance (Z’ axis)
and reactance (linked to capacitance) (-Z’’ axis) (Yuan et al. 2010; Macdonald & Johnson 2005;
Cormack et al. 1998).
In both plots in Figure 4, at a frequency of 1 MHz and early hydration ages (3.5 hours), it is observed
that inductance effects are influencing both the capacitive and resistive response from the sample. As
mentioned before, the appearance of the inductance effects at this time shows a correlation to the
periods at which the cement paste remains plastic, portlandite starts to crystallise, dissolution of clinker
phases and the nucleation of C-S-H take place (the beginning of the acceleration period) (Wadso n.d.;
Tang et al. 2017; Scrivener et al. 2015; Hewlett 1998). At longer hydration periods the inductance effects
have less influence on the data as the resistance of the sample increases, showing a small perturbation
at 10 hours. At 100 Hz and the maximum release of heat of the calorimetric curve, Figure 4a shows a
decreasing tendency in the -Z’’ values, while the Z’ values remain the same. At 10 hours, when the level
of free water in the cement system has become relatively small, the available space for new products is
limited and the reaction rate slows down, and perturbations in both plots are observed.

Figure 2. wPc ACIS response.

Figure 3. Cement hydration heat flow curve.
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Figure 4. ACIS response for wPc (100 Hzand 1 MHz): a) imaginary plane b) real plane.

3.2

Ground-granulated blast-furnace slag

Figure 5 shows the ACIS response of wPc at different replacement levels of GGBFS during the first 24
hours after mixing.
At early hydration ages (5 min) and as the GGBFS replacement increases, the appearance of
inductance effects can be observed, with an increase of resistance values as a result of a dilution effect
(related to a filler effect), a change in the chemistry of the pore solution and kinetics of reaction, and an
increase in the degree of hydration (Escalante-García & Sharp 1998; Chen 2007; Singh et al. 1995). At
longer hydration ages, 20% GGBFS replacement gives higher resistance values than those shown in
samples with 100% wPc content due to a filler effect which accelerates the setting of cement. However,
as replacement levels increase beyond 20% GGBFS, lower resistance and impedance values than
those shown in samples with 100% wPc content are observed, as result of a higher interconnectivity of
pores, a decrease of AFm (produced from ettringite), an insufficient amount of portlandite to fully activate
the slag hydration, and thus a decrease in the overall degree of hydration (Courard & Michel 2014;
Gruyaert et al. 2010; Ortega et al. 2014; Qiu et al. 2017; Chen 2007). Figure 6 shows a decrease of the
heat release rate and an acceleration of the hydration process as the GGBFS replacement increases,
supporting this interpretation of the ACIS data (Chen 2007; Villagrán Zaccardi et al. 2016).
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Figure 5. wPc/GGBFS ACIS response
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Figure 6. wPc/GGBFS hydration heat flow
curves.

Figures 7a-b show the impedance values of the imaginary and real axis of the impedance spectra
against time at different GGBFS replacement concentrations. At high frequencies, the impedance
measurements are affected by inductance effects as the replacement of GGBFS is increased, obscuring
the capacitive and resistive behaviour of the system. At low frequencies, the capacitive tendencies
increase, and the resistivity values decrease with the addition of GGBFS. There is an observable
correlation between hydration stages identify by the calorimetric curves, and the perturbations in
impedance measurements at low frequencies.

Figure 7. ACIS response for wPc/GGBFS pastes with composition (wt.%) as indicated in the
legend, at 100 Hz and 1 MHz: a) real plane b) imaginary plane.
3.3

Fly ash

Figure 8 displays the ACIS response of wPc samples at different replacement levels of fly ash (FA)
during the first 24 hours after mixing. At early hydration ages, there is a slight decrease in the resistance
values and the inductance effects with the addition of FA, which acts as a diluent of wPc system. The
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wPc in combination with FA produces a reaction rate similar to the one shown during the hydration of
100% wPc content paste. There is also a correlation between the heat rate decrease and the
replacement of wPc by FA in the system. The C-S-H produced by the pozzolanic reaction of FA
contributes to the heat release at later ages, as can be observed in Figure 9 (Baert et al. 2008; Tang et
al. 2014; Sakai et al. 2005). At longer ages, the resistance values significantly decrease with the addition
of FA as there is not yet enough portlandite in the system to initiate the pozzolanic reaction of FA, and
so the pore size distribution is increased (Tang et al. 2017; Ortega et al. 2017).

Figure 8. wPc ACIS response

Figure 9. Cement hydration heat flow curve

Figures 10a-b show the impedance values of the
imaginary and real axis of the impedance spectra against time at different FA replacement levels. At 1
MHz, the samples with 20-40% FA replacement show a delay in the appearance of the inductance
effects and a slight increase in the capacitive and the resistive behaviour. The samples with 60-80% FA
replacement do not show inductance effects, showing higher capacitance and resistance values. At 100
Hz, and as wPc is replaced by 20-80% of FA, the samples show increased capacitance and decreased
resistance behaviour, and a maximum heat release decrease in comparison to samples with 100% wPc
content.

Figure 10. ACIS response for wPc/FA pastes with composition (wt.%) as indicated in the
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legend, at 100 Hz and 1 MHz: a) real axis b) imaginary axis.
4.

CONCLUSIONS

The impedance response for the hydration process of wPc at different replacement levels of GGBFS
and FA was assessed. The interpretation of impedance measurements was supported by isothermal
calorimetry during the first 24 hours of hydration.








5.

The impedance response of samples containing 100% wPc shows a correlation between the
hydration stages, identified by the calorimetric curves, and the perturbations in the
impedance spectra.
Samples containing GGBFS show the appearance of inductance effects at the beginning of
the experiment, probably due to the acceleration of wPc hydration and the filler effect in
presence of GGBFS
Samples containing FA show a delay/disappearance of inductance effects at different
concentration replacements. The decrease in the resistance of the cementitious system is
due to the dilution effect, the slow reactivity of FA, and its impact on the hydration of clinker
phases.
The replacement by SCMs has a significant impact on the dielectric properties, kinetics of
hydration, and microstructure development of these cementitious systems, an impact which
can be observed via impedance measurements and the differences in resistance and
capacitance values.
Regarding ACIS data interpretation and the effects of inductance on the impedance
measurements, further investigation and the support of other techniques are needed.
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ABSTRACT
The self-desiccation of concretes, mortars and screeds is of interest as it can be used to create
structures that does not have to be dried by conventional means, i.e., by removing moisture to the
ambient. Self-desiccation is in most cases defined as the lowering of relative humidity in sealed
hydrating samples. The origin of self-desiccation is the consumption of water by the hydration, both
because of the consumption of water by the chemical reactions and by the physical binding of water in
the formed structure (adsorption on surfaces, capillary condensation). As both chemical and physical
binding of water in hydrating cementitious systems are related to the hydration process, it is of interest
to simultaneously assess the hydration rate and the relative humidity. We have done this by combining
isothermal calorimetry with relative humidity measurements in the calorimetric vial. With this
equipment we have assessed both the reaction rate and the self-desiccation on a CEM I system at
different water/cement-ratios.
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1.

INTRODUCTION

When a cementitious material with low water/binder-ratio hydrates in a closed environment, the relative
humidity (RH) will decrease after some time of hydration (Wyrzykowski & Lura 2017) This phenomenon
is termed self-desiccation and is caused by the joint action of chemical and physical processes. The
lowering of the RH reflects that none of the mixing water remains as free water as it is either consumed
by the chemical reactions or physically bound in the formed cement paste structure. Self-desiccation is
thus a way to study the physiochemical processes that take place during cement hydration, but it is also
a parameter that is interesting from an engineering point-of-view as a self-desiccating cementitious
materials do not need further drying before, e.g., floorings are applied.
Of the chemical and physical processes that cause the self-desiccation, the chemical processes are the
easiest to study as the chemical binding of water can be quantified by any technique that measures
degree of hydration, for example TGA (Pane & Hansen 2005) or scanning electron microscopy (Feng
et al. 2004), although these different techniques will yield slightly different results. It is also possible to
use isothermal calorimetry – the measurement of thermal power and heat – as most of the heat produced
during the main hydration comes from the chemical processes that form the main hydration product
CSH (Pane & Hansen 2005). It is significantly more difficult to assess how much water that is physically
bound, because this is a function of the RH. The most robust method to measure this is by measuring
the sorption isotherms, for example with a sorption balance.
A combination of isothermal calorimetry and RH-measurements was developed by placing RH-sensors
in the calorimetric vials of an eight channel calorimeter. In this way one can make simultaneous and
continuous measurements of both thermal power and RH. This is the result of a development that started
almost 20 years ago (Anderberg & Wadsö 2002), but that has been hindered by factors such as the high
cost of RH-sensors, the unstable nature of small capacitive RH-sensors, and the limited vapour tightness
of calorimetric vials with electrical leads.
2.
2.1

METHOD AND MATERIALS
Method

We have used a Calmetrix I-Cal Flex with eight 20 mL calorimeters with polyethylene vials. In the lids
of the vials, RH-sensors are placed, connected to the electronics through cables that exit on the top of
the calorimetric instrument. The set-up is schematically shown in Figure 1. The small (3 mm  3 mm)
digital RH-sensors (SHT20 from Sensirion) were logged by an Arduino Uno microprocessor.

Figure 1. Left: schematic showing two out of eight calorimeters. A. RH-sensor. B. Cement paste
sample. C. Heat sink. D. Reference. E. Insulation of thermostated environment. The calorimetric
heat flow sensors are shown above and below the heat sinks. Right: the SHT20 RH sensor.
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The calorimeter was calibrated electrically and gave stable calibration coefficient as a function of time,
as isothermal heat conduction calorimeters are very stable instruments (Wadsö 2010). For RH-sensors
the situation is quite different as such sensors can have a significant drift both because of ageing
phenomena and because of fouling of the sensor material. The sensors that we have used are no
exception; on the contrary, they are small, inexpensive digital integrated circuit sensors that have a quite
high drift. However, apart from this, they are ideal for use inside a calorimetric vial as they are small,
inexpensive and produce low heat.
When sensors of the used type SHT2x are new, they are factory calibrated and give the correct RH to
within a certain number of percent (depending on version and RH-level); the SHT20 sensors that we
have used are typically within ±3% between 20 and 80% RH and up to ±4.5% RH outside this RHinterval. This is a quite high uncertainty, but the sensor drift at high RH is even higher and after a few
months use at high RHs, a sensor can read the unphysical value 120. It is thus not possible to use these
sensors to directly measure long-term RH of hydrating cementitious systems; they need to be regularly
calibrated. This calibration – described below – gives an estimated accuracy of ±2% RH, which is
acceptable for self-desiccation measurements.
According to the manufacturer, the sensors can be regenerated by a treatment at elevated temperature.
They will then return to approximately their initial state, but they will also start to drift again when used
at high RHs. The sensors were therefore not regenerate, but allowed to drift and be corrected by RHcalibrations. The drift is always to higher values and it slows down so that after a few months use the
drift is low, so the frequency of the RH-calibrations can probably be reduced after some time of use.
After continuous use for about half a year the sensors reach the maximum digital output values and do
then need to be replaced.
The RH-sensors were calibrated with saturated salt solutions about every second week and the
measured values were corrected for this drift by linear interpolation. The four salt solutions were made
with NaCl (75.5±0.2%), KCl (85.1±0.3%), KNO3 (94.6±0.7%) and K2SO4 (97.6±0.5%) (RH-values from
Greenspan (1977)). The interpolation is made by making linear regressions on the results from the RHcalibrations before (filled circles in Figure 2) and after (open circles), and then interpolating between
these lines. In the example in Figure 2, a value of 105 is measured at a time mid-way between the
calibration before and the calibration after an RH-measurement. The corresponding result for the linearly
interpolated curves is shown as filled squares; the interpolation is made along the dashed line and as
the measurement in question was made mid-way between the calibrations the midpoint of the line is
used, corresponding to about 89.2% RH.

Figure 2. Schematic of the interpolation method described in the text (drift has been exaggerated
for clarity). The solid circles show the calibration results before, and the open circles show the
calibration results from after, the self-desiccation measurement.
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It is necessary to use vapour tight vials for this type of measurement as we want to measure the selfdesiccation in the absence of drying to the external. The present vials with the RH-sensors showed a
mass loss in the order of 0.2 mg per month, which is negligible for the present measurements.
2.2

Materials

In the present paper, we show results from measurements at 20 C on a CEM I 52.5 R with different
water/cement-ratios. In all measurements, 8 g of binder was used and the water content was adjusted
to give the wanted water/binder-ratios.
3.

RESULTS

Figure 3 shows the result from the measurement of self-desiccation during 170 h for a CEM I with
different water/cement-ratios (w/c). The order of the curves is in most cases as is shown in the legends,
with the lower w/c at the bottom and the highest w/c at the top. The only case where this is not the case
is the thermal power at around 10 h, where all eight curves coincide. It is clearly seen that the different
w/c give different self-desiccation behaviour.

Figure 3. Results from measurement on a CEM I with different water/cement-ratios (given in the
legend). A. The logarithm of the thermal power. B. The heat (the integrated thermal power). C.
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The RHs. Because of technical problems, with the RH-measurements, some data-points are
missing from the bottom subplot.
4.

DISCUSSION

All samples show self-desiccation as all the w/c used were quite low, but the rate/level of self-desiccation
is a function of the w/c. Some points to note in Figure 3 are:


The sample with the lowest w/c – 0.28 is extremely low – never reached close to 100% RH, but
did show a continued self-desiccation (hydration).



The samples with w/c higher than 0.28 show initial RHs of around 100%, with an initial peak
that corresponds to the main hydration peak. The peak is maybe caused by the slight overtemperature (above the 20.0 C of the calorimeter thermostat) caused by the rather high thermal
powers of the samples, which were about 30 mW at the main peak (this gives a maximal overtemperature in the order of 0.2 K).



The RH of the sample during the initial hydration should be less than 100% because of the
dissolved ions, but it tends to be slightly above 100%. This may be a calibration error. The
spread in the initial results indicates that the precision of the RH-sensors is about ±2 RH%.



At the end of the measurement, the eight curves line up according to their w/c, even if the initial
order is somewhat scrambled



Figure 3A has a logarithmic thermal power scale that exaggerates the changes in thermal power
during the latter part of the measurement. It is seen that the samples with lower w/c have a
slower hydration after about 25 h, which is one of the results of the self-desiccation.



The heats at the end of the measurements go from 293 J/g for the lowest w/c to 355 J/g for the
highest w/c. Assuming a heat of hydration of 450 J/g at a degree of hydration of 1.00 (calculated
from the clinker composition and data in reference (Locher 2006)), the measured heats
correspond to degrees of hydration of 0.65 and 0.79.

The measured heat can be used to calculate the degree of hydration if the heat produced at complete
hydration is known, but lacking this maximum heat we can still use the heat as a measure of the extent
of reaction; the only drawback being that it does not go from 0.0 to 1.0, but from 0.0 to an uncertain
value (typically around 450 J/g for a CEM I). Using the heat in this way it is possible to plot the
development of self-desiccation as a function of the development of the hydration, as has been done in
Figure 4. In the left subplot the data from Figures 3B-C has been plotted; it is seen that the reaction has
proceeded further, but with lower self-desiccation, for higher w/c. However, the curves in the beginning
seems to be somewhat scrambled; for example, is the red curve lower than most of the other curves in
the beginning, but ends up being the top curve at the end of the measurement. Assuming that this is
caused by errors or uncertainties in the sensor calibrations and all samples have the same RH in the
beginning, we can decide to equalize all values at a certain point, as has been done in the right subplot
in Figure 4 (the curve for the lowest w/c was not changed as this seems to be significantly lower than
the other values). The equalization RH was chosen (rather arbitrarily) to be 99% RH. It is seen that this
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does not give significantly more logical result (i.e., that curves with higher w/c are above curves with
lower w/c)
.

Figure 4. The development of RH as a function of the produced heat. To the left the data from
Fig. 3B-C has shown; to the right all RH-values except those for the lowest w/c has been forced
to become 99% before the self-desiccation starts.
The results in Figure 4 show that at the end of the measurements, a small increase in degree of hydration
will cause significant increase in self-desiccation. Extrapolating the results to higher degrees of hydration
will give extreme self-desiccation; however, when the RH drops, so does the rate of hydration, and the
hydration is believed to be severely restricted or completely inhibited at RHs below 80% (Gerstig &
Wadsö 2010). If the measurements would have continued, the curves in Figure 4 would thus not have
developed much further what the curve for w/c=0.28 had done after 170 h.
For the future, we like to extend our measurements to longer times and improve the RH-sensor
calibration so that we can decrease the uncertainty of these measurements.
5.

CONCLUSIONS

We have developed a method for simultaneous calorimetric measurements and measurement of RH
that can be used to follow rate of hydration and self-desiccation as a function of time.
6.
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ABSTRACT
One disadvantage of evaluating the quality of natural pumiceous pozzolans for cement production by
traditional screening methods is the time lapse, of at least 28 days needed to calculate it. The main
objective of this study was to determine if an XRD analysis could be used to have a faster and precise
screening method of different pumiceous pozzolanic materials in the Guatemala region. A
quantification of amorphous material (glass content) was measured using a Panalytical Empyrean
XRD, using corundum as internal standard. We tested 37 samples from four different sources, 4
samples from the CCRL Pozzolan Program and 5 samples of natural quartz were included. Correlation
between estimated amorphous content vs. ASTM C-311 hydraulic activity index showed an index of r
= 0.83 & r = 0.91 for 7 and 28 days respectively. Those outcomes sustain the idea that XRD methods
can be used to rapid screen the quality of pumiceous pozzolans used in cement production process.
This study is relevant because it can be a faster way to filter data coming from different pozzolan
sources, which can improve quality control decisions of the mining engineers and cement production
processes and help manage them in an more efficient and effective way.
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1.

INTRODUCTION

Pozzolans provides many benefits towards concrete, it makes it sustainable: reduces CO2 footprint,
increases durability in concretes, reduces the impact of ASR, also lowers its heat content and may
increase resistance to sulphate attacks, due to its lower clinker content. (Snellings et al, 2014). There
are many ancient constructions still standing, resisting the harsh environments, erosion, and time,
without any reinforced steel structure in them, a lesson for us in modern times, about sustainable
concrete.
Pozzolans, are ancient pyroclastic materials coming out from volcanic eruptions in the area, its relations
with cementing materials are dated from a very long time in human history. Romans used to make their
roman cement and actually its name, pozzolan, comes from a southern town of Puzoli in Italy which it´s
believed, romans took this material to produce their famous cement. Greeks did too, and recently there
is some evidence that it was also used in some Mayan constructions also, since its present in most of
its territory (Villaseñor, I.& Graham E., 2010 ).
Guatemala is located in Central America. It lies above 3 of the major tectonic plates in the region. It has
39 volcanos from which 3 of them are more or less active most of the time. Several authors have
classified pozzolans in Guatemala coming from two main events, the Atitlán and the Pacaya volcanic
eruptions, both events took place several thousand years ago.
The turf and ash deposits can be seem in most of the central and northern parts of the country. Most of
the deposits are located in the south central area of the country.

Figure 1. Pozzolans distribution in Guatemala.Source: Proyect FODECYT 023-2010. The
volcanic ridge is part of the Pacific volcanic rim, it runs from Alaska to Chile.

There have several methods to analyse the pozzolanic activity index of this and many similar materials
(Moropoulou, A. et al; 2004). A drawback in the survey of sources of material is that its analysis takes
at least 28 days, using ASTM C C-311, “Standard Methods for Sampling and testing Fly Ash or Natural
Pozzolans for Use in Portland Cement Concrete”
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There have been several studies regarding the relations between the amorphous material (glass) in
pozzolans and its hydraulic activity (Massaza F., 2003) The most accepted mechanism of this activity
is the reactions between Si O2 and the Ca (OH)2 coming from the hydration of the clinker phases, in the
formation of more calcium silicates hydrates ( Massaza F., 2003)
Hydraulic activity index (%SAI) is usually measured using ASTM C 595, Annex A1, in which a part of
cement 30% of its cement volume, substituted by an equal portion of dried and grinded pozzolan. The
amount of compressive strength, then the material has a 100% hydraulic acidity index. If the strength of
the mixture is only 50 % of the strength of plain 100% cement, then the material has a 50 % of hydraulic
activity and so on. By ASTM Standards a pozzolan must have at least 70 % of hydraulic activity to be
used in cement manufacture.
To have a faster way to filter data coming from different sources of pozzolans, will improve quality control
decisions of the engineers mining these deposits and helping to manage the deposits in an adequate
way. Actually the quality control of pozzolans is done by analysing its insoluble residue (%IR) in
hydrochloric acid, which is not a good indicator of its hydraulic reactivity index, now with more analytical
equipment’s available for quality control, like XRD, is now possible to undertake the task of having better
quality indicators of our incoming materials, also y less time; this case is one of those.
This work can also be seen as a transfer technology of newer techniques to Plant operation, both to
Quality Control, Mining and Geology.
2.

MATERIALS AND METHODS

Forty (40) samples of natural pozzolan were analysed, coming from 3 different local sources. Samples
were air dried then milled in a Herzog Mill, for 1 min, for fineness of 5 % residue in the 45 μm mesh
(Tyler # 325). Samples were analysed for total oxides in XRF, insoluble residue (ASTM C-595), XRD
analysis and hydraulic activity index (ASTM C-595).
Cement data: local cement, OPC (ARI Plus®) was used to perform all the hydraulic activity analysis.
Below is shown in table 1 the chemical and physical characterization of the control cement sample

Sample ID

Cement
Sample
Control
(Average)

Chemical Analysis
19.43
% SiO2
4.49
% Al2O3
2.38
%Fe2O3
62.76
% CaO
2.74
%MgO
0.60
%K2O
0.44
% Na2O
4.22
% SO3
Loss on
2.50
Ignition
Insolube
0.78
Residue
Physical Analysis
%Fineness
96.13
Sieve #325
Surface
3905
area Blaine
(cm2/g)

Table 1 Chemical composition of Cement Control Sample
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3.
3.1

METHODS
XRD: A Panalytical Empyream XRD Cu tube at 40 kV and 40 mA.

Scans at 2θ range between 5°and 90 °were run at 8 min each. HighScore Software was used for
crystalline phase identification using ICSD database.
Semi-quantitative XRD was done on the samples. To measure amorphous material, an internal
standard method was used, adding alumina oxide (Corundum Buehler Micropolish II 0.3 micron
deagglomerated alpha alumina) in a 9:1 relation, to obtain the crystallinity constant, from which %
phases were estimated.
3.2

XRF Analysis:

XRF was performed in an ARL Optimix. Fused pellets were produced using a Fluxy Burner and Pt/Au
crucibles.
4.

RESULTS

Sample ID % Crystalline % Amorphous
25520-22
25520-23
25520-06
25520-19
25520-02
25520-04
25520-26
25520-11
25520-05
25520-18
25520-15
25520-13
25520-17
25520-07
25520-08
25520-03
23599-71
23599-55
23599-65
23599-59
23599-31
25520-20
23599-64
25520-14
25520-25
23599-06
23599-13
23599-10
23599-52
23599-65
28350-6
28469-1
28469-5
28469-2
28469-6

69.20
67.33
60.40
55.20
53.20
52.40
49.34
47.10
45.87
43.60
40.80
40.40
37.33
28.80
27.33
22.27
22.21
20.88
19.88
18.68
17.62
16.53
15.66
8.27
89.82
29.22
28.48
28.18
19.20
19.88
28.21
27.54
29.69
29.70
33.08

30.80
32.67
39.60
44.80
46.80
47.60
50.66
52.90
54.13
56.40
59.20
59.60
62.67
71.20
72.67
77.73
77.79
79.12
80.12
81.32
82.38
83.47
84.34
91.73
10.18
70.78
71.52
71.82
80.80
80.12
71.79
72.46
70.31
70.30
66.92

SiO2 Al2 O3 Fe 2 O3 CaO MgO K2 O Na2 O SO3
74.76
74.23
65.1
64.79
61.02
62.25
67.63
63.92
62.51
71.91
63.25
64.68
57.05
67.4
71.01
57.31
73.66
65.46
72.16
71.85
72.63
65.81
72.5
66.99
70.84
71.23
72.20
72.19
67.09
72.16
72.37
70.97
72.88
71.99
73.00

12.83
12.56
16.23
15.26
17.65
15.75
14.66
15.42
15.70
13.74
15.51
16.69
19.99
15.73
13.11
19.70
13.07
14.94
12.27
13.78
13.54
16.45
13.08
14.78
14.20
13.53
13.62
14.00
14.72
12.27
12.70
12.89
13.20
12.95
13.08

2.38
1.53
3.58
5.72
4.90
6.05
4.66
5.20
5.80
1.97
7.42
5.41
6.51
1.98
2.31
5.07
2.25
4.08
2.49
1.96
2.08
4.33
2.20
3.88
4.61
2.10
1.92
1.92
3.47
2.49
1.60
3.23
1.72
3.02
1.68

0.49
0.51
1.29
2.54
2.77
2.94
2.11
2.69
2.47
0.67
3.24
2.81
2.46
0.48
0.53
1.35
1.50
2.09
1.36
0.65
0.78
1.30
1.45
1.18
1.65
1.74
0.82
0.83
1.93
1.36
1.08
1.29
1.16
1.23
1.10

0.00
0.00
0.29
0.65
0.76
0.88
0.56
1.04
0.54
0.00
1.03
0.33
0.41
0.00
0.00
0.07
0.49
0.97
0.42
0.32
0.21
0.37
0.47
0.13
0.14
0.50
0.24
0.43
0.94
0.42
0.00
0.00
0.00
0.00
0.00

3.71
3.53
2.76
3.25
2.43
2.79
3.24
2.99
2.75
3.34
2.17
2.57
1.14
2.94
3.44
0.48
2.73
3.45
2.88
3.51
3.38
2.53
2.91
2.85
3.28
3.42
3.97
3.54
3.56
2.88
3.62
3.57
3.55
3.66
3.61

3.87
3.78
2.39
3.94
3.54
3.46
4.10
3.37
3.20
3.71
3.60
4.01
2.48
2.47
3.17
1.27
3.55
3.79
3.47
3.66
3.91
2.77
3.50
3.09
4.52
3.72
4.03
3.76
3.73
3.47
3.68
3.59
3.55
3.72
3.62

0.13
0.11
0.13
0.13
4.84
0.15
0.14
0.00
0.12
0.12
0.12
0.13
0.15
0.14
0.13
0.12
0.00
0.14
0.00
0.14
0.18
0.14
0.00
0.11
0.14
0.17
0.18
0.17
0.16
0.00
0.00
0.00
0.00
0.00
0.00

%LOI
2.52
3.00
6.44
2.68
4.84
3.00
3.13
3.60
3.27
3.22
2.55
3.07
7.87
6.87
3.44
12.02
2.80
4.15
4.06
3.80
2.88
5.89
3.99
5.39
0.30
3.70
2.89
3.30
4.14
4.06
3.41
3.32
3.39
3.37
3.10

%Insoluble
Residue
93.20
91.48
82.80
88.00
84.20
89.20
88.53
88.72
85.64
92.64
87.28
90.24
80.76
84.12
86.00
75.36
90.40
86.22
90.20
86.90
90.32
85.48
93.40
85.60
92.76
92.13
93.10
93.09
85.70
90.20
92.04
89.41
91.04
90.48
93.00

Table 2 Chemical composition of volcanic pozzolans
Table 2 shows the percentage of amorphous determined by X-ray diffraction for each sample and its
corresponding chemical characterization by X-ray fluorescence. High variability in the % Insoluble
Residue, and also % Loss on ignition, both used to be the criteria for quality control in raw materials in
Plant.
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Sample ID
25520-22
25520-23
25520-06
25520-19
25520-02
25520-04
25520-26
25520-11
25520-05
25520-18
25520-15
25520-13
25520-17
25520-07
25520-08
25520-03
23599-71
23599-55
23599-65
23599-59
23599-31
25520-20
23599-64
25520-14
25520-25
23599-06
23599-13
23599-10
23599-52
23599-65
28350-6
28469-1
28469-5
28469-2
28469-6

% Amorphous %R7D %R28D
30.80
70.57
80.83
32.67
69.42
79.01
39.60
74.83
78.62
44.80
71.85
82.77
46.80
73.66
87.04
47.60
75.10
83.26
50.66
74.38
85.20
52.90
73.95
78.19
54.13
71.07
84.13
56.40
75.57
81.33
59.20
74.83
85.31
59.60
78.55
86.14
62.67
73.39
82.60
71.20
76.99
85.73
72.67
83.94
90.69
77.73
77.24
89.89
77.79
78.25
85.00
79.12
81.00
86.00
80.12
81.24
87.44
81.32
79.00
90.00
82.38
87.00
94.00
83.47
76.97
86.64
84.34
85.52
95.02
91.73
80.09
91.21
10.18
64.42
72.13
70.78
77.86
88.87
71.52
79.98
87.00
71.82
80.28
82.31
80.80
81.00
88.00
80.12
81.24
87.44
71.79
79.00
87.00
72.46
79.42
86.00
70.31
81.00
86.00
70.30
76.00
81.00
66.92
74.00
81.00

Table 3 % Resistance at 7 days and 28 days of volcanic pozzolans
Table 3 shows the resistance reached by pozzolans at 7 days and 28 days versus content of %
amorphous material. High variability between amorphous content and compressive strength 7 and 28
days.

Figure 2.Typical diffraction pattern of natural pozzolan
The diffraction pattern of figure 2 shows the characteristic hump of the presence of amorphous material
in a natural pozzolan.
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Figure 3 Diffraction pattern of corundum internal standard
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Figure 4 Comparative diffraction patterns for pozzolans samples
Variation of the hump in the diffraction pattern as a function of the content of amorphous material present
in samples of pozzolans.
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Figure 5.Scatterplot of %SAI 7D vs. % Amorphous phase.

Figure 6. Scatterplot of %SAI 28D vs. % amorphous phase.
The range of % amorphous phase in the samples has a wide range, from 10-90% content, shows the
need to have a better indicator of %SAI values, ASTM defines a useful material with a %SAI above
70%. Most of the materials are concentrated in the higher portion of the graph, probably due to the
theory of uniformity of the material, “same event” idea can be derivate from this data.
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5.

DISCUSSION

Most of the time the is widely used to evaluate the quality and performance of the material, this tests
usually requires several weeks to get data back. It seems that although not a perfect correlation looks
good enough to discriminate between a “good” pozzolans from a “bad” one. The crystallinity degree in
the material seems to be a fairly good indicator of its performance.
In this study different volcanic pozzolans were tested and the amorphous content determined by XRD
analysis, correlates with its %SAI, as seen in Figure # 5 and 6. Although r values are not perfect they
are better indicators for regular quality control at the Pant. Leaving behind poor indicators such as %
Insol. Residue or even % LOI in the materials. These facts can been seen as a transfer of new
techniques from the R&D Dept. to Plant operations.
These leads to a general viewpoint of increasing sustainability for the raw materials available for cement
production.
This new techniques can also be regarded as a more knowledgeable way to analyse all sort of plant
materials, its geological value is enormous for the quarry operation and leads also to improving quality
general wise.
The lack of crystalline material in the sample is also a good indicator of a good performer in hydraulic
activity. Measurements in XRD can be usually made in minutes, having the sample dried and milled.
It´s possible that the samples analysed were very much likely the same events, maybe minor differences
thru deposition or transportation of the pyroclastic fluxes, since materials even from different locations
have very similar chemical and crystalline composition.
Finally it can been concluded the implementation of new techniques in the Plant operations, saving time,
materials, and money in the process. We are looking forward to do the same study in other areas of the
Plant, increase our knowledge of cement chemistry and mineralogy and eventually improve our
processes.
6.

RECOMMENDATIONS

The assessment of the hydraulic activity by this method should be given to field personnel in order to
synergize it with the files observations, like colour, contacts, borders and other useful indicators in the
operation of the deposits
Use the graphic cluster obtained through the software High Score Plus to interpret the distribution of
pozzolans in a quarry determined.
7.

CONCLUSIONS

The assessment of crystallinity degree in natural pozzolans can be used to estimate its hydraulic activity
for its use as a cement admixture.
The method can be used as a screening method to discriminate between low-high hydraulic activity
index of the material and could be used as a QC parameter for its reception in cement plants.
The time reduction in analysis and the better understanding of mineralogical composition of our
materials, also improves the sustainability of the whole process of cement production.
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ABSTRACT
A geochemical experimental approach is applied in this work to base further experiments and
numerical geochemical models of cement–organic acid solution systems. Slag cement paste
specimens, with presumably low reactivity, are treated in pH≈3 acetic acid solution and reference
solution (pure water). The pH is regularly recorded and, at the same time, liquid samples are taken for
ICP-OES analysis. The solid phase is analyzed by XRD and SEM. The pore size distribution is also
described by a 2D particle size and shape analysis run on BSE images. The results show that a calcite
crust forms on the surface of the pure water treated sample, which seems to block the access to water
and therefore, limits the hydration of cement paste. In the acetic acid solution the hydration is more
evolved, but high concentrations of Ca and also Mg are leached to the solution. The experimental
procedures are able to detect geochemical reactions in similar systems, even with lowest reactivities.
Furthermore, the basis of planned numerical geochemical modelling is described.
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1.

INTRODUCTION

Performance of concrete structures exposed to various organic acids in agricultural and waste
management applications represent a real environmental and economical concern. The most
extended study of the interaction of cement and organic acid solutions has been carried out by Bertron
(2013) and Bertron and Duchesne (2013). Several organic acids (e.g. acetic, citric, lactic, malic, oxalic,
propionic, succinic and tartaric acid) were included in their studies. The main mechanism is shown to
be the leaching of Ca from the outer part of cementitious materials, which results in a very porous
zone with low mechanical strength. There, silica gel containing Al and Fe remains. Furthermore, it has
been described that the aggressiveness of the acid mainly depends on the solubility of its calcium salt
and dissociation constant (e.g. Bertron and Duchesne, 2013).
A well-designed, routine mechanical cement testing methodology, i.e. standard is still needed by the
cement industry (MSZ 4798:2016 standard) to simply evaluate and grade different cements to be used
in organic acid affected constructions. This should consider the effect of experimental parameters,
such as solution renewal, acid addition, solution mixing, temperature, etc. These effects can be
accessed by numerical geochemical modelling similarly to the work of Soive et al. (2016) focusing on
sulphate attack testing. So far, modelling of cement–organic acid systems have been done by a pure
thermodynamic approach by DeWindt et al. (2015) who have also noted that kinetic modelling may
better describe some of their measurement results. To provide supportive data for a standardized
organic acid attack testing methodology, a coupled geochemical experimental, thermodynamic and
kinetic modelling approach is based in this work by the first pair of batch experiments.
Acetic acid (sometimes mentioned as reference acid, Bertron and Duchesne, 2013) may provide an
appropriate, worst-case representation of organic acid attack of cements. Therefore, acetic acid has
been selected to be used in the experiments. There is empirical evidence (Breit, 2004) that slag
content of cement is advantageous against organic acid attack because of the lower mobility of Al than
Ca in these systems (Bertron and Duchesne, 2013). Therefore, first, a CEM III cement with high slag
content was selected to test the limits of the experimental detection of geochemical processes. This
paper summarizes the results of this preparatory experimental work and the basis of planned
numerical geochemical modeling.
2.
2.1

MATERIALS AND METHODS
Materials

For the first batch experiments of this study presented below, CEM III/B 32,5 N-LH/SR type (a
commonly used commercial cement), low hydration heat and sulphate resistant blast furnace cement
with high slag content has been chosen. This cement, based on previous observations, was assumed
to be among the least reactive types therefore suitable to test if the planned experimental procedures
are capable to detect geochemical reactions in the cement paste–water(–acid) system. Three
cylindrical cement paste specimens (h=3 cm and d=3 cm) made with the lowest possible water to
cement ratio (0.272, water for standard consistency, EN 196-3:2016 standard) have been cured for 7
days at 20 °C. Afterwards, the specimens were kept isolated in plastic bags at the same temperature
until the start of soaking treatments.
During the experiments, the following soaking liquids have been used: high purity deionized water
made by multiple distillation steps and filtering and pH≈3 acetic acid solution from which 1 liter was
prepared from the deionized water and 3.37-3.40 ml 96% acetic acid. For the acidification and
therefore, stabilization of any solution samples taken, a 99:1 ratio mixture of the deionized water and
68% HNO3 was used.
2.2

Batch experiments and sampling

The three prepared specimens started to receive different treatments at age 11 days: 1) one of them
continued to be kept in the plastic bag, 2) one was soaked into the high purity deionized water in a
glass container and 3) the last was placed into the pH≈3 acetic acid solution. No mixing and no
solution renewal were applied and the soaking took 6 days. Together with pH measurements on the
1st, 3rd and 6th days, about 4-11 ml of solutions were sampled and filtered through a membrane filter
(pore size 0.45 µm) into about 5 ml of stabilization solution. The volume ratio of water and solid
altogether decreased with 7.4 % by the end of the treatments but it always remained between
6.1-6.6:1.
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After the cement paste specimens were removed from the solutions (6 th day) and dried for ~1 hour on
laboratory air, their surface (and that of reference samples) was drilled to gain powder samples for XRay Diffraction (XRD) measurements (Figure 1a.) and they were slowly dry cut to gain cross-sections
for Scanning Electron Microscopy (SEM) analysis (Figure 1b and c.). The cut samples were stored in
desiccator for 3 days then sealed in 3 layers of airtight plastic bags.

Figure 1. Sampling of cement paste specimens: a, powder drilled from the surface; polished
cross-sections of samples treated in b, pure water and c, pH≈3 acetic acid solution.
2.3

Analytical techniques

The pH was recorded by a WTW MultiLine P4 meter calibrated by pH 4 and 7 solutions. The alkaline
pH data, therefore, are loaded by an estimated 3% uncertainty. The Ca-, Mg-, K-, Na-, S-, Fe-, Mn-,
Al- and dissolved Si-concentrations of experimental solution samples, in their ionic forms, were
determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). For these
measurements, a HORIBA Jobin Yvon® ULTIMA 2C instrument was used with a 2% uncertainty.
The drilled powder of reference samples and that of the surface of treated then air-dried specimens all
went through a semi-quantitative XRD analysis within 1 day after sampling. For XRD measurements a
Philips® PW 1730 instrument was available.
The dry cut and polished cross-sections of pure water and pH≈3 acetic acid solution treated samples
were recorded by SEM in Backscattered Electron (BSE) mode. The final images were made by a
Hitachi TM4000Plus instrument with some delay, 6 months after the experiments finished. Therefore,
careful evaluation of these images is needed, but they are suitable for the purpose of the methodology
test. After filtering the micro-fractures, a 2D particle size and shape analysis was run on the darkest
shapes, i.e. pores of these images by the software of Malvern Morphologi G3.
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3.

RESULTS

3.1.1 Solution composition changes during experiments
The measured pH of both of the solutions containing the cement paste specimens grow fast at the
beginning of experiments. In the deionized, pure water the pH starts from close to neutral and
equilibrates around pH≈11 after 1 day, and then it slowly decreases. In the acetic acid solution the pH
grows from 3 to around 9 by the 3rd day and it remains at this value throughout the 6 days (Figure 2.).

Figure 2. Recorded pH in the solutions of the two batch experiments, i.e. cement paste
specimens soaked into pure water and pH≈3 acetic acid solution.
The measured concentrations of Al-, Ca- and Mg-ions show significant differences in the solutions of
the two treatments. In the pure water experiment, elevated Al-concertation is detected whereas, the
pH≈3 acetic acid solution gets characterized by significantly higher Ca- and Mg-content (Figure 3.).
Other ions also become detected in the two solutions, always in similar concentrations showing slight
excess for the acidic environment. For example, K grows to around 100-150 mg/l, Na to 30-45 mg/l
and S to 13-20 mg/l. No Fe is detected in any of the solution samples whereas, traces of Mn (3 μg/l)
are found in the acidic treatment. Regarding the dissolved Si, it reaches 30 mg/l by the 6th day of the
pure water experiment, and with acetic acid, it reaches 35 mg/l by the 1st day then it slowly decreases.

Figure 3. ICP-OES measurement results, i.e. main differences in solution compositions of the
two batch experiments, cement paste specimens soaked into pure water and pH≈3 acetic acid
solution. Note the different unit for Al and the 2% uncertainties covered by the markers.
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3.1.2 Solid phase characteristics before and after treatments
The crystalline phases in the original, hydrated cement paste and other, treated samples are detected
by XRD. Its semi-quantitative results mainly representative for the surface of the specimens are
summarized in Table 1. The main phases are merwinite, alite, portlandite and ettringite before the
batch experiments, afterwards, calcite takes over, mainly in the sample treated in pure water. Note
that these results are not showing, for example, CSH phases, which probably constitute most of the
materials.

15

26
18
9

4
3

Ettringite

28
32
33
13
31

Tilleyite

Calcite
22
81
21

19
25
20

Portlandite

5
7
5
6
16

/

Merwinite

original - as it is
original - dried
#1 - 6 days aged
#2 - treated in pure water
#3 - treated in ac. acid sol.

Sample

Alite

Mineral
(mass%)

Akermanite/Gehlenite

Table 1. XRD measurement results, i.e. semi-quantitative mineral composition of powder drilled
from the surface of original, #1 6 days aged on air, as well as, #2 pure water and #3 pH≈3 acetic
acid solution treated cement paste samples. Note that only crystalline phases are detected.

18
15
11
17

Two selected SEM-BSE images are presented in Figure 4. showing the edges of the two treated
cement paste specimen cross-sections. There are visible differences between the two samples. The
cement paste soaked into pure water is characterized by bigger grain sizes of the presumably original
lighter grey materials, clinkers and bigger and more abundant pores (darkest shapes) than the sample
soaked into acetic acid solution. The images also suggest the decrease of porosity towards the inner
parts of the materials (Figure 4., bottom).

Figure 4. SEM-BSE images of the edge (top) of polished cross-sections of cement paste
samples: a, after pure water treatment and b, after pH≈3 acetic acid solution treatment.
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The 2D particle size and shape analysis of SEM-BSE images (in Figure 4. and more) by the software
of Malvern Morphologi G3 is a new technique tested to quantify above observations. Focusing on the
pore structure and after filtering the fractures formed in the materials during the storage, the results in
Figure 5. are gained. The estimated pore size distributions suggest higher porosity and bigger pore
sizes of the pure water treated cement paste than the acetic acid treated one in all depths. In both
samples, a continuous shift from bigger to smaller pore sizes are detected as going deeper in the
materials. The large pore sizes are only found in the outer 1, or few mm-s (Figure 5.) of the samples.

Figure 5. Results of 2D pore size and shape analysis of SEM-BSE images taken of different
depths (edge – Figure 4., 1 mm, center – 1.5 cm) of cement paste specimens treated in pure
water and pH≈3 acetic acid solution. Note the log scale.
4.
4.1

DISCUSSION
Geochemical processes indicated by batch experiments of this study

As shown by the XRD results (Table 1.), in the untreated cement paste after its 11 days hydration,
there are crystalline clinker and initial phases left of both Portland cement (alite) and blast furnace slag
(e.g. merwinite). The hydration products can also be partially detected (portlandite and ettringite).
However, one must note that the blast furnace slag mainly consists of glass, which is not seen on
these diffractograms. Calcium (aluminum) silicate hydrates (C(A)SH) are not detected either, but
known to be present providing the strength of the specimens. These above named phases consist the
initial phase assemblage in the batch experiments of this study.
Among the three, hydrated cement paste specimens, the one remaining on the laboratory air during
the 6 days of reactions, went through a minor carbonation process and 22% calcite was detected on
its surface (Table 1.). No further data was collected of this piece of cement paste but the focus fall on
a comparative evaluation of the pure water and acetic acid solution treated samples.
Solution and mineral composition data (Figure 2., 3. and Table 1.) coming out from the pure water
experiment match in the sense of suggesting that Ca dissolve from the cement paste, but it does not
remain in the solution (Figure 3., left side). Instead, it reacts with the dissolving atmospheric CO 2, and
precipitates as calcite on the surface of the specimen. This strong carbonation process results in 81%
calcite (Table 1.) detected in the powder drilled from the surface of this sample. In contrast, Al strongly
mobilizes and keeps dissolved in the cement paste–water system.
Whereas, in the acetic acid solution treatment, mainly Ca and Mg dissolves but they remain in the
solution (Figure 3., right side) even in the presence of presumably dissolved atmospheric CO2. There
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is still some calcite precipitating on the surface of the sample but in a much lower extent (21% vs.
81%, Table 1.).
The tested 2D particle size and shape analysis of SEM-BSE images is shown to be able to quantify
the visible observations (Figure 4.) made regarding the porosities of the two samples coming out from
batch experiments. The specimens show reverse pore size distributions than expected, i.e. the pores
of the pure water treated cement paste are shifted to bigger diameters (Figure 5.) than those of the
acetic acid treated one, even though, stronger leaching of Ca would be expected in the latter
environment (Bertron and Duchesne, 2013). The clearly visible greater sizes of initial clinker minerals
after the pure water treatment (Figure 4.), however, indicate that the reason is the stop of the
hydration process. This might be due to the heavy calcite precipitation on the surface, which blocks
the access to water. Numerical geochemical modelling, planned in the later phases of the work, may
provide a satisfying explanation to these observations.
4.2

Planned numerical geochemical modelling of organic acid attack of cements

The batch experiments presented above and an ongoing experimental procedure based on their
experiences provide data for the validation of planned numerical geochemical modelling. These
models are started to be built up in PHREEQC code. Both pure thermodynamic and thermodynamic–
kinetic models are planned to couple to the experimental data. Batch and reactive transport concepts
will be also tested. The main input data are the phase assemblage of the hydrated cement paste and
the starting solution compositions. The dissolving atmospheric CO 2 can be incorporated by defining a
gas phase in the simulations. The expected output are the mineral and solution compositions
changing together with measured data of treatments with and without organic acids and, in final,
mineral dissolution-precipitation and porosity fronts tested with different options of for example solution
renewal, acid addition, solution mixing and temperature.
5.

CONCLUSIONS AND FURTHER WORK

This paper summarizes the results of a preparatory experimental work in which blast furnace cement
with high slag content has been chosen to form cement paste specimens and treat them in high purity
deionized water and pH≈3 acetic acid solution for a short period of time, 6 days. The main results
indicate the strong carbonation of the surface of the pure water treated sample and the probably
resulting stop or slow down of its hydration. This may be the cause of the higher porosities of all
depths of this sample. The acetic acid seems to avoid the formation of this calcite crust and high
concentrations of Ca and Mg are detected in the solution. These results support that the applied
experimental procedures are capable to detect geochemical reactions in the cement paste–water(–
acid) system and further experiments, with cements of variable reactivity, can follow. The method of
2D particle size and shape analysis of SEM-BSE images of cement paste was tested and it was
shown to be able to quantify the visible observations of porosity changes with depth. Numerical
geochemical modelling, planned in the later phases of the work, may provide a satisfying explanation
to the observed reactions in the presented batch experiments. Besides, it is expected to support the
design of a routine mechanical cement testing methodology.
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ABSTRACT
Compared with normal concretes, the multiple interface present in recycled aggregate concrete (RAC)
is the major source causing low performance, resulting in the limited scope of application. This study
aims to re-construct a new multi-interface model for RCA and to use microhardness as the principle
parameter to analyze the features of interface transition zone(ITZ) between different phases in RAC. It
is found that the weakest interface in the RAC that prepared with aggregates recycled from the waste
concretes with higher or the same strength grades is the interface between the old aggregates and the
new paste (OA-NP). To manufacture high strength concrete (>the strength grade of the recycled
concrete), it is recommended to completely remove the old paste adhesive on the recycled aggregates
because the weakest interfaces present between the old paste and the old aggregates (OP-OA) and
the new paste (OP-NP) interfaces. Both the OA-NP and OP-NP interfaces mainly contain original
cracks from process of cement hydration, while the interface OA-OP contains secondary fractures.
The cracks extend from ITZ of the RCA to the mortar matrix. The hydration products in the ITZ are
mainly the network-like calcium-silicate-hydrate (C-S-H) gel, which is the contributor of ITZ strength.
The findings of features of multiple interfaces in this study are critical for recycled aggregate process
and selection, and the manufacture of RACs.
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1.

INSTRUCTIONS

In China, construction industry is using natural resources in a large amount, such as Portland cement,
sand and coarse aggregate (Xiao et al. 2012). And there is a big need in composing of construction and
demolition wastes (Li 2008). Not only Chinese government, many governments throughout the world
are promoting policies aimed at reducing the use of natural sources and increasing reuse and recycling
since 1990s (Dhir et al. 1999, Limbachiya et al. 2000). To replace natural coarse aggregate in using
manual shaped recycled aggregate (RA) from waste concrete (WC) is a hot research spot. In 2011,
China issued standard which named Technical Specification for Application of Recycled aggregate
(JGJ/T 240-2011).
Concrete actually is a composite materials, while the interfacial transition zones (ITZs) serve as a bridge
between the mortar matrix and the coarse aggregate particles (Lee and Choi 2013). The ITZ is the main
reason caused the durability damage and loss of compression strength of concrete due to its loose
structure (Xiao et al. 2005). Even if the stiffness of a single component is high, the stiffness of the whole
concrete may be lower, as the fracture of these bridges (i.e., the voids and micro-cracks in ITZs) does
not allow stress transfer. In previous study, many researches (Kou et al. 2011, Nagataki et al. 2004)
agreed that there are three factors which influence the bond between the aggregate and the mortar
matrix. They are the mechanical keying of the hydration products of cement with the rough surface of
the aggregate (often covered with fine cracks); the epitaxial growth of hydration products at some
aggregate surfaces; and the physical–chemical bond between the hydrating cement paste and the
aggregate (Lee and Choi 2013).
Most study (Kou et al. 2011, Nagataki et al. 2004) mention that there are two ITZs in RAC, includes
aggregate–old mortar interface (RA-OM) and old mortar–new mortar (OM-NM) interface. This is
because that aggregate used in RAC is surrounded and boned with old mortar, as shown in Figure 1.
However, because of manual shape of RA before used, a part of mortar is totally removed from the
surface of RA. The natural surface of aggregate is exposed. Hence, RAC actually includes three
interfaces, which are RA–old mortar (RA–OM) interface, RA–new mortar interface (RA–NM) and old
mortar–new mortar (OM–NM) interface, as shown in Figure 2.

Figure 1. Two-interface model of RAC

Figure 2. Three-interface models of RAC
Even the three interface models of RAC was accepted by researchers, the identification of ITZ by eye
in real research is obscure. Lee and Choi (2013) used phenolphthalein solution to spray on the surface
of the sample to effectively distribute old mortar and new mortar, while old mortar showed light colour.
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Their method was subjectively decided by eye and the deviation was bigger. Ryu (2002) used the
distance from aggregate to distinguish the old ITZ and new ITZ and he followed two interface models of
RAC. In this contribution, a novel method to distinguish the ITZ accurately will be introduced. Ryu also
stated that the ratio of water to binder could influence the micro-hardness of ITZs.
Some researchers have studied the microstructure of RAC and ITZ through modern testing techniques
and instruments: Shima et al. (2005) observed the fracture process of concrete with , and it was found
that some interfaces existed micro-cracks before applied load. When applied load beyond 70% of the
failure stress, cracks mainly happened at ITZ would expand to cement matrix.
Vickers hardness tester could be used to measure the micro-hardness of samples (Igarashi et al. 1996).
Lee and Choi (2013) measured the micro-hardness at 12 and 13 points in a single line within a distance
pf from 90μm to 300μm of the aggregate inner. It was found that the width old ITZ between aggregate
with old mortar was around 30μm and the new ITZ between old mortar and old mortar was also around
30μm. However, the third ITZ which between aggregate with new mortar was ignored by them. And only
12 or 13 points could not reflect the real micro-hardness of materials.
This may be due to the fact that there is a certain degree of subjectivity in the selection of the location
of the transition zone in the interface, as well as the management of the dot location. The conclusion
could also be influenced by the data processing of the micro-hardness value, the definition of the
interface width, and the configuration of the recycled aggregate prepared for different strength concrete.
Hence many research results have a certain discrete, and even the opposite conclusion. In this
contribution, a novel method about how to choose points will be introduced.
From previous study, it is easy to see that micro-hardness test has been an acceptable and effective
method to evaluate the effect of ITZs on the performance of RAC. In order to study the effect of ITZs,
this contribution firstly reconstructs a novel three interface model which could distinguish three different
interfaces accurately. This model could be used widely in laboratory to find out the damage mechanism
of RAC. Following the influence of different W/B ratios of new mortar and different curing time will be
studied. Meanwhile, SEM-EDS is usually used to study the microstructure, micro-morphology and
hydration products in ITZs which could verify the feasibility and effectiveness of the novel model. This
study could give deep insight in the understanding of microstructure of RAC and contribute to the
widespread application of RAC.
2.

RECONSTRUCTION MODEL

As mentioned above, it is not easy to find out different interface of recycled aggregate from waste
concrete. In this study, the RA was not collected from real waste, but made in laboratory with natural
aggregate. Firstly, cuboid concrete specimen (800mm×600mm×100mm) which will be called “waste
concrete” was casted in plastic mould and demoulded after one day setting in ambient temperature,
according to JGJ 55-2011(Standard 2011). To simulated waste concrete in real buildings, the cuboid
specimen was cured in standard curing environment (temperature =20 ± 3 ℃，humidity ≥ 90%) for over
18 months. This is because that after 18 months standard curing, the hydration between cement and
water reaches 98%.
As shown in Figure 3, cylinder specimens (φ = 75 mm, h = 100 mm) will be drilled out from “waste
concrete”. These cylinders will be immersed into water for 24 h to completely wet before used. Then put
one cylinder (i.e. recycled concrete) in cube mould (100 mm × 100 mm × 100 mm) and casted in with
new mortars, as shown in Figure 4(a). This cube concrete will set for 24h in ambient with sealing,
demould and curing at standard environment for 28 days before cut. One slice (100 mm × 100 mm × 20
mm) will be cut out from cube concrete. From this slice, we could identify three interfaces based on one
aggregate, as shown in Figure 4(b).
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Figure 3. Sampling completed concrete which with original aggregate
OA-NP

OP-NP

NP
OA
OP

OP-NP

Figure 4. (a)Cube concrete with cylinder specimen from waste concrete and (b) three-interface
models of RAC
3.

RESEARCH METHOD

3.1

Materials

Ordinary Portland cement (P·O 42.5) was used as the raw material in this research. The cement
presented a basicity coefficient (Na2O + 0.658 K2O) of 0.6%. The average particle size is around 27μm
and the particles which size is less than 3μm and 3-30μm account for about 6.7% and 70% respectively.
The river sand with a fitness modulus of 2.7 and Granite gravel with a distribution diameter from 5mm
to 20mm obtained from Qingdao, China, were used as fine aggregate and coarse aggregate.
3.2

Mixture design

As shown in Table 1, compressive strength of cylinder concrete (i.e. recycled concrete, C45) after 28day curing is 45Mpa. The compressive strength of new mortar are 30Mpa (M30), 45Mpa (M45) and
60Mpa (M60), respectively.
Table 1. Mix ratio of concrete

Sample

W/C

Cement
(kg/m3)

Sand
(kg/m3)

Aggregate
(kg/m3)

Water
(kg/m3)

Superplasticizer

C45

0.33

430

724

1086

160

1.2%

M30

0.37

300

780

1170

150

1.2%

M45

0.31

430

724

1086

160

1.2%
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M60

3.3

0.29

550

672

1008

170

1.2%

Micro-hardness test

3.3.1 Preparation of sample
As discussed in section 2, after curing for 28 days, cube concrete which contain old concrete cylinder
and new mortar was cut into 100 × 100 × 20 mm3 slices. Then the slices were put into anhydrous ethanol
solution for 48 h to terminate the hydration reaction. The selected surfaces of the sample were ground
with the sandpaper by the order of 320CW, 800CW, P1200 and P1500, and then were polished by
polishing powder. To be note, during the process of grinding and polishing, the anhydrous ethanol was
used to cool, wet and prevent further hydration at high temperature. After washing for 10 min by
ultrasonic wave cleaner, the prepared sample was shown as Figure 5(a) and the interface zone at micro
hardness teste was shown as Figure 5(b).

Paste
Sand

ITZ

Aggregate

Figure 5. (a) Polished slice and (b) interface zone at micro hardness teste, ×100 times.
3.3.2 Dotting method
As discussed in section 2 and shown in Figure 5, the interface of OA-NP and OP-NP are similar to one
straight line under 100× microscope. Figure 6(a) showed the dotting method of OA-NP and OP-NP. In
vertical, the diagonal length of the indentation should be L1 > L2 > 20 μm to reduce visual reading error
and the distance between two vertical points is 0.5d > L1 or 25 μm. Due to the irregularity morphology
of the initial aggregate, the OA-OP interface existing in the original core concrete appears as an irregular
curve, and the dot pattern is shown in Figure 6(c).

Figure 6. (a) Diagram of dotting point group (b) matrix point group and (c) longitudinal
single line point group
3.3.3 Micro-hardness value analysis
Compared with ordinary Portland concrete, RAC is a more complex multi-phase composite. Many
reasons caused the scatter of the micro-hardness value, i.e. pore distribution, surface flatness, fine
aggregate particle distribution, and the unhydrated clinker particle distribution. In this paper, boxprobability distribution method was used to analyse micro-hardness value and the median of the nine
matrix groups at the same distance is taken as the effective micro-hardness value, as shown in Figure
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Outlier
Upper quartile
Median

Microhardness

Microhardness

7. Away from the interface transition zone, five micro-hardness matrix point groups were measured at
mortar matrix to get the upper quadrant and lower quadrant to avoid artificially determining the width of
the interface transition zone. The value between the upper quadrant and lower quadrant is the width of
standard region, and the value which below lower quartile belongs to ITZ.
350
300
250
200

Standard Region

150

Lower quartile

100
Outlier

60 m

ITZ

50

-80 -60 -40 -20 0

20 40 60 80 100 120 140 160

OM-NM

Distance/m

Figure 7. (a) Box diagram of standard interface area at 60 µm and (b) example diagram of
micro-hardness of ITZ
4.

RESULTS AND DISCUSSION

Figure 8, Figure 9 and Figure 10 have shown the micro-hardness value of RAC which the recycled
aggregate is C45 and the new mortar is M30, M45 and M60 respectively. From these three pictures, it
is easy to see that there is a concavity which means the ITZ. Figure 8 shows the change of microhardness value of C45-M45, which keeps same strength grade between old aggregate and new mortar.
We can see that the micro-hardness value of old aggregate is much higher than paste. The width of ITZ
are around ~66 μm, ~83 μm and ~83 μm of OA-OP, OA-NP and OP-NP, receptively. We can see that
the width of OA-NP is similar to OP-NP, but for OP-NP, the ITZ at old paste accounts larger proportion
compared to OA at interface of OA-NP. This means for RAC, old paste which sticks on old aggregate is
the potentially weak area for C45-M45.
Figure 9 shows the micro-hardness value of ITZ which contains C45 recycled aggregate and M30 new
mortar. It can be seen that the micro-hardness value of OA-OP ≥ OP-NP ≥ OA-OP, and the OP-NP is
much smoother among three ITZs. The micro-hardness value of OA-NP stays at lowest. When highstrength grade recycled concrete was used to prepare low-strength or same-strength grade recycled
concrete, the sticked paste need not peeling off. This is because that the old paste at OA-OP interface
has small water-cement ratio, long hydration age and high degree of hydration. At the interface zone,
the internal hydration product is rich and the compactness is hard.
But for OA-NP interfacial transition zone, due to the exist of side wall effect, the porosity near the old
aggregate is higher than that in the matrix, which provides pathway for the migration of H2O, Ca2+, Al3+
and SO42-. The enrichment of calcium hydroxide crystals in the interfacial transition zone, localized
single crystal enrichment and orientation could increase the porosity of this region. The above reasons
may cause the lower micro-hardness value of OA-NP.
Figure 10 shows the micro-hardness value of ITZ which contains lower strength level recycled aggregate
and higher strength level new mortar. The width of ITZs are OP-NP ≥ OA-OP ≥ OA-XP. From the
Figure 10, we can see that, after 70μm, the OA-NP interface and the OP-NP interface have similar
micro-hardness values at mortar matrix, which are higher than OA-OP interface. The presence of mortar
ate\ached to recycled aggregate extends the width of the transition zone of the OP-NP interface, as
does the OA-OP interface. Hence, the weak area are OA-OP and OP-NP when use lower recycled
concrete to produce high level RAC.
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Figure 8. Micro-hardness of C45-M45 ITZ
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Figure 9. Micro-hardness of C45-M30 ITZ
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Figure 10. Micro-hardness of C45-M60 ITZ

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
5.

CONCLUSIONS

From the result presented in this paper, the following conclusions can be drawn:





6.

There are three interface structures of OA-OP interface, OA-NP interface and OP-NP
interface in recycled concrete. The existence of three weak interfaces in recycled concrete
is the main reason for its performance degradation. The multi-interface structure model
reconstruction technology of recycled concrete realizes the spatial orientation of three
interfaces, which provides an effective research method for systematically and accurately
researching the multiple interface structure of recycled concrete and revealing the failure
mechanism of recycled concrete.
It can be seen from the micro-hardness test that there is a significant weak area, i.e. the
interface transition zone. The micro-hardness value of the coarse aggregate > the mortar
matrix > interfacial transition zone, and width of ITZ is about 55 - 110 μm.
When the strength grade of the waste concrete is higher than or equal to the designed
strength grade of the RAC, the weak interface is the OA-NP interface, and the surface of the
coarse aggregate is regenerated under the condition that the waste concrete is not subjected
to the aggressive damage. The attached mortar does not need to be removed; when the
strength grade of the recycled concrete is lower, the weak interface is the LG-LJ interface
and the OP-NP interface, and the attached mortar of the recycled aggregate is required
cleaning.
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ABSTRACT
Masonry and rendering mortars are prepared in laboratory scale for determination of their fresh and
hardened properties by diverse testing methods. Over the past decade many Brazilian researches
showed that the mixing method described by the standard ABNT NBR 13276:2005 was not very
efficient regarding homogenization and dispersion; plus, it caused excessive air incorporation for a
significant number of products. Consequently, in 2013 the ABNT/CB-18 (Brazilian Committee of
Cement, Concrete and Aggregates) created an open study committee to review the mixing procedure.
This paper resumes the experimental research performed during the development of the new Brazilian
standard mixing procedure for masonry and rendering mortars in laboratory (ABNT NBR 16541:2016).
The first part of the project focused on developing and testing novel procedures based on water
addition in two steps, and comparing them to ABNT NBR 13276:2005 and to ASTM C305 – 14. The
mortars produced by each method were evaluated in both fresh (flow table, squeeze-flow, fresh density
and entrained air) and hardened states (porosity, modulus of elasticity, mechanical strength). In the
second part of the project, the most promising mixing method was validated. The new procedure and
the one of 13276:2005 were applied to six products designed for masonry and/or rendering with diverse
particularities in composition or application type. Results have indicated that the two-step water
addition (75% + 25%) intercalated with the application of a step at high rotation speed formed a mixing
procedure capable of producing well mixed mortars without excessive air entrainment.
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1.

INTRODUCTION

Besides its apparent operational simplicity, mixing is the main preparation step of cementitious
suspensions (including mortars), since the adequate dispersion and homogenization of the raw
materials in the system is the starting point for fresh and hardened properties to achieve their full
potential based on the product’s mix design. In this sense, fresh characteristics of the materials like
rheological behaviour, water retention capacity, and phase separation stability are very important
because they determine the initial conditions for a suitable microstructural development, which will have
substantial effect on the hardened properties and performance of cement-based products (Cardoso
2009).
Mixing of particles with fluid aims to transform them into a continuous and homogeneous system. Fine
particles have a high tendency to agglomerate owing to van der Walls forces, as well as, to capillary
forces when water is present in sufficient amount (Pileggi et al. 2001), as illustrated by Figure 1. During
mixing, the formation of further agglomerates occurs when the liquid (water) get in contact with the solid
particles, increasing the necessary efforts for mixing until a point of maximum cohesion between
particles is achieved (Pileggi et al. 2001; Cazacliu & Roquet 2009). The main goal during this step is to
destroy these agglomerates by impact and shear energies provided by the equipment, thus, promoting
fines and aggregates dispersion, as well as, the homogenization of the solid particles between them and
with water. The reduction of the size of the unities (agglomerates) of the suspension has significant
influence on its rheological behaviour, as they can move more easily within the suspension, resulting in
more flowable materials (Pileggi et al. 2001; Williams et al. 1999; Yang & Jennings 1995; Banfill 1991)
which are also, in general, easier to apply (better workability).

Mixing effort or torque

Dry powder

Adsorbed
layer

Liquid
bridges

Adhesion
forces

Capillary
forces

Separated
particles

Water content

Figure 1. Schematic illustration of liquid-particle mixing process. Adopted from (Pileggi et al.
2001).
Mixing of mortars in laboratory, either for research and development or quality control and technical
validation, is crucial since all the other tests performed to in this type of product will depend on the quality
of the prepared material. Standard procedures (ABNT 13276 2005; EN 1015-2 1999; ASTM C305c
2012) specify planetary mixers (normally up to 5 liters) for the preparation of mortars in the laboratory,
which are not high-efficient high-shear energy mixers as some of the equipments used for pastes and
special concretes. Some of the standard procedures - for mortars to measure the mechanical resistance
of cement - do include some longer mixing time or high rotation speed period (ASTM C305c 2012), but
for most of the masonry, rendering and adhesive factory-produced mortars (containing admixtures),
these actions may have the excessive air entrainment as an undesired side effect. The procedures
described by these standards (ABNT 13276 2005; EN 1015-2 1999; ASTM C305c 2012) are based on
the addition of powder into water principle, and the first two do not have a high rotation speed step,
which tends to keep shear energy low. Furthermore, mixing times are normally kept short (30-75s)
aiming to achieve the desired air content. Previous works have already shown (Cardoso 2009; de
França et al. 2013; Cardoso et al. 2018) that instead of pouring powder into water in one step, the
addition of water into powder in two steps tends to maximize the capillary and shear forces in the first
step (Pileggi et al. 2001; Williams et al. 1999) and, consequently, increase mixing efficiency without the
need for changing equipment. However, to further improve mixing efficiency and the quality of
specimens and results obtained in the laboratory, higher velocity and/or long times are required. And to
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avoid excessive air entrainment, these actions must be performed when the material does not have
enough water to form a continuous paste.
Therefore, the goal of the present work is to resume the most relevant parts of the extensive
experimental research performed during the development of the new Brazilian standard mixing
procedure for masonry and rendering mortars in laboratory (ABNT 16541 2016). The first part of the
project focused on developing a new procedure based on water addition in two steps with high velocity
step in the middle. In the second part of the project, the most promising mixing method was validated.
The proposed procedure and the one valid at the time (ABNT 13276 2005) were applied to six products
designed for masonry and/or rendering with diverse particularities in composition or application type.
2.

EXPERIMENTAL

2.1

Mortars

In the first part of the research, development of the mixing procedure, two mortars were studied:




Mortar X: a composition prepared in the laboratory with the actual industrial raw materials
simulating a factory-produced rendering mortar (crushed sand <2mm = 69%vol; limestone
filler = 12%; cement CPIIF = 15%, hydrated lime = 4%) but without the use of any admixture
(viscosity modifier or air entraining agent). Mixing water = 16%wt.
Mortar Z = product for rendering and/or masonry purposes from one of the largest Brazilian
cement and mortar producers. Mixing water = 14.7%wt.

For the second part, validation of the mixing procedure, six different Brazilian products were kindly
provided by five different manufacturers and prepared with the indicated mixing water content (Table 1).
Mortar C was specially produced by one of the manufacturers to simulate a traditional mortar mix-design
(1:1:6) based on cement, lime and natural sand. One ton of the composition was produced with industrial
grade raw materials dosed with precision and homogenised in a dry mixer. This procedure was adopted
to avoid influence of variations on dosage, raw material features, moisture content and segregation.
Table 1. Mortars studied in the second part of the research.
Mortar

Mixing water (%wt)

Product description

A

18.3

Masonry mortar for ceramic blocks

B

15.0

Multi-purpose mortar for masonry and/or rendering

C

13.0

Rendering mortar as produced at job site; 1:1:6 in volume of
cement : hydrated lime : sand; no admixtures

D

17.3

Rendering mortar for spray application

E

16.7

Rendering mortar reinforced with polymeric fibers; for sub and
external coats

F

18.0

One-layer decorative rendering; for manual or spray application

2.2

Mixing procedures

The equipment used in all procedures was a mechanical planetary mixer (Hobart - N50, 5 litre-capacity)
specified according to ASTM C305 2012 and ABNT NBR 7215 2019. The following mixing procedures
were studied:




ASTM - procedure for mixing mortars as described by ASTM C305 2012: (i) place all the
mixing water in the bowl; (ii) add the powder to the water; (iii) start the mixer and mix at the
slow speed (140rpm) for 30s. (iv) mix at medium speed (285rpm) for 30s; (v) scrape the bowl
for 15s and let it rest for 75s; (vi) Finish by mixing for 60s at medium speed.
ABNT 13276/2005 - the valid standard at the time the research was performed according to
procedure by ABNT 13276 2005: (i) pouring the water into the bowl; (ii) put dry mortar into
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the bowl; (iii) mixing at low velocity (140rpm) for 60s with an interruption at 30s to scrape the
walls and paddle with a spatula. Total mixing time = 60s. This procedure is very similar to
the European EN 1015-2 1999, that has total mixing time of 75s.
Two-step 50/50 - addition of water into powder in two-steps: (i) starting with the dry mortar
in the bowl and mixer at low speed (140rpm) ; (ii) continuous addition of 50% of the water
content in a constant rate (5g/s) during approximately 40s followed by mixing until 60s; (iii)
interruption to scrape the walls and the paddle with a spatula; (iv) repetition of step ii with the
remaining 50% of the water. Total mixing time of 120s. Previously employed by (Cardoso
2009; de França et al. 2013; Cardoso et al. 2014; Cardoso et al. 2018;)
ABNT 16541/2016 - the procedure was developed during this research and later adopted as
the valid Brazilian standard procedure since 2016. It is based on the two-step water addition
method but with different water proportions and an intermediate step mixing at the medium
velocity (285rpm) inspired by ASTM C305: (i) starting with the dry mortar in the bowl and
mixer at low speed (140rpm) ; (ii) continuous addition of 75% in 10s and mixing until 30s; (iii)
mix 60s at medium velocity (285rpm); (iv) interruption to scrape the walls and the paddle
with a spatula; (v) with the mixer at low speed, add the remaining 25% of water in 10s and
mix until 60s. Total mixing time of 180s.

Methods

The main following methods were employed to evaluate the mortars:



Fresh density and air content by the gravimetric method (ABNT 13278). Consistency index
in the flow-table after 30 strokes (ABNT 13276).
Squeeze flow: rheological test employed as described by ABNT 15839 and performed in a
universal testing machine (INSTRON 5569) with a 1 kN load cell. Constant area configuration
(smooth stainless-steel plates; upper plate = 101 mm diameter; bottom plate = 200 mm;
sample = 101 mm diameter and 10mm height) shown in Figure 2. Tests were performed at
0,1mm/s after 10min of the beginning of the mixing. Maximum displacement of 9mm or
maximum load of 1000N, whichever was reached first.

(a)

(b)

Figure 2. Images of the squeeze flow set up. (a) beginning of test; (b) end of test.


3.
3.1

Mortar specimens were cured for 7 days. Elastic modulus determined by ultrasonic wave
propagation method (ABNT 15630 2008). Splitting tensile strength of cylindrical samples
(ABNT 7222 2011) was employed in the first part; while flexural strength of beams (ABNT
13279 2005) were employed in the second part to assess mechanical strength.

RESULTS
Part 1 – Development of the procedure

In the first part different mixing procedures were applied to two mortars, one without admixtures (Mortar
X) and a commercial product with both cellulose-ether and air entraining agent. Only the most relevant
procedures are shown in this document. Squeeze-flow results shown in Figure 3 indicate that flow
behaviour was affected by the mixing procedure. For mortar X, with no admixtures and low air content,
it is evident that the mortar batches prepared by the ABNT 13276 yielded fresh samples more difficult
to be squeezed with strain-hardening characteristics – load rapidly increases due to liquid-solid phase
separation – (Cardoso et al. 2014; Cardoso et al. 2018) – occurring at smaller displacements than the
others. The higher the mixing energy applied, the larger was the maximum displacement achieved,
which means more flowable mortars and less prone to liquid-solid phase separation. It can be seen that
the two-step 50/50 procedure improved the mixing efficiency without the use of higher rotation speed;
the ASTM further increased final squeeze displacement, due to the period at medium rotation speed;
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while the proposed method ABNT 16541 combined the two principles (two-step water addition and faster
rotation) to provide a better mixed mortar. The higher efficiency of the two-step water addition procedure
compared to the one of ABNT 13276 has been previously confirmed by squeeze-flow tests (de França
et al. 2013; Cardoso et al. 2018) which not only showed more flowable mortars, but also a much better
repeatability between mixing batches. Furthermore, rotational rheometry also pointed out that the twostep water addition procedure produces more flowable and rheologically stable mortars as resulting
torque levels and shear cycle hysteresis presented lower values when this type of procedure was used
(de França et al. 2013).
For mortar Z, with much higher air content, the squeeze-flow profile presents a viscous/plastic
deformation stage (quasi plateau) up to larger displacements before the strain-hardening stage took
place. The ASTM procedure caused a considerably higher air content, due to the one minute at medium
speed with all the water available for the mortar, allowing the bubbles to be incorporated during the long
and high turbulence at 285rpm; thus, resulting in lower loads and higher final displacement. On the other
hand, with 28% of air the mortar prepared by ABNT13276 showed higher loads and smaller maximum
displacement at 1000N (not shown). The proof that a better dispersion of the paste and homogenization
of all constituents are achieved when two-step procedures are employed is that with the same air
content, mortar samples prepared by the other procedures were more flowable than the one prepared
by ABNT 13276.
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Figure 3. Squeeze-flow results of mortars (a) X and (b) Z prepared by four different mixing
procedures. Air entrained for each mortar is also shown.
The effects of the mixing energy provided by the procedures on rheological behaviour can also be seen
in Figure 4a, in which flow-table spread values corroborate the squeeze-flow results. This is especially
evident for mortar X, in which without the influence of different air contents, only the effects of
agglomerate size and homogeneity take place. For mortar Z, the spread diameter for ASTM procedure
was smaller due to its higher air content and, consequently, less own weight to drive the sample to flow.
Figure 4b and Figure 4c show mechanical properties after 7days of curing. The elastic modulus is mainly
affected by air content, but mechanical strength results indicate slightly stronger mortars when more
efficient procedures were employed. At this point during the research, and after testing a few other
procedures, it was concluded that the procedure, later adopted and named, ABNT 16541 was the most
promising mixing procedure to improve the efficiency of mortars preparation in the laboratory.
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Figure 4. Results of (a) Flow-table, (b) Elastic modulus and (c) Splitting tensile strength of
mortars the mortars X and Z prepared by four different mixing procedures.
3.2

Part 2 – Mixing procedure validation

To validate the proposed mixing procedure, six completely different products were subjected to
preparation by ABNT 13276 and ABNT 16541. Similar evaluations were performed as in the first part of
the research. Fresh state: air content, squeeze-flow and flow-table. Hardened state: bulk density, elastic
modulus and flexural strength.
Squeeze-flow results of Figure 5 point out mainly the same observations regarding mortars X and Z of
the first part. The geometric restriction imposed on the mortar samples (compression) plus the induction
of liquid-solid phase separation at slow squeezing speed, create favourable conditions for the squeeze
flow test to be highly sensitive to the agglomeration state of these concentrated suspensions. The twostep water addition concept for mixing of mortars has proven to produce well mixed and more flowable
mortars. For mortars with higher air contents, the effects of better dispersion and homogenization cannot
be intensely perceived due to the air dominating effect in separating particles and absorb deformations
during flow. Yet, the effects of the better mixing can still be observed. The flow-table values of Figure
6b indicate more flowable samples for all mortars when the new method was used; even when the air
content was equal or lower.
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Figure 5. Squeeze-flow results of mortars (a) A, B, C and (b) D, E, F.
Results of entrained air (Figure 6a) show that the process of air incorporation depends on the
combination of mortar and procedure, since half of the mortars (A, C, F) presented the same or lower
air content when mixed with the proposed method in comparison to ABNT 13276; whereas for mortars
B, D, E, the new procedure resulted in higher air content. However, this may not be a serious draw back,
because in text of the ABNT16541, the final step at low velocity can be performed only for 30s if the
manufacturer indicates, which can decrease the air content to the desired value.
Figure 6c shows density values of the hardened samples, which follow the trend of the fresh air content.
Similarly, elastic modulus results (Figure 6d), which are highly dependent of air content and density,
followed the same trend of these two parameters in regarding to the influence of mixing procedures.
Flexural strength data (Figure 6e) do not indicate a clear tendency as to the influence of the mixing
procedure applied. There is an influence of the air content that is difficult to dissociate from the effects
of better dispersion and homogenization provided by the method ABNT 16541. Nevertheless, the aim
of the new procedure was to provide more efficient mixing, which was definitely achieved as
demonstrated by the rheological results. Mechanical properties of fragile materials as mortars are
influenced by the air content (which was not maintained constant) and the results based only on 3
specimens as defined by the employed standard evaluation methods are not statistically relevant to
identify small differences.

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019
30

(a) Entrained air

24.6
21.3
19.5

Air content (%)

20.6

20

23.9
19.6
15.916.4

14.1
10.8

10

7.3 7.5

0
350
Mortar A340

Spread diameter (mm)

320

B

327
317ABNT

C
13276/2005

D327
E
F
(b) Flow-table
313 ABNT 16541/2016

295

300

289

273

270

250
217 223

Bulk Density (g/cm3)

200
2.5
Mortar A

2.0

C

D

E
F
ABNT 16541/2016

1.93 1.93
1.80
1.74

1.79 1.79
1.63
1.54

1.62
1.50

1.5

1.0
16
Mortar A

Elastic modulus (GPa)

B

(c) Hardened ABNT
density
13276/2005

B

C

14.2

D

14.0
(d) Elastic modulus
ABNT 13276/2005

1.67
1.58

E
F
13.9
ABNT 16541/2016
12.8

11.111.4

12

8
6.1

6.9

7.7

7.5

6.3

6.0

4

Flexural strength (MPa)

4
Mortar
A

B

C

D

(e) Flexural strength
ABNT 13276/2005

3.7E

F

3.9

ABNT 16541/2016

3
2.4 2.3

2

1.6

1.3

1.5 1.4

1.4

1.5

1.3

1.1

1

Mortar A

B
C
ABNT 13276/2005

D

E
F
ABNT 16541/2016

Figure 6. Results of (a) Air content, (b) Flow-table, (c) hardened bulk density, (d) Elastic modulus
and (e) Flexural strength of mortars A, B, C, D, E, F.
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4.

CONCLUSIONS

Previous researches (Cardoso 2009; de França et al. 2013; Cardoso et al. 2018) regarding the mixing
of mortars and its influence on rheological behaviour of these materials had strongly suggested that the
procedure of the Brazilian standard ABNT NBR 13276/2005, valid at that time, was not efficient.
Therefore, based on the cited works the ABNT/CB-18 (Brazilian Committee of Cement, Concrete and
Aggregates) created an open study committee to review the mortar mixing procedure in 2011. An
extensive experimental research program was performed, first to develop the new procedure and, then,
to validate it. The findings of this work were used as the basis for the revision of the standard ABNT
NBR 13276, then finally resulted in the new standard procedure for mixing masonry and rendering
mortars ABNT NBR 16541 / 2016.
This new procedure is based on the two-step water addition concept, with proportions of water addition
in each step of 75% + 25%, including a period (1min) at high speed in between the two water addition
steps. The higher shear levels involved when the water content is not enough to produce a continuous
paste result in better dispersion of fine particles and eventual clusters during the first step, especially
when associated with a period at high rotation speed which further increase the mixing energy provided
to the suspension. The mortars prepared by this new procedure were essentially more flowable than the
ones prepared by the old procedure (one-step powder into water), even when air content was the same
or lower. A crucial point is that in the final step of the procedure (when the remaining 25% of water is
added) is that the mixing time can be adjusted to achieve the desired air content without compromising
dispersion and homogenization. The beneficial effects of a better mixing on mechanical properties were
not clear, but in practice, mortars produced by the procedure of ABNT 13276 would require the addition
of more water by the operator to achieve the desired workability, which would penalise the hardened
properties of the product simply due to an inefficient mixing procedure.
It is worth noting that the validation part of the study was more substantial, since it involved a few mortar
manufacturers (including the most important in Brazil), technical laboratories and research institutes
which performed the same tests with the same mortar as the ones reported in this paper. Although those
results are not shown, they corroborate the findings reported in this paper.
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ABSTRACT
Scratch test consists in pushing a diamond indenter across the surface of a material with wide
applications in characterizing its compositions and mechanical properties. In the aspect of fracture
characterization, while an empirical method was often applied to estimate the facture areas of cementbased materials (CBMs) during a scratch test, the progressive deformations after the scratch test were
ignored. This study aims to elucidate the geometries of the concave grooves after scratch tests by
using the technique of X-ray computed tomography (XCT). Results show that, unlike the ordinary
constantly shaped grooves that are in line with the indenter, the groove geometries change after the
scratch tests. The findings of this study help deepen the understandings of scratch-based fracture
tests on CBMs and provide a way to monitor the continual deformations of CBMs after scratch tests.
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1.

INTRODUCTION

Fracture toughness (or known as critical stress intensity, KIC), a parameter of cracking resistance
against external/internal loads, is one of the most important mechanical properties of cement-based
materials (CBMs).
Kaplan (1961) first studied the critical stress intensity (KIC) and critical strain energy release rate (GIC)
of concrete by using the classical linear elastic fracture mechanics (LEFM). Thereafter, various
experimental methods have been proposed and developed to investigate the fracture toughness of
CBMs, e.g., the tests of uniaxial tension, compact tension, three-point bending, and wedge split
(Kumar & Pandy 2012). Due to the relatively large variances in testing results, these classical methods,
however, generally require a large number of tests on big specimens, which cost time and manpower.
Hence, the methods, that are easy to operate, fast in testing and accurate in data, are urgently wanted.
Scratch test may be a solution that conforms to above requirements and, indeed, has been
increasingly applied in characterizing the fracture toughness of CBMs in recent years (Akono 2016).
Scratch test consists in pushing a diamond indenter across the surface of a material at constant or
varying vertical forces; and has been widely applied in assessing the mechanical and tribological
properties of rocks, ceramics, polymers and metals and the quality control of thin films and coatings
(Graça et al. 2008; Hodge & Nieh 2004). During analysing the fracture toughness of a material from
scratching data, the areas of fracture grooves were often estimated by an empirical method. This may
induce large errors in fracture results, especially for the materials (e.g. CBMs) with highly plastic
deformations under indentation loads. In this study, we use an X-ray computed tomography (XCT) to
measure the concave grooves of a cement paste after scratch tests. With the groove areas measured
by XCT, the fracture toughness of the cement paste may be assessed in a more accurate manner.
2.

SCRATCH FRACTURE MODEL

Based on the theory of LEFM, Akono and coworkers (Akono & Ulm 2011; Akono 2012; Akono 2016)
investigated the intrinsic fracture properties of quasi-brittle materials with scratch tests. Figure 1
displays a schematic illustration of a scratch test (Figure 1a) and its two-dimensional section view
(Figure 1b). As the indenter moves on the surface of the specimen, the external work is converted into
elastic/plastic energy and dissipated via fracture cracking. The strain energy release rate GIC can be
evaluated by J-integral during the fracture process (Rice 1968):
(1)
where p is the indenter perimeter, depending only on the scratch depth d (Figure 1); T is the stress
vector on the closed surface S, and  is the displacement field. Assuming plane strain conditions, the
free energy comes:
(2)

where

 xx

is the uniaxial stress field ahead of the indenter, given by σxx=-FT/A. FT is the lateral force,

A is the contact area between the indenter and the scratched material and v is the Poisson’s ratio.
With an integral closed algorithm and the definition of horizontally projected load-bearing
area, A 

 n dS , (1) changes to be (Akono & Ulm 2011; Akono & Ulm 2012)
S

x

(3)
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where E is the Young’s modulus. Using the Griffith–Irwin relation (Irwin 1964), the fracture energy is
related to the fracture toughness, K IC 

EGIC / (1  v2 ) . The final function to evaluate the fracture

toughness is given by
(2)
where A and p depend only on the shape of the indenter and the scratch depth, d. Generally, the
scratch depth can hardly be determined, and 2pA is often estimated by an empirical relation
(2pA=13.02d3) for the scratch test using a sphero-conical probe with d<500 μm (Akono & Ulm 2012).
Since the parameter of 13.02 in the empirical model was regressed from reference materials that
should be different from CBMs, a question arises: can the groove geometries of CBMs after scratch
tests conform to this relationship? In this study, the technique of XCT was used to measure the 3D
spatial geometries of the grooves on CBMs.

Figure 1 (a) Schematic illustration of a scratch test with the sphero-conical probe and (b) its 2D
section view. Here, FV is the vertical load, d is the depth of the scratch and A is the projected
horizontal load bearing contact area.
3.
3.1

EXPERIMENT
Materials and specimen preparation

The hardened cement paste (HCP) was prepared by a P.I 42.5 ordinary Portland cement in
accordance with a Chinese standard GB8076-2008. The water-to-cement (w/c) ratio (by weight) of 0.4
was designed. The well cured HCP specimens were subjected to a drying treatment at 90 degrees to
remove the water confined in the pores or adsorbed by the surfaces of the hydration products (Miller
et al. 2008).
For the accuracy of scratch tests, a uniformly flat and smooth surface with a low roughness is
required. A standard procedure of material grinding and polishing for nanoindentation was employed
to achieve the aimed smoothness of the specimen surfaces (Miller et al. 2008). The HCP specimens
with the size around 10 mm were first loaded into a 25 mm plastic mould and then encased tightly by
epoxy resin for providing a structural support for the specimens during grinding and polishing
processes. After a hardening process of the epoxy resin for further 24 hrs, the prepared samples were
then grinded by a semi-automatic Buhler grinding miller with metallographic sanding papers in the size
grade of 800, 1200, 1500, 2000, 2500 and 3000 consecutively for 1 min each. Later, a rotatory lapping
table equipped by flannel was used to polish the HCP surfaces with three types of diamond
suspension (9 μm, 3 μm and 1 μm) for 30 s each. For preventing the possible hydration of the HCP
specimens, an engine oil was used as the lubricant in both the grinding and polishing steps. The final
roughness of the specimens achieved was below 500 nm, which is less than one fifth of the maximum
penetration depths of the scratch tests.
3.2

Scratch test

Scratch tests were carried out by using an equipment of Micro-scratch-tester MST3 (Anton-Paar,
Switzerland) with a Rockwell C probe (sphero-conical with a radius of R=100 μm and an included
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angle of 120°) over a scratching length of 3 mm and under a constant loading speed of 20 μm/s. Prescanning was done with a load of 0.03 N to assess the surface profile. The penetration depth and the
horizontal force were measured using high-accuracy force transducers with 1000 data points over the
length of the scratch. The maximum load was increased from 0 to 30 N and the loading rate was 60
N/min. All scratch tests were carried out under closed acoustic enclosure at constant temperature and
the specimens were kept under vacuum prior and after testing to minimize potential environmentassisted degradation.

Figure 2 XCT image of a groove on the surface of a HCP specimen (left) and the 2D sectional
view of the groove located at 2.4 mm from the beginning of the scratch groove (right)
3.3

X-ray computed tomography

The XCT scans were performed using a Nikon XTH 320 system, equipped with a 225-kV reflection
target, a microfocus multimetal target, and a 2000×2000-pixel flat panel photodetector. The rotation
stage position was set to minimize the X-ray source-to sample distance, which allows a minimum
voxel size of 5 μm. An accelerating voltage of 200 kV with 100 μA current was used. The exposure
time for each projection was 5000 ms, lasting 3000 projections (1 frame per projection). Projections
were overlapped in 3 different heights of the sample with a software (VGSTUDIO MAX, Germany) to
reconstruct the 3D volumes. All volumes were reconstructed in 8-bit greyscale. Then the specimen
was divided into 300 sections along the scratch direction. Figure 2 shows a typical groove on the HCP
surface after scratch test. Cleary, XCT can detect the 3D geometries of the scratch groove, which thus
provides the technique bases to reassess the fracture areas of CBMs after scratch tests.
4.

RESULTS AND DISCUSSION

For measuring the geometries of scratch grooves, the gray-scale distributions (GSDs) of the sections
at different positions were analysed. As an example, Figure 3a displays the GSD of a locally sectional
image across a groove (see the left half of Figure 2). Obviously, there is a peak of GSD in the gray
value interval between 80-160. We then compared the GSDs of nine sections from different positions
of the groove (0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4 and 2.7mm from the beginning of the scratch groove)
(Figure 3b). All GSD peaks emerge at the same position. Those, indeed, tell that the GSDs of
sectional XCT images contain the geometric information of scratch grooves. Hence, we may obtain
the groove geometries by analysing the GSDs of sectional images across grooves.
Figure 4 shows the geometries (depth and width) of the scratch groove section located at 2.4 mm from
the beginning of a scratch groove (eft half of Figure 2). After an integral operation of the depth
distribution over a width (e.g., 384-724 μm), we can acquire the contact area A between the indenter
and the scratched material and the indenter perimeter p.
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Figure 3 (a) Typical GSD of the section image located at 2.4 mm from the beginning of a
scratch groove (left half of Figure 2) and (b) the GSDs of the sections at nine different positions
(0.3 to 2.7 mm from the beginning of the groove).

Figure 4 Geometries of the scratch groove section at 2.4 mm from the beginning of a scratch
groove (left half of Figure 2).
Figure 5 compares the depths obtained by XCT tests and the scratch tests at nine different positions
(0.3 to 2.7 mm from the beginning of three grooves). Most of the values from the XCT tests are smaller
than those from the scratch tests. This observation may be caused by the elastic deformation
resilience of the HCP. The external work under scratching may be converted into elastic, plastic and
fractural energies. Partial elastic depths of the grooves will be recovered after the scratch tests.
Figure 6 compares the values of 2pA obtained by the empirical model (2pA=13.02d3, with the depths
from the scratch and XCT tests) and the experimental measurement. Though the depths measured by
the XCT tests are lower than those from the scratch tests, the values of 2pA at different positions of
the grooves from the XCT data are mostly higher than those calculated by the empirical model. The
reason is that the widths of the scratch grooves by the XCT measurement are much larger than those
recorded by the scratch device. Compared with the values of 2pA between the XCT measurement and
the empirical model, a correlating parameter α of the function (2pA=αd3) can be obtained, and its
values are located from 5.68 to 88.62. Especially, the proportion of α>13.02 is more than 75%.
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Figure 5 Comparison of depths obtained by
the XCT and scratch tests at nine different
positions (0.3 to 2.7 mm from the beginning
of the groove) for three scratch tests.

Figure 6 Comparison of 2pA obtained by the
empirical model (depth from the scratch and
XCT tests) and the experimental measurement
for three scratch tests.

Figure 7 compares the fracture toughness KIC estimated by (4) with the values of 2pA evaluated by the
empirical model and the experimental measurement. Most of the fracture toughness results from the
XCT data are approximately equal or lower than those from the empirical model, except those at the
2.7 mm position. Because this position is very close to the end of all scratch tests, the geometries of
the grooves may be somehow biased. The fracture toughness values from the XCT tests, unlike those
from the empirical model that show stably constant distributions after the position is longer than 0.9
mm, seem to increase as the position is prolonged. The results verify the important influences of the
groove geometries on the fracture toughness of CBMs by scratch tests. Indeed, the groove
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geometries can change with time due to the continual deformations (e.g., creep) of the locally
compressed phases (e.g., cement hydrates and clinkers) after the unloading process of indentation
and scratch. However, the underlined mechanisms deserve further rigorous investigation in future.

Figure 7 Comparison of fracture toughness KIC obtained by the empirical model and the
experimental measurement for three scratch tests.

5.

CONCLUSIONS

In this study, scratch tests were applied to characterize the fracture properties of a cement paste. For
elucidating the geometries of the scratch grooves after scratch tests, image analysis based on XCT
sections was used to measure the scratch depths, the contacting areas and the shape perimeters of
the chosen sections. The main conclusions can be obtained as follows:





The depths of the scratch grooves from the XCT tests are mostly 6%-60% lower than those
measured by the scratch tests.
A correlating parameter between 2pA and d was obtained, and the values vary with
positions.
The groove geometries of the cement paste change with time due to continual
deformations of the compressed phases, which eventually influences the fracture
toughness results.
XCT provide a technique to measure the 3D groove geometries of CBMs after scratch
tests, which helps deepen the understandings of the scratch-based fracture test.
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ABSTRACT
Thermogravimetric analysis (TGA) is a common technique in the field of cement and concrete science.
The technique utilizes that hydrated phases decompose sequentially as the temperature increases,
releasing e.g. water and carbon dioxide that result in a mass loss. TGA is often used to quantify the
amount of chemically bound water and calcium hydroxide or to identify the presence other hydrate
phases. Most studies have used single-channel TGA instruments that raise the temperature at a given
rate while simultaneously monitoring sample mass, but there are also high throughput multi-channel
TGAs that are used, e.g., in cement plant laboratories.
In this study TGA results on mortar samples made with two different instruments and methods are
presented and compared. The two instruments used were: a common single-channel TGA
(TGA/DSC3+, Mettler Toledo, USA) and a multi-channel TGA (TGA701, Leco Corporation, USA). The
multi-channel TGA allows for analysis of up to 19 samples at a time, and is therefore efficient to use
when a large number of samples are to be analysed. However, instead of continuous weighing of the
samples (as is the case in the single-channel instrument) each sample in the multi-channel instrument
is placed in a rotating carousel were weighing is carried out in one of the 19 positions. This, and other
differences between the two instruments can affect the result.
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1.

INTRODUCTION

When a cementitious binder is mixed with water it starts to dissolve rapidly, marking the start of a series
of chemical processes generally referred to as hydration. Triggered by saturation (or even oversaturation) of the solution with respect to certain ions, hydrates start to precipitate not long after mixing.
Under normal conditions of temperature and relative humidity, hydration can proceed for week, months,
and even years after mixing. Thus, studying the chemically bound water (W n) is a good way to study
hydration, and a common method to do this is to use thermogravimetric analysis (TGA) (Lothenbach et
al. 2016).
TGA utilizes that hydrated phases decompose sequentially as the temperature is increase from ambient
conditions up to approximately 1000 °C; releasing water and CO 2 that results in a weight loss. It is often
the case that multiple phases decompose within a similar temperature range making their respective
contributions to the weight loss difficult to differentiate. However, some hydrates can be quantified:
portlandite (CH) decompose between approximately 400-550 °C, an interval which is only shared with
minor amount of e.g. hydrotalcite and C-S-H (Helsing Atlassi 1993, Lothenbach et al. 2016).
Furthermore, calcite is the only phase to decompose in the range of 600-750 °C. The total mass of W n
is normally determined from weight loss up to 550-600 °C, i.e. before the CO2 containing calcite
decomposes.
TGA is often used to quantify W n and the content of CH at different times after mixing to follow hydration,
but, it may also be used to study the effect of supplementary cementitious material (De Weerdt et al.
2012, Pane & Hansen 2005), or to examine the effect of treatments and exposures on the phase
composition (De Weerdt et al. 2014, Machner et al. 2018).
An important aspect to consider when conducting TGA is the drying method with which hydration is
stopped, and the physically bound water (W e) removed (Gallé 2001, Zhang & Scherer 2011). This was
recently highlighted in a round-robin study by Snellings et al. (2018) where the most common drying
techniques were used in combination with TGA and XRD-Rietveld on the same material. Whereas their
study shows that TGA results vary depending on which drying method is used, there also seems to be
considerable differences between the participating laboratories when using the same drying method. It
could be that part of these inter-laboratory differences come from the use of different TGA instruments
(e.g. different brands and models).
In this paper we focus on the effect of the TGA instrument – rather than the pre-conditioning – thus, one
and the same drying method was used for all samples. Fresh mortar discs (5-mm-thick) were placed in
sealed containers equilibrated to 11% RH under ambient conditions (approximately 20 °C); in this way
hydration was stopped, and most of the physically bound water was removed. Exposing the material to
low relative humidity will result in some loss of chemically bound water, e.g. from ettringite that contains
a lot of loosely bound water (Taylor 1997). However, according to (Feldman & Ramachandran 1971,
1974), the lower RH-limit below which a significant loss of bound water occurs is approximately 11%.
TGA measurements were made with two different instruments – referred to as method 1 and 2 –, the
results of which are presented and compared. In both methods, the measurements were carried out on
mortar containing siliceous sand and CEM I, or CEM I with 35 wt% fly ash (FA) replacement (referred
to as 35FA). From both methods W n and the content of CH have been determined. In method 1, samples
were measured at different times after mixing, ranging from 3 to 15 months, whereas in method 2
measurements were conducted on samples hydrated for 15 months only. Our results highlight the effect
of the instrument and evaluation method on TGA.
2.

MATERIALS

All the analyses have been conducted on mortar with a w/b ratio of 0.45. Siliceous sand (EN 196-1) was
added such that a cement paste to aggregate ratio of 60 to 40 vol% was obtained. Two different binder
compositions were used: CEM I (52.5 R) and CEM I with 35 wt% fly ash (FA) replacement, from here
on referred to as 35FA. The chemical compositions of the CEM I, the fly ash and the siliceous sand are
given in Table 1. The mineral composition of the CEM I is given in Table 2. The CEM I contained
approximately 4 wt% of calcite in form of limestone filler (data from the manufacturer), determined by
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XRD-Rietveld analysis. However, from the TGA results, a calcite content of approximately 5 wt% was
found in the anhydrous CEM I, and the corresponding amount in the FA was found to be approximately
7 wt%.
Table 1. Chemical compositions of CEM I, FA and siliceous sand by XRF
CaO

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

SO3

Blaine /
m2/kg

D50 /
µm

LOI

CEM I

62.8

19.4

4.4

3.1

2.8

0.3

1.1

3.7

536

11

2.6

FA

4.0

51.1

25.6

6.6

2.8

0.9

2.7

0.5

-

30

4.6

Sand

0.1

97.5

1.4

0.4

0.1

0.2

0.6

-

-

-

0.3

Table 2. Mineral composition of the CEM I determined by XRD-Rietveld.
CEM I
C3S

64.4

C2S

11.3

C3A

4.6

C4AF

8.8

Table 3. Mortar recipes
CEM I

35FA

Density / kg/m3

Weight / kg

Weight / kg

Water

1000

8.0

7.6

CEM I

3100

17.8

11.0

FA

2300

-

5.9

Sand

2650

24.3

24.3

Mortar was mixed in batches of approximately 25 litres using a free-fall mixer. The fresh mortar was
then placed in 5 litres cylindrical plastic moulds (Figure 1). The moulds were sealed and placed in a
water bath at 20 °C. After 28 days, the moulds were moved to a climate chamber (20 °C, 60 % RH).
Figure 1 illustrates the moulds.

Figure 1. Illustration of the moulds used for the mortar
A small hole was drilled in one of the lids so that air could escape when the mould was sealed, but also
to allow the mould to be re-opened. Once the lid was fitted, the hole was sealed.
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3.
3.1

METHODS
Sample preparation

At the specified times after mixing the moulds were opened, and the top 10 mm of material removed to
ensure that the material used for analysis had not been affected by the surrounding environment.
Material for analysis was extracted in form of 5-mm-thick discs using a saw. The saw was water-cooled
to prevent heating of the material. Shortly after extraction – to arrest hydration, and to remove the
physically bound water – the discs were placed in sealed containers in which dry air – 11 % RH – was
circulated. The dry state of the material was thus defined as 11% RH at approximately 20 °C. However,
even a small (few percent) drop in RH significantly limits hydration, and below about 80 % RH the
process virtually ceases (Gerstig & Wadsö 2010, Powers & Brownyard 1948). Drying of reference discs
indicated that hydration was severely limited within the first day of drying, and that closing in on
equilibrium took about three weeks. However, the exact drying time varied somewhat depending on the
age of the sample and the binder composition. To be on the safe side, it was decided that the discs were
to be stored under sealed conditions (at 11 % RH) for no less than six weeks prior to analysis.
Because of the shape of the moulds, there is likely a slight temperature and paste-to-aggregate gradient
over the discs cross-section. To decrease this variation, the outermost 10-15 mm of the discs were
discarded, and only the central part was prepared for analysis.
3.1.1 Method 1
For method 1, each sample consisted of approximately 1.5 g of material. The material was extracted
from the dry mortar disc in small pieces, which were then crushed using a mortar and pestle. The particle
sizes of the resulting powder were not determined.
3.1.2 Method 2
For method 2, 100-150 mg of material was used for each sample. Similar to method 1, the material was
extracted in pieces from the dry mortar disc. However, for method 2 the material was crushed until the
entire sample passed through a 63 µm sieve. The experimental matrix for the two methods is given in
Table 4.
Table 4. Experimental matrix
Method 1

3.2

Method 2

Binder

Ages

Binder

Age

CEM I

3, 6, 15 mos.

CEM I

15 mos.

35FA

3, 6, 15 mos.

35FA

15 mos.

TGA measurements

3.2.1 Method 1
TGA was performed using a multi-channel TGA 701 from Leco Corporation, USA. The instrument allows
for the simultaneous measurement of up to 19 samples. The samples are placed in 20 ml alumina
crucibles that are then placed in a carousel. The carousel rotates such that each sample is weighed
approximately once every four and a half minute if 19 samples (full carousel) are analysed. However, it
is possible to use fewer samples, and this increases the number of measurements per sample, and the
resolution of the results as more data points are obtained.
In this method the weight loss was recorded as the temperature increased from 25 °C up to 1000 °C at
a rate of 1 °C/min. At four points the temperature was kept constant for one hour, before the scan
continued, to allow for any remaining weight loss corresponding to lower temperatures to be registered.
The method is presented in Figure 2. During measurement the chamber containing the samples was
purged with a 10 l/min of nitrogen gas. The content of CH was calculated from the weight loss between
380-450 °C, W n was calculated from the weight loss up to 580 °C, and the calcite content was calculated
from the weight loss between 580-750 °C. The temperature steps were chosen based on the findings
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of Helsing Atlassi (1993), who used a similar multi-channel TGA. All results were normalized by the
amount of binder (B) in each sample, and thus expressed as wt% per B (1-3).
MCH =

W380 −W450
B

MWn =

74

×( )

(1)

18

W25 −W580

(2)

B

Where 74 and 18 are the molar masses of CH and water.
Mcalcite =

W580 −W750
B

×(

100
44

)

(3)

Where 100 and 44 are the molar masses of calcite and CO2.
Helsing Atlassi (1993) states that decomposition of CH may occur up to 580 °C, but that it then overlaps
partly with the calcite. However, looking at the differential thermogravimetric (DTG) curves (cf. Figure 3)
the shorter temperature interval (380-450 °C) seems to be a good fit.
3.2.2 Method 2
In method 2 TGA was performed using a single-channel TGA/DSC3+ from Mettler Toledo, USA. The
sample was placed in a 600 µl alumina crucible and heated at a rate of 10 °C /min from 40 to 900 °C
(see Figure 2). During analysis the cell containing the samples was purged with 50 ml/min of nitrogen
gas.
The chemically bound water was determined from the weight loss between 40-550 °C, thus similar to
(1). The CH-content was determined in two different ways: first, similar to method 1 (2), using the weight
loss between approximately 420-510 °C (the temperatures were chosen after examining the DTG
curves), second by integrating the DTG-curve in the same temperature interval using the, so-called,
tangential method, as described by (Lothenbach et al. 2016). The latter method should be more accurate
as it differentiates between the weight loss of CH and other phases, e.g. C-S-H that decompose within
the same temperature interval. Because of this differentiation the tangential method is expected to yield
lower CH-contents compared to the stepwise method. The calcite content was calculated from the
weight loss between 580-750 °C (3). The results are normalized by the binder content in each sample,
and thus expressed as wt% per B.

Figure 2. Time versus temperature plot of the two TGA-methods
3.3

Binder content

3.3.1 Method 1
The binder content of each samples was assessed in two steps: firstly the cement paste phase was
dissolved in hydrochloric acid (HCl), secondly the Ca-concentration of the solution was determined by
ICP-OES (Hou et al. 2006). The samples – after the TGA measurements – were placed in 225 ml plastic
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beakers containing 200 ml mixture of one part HCl (25 %), five parts of deionized water, and a magnetic
stirring bar (25×8 mm). The volume of acid solution was measured using a volumetric flask. The beakers
were placed on a magnetic stirring device and stirred at 400 rpm. After 60 minutes of stirring, 20 ml of
solution was extracted from each beaker using a pipette and placed in 20 ml plastic vials that were
sealed with plastic screw caps. The solution in the vials was then analysed by ICP-OES to determine
the concentration of Ca. By knowledge of the chemical composition of the binder, and the volume of
acid, the binder content of each sample could then be back-calculated.
3.3.2 Method 2
From method 2, the TGA residuals were not saved. Instead the binder content of some of the excess
material prepared for each analysis was determined using the method described for method 1, thus
assuming that its binder content corresponded to that of the analysed samples.
4.

RESULTS AND DISCUSSION

4.1

TG- and DTG curves

A TGA measurement result can be presented in form of a thermogravimetric curve (TG) or a differential
thermogravimetric (DTG) curve, where the latter is the derivative of the former with respect to
temperature (cf. Figures 3 and 4). The following subsections presents and discusses the TG- and DTG
curves obtained from methods 1 and 2.
4.1.1

Method 1

Figure 3. TG- (left) and DTG (right) curves of a CEM I sample hydrated for 6 months, measured
with method 1. The dotted lines in the TG-curve shows the points at which the temperature was
kept constant. Some hydrates have been identified in the DTG-curve.
Figure 3 presents the TG- and DTG curve of a CEM I sample analysed by method 1 after 6 months of
hydration. The TG-curves show how the temperature is increased in steps, where each step is ended
by one hour of constant temperature. Because there are multiple samples that are only weighed in one
out of 19 positions, the resolution of the DTG-curve is lower than that obtained from the single channel
TGA in method 2 (Figure 4). The reduced resolution makes it harder to identify specific hydrates,
however, it is possible to distinguish at least three peaks: AFt and C-S-H, CH and calcite.
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4.1.2

Method 2

Figure 4. TG- (left) and DTG (right) curves of a CEM I sample hydrated for 15 months, analysed
using method 2. Some hydrates have been identified in the DTG-curves.
Figure 4 shows that both the TG and DTG curves become smoother as the sample is weighed
continuously. From the DTG curve it is possible to distinguish some additional peaks (compared to
method 1): AFm – likely monocarbonate – and hydrotalcite (Lothenbach et al. 2016).
4.2

Chemically bound water and portlandite

4.2.1 Method 1
W n and the content of CH was determined at three, six, and 15 months in CEM I and 35FA using method
1, as presented in Table 5. As stated, the content of CH was determined using the stepwise method.
The low resolution of the DTG-curves (cf. Figure 3) made it difficult to use the tangential method, for
which reason no CH-contents determined using that method are reported from method 1.
Table 5. MWn and MCHs (stepwise method), at three, six and 15 months, in wt% per B.
CEM I

35FA

Age (mos.)

3

6

15

3

6

15

MWn

27.5

28.2

28.9

20.7

22.3

22.2

MCHs

24.0

24.0

25.5

11.1

10.4

10.8

The results in Table 5 indicate that only little reaction occurs between three and 15 months of hydration.
The results for MWn are quite similar to those found in previous studies, e.g. (De Weerdt et al. 2012) and
(Snellings et al. 2018) (although in the latter mainly when solvent exchange was used to stop hydration).
4.2.2 Method 2
In method 2, Wn and CH was measured after 15 months of hydration, with three replicates for each
binder (Table 5). Two CH-contents are presented; MCHs (determined by the stepwise method) and MCHt
(tangential method).
Table 6. MWn, MCHs (stepwise method), and MCHt (tangential method) at 15 months, in wt% per B.
CEM I1

CEM I2

CEM I3

35FA1

35FA2

35FA3

MWn

28.0

29.5

29.3

23.6

22.9

23.6

MCHs

24.9

26.2

26.0

13.9

13.7

14.4

MCHt

23.5

24.7

24.6

12.8

12.6

13.3
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The results from method 1 and 2 are similar for MWn and MCHs after 15 months of hydration. As expected,
determining MCH using the tangential method yields slightly lower contents (Lothenbach et al. 2016).
The CH-contents for 35FA are slightly higher from method 2, compared to method 1. A possible
explanation for this could be that the samples in method 1 have carbonated more (see 4.3).
4.3

Calcite

According to the cement manufacturer, the calcite content of the anhydrous CEM I is approximately 4
wt%, determined by XRD-Rietveld analysis. However, from TGA performed on anhydrous CEM I – using
method 1 – a calcite content of approximately 5 wt% was determined. A corresponding TGA performed
on the anhydrous FA showed that it contained approximately 7 wt% of calcite.
4.3.1 Method 1
The calcite contents were calculated using the stepwise method, and determined from the weight loss
between 580-750 °C. The excess calcite contents – subtracting the calcite already present in the
anhydrous material – are presented in Table 7.
Table 7. Excess calcite, wt% per B.
3 mos.

6 mos.

15 mos.

CEM I

4.3

3.2

4.6

35FA

6.4

5.7

5.0

Assuming the numbers in Table 7 are accurate, some carbonation has occurred. Carbonation affects
mainly the calcium silicate hydrate (C-S-H) and CH. According to the findings of Morandeau et al. (2014)
both phases carbonate simultaneously, and initially, at a similar rate. However, the stoichiometry of the
C-S-H varies within the sample, particularly when blended with fly ash, which makes it difficult to
separate to which extent each of the phases have carbonated. The fly ash blended samples seem to
have carbonated slightly more than the CEM I.
4.3.2 Method 2
The calcite content was determined by the stepwise method using the 600-750 °C temperature interval.
The excess calcite contents are given in Table 8.
Table 8. Excess calcite, wt% per B.

Mcalcite

CEM I1

CEM I2

CEM I3

35FA1

35FA2

35FA3

4.9

5.6

4.9

1.4

1.3

1.7

Interestingly, the calcite contents in 35FA from method 2 are notably lower than those in the
corresponding samples from method 1. At the same time, the calcite contents in the CEM I samples are
roughly the same from both methods. Note that all the samples were hydrated, extracted, and dried
using the same methods.
5.

CONCLUSIONS


The results for chemically bound water and portlandite from both methods are similar, and
correspond well to those found in literature, which also indicate that the applied drying method
can be used to stop hydration and remove the physically bound water.



A multi-channel TGA is obviously efficient when a large number of samples are to be analysed.
However, the resulting differential thermogravmetric curve does not provide the same level of
detail as that of a single-channel instrument. The level of detail can be improved by reducing
the number of samples, however, doing so counteracts the benefit of using a multi-channel
instrument.
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6.



The results from the single-channel TGA confirms that the stepwise and tangential methods to
determine the content of Portlandite give slightly different results.



From the results of both methods some excess calcite was found which could come from
carbonation occurring during the first days of drying, before the relative humidity has decreased
such that the process is halted.



It is the authors’ opinion that both a multi-channel TGA with 1.5 g samples, and a single-channel
TGA with 100-150 mg samples can be used to determine the chemically bound water and the
content of Portlandite in cementitious materials.
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